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ABSTRACT

Supply Chain Management in the healthcare sectmsfaeveral significant
challenges, including complexity in healthcare ey, high supply chain costs,
balancing quality and costs, delay in delivery, duct availability from vendors,
inventory waste, and unpredictability and uncettaiAmong those challenges, having
an effective inventory management system with dama supply network is important
to improve the match between supply and demandchwhkvould improve the
performance of for healthcare firms.

Vendor Managed Inventory (VMI) system is a replament solution in which
the vendor monitors and decides the time and thentgy of the inventory
replenishment of their customers subject to themnand information exchange. A VMI
contract in the location-inventory assignment peablis a decision tool for
management in the healthcare industry, in whi@nébles the management to have a
cost and service effective decision tool to criticee-evaluate and examine all areas
of operations in a SC network looking for avenulesatimization.

This dissertation is based on a real-world prokdeising from one of the world's
leading medical implant supply company applied thain of hospitals in the province
of Ontario. The chain of hospitals under study ¢issof 147 hospitals located in
Ontario, Canada. The vendor is a supplier of thypes of medical implants (a heart
valve, an artificial knee, and a hip).

In Chapter 2 of this dissertation, we present ama supply healthcare network
with VMI and with RFID consideration, in which waed light on the role of the VMI
contract in the location-inventory assignment peabland integrate it with both the
replenishment policy assignment and the Radio Fnecy ldentification (RFID)
investment allocation assignment in healthcare &@arks using both VMI and direct
delivery policies. A numerical solution approachdeveloped in the case of the
deterministic demand environment, and we end uj witmputational results and
sensitivity analysis for a real-world problem tghilight the usefulness and validate the
proposed model.

We extend our research of integrating the VMI caxcttin the location-inventory
assignment problem with the replenishment policsiggsnent under a deterministic

demand environment to include the stochastic dereamolonment. The impact of the



uncertainty of the demand as a random variablevatig two types of distributions,
normal and uniform distributions, is studied in Gteat 3.

Motivated by the lack of investigations and compaeastudies dealing with the
preference of dealing with VMI contracts to otheaditional Retailer Managed
Inventory (RMI) systems, we provide in Chapter 4to$ dissertation a comparative
study in which we compare the total cost of the \&ydtem with another two situations
of traditional RMI systems: first, a traditional RMsystem with a continuous
replenishment policy for all hospitals and withigeed storage facilities and second, a
traditional RMI system with a direct delivery paofitor all hospitals without assigning
a storage facility.

Computational results, managerial insights, semsitianalysis, and solution
methodologies are provided in this dissertation.

Keywords: Vendor Managed Inventory, healthcareesystocation-inventory, RFID
technology, supply-chain network, stochastic deméohtion-inventory assignment

problem, and retailer managed Inventory.
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CHAPTER 1. GENERAL INTRODUCTION

1.1  Background

The healthcare business is considered one of thernradustries in most
economies, as per the United States Departmeraladri(2010). They announced that
the healthcare sector in the USA had 14.3 millabsjin 2008 with the ability to create
another 3.2 million jobs within the coming ten y@@Namba, Anand, & Carter, 2013).
The healthcare expenditure in Canada in 2000 almashed six percent of its GNP
(Gross National Product) and the estimated vall2OR0 is expected to reach around
7.1% (Anand & Fosso Wamba, 2013; Han, Brimacombeg, L& Yang, 2001).
Healthcare expenditures at Organization for Ecoonddai-operation and Development
(OECD) have been escalating year by year with amage of four percent linked to
supply chain and logistics costs due to a numbezaxons: increasing operations costs,
a higher number of medical errors, and the agingufaion (Nachtmann & Pohl,
2009).

Supply chain (SC) logistics indoors and outdooss r@sponsible for almost 30
percent of hospital costs and are considered tkengehighest cost of hospital
activities after personnel and labour costs (Naamm& Pohl, 2009). Poulin (2003)
mentions that half of such expenditures initiatgdloloor and outdoor logistics related
to hospital activities can be eliminated if we ieplent an optimal supply chain and
cost-effective logistics tools.

SC and optimal logistics approaches at hospitals affer some meaningful
solutions to be responsive through enhancing tladitguevel of healthcare and cost
reduction using effective tools. Supply chain apgistics networks consist of having
long and short-term planning for storage facilitiesd the inventory management
decisions can manage the flow of the products andces within a healthcare network
between the vendor and the hospitals to meet tkeomer expectations. SC and
logistics management are considered to be a cotwpdbol that can bring added value
and advantages that can improve the long and gfrontoperational performance (Li,
Li, & Zhang, 2016).The SC and logistics approach ba a challenge due to the

complexity of healthcare operations and its coidtraf matching and satisfying all



demand regardless of the order size and the locafithe hospitals with no assigned
warehouses.

A high level of efficiency is needed to match thghhquality level of healthcare
treatment with the high expectations of the pat{®a Vries, 2011). Supply chain and
logistics techniques applied in healthcare haveaiways ended up with the expected
outcome due to the complexity of the healthcarerolt. As a result, supply chain and
logistics have not been a familiar tool used intibalthcare network; management did
not consider such tools and may prefer to depenith@n accumulative experience to
manage the strategic and operational decisionslgivl Fliigener, Schoenfelder, &
Brunner, 2017). Burt (2006) suggests applying sppphin and logistics tools applied
in other industries to inventory management aspéztde implemented in the
healthcare sector wherever it is applicable.

Supply chain and logistics optimization in healtiecaetworks has started to be
considered recently by management in the health®eceor and by scholars as an
important and value-adding tool in that they prevadsignificant reduction in the total
cost of supply chain and logistics activities (8tr1998).

Many relevant publications have been publishedhentdpic of supply chain and
logistics activities related to the flow of handjipharmaceuticals and medical-surgical
products from a quantitative point of view, in wini¢0% to 80% account for medical
pharmaceutical products and the rest account faticgaksurgical products (Rego,
Claro, & de Sousa, 2014). Most of the healthcasenml management studies
consider three areas: first, hospital material gan@ent through outsourcing networks
using either VMI by using a supplier integratiostm, or stockless inventory by using
just-in-time or direct delivery from the supplier the hospitals. The second topic is
related to increasing purchasing power based aeasig the size of the bundle and
guantity by aggregation of multiple orders in omdes to have a significant discount.
The third topic is related to demand forecasting.

Motivated by the lack of investigations dealing lwiintegrating the RFID
technology in the location-inventory assignmentybem using VMI contract to reduce
the total network cost and enhance its profitabbi reducing the waste inventory, our
research is actively engaged in studying implemgfRFID technology to enhance the
ordering and holding efficiencies in order to reeldlce waste inventory by handling
and identifying the defective, lost, and expiryedééms. RFID automated verification,

monitoring, and tracking features lead to redudimg cost of defective and expired
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items by enhancing the information sharing and eaiga the collaboration between
supply chain parties.

This dissertation sheds light on the first topid discusses the role of VMI contract
in healthcare supply chain management and integrateith both the replenishment
policy assignment and the RFID investment allocaigssignment in healthcare SC

networks using both VMI and direct delivery poligie

1.2 Problem Statement
Management in the healthcare sector faces sevagaificant challenges,

including complexity in healthcare systems, highc®6ts, balancing quality and costs,
delay in delivery, product availability from vendorand unpredictability and
uncertainty. The total spending on healthcare hascased by an average of four
percent per year; out of that increase, 29% acesd@nthospitals. Inventory logistics
costs are the second highest-cost segment in hsspitventory logistics and network
allocation decisions have been recognized in thtetleenty years as an important tool
to manage healthcare expenditures.

Many medical supply vendors rely on VMI contradsiesign their inventory
management systems and have solutions for theicatristrategic and operational
decisions. In spite of the considerable amountstectin the VMI system and location-
inventory assignment problem, a number of negasisges are not yet resolved:

* Integrating the location-inventory assignment peobiwith the replenishment
policy allocation assignment.

* Integrating the location-inventory assignment peobl with the RFID
investment allocation assignment.

* The impact of cost saving obtained by RFID investiman the setup and the
layout of the healthcare SC network.

* Introducing the RFID Investment Lower Bound to emdethe viability and
reliability of implementing RFID technology in reaforld problems.

* Out-of-stock: Gruen et al. (2005) mention that ¢hw-of-stock figure varied
between 7.9% in the US and 8.6% in Europe

* A comparative study for the performance of VMI aawts based on the
suggested integrated location-inventory assignmemoblem to the

performance of other replenishment systems suétMissystem in case of a

continuous review and direct delivery policy sinankously.



Inventory visibility to enhance the inventory wastanagement by using RFID
technology: by implementing RFID technology to emt& the inventory

visibility in the supply chain network, the managarh can have better
outcomes about reducing the inventory waste leueltd the defective, lost,
misplaced and expired items.

The main issues considered in this thesis arentipadt of the VMI contract and

RFID technology on the location-inventory assigntmproblem in improving the

performance of the inventory system and the lagbtite healthcare SC network. Three

major keywords can describe the context of theighes

1.3

1. The first keyword is VMI contract: Vendor Managedn/éntory (VMI) contract

has been defined as a collaborative and replenistaedivery strategy in which
all replenishment decisions and associated costz@rered by the vendors
instead of the buyers in the traditional replenishtnsystem. VMI is a
collaborative strategy to optimize the availabilifyproducts at minimal costs.
The second keyword is RFID: Radio-Frequency Ideatiion (RFID) is an
emerging technology to enhance the inventory \igitdnd more accurate in
real time, resulting in reducing the inventory veasprocessing time and
workforce. Such reduction brings opportunitiesifoproving the ordering and
holding inventory operations.

The third keyword is a location-inventory probleins a problem concerning
location assignment of a storage facility to opzienithe service level with
minimal associated inventory and transportatioriscoghe location-inventory
model, in general, is based on a trade-off betWleesost and service responses

level.

Research Question

One of the major objectives of this thesis is tondaestrate a quantitative analysis

through mathematical modelling to measure the ofléghe VMI contract on the

location-inventory assignment problem, and the ichpd RFID investment on the

layout of the healthcare SC network and on invgniaste.

In this thesis, the following research gaps andstiomls are to be solved:

1. How should the role of the VMI contract on the loga-inventory assignment

problem with deterministic demand be modelled?



2. How should the location-inventory assignment probletegrated with the
replenishment policy allocation assignment be medal

3. Is there any impact for RFID investment throughaldity to reduce cost on the
layout of the healthcare SC network?
What is the role of RFID technology on the reduttdf inventory waste?

5. How should the role of the VMI contract on the lbea-inventory assignment
problem with stochastic demand be modelled?

6. Isthe integrated location-inventory assignmenbfam under the VMI contract
in the case of the real-world problem the besttgmiuagainst other traditional
inventory systems such as traditional retailer rgadainventory (RMI)

systems?

1.4 Scope of the Thesis
This research is motivated by a real-world problkemsing from one of the

world's leading medical implants supply companiggliad to a chain of hospitals in

the province of Ontario. The chain of hospitals emstudy consists of 147 hospitals
located in Ontario, Canada. The vendor is a supgpfithree types of medical implants
(a heart valve, an artificial knee, and a hip). Veador implements a VMI contract as
a replenishment system for the selected hospitdteei healthcare network. The vendor
faces a challenge of whether or not to allocatimi@age facility at each hospital and to
assign the replenishment system accordingly.

As a response to the first, second and fifth re$equestions mentioned above,
we formulate the problem as a Mixed Integer Nonekin Programming (MINLP)
model to minimize the total supply network cost forVMI supply network in
deterministic and stochastic demand environmentsddition, this model gives the
vendor adequate understanding to make differeategfic and operational decisions.
The third research question is answered by progidmalytical analysis for the impact
of cost-saving generated by RFID implantation o final layout and setup of the
healthcare SC network and affects the locationgassent of the warehouses at the
hospitals. Considering RFID technology in the VMhtract enables us to answer the
fourth research question: two investment factorsrdering and holding efficiencies
are considered and lead to minimizing any inefficie related to the ordering and
holding activities with regards to the inventorysteareduction; those two investment

factors are typically dependent on the investmateinisity of the RFID technology.



Concerning the recent research, we also contrinwggtending the research of
VMI contracts in healthcare networks by presenaingpmparative study of the VMI
contract with other common and traditional invegtsystems by comparing total costs
of the systems and analyzing the impact of the asations of the parameters on the
total cost. This comparative study enables usgpaed to the sixth research question
and to give insights into the other traditionalentory systems against the role of the

VMI system in the location-inventory assignmentlpeon.

1.5 Research Contribution

To the best of our knowledge, this dissertationtioutes in a novel way to the
existing literature.

In Chapter 2, our first contribution to this resgais threefold: first, we provide
an optimal integrated location-inventory supply iohaetwork with a deterministic
demand environment and model it mathematicallyoB8eécwe discuss applying two
RFID investment factors in holding and orderingragiens and developing analytical
procedures to derive optimal RFID investment levels these factors. Third, we
identify the impact of RFID cost savings on thealtian assignments of the storage
facilities at the hospitals.

In Chapter 3, the contribution for this dissertatie integrating the role of VMI
contract in the location-inventory assignment peablwithin a healthcare SC network
in a stochastic demand environment and modellingathematically. The research
explores integrating the location assignment of 8terage facility with the
replenishment policy (using either VMI policy orelct delivery policy per hospital).
In addition, we present a flexible safety stockiasysthat can respond effectively and
efficiently, in which we assigned a local safetgckt level at each hospital with an
assigned warehouse, and a safety stock level ateth@or's warehouse to cover any
expected shortages at the hospitals with no wasssoun this research, we present a
comparison between the performance of the SMINLBehwith the uncertainty of the
demand as a random variable following normal aritbtm distributions, in which we
define the expected shortage as a function of dfetysfactor in case of the demand
following the normal distribution. For the demamildwing the uniform distribution,

we define the expected shortage as a functionetebrder point. The total supply



chain cost and the layout of the healthcare netwoelkboth used as the measure of the
comparison.

In Chapter 4, this research is the first compaeasitudy to analyze numerically
the power of proposed model of the VMI contractast saving with the comparison
of the other traditional RMI systems in the heaiiecSC, in which we find that using
our proposed model based on the integration ofldbation-inventory assignment
problem can motivate both the vendor and hospitedglopt it; in this way, the vendor
will gain a significant cost saving, and the hosbwill benefit by eliminating the
inventory operation stress and having better pgiéom the medical implants due to the

cost savings obtained by the vendor.

1.6 Solutions Approach

1.6.1 Deterministic Programming

Deterministic programming is one of the main apphes that we used to program
the mathematical model of case one in Chaptersd24am which | assume that all
related parameters and inputs associated with ¢oesidn variables and objective
function are well defined and precise. Determiniptiogramming’s outcomes are well
defined and with no random variations and uncetydevel in the case of having fixed
known inputs, in which the objective function wilgiven fixed input will produce the
same specific outcomes in any run. In Chaptersd24arwe minimize the objective
function of the total cost, and all parameterstegldao demand are known and well
defined.

1.6.2 Stochastic Programming

Stochastic programming is one of the main apprcaaed to program the
mathematical model in Chapter 3, in which somelloofathe input parameters have
random variations and uncertainty. Stochastic @ogning is a way of calculating the
probability distribution of the objective outcomieg considering a random variation
and uncertainty level of some or all input paramgetéhe random variation in input
parameters is defined as fluctuations observedsiorical data given per known time
by implementing standard time-series approaches.objective function’s outcomes
in stochastic programming should be feasible and tzan optimal solution that can
achieve the best solution criteria, which in owsecs to minimize the total costs of the

healthcare network that can be obtained under gncértainty and the variation of the



parameters. In Chapter 3, we present the perforenaht¢he VMI contract under a
stochastic environment with the uncertainty of ttemand as a random variable

following the normal and uniform distributions.

1.6.3 Mixed Integer Non-Linear Programming (MINLP)

Mixed Integer Non-Linear Programming (MINLP) is eptimization tool for a
problem, in which some of the decision variables@mstrained by taking integer and
non-negative values, and the objective functiaefproblem can be classified through
non-linear functions; the regions of the feasildkigons are a non-linear function too.
MINLP is the best approach to handle real-worldbpgms and applications. We
formulate the mathematical models in Chapters&)®84 as an MINLP model. Using
the MINLP approach is somewhat challenging to optrthe problems, in that we
need to deal with two complex issues: one dealitig @ptimizing the integer decision
variables and the other one dealing with the noedr functions.

1.7 Structure of the Thesis
The dissertation is composed of three major chaggt@napter 2, 3 and 4), in addition

to the introduction (Chapter 1), and conclusion tutdre research (Chapter 5):

* Chapter 2: We first study the optimal supply neteweith VMI in a healthcare
system with RFID investment consideration underetemninistic demand
environment. In addition, we deal with the casa/imch the RFID technology
is deployed in order to eliminate the inventory teague to lost, expired, and
rejected items by enhancing the ordering and hgldifficiencies. In this
chapter, we provide analytical solutions for salyithe location-inventory
assignment problem under the VMI contract by iraégg the location
assignment of the storage facility and its replemient policy with the
allocation assignment of RFID technology with itsvestment level; such
integration allows us to have a flexible inventsggstem by having two types
of replenishment policies (VMI and direct delivepglicies) in a chain of
hospitals subjected to the availability of the wanese at the hospital. In
particular, we show that there is a significantts@ving by implementing the
MINLP model and show that RFID investment impatis storage facilities’
layout of the healthcare SC network. This chaptelsavith deducing an elegant
mathematical analysis of the optimal healthcare &Ework decisions,

including RFID investment settings.



* Chapter 3: this chapter extends the research opt€hd in the case of a
stochastic demand environment without RFID consitien. The chapter
analyzes a real-world problem with stochastic dedriarwhich a single vendor
supplies multiple medical products to a chain o$gials, and in which the
inventory replenishment policy assignment is subjdo the storage facility
location assignment. A Stochastic Mixed-Integer Nomear Program
(SMINLP) is developed to determine the locationtlé warehouses, the
guantity of products, and the number of orders,sike of the safety stock at
the hospitals’ warehouses and the vendor’'s warehsoaghat the total cost of
transportation, inventory, and other associatedatipg costs are minimal. In
this chapter, we compare the performance of VMiesys under a stochastic
environment with the uncertainty of the demand emdom variable following
two types of distributions: normal and uniform distitions.

» Chapter 4: This chapter provides a comparativeystudhich we compare two
inventory systems: in the first situation, the VEbntract with continuous
replenishment policy, we developed a mathematicadehas a MINLP and
solved by GAMS. The second situation deals withaditional RMI system in
which the vendor, and the chain of hospitals aditisrent parties and do not
cooperate. The RMI situation is developed under sgenarios: the first
scenario is with a continuous replenishment poiicyvhich we consider all
hospitals as having a storage facility with a amndius replenishment policy,
and we develop a mathematical model as a MINLPsahed by GAMS. In
the second scenario, we consider all hospitalsinwitie healthcare network as
having no storage facilities and the chain of hiadpiare using direct delivery
policy with the same day delivery; we developed ahematical model as a
mixed integer programming (MIP) and solved using\& The computational
results and sensitivity analysis in this chaptertfos real-world case study in
specific show that the application of VMI systerasrore justified and works
better in terms of lowering cost than traditionRsystems.

All solution methodologies, computational resutt@nagerial insights, sensitivity

analysis, and conclusion and future research t@egrovided in this dissertation.



CHAPTER 2: OPTIMAL SUPPLY NETWORK WITH VENDOR
MANAGED INVENTORY IN AHEALTHCARE SYSTEM WITH RFID
INVESTMENT CONSIDERATION

2.1 Introduction
We consider a supply network for medical lemgs in the healthcare system, where the

vendor manages multi-hospital warehouses undendoveananaged inventory (VMI) policy
and uses RFID technology to reduce the networka tmsts and enhance customer service.
A real-world problem arising within a medical imptasupply company is the impetus for the
research. The vendor needs to determine the dwcafithe warehouses, the inventory policy,
and the RFID investment level in the healthcargvnsk so that the total cost of transportation,
inventory, and other associated operating costsramemal. In this research, we develop a
mixed integer non-linear program model to formuldte integrated decision problem that
combines the location-inventory problem with thie@tion assignment of RFID technology
and its investment level. In addition, we preséet RFID investment evaluation model and
provide a basis for enhancing our understandinge@RFID impact on allocation assignment
of the supply network. The real-world problem isalwed and analyzed with the proposed

approach. The computational results and sensitanglysis are provided.

The total spending on Health Care Network (HCN)ihaseased by an average of four
percent per year from 2000 to 2009; out of thatdase, 29% is accounted by hospitals
(Volland, Fugener, Schoenfelder, & Brunner, 201@yentory logistics costs are the second
highest-cost segment in hospitals (Ross & Jayara2tf)9) Researchers have recognized that
integrated location and inventory supply chain reknproblems have been recognized in the
last twenty years as an important tool to minintieehealthcare expenditures (De Vries, 2011;
Tlahig, Jebali, Bouchriha, & Ladet, 2013).

Management in the healthcare sector faces sevigmficant challenges, including
complexity in healthcare systems, high supply ci{&8@) costs, balancing quality and costs,
delay in delivery, product availability from vendorand unpredictability, and uncertainty.
Those challenges force many vendors, especialliyaerhealthcare sector, to re-examine their
operations, and critically re-evaluate all areas opferations looking for avenues of
optimization. (Feibert, 2017).
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This research is based on a real-world problemngrisom a world's leading medical
implants supply company applied to a chain of hia¢pin the province of Ontario. The chain
of hospitals under study consists of 147 hospitadated in Ontario, Canada. The vendor is a
supplier of three types of medical implants (a heafve, an artificial knee, and hip). The
vendor implements a vendor managed inventory conéis a replenishment system for the
selected hospitals of the healthcare network. EHmeler faces a challenge either to allocate or
not a storage facility at each hospital and togastie replenishment system accordingly.

RFID technology plays an essential role in Wasteemtory Reduction (WIR) by
handling and identifying the defective, lost, angbiey date items. Using RFID automated
verification, monitoring, and tracking featuresdea reducing the cost of defective and expired
items reaching consumers. Due to the ability oflREchnology in reducing the rate of the
inventory waste, the vendor decides to adopt #uhriology to reduce the total network cost
and enhance its profitability as evidenced by Walr\4 recent RFID direct its suppliers to the
benefit of its significant potential for processpimvement and cost reduction (Lee & Lee,
2010; Kumar & Budin, 2006).

Considering the large number of the hospitals withe healthcare network, the vendor
needs to extend supply chain activities to coven@pitals’ demand regardless of the size of
the demand or the location of the hospitals. Alse,vendor needs to implement an effective
inter-firm information technology system with thest advanced technology for supply chain
integrity and traceability, such as RFID technoldgy enhancing information sharing and
collaboration between supply chain parties.

The vendor is striving to achieve total joint effeeness across the entire chain network
by having strategic decisions represented by tbatilon assignment of the storage facilities
with a VMI policy to manage the inventory at thesigaed hospitals and with the option of
implementing RFID technology with its investmentdé otherwise, using a direct delivery
policy instead at the hospitals without storagelifees. Also, the vendor is seeking to have
operational decisions represented by the order izenumber of orders, and the safety stock
level of the inventory supply that will be maintath at the assigned warehouses of the
hospitals.

Our research is actively engaged in studying thentory problem by implementing
RFID technology to enhance the ordering and holdiffigiencies. This technology plays a
significant role in reducing the total costs of Healthcare network by enhancing the efficiency
of the ordering and holding operations. The disamsand analysis section explain the cost

saving generated by implementing RFID technologyigmimpact on the location assignment

11



of the storage facilities at the chain of the htadpi In our research, we have identified a two-
supply chain RFID investment factors of orderingl dolding efficiencies and developed
guantitative procedures to have an optimal RFI2gtment level for these factors.

Previous research on location-inventory supply rchatwork problem, in terms of
location assignment of the storage facility andtyipe of the replenishment policy under VMI
contract, focused on using either a VMI policydast-In-Time (JIT) policy or Direct Delivery
Policy (DDP) sequentially regardless the locatissignment of the storage facility in the
network, other industries implemented the diredivdey by courier as a single replenishment
system under Retailer Managed Inventory (RMI) systen which the hospitals play the
retailer role (Hariga, Gumus, & Daghfous, 2014; F24016).

In our research, we integrate the location assigiraethe warehouse at the hospital
with a VMI policy and allocation assignment of irapienting RFID technology with its
investment level. We formulate the problem as aeahixteger non-linear program (MINLP)
model to minimize the total supply network costddvMI supply network. Fig. 2.1 eliustrates
the VMI and RFID assignmnet chart including theomfation and material flow based on the
location-inventory assignment problem in a chainhogpitals with and without assigned
warehouses.

Our contribution to this research is threefoldsEiwe provide an optimal integrated
location-inventory supply chain network and modeiiathematically. Second, we discuss
applying two RFID investment factors in holding aontlering operations and developing
analytical procedures to derive optimal RFID invesnt levels for these factors and third, we
identify the impact of RFID cost savings on thedtian assignments of the storage facilities
at the hospitals.

The remainder of this paper is organized as foll@wgview of the relevant literature is
presented in the next section, followed by a prisgem of the proposed model in Section 3.
Computational results have been carried out toyaeand illustrate the findings, benefits, and
sensitivity analysis in Section 4. The last sectaamtains concluding remarks and some

avenues for future research.
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Fig. 2.1 VMI and RFID assignment chart based orldbation-inventory assignment problem in a
chain of hospitals with and without assigned watsies.
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2.2 Literature Review
In this research, we consider two streams of liteea First, Vendor Managed Inventory

(VMI) contract, including the healthcare networke tdefinition and its role in the Location-
Inventory Assignment Problem (LIAP). Second, RR#ohnology in the healthcare network.

2.2.1 VMI Contract Including the Healthcar e Networ k
Healthcare environments have experienced challedgesto increased healthcare
costs, high competition, and sophisticated requar@siand regulations. Such changes have
hastened the focus on supply chains in healthcahech is now more demand-driven
(Krichanchai & MacCarthy, 2017). Managing Supply ah inventory is a significant

challenge for many firms that have simultaneouslyeawvored to minimize costs and enhance
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customer service in the current competitive busirew/ironment (Daskin, Coullard, & Shen,
2002). To overcome the gap of managing inventothénhealthcare sector, several programs
of supply-chain coordination, which include vendmanaged inventory (VMI), have recently
been implemented to support the supply-chain so&&ui, Gosavi, & Lin, 2010).

VMI has been defined as a collaborative and replenent delivery strategy in which all
replenishment decisions and associated costs aeeerbby the vendors instead of the buyers
in the traditional replenishment system. VMI is @allaborative strategy to optimize the
availability of products at minimal costs. In geseMMI policy can be either a frequent, or it
can be infrequent replenishment system, but the paint is that VMI strategy is a demand-
driven supply chain (Govindan, 2015; Haavik, 200@teen, Chatterjee, & Mitra, 2015)

Studies concerning the integrated location-invgnt@twork problem are relatively new
Liao, Hsieh, & Lai, (2011), Jayaraman (1998) depelba mathematical model examined the
impact of the integration of facility location omvientory decisions and transportation modes.
Erlebacher and Meller (2000) presented a locatwentory model to optimize the service
level with minimal associated inventory and tramggtoon costs. Nozick and Turnquist (2001)
presented a location -inventory model based oradetoff between the cost and service
responses level. Miranda and Garrido (2004) integrahe facility location problem with
inventory decisions and presented a MINLP modehihpducing the inventory decisions in
facility location models. Sabri and Beamon (2008¢dia multi-objective function to resolve
strategic and operational planning decisions sigfillarate cost and flexibility for a sub-
module model. Recently the Liao et al. (2011) istddan integrated location—inventory
distribution network problem by integrating the iagpof the facility location, distribution, and
inventory issues under VMI contract on the inveptdecisions; they presented a Multi-
Objective Location—Inventory Problem (MOLIP) modaeld they tested the multi-objective
evolutionary algorithm to solve MOLIP, they usedhalti-objective approach to present the
location assignment as strategic decision and tovgmanagement assignment as operational
decisions with VMI policy as single replenishmentigy,

In this paper, We use a Single Objective Optimaa(iSOOQ) to integrate the inventory-
location assignment problem as a Mixed-Integer Nioear Problem (MINLP) to present the
strategic and operational decisions instead ofgugiMulti-Objective Optimization (MOO) as
most previous works have focused on. In additiam, model builds upon assigning the
replenishment policy for each hospital based onstbeage facility location assignment, in
which, we use a VMI policy for the hospitals witksegned warehouses and a direct delivery

policy with the rest of hospitals with no assigneatehouses.
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The healthcare sector has compromised the costeahventory and logistics costs
using Vendor Managed Inventory (VMI) to reduce castl waste, eliminating supply and
transportation distribution and take advantageetfeb pricing offered by suppliers. VMI has
been tested and adopted in various industries shecdate 1980s, by Wal-Mart, Procter &
Gamble, HP, Shell, and other big firms popularizeziconcept to attract customers. Scholars
are actively engaged in studying aspects relatedMg including replenishment decisions,
contracts, relationships, as well as strategicicapibns (Mateen et al., 2015).

In this research, we highlighted the constrairfutifllment all demand of the chain of
hospitals regardless the location and the demarel sy integrating both VMI and direct
delivery policies in healthcare network based @ldlcation assignment of the storage facilities
and by assigning safety stock level for all waredesuassigned at the hospitals. Also, we
highlighted the challenge of reducing inventory teast the hospitals by implementing RFID
technology.

A thorough literature review of VMI contract in Héecare network was conducted as
elaborated in Table 2.1, which summarizes the madsted publications to VMI contract and
presents our research contribution of VMI in thaltlecare network.

2.2.2 RFID Technology in the Healthcar e Network

According to the latest research papers and statigRFID technology is considered
the best Information Technology (IT) investmentl imo the growth of companies. The RFID
technology business value by enabling supply chaieasily and inexpensively collecting and
sharing information, thus playing a significantereh enhancing supply chain visibility. By
enhancing supply chain visibility leads to redustmtk-out and lead time, eliminate inventory
waste, lower labor costs, reduce transaction castsjmprove both customer satisfaction and
inventory and logistics management (Lee & Lee, 2@&ttand & Fosso Wamba, 2013; Li, Li,
& Zhang, 2016; Wamba, Anand, & Carter, 2013).

The inaccuracy problem happens in inventory manageérsystem due to inaccurate
accounts in the warehouses, which leads to havioly st and expired items. Vendor profits
can suffer an average of 10% as lost sales antcagaise in inventory cost. A reduction in the
rate of defective and expired items improves custoservice due to timely order deliveries
(Sarac et al., 2010). In our research, we consiagementing RFID technology as a
promising solution in dealing with inventory wagieblem by enhancing the efficiency of

ordering and holding operations.
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Table 2.1 Literature review summary for VMI contrac

VD LB RF H LR LP N MI°

M D A | C P / P NL

Reference I P P D NA IP P
Rivard-Royer, Landry, and Beaulieu (2002) \ \
Liao et al. (2011) RN \
Govindan (2015) \ \
Uthayakumar and Priyan (2013) \ \ \
Kannan, Grigore, Devika, and Senthilkumar (2013) \
Danese (2006) \ \ V
Kiesmiiller and Broekmeulen (2010) V \
Ben-Daya and Hariga (2004) V \
Guan and Zhao (2010) \ \
Turhan and Vayvay (2012) \ \ \
Achabal, McIntyre, Smith, and Kalyanam (2000)V \ \
Darwish and Odah (2010) \ \
Priyan and Uthayakumar (2014) \ \ \
Bijvank and Vis (2012) \ \ \
Hong, Chunyuan, Xu, and Diabat (2016) \ \ \
Shu, Li, Shen, Wu, and Zhong (2012) \ \ \
Szmerekovsky and Zhang (2008) \ V V \
Sarac, Absi, and Dauzére-Pérés (2010) \ V V
Volland et al. (2017) \ \
Liao et al. (2011) V \ \
Pan (2016) V \ \
Epstein and Dexter (2000) \ V V
Machado Guimardes and Maia (2013) \ \
CAKICI, Groenevelt, and Seidmann (2011) \ N A
Park, Yoo, and Park (2016) \ \ \
Our Modé NN A A NN \

1 vendor managed inventory (VMI¥,direct delivery policy (DDP)? location-inventory assignment
problem (LIAP), * radio frequency identification (RIFDY, healthcare network (HCNY location-
replenishment policy assignment (LRPA)jnear programming/integer programming (LP/IPhon-

linear programming (NLP), anthixed-integer non-linear programming (MINLP).

RFID implementation lowered the overall costsugf@y and improved administrative
quality. Although, that RFID technology is more tpwith regards to implementation and
maintenance service follow-up compared with othaditional tracking technology such as
barcodes. Still, the outcomes and enhancemerifigneacy create overall cost savings; this
efficiency comes in the form of reduction in thegentory costs due to the inventory visibility,

the reduction in labour costs, the improvement slortening the administration works
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regarding the readiness of material orders andhaises orders and minimizing waste and
rejected items (Feibert, 2017; Romero & Lefebvfd,2 Wamba et al., 2013; Lee et al., 2011).

In light of the debate on the best measurementadstfor RFID investment, this study
provides an overview of existing evaluation stugessents the RFID investment evaluation
model and integrates it with the inventory-locatmsignment problem. We considered having
RFID technology as a tool of cost and inventory teaeduction. In addition, our research
introduces a RFID Investment Lower Bound (RFIDILtB e viable and reliable, in which we
assigned constraints in MINLP model to limit thevéy bound investment in RFID technology
equals to or greater than the specific value ofrikiestment ($1000).

Lee and Lee (2010); Li et al. (2016); Cui, Wangd &eng, (2014) presented RFID
technology as an investment evaluation model (IB&ed on a Cost-Benefit Analysis (CBA)
for Economic Order Quantity (EOQ) inventory systemhmich represents a continuous
replenishment system without integrating the agamgmt of RFID with location assignment of
the storage facility.

The efficiency improvement gained by RFID implenaion and its direct and indirect
investment costs plays a significant positive ialenhancing the inventory operations level
based on Efficiency-Investment Exponential Func{iiF) (Lee & Lee, 2010; Wamba et al.,
2013; Chong & Chan, 2012). The ordering and holdffgciencies represented the RFID
outcomes accurately by better inventory managergnising the tracking and monitoring
capabilities of RFID technology Table 2.2 summagiflee cost categories related to supply
chain inefficiency activities and RFID benefits .& Lee, 2010).

Table 2.3 summarizes the most related publicattonRFID technology as a cost-
benefit analysis tool.

To the best of our knowledge, our study is the &tady integrate the RFID investment
evaluation model and its investment level withwiagehouse location assignment; we integrate
the RFID investment evaluation model by examinihg telationships between model
parameters, variables and the level of RFID investmvithin inventory-location assignment
problem. The presented model is not only usefulsiown right, but it also underscores the
feasibility of using an analytical model in healhe supply network in the field of RFID

investment.
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Table 2.2 The cost categories of supply chain icieficy activities and RFID outcomes.

Inventory Operations

Cause costs of SC
inefficiency

RFID outcomes

Ordering Operations

Holding operations

Unmatched units within
vendor SC network.

Resolve the defective units in
orders and expiry date items.
Resolve inaccurate invoicing
of due to disputes.

Having fake and counterfeit
units.

Resolve the inaccurate
ordering counts and any
count discrepancy.
Inaccurate ordering inquiries
with available stock.

Resolve inaccurate time to
track the orders from plants
to warehouses.

Unbalanced excess inventory
and safety stock level.
Managing backorders from
customers.

Inaccurate inventory counts
at vendor and customers’
warehouses.

Inaccurate time reporting of
inventory loss.

Resolve the inaccurate
labeling and misallocating
units at the warehouse.
Manage the Inaccurate
counting of the discrepancy
in the vendor’s inventory.

Inaccurate accounts of
defective, lost, out stock, and
obsolete units.

Error in tracing the units on
shelves and misidentifying

Improve the inventory data
by RFID automated feature.
Enhance the verification
process by the RFID feature.
RFID reconciliation
automated disputes.
Enhancing the put-away
process by the RFID feature.
Enhancing the time of the
counting process of the order.
Enhance the balance
reconciliation of disputes by
merging RFID & ERP.
Enhance the timely delivery
process of orders using GPS
with RFID technology.

Enhance the number of stock
balance reviews.

Enhancing inventory

visibility and matching it

with demand.

Enhancing the time reduction
in inventory counts.

Automated real-time tracking
& reporting system by RFID.
The automated tagging
system eliminates mistake in
location or labeling of units.
Enhance the automated
reconciliation process by
merging RFID with ERP
systems.

Enhance the monitoring and
tracking process of the
inventory records.

Reduce the rate of defective
units on shelves that can be

the defective units on shelves accessed by the customer.
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Table 2.3 Literature review summary RFID as a testefit analysis tool.

Reference RFID IEM®* WIR® CBA* EIEP HCN
« Lee and Lee (2010) \ V \ V V
« Lietal (2016) \ v \ V V
« PG (1998) \ \ \
« Sarac et al., (2010) \ \ \ \ V
« Bendavid, Boeck, and Philippe (2012) \ \ \ \
« Cui, Deng, Liu, Zhang, and Xu (2017) \ \ \
« Wamba et al. (2013) \ \ \
« Chircu, Sultanow, and Saraswat, (2014) V V \
« Camdereli and Swaminathan (2010) \ \
« Lee and Ozer (2007) \ V
« Guan and Zhao (2010) V \ \
« Volland et al. (2017) \ \ V V V
« Cui, Wang, and Deng, (2014) Y V \
« Chong and Chan, 2012 \ \
«  Our Model N A v \ \ \

1 Radio frequency identification (RIFDY, investment evaluation model (IEM§,waste inventory

reduction (WIR);} cost-benefit analysis (CBA)efficiency-investment exponential function (EIE&hd
healthcare network (HCN).

2.3 Mathematical M odel

231 Problem Statement

In this paper, the vendor’s objective functiomdgitinimize the total cost by resolving three
major decision problems simultaneously as follows:

The first is related to the location assignmentj@m as a strategic decision, the vendor
should decide whether to open a warehouse at atdldspased on associated costs connected
with ordering, holding, transportation, fixed aretugp costs, or implement a direct delivery
policy (DDP) with same day delivery to the hosmtadth no assigned warehouses.

The second is related to replenishment inventopysaes as operational decisions. The
vendor should decide the size of the order, thebaurof orders that should be delivered to the

hospitals, and the safety stock level to be maiethiwithin the hospitals with assigned
warehouses.
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The third problem is related to the allocation gssient of implementing RFID

technology at the hospitals with assigned warelotseenhance the ordering and holding

efficiencies. Two investment factors of orderingdamolding efficiencies are considered.

Holding and ordering efficiencies are realized biyimizing any inefficiency related to the

ordering and holding activities, and they are tgflicdependent on the investment intensity of

the RFID technology. RFID technology improves bothering and holding efficiencies in

various ways. Ordering and holding efficiencies @eéned as the degree to which the RFID

investment levels reduce the fixed order cost pderocycle and holding cost per item in

ordering and holding operations.

2.3.2 Mode Assumptions:

All hospitals’ demands for all products are detenistic.

The demand should be satisfied regardless of #eedasithe demand or the location of
the hospitals.

The ordering and holding efficiencies are a natesglonential function where the
RFID investment costs, improve the ordering, anltlihg efficiencies (Lee & Lee,
2010; Billington, 1987).

The transportation cost per item is assumed todhgeded to the hospitals with no
assigned warehouses by courier; the rate applidthsed on Purolator’'s rates and
service charges for direct same-day delivery duled¢specialty of the medical implants
that will be delivered.

Ordering cost is assumed to have a fixed cost dégss of the type of the product or
the quantity shipped per order, as all the admtise costs related to setting up the
order inquiry, issuing a local purchase order &ednspection of the order are the same
regardless of the quantity and the weight.

A continuous review policy is used for VMI.

2.3.3 Mathematical Modeling

2.3.3.1 Indices
an index for hospitak 1; 2..., r

an index for produgtl, 2..., n
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2.3.3.2 Notations
Holding cost for hospitiador product

Rental space cost pémper time unit.
The total space size of the assigvarehouse at the hospitaker time unit. 3)
Transportation cost per delivergiasrto hospitai for product
Fixed setup cost for having a watretgoat the hospital
The capacity of Truck used for delivery to pites i
Demand rate of hospitalf productj per time unit
The volume of one item of thedprotj (f3)
Integer number representing a v@gh value
Unit truck shipment and orderiragicfor hospital
Minimal Safety Stock level for prad| at the hospital
with assigned warehouse
Ordering costs for hospital
Transportation cost per item togiadi for product
The lowest ordering efficiencyhaeved when there is no investment in
RFID technology
The highest ordering effraig achievable by; investment in RFID technology
Exponential parameter for ordgrefficiency
The lowest holding efficiencshéeved when there is no investment in
RFID technology
The highest holding efficieraghievable by; investment in RFID technology
Exponential parameter for hotgefficiency
The minimal level of RFID investméa enhance the ordering efficiency at the
assigned warehouse
The minimal level of RFID investmea enhance the holding efficiency at the

assigned warehouse

2.3.3.3 Decisionsvariables
1 if the shipment is delivered dirgdth hospital, O otherwise

1 if hospital has a warehouse facility, O otherwise.

The order size quantity of produceiieered to hospital with assigned

warehouse
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m; The number of shipments to hospiveth assigned warehouse

SSij The Safety Stock level at the hospitaith assigned warehouse for prodpct
S; RFID technology investment leval drdering efficiency for
the hospitalvith the assigned warehouse.
X; RFID technology investment leval fimlding efficiency for hospitalwith the
assigned warehouse.
V; Ordering efficiency which is thegtee that the ordering cost at the hospital
reduced by RFID investmgn(Lee & Lee, 2010; Li et al., 2016).
w; Holding efficiency, which is thegtee that the inventory holding cost at
the hospitateduced by RFID investme#it (Lee & Lee, 2010; Li et al., 2016).
Un; 1 if RFID technology is installed foolding operation efficiency

improvement in the warehoubke, minimal investment iB,.
Uoi 1 if RFID technology is installed for ordegi operation efficiency

improvement in the warehouse, the minimal investiieB,,.

2.3.3.4 Objective function

MinTCVM,
T n Q

Z(A +cl])DUYdl+ZKle+ZZWhU( ”+SSU)+Z(FC + FiR) Yy
i=1j=1 i= 1]

+in+25i )

The object is to minimize the total cost. The firstm represents the sum of ordering and
courier transportation delivery costs per itemdtmproducts’ demands and all hospitals with
no assigned warehouses. The second term repreékentsst of the combined ordering and
trucking transportation cost for all orders delaeto all hospitals with assigned warehouses.
The third term represents the holding cost per méthe summation of average order quantity
and the safety stock level for all products at lthepitals with assigned warehouses and the
improvement impact of holding efficiency as a fuoetof RFID investment level. The fourth
term represents the sum of the totals costs ofixleel cost of setting up the warehouse at

hospitals and the rental rate cost for the assigpate by hospitals for the vendor for

22



warehousing purpose. The fifth and sixth termsla@eRFID ordering and holding investment

costs, in order, for all hospitals with assignedehauses.
S.T.

Yo+ Yyi=1 forvi=1,..,r (2)
Network constraints, each hospita&ither having a warehouse with VMI delivery or hayia

direct delivery with no assigned warehouse.

n
Z Qij < Caprruck forvi=1,..,r (3)
j=1

Truck space constraint, the total order size qtiaatior all products per order that will be
delivered to hospitalwith assigned warehouse should be equal or lessttte capacity of the
truck.

n
Z(QU + SSl])f} < YWiFi fOT'Vi =1,..,r (4‘)
=1

Warehouse space constraint, the total size ofdércsize quantities and safety stock level for
all products per order should be less or equal tharavailable space for hospitalith the

assigned warehouse.

Qij = Y,:M forvi=1,..,r andj=1,..,n (5)
Upper bound order quantity constraint, the maximmumber of each order quantity for each
product is equal to or less than the bigM valueierhospital with the assigned warehouse.

SSij = Ywi gij forvi=1,..,r andj=1,..,n (6)
Lower bound safety stock level constraint, to lithié lower bound of the safety stock level

equal to the minimal value representedghyfor hospitali with the assigned warehouse.

m; <Y,;M forvi=1,..,r (7
Upper bound of the number of orders constraint,nla@imum number of orders shipped to
the hospital with assigned warehouse should be equal to othessthe bigM value.

Qijm; = DYy, forvi=1,..,r andVj=1,..,n (8)
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Demand satisfaction constraint, all number of ad#rthe order quantity of each prodyct
which will be delivered to the hospitalvith assigned warehouse should be equal or greater

than the demand of product | of hospitalith the assigned warehouse.

W;=Z+ U -2)e *i)Y,, forvi=1,..,r 9
Holding efficiency and RFID investment constraiiig holding efficiency level responds as
an exponential function with RFID holding investrhivel X;. Note that a lower value of the

holding efficiency means a higher efficiency (Led.&e, 2010; Billington, 1987).

V,=(N+M - N)e PS)y,, forvi=1,..,r (10)
Ordering efficiency and RFID investment constraing ordering efficiency level responds as
a function of RFID ordering investment levgl Note that a lower value of the ordering

efficiency means a higher efficiency (Lee & Leel1@0Billington, 1987).

X; <Y,:M forvi=1,..r (11)
Holding upper bound of RFID investment constrathe maximum value of RFID holding
investment level at the hospitalith assigned warehouse should be equal to orthessthe

bigM value.

S <Y, M forvi=1,..,r (12)
Ordering upper bound of RFID investment constraimt, maximum value of RFID ordering
investment level at the hospitalvith assigned warehouse should be equal to orthessthe

bigM value.

X; = Uy; By, forvi=1,..,r (13)
The minimum level of RFID investment constrainhimlding operations, the minimal level of
RFID investment to enhance the holding efficienbgldd be greater or equal to a minimal

RFID investment oBy, .
X; < Uy M forvi=1,..,r (14)

Holding RFID investment assignment at the storagdify constraint, the RFID investment

level in holding efficiency should be less tharequal to bigM value.
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Si = Upi Bp forvi=1,..r (15)
The minimum level of RFID investment constraintoirdering operations, the minimal level
of RFID investment to enhance the ordering efficieshould be greater or equal to a minimal

RFID investment oB,, .

Si<Upi M forvi=1,..,r (16)
Ordering RFID investment assignment at the stofagsity, the RFID investment level in

ordering efficiency should be less than or equdligh/ value.

Uni <Yy forvi=1,..,r a7
Holding RFID minimal investment assignment for gasid warehouse constraint, the minimal
level of RFID investment for enhancing the holdefficiency is implemented at the assigned

warehouse at the hospital

Upi < Yy forvi=1,..,r (18)
Ordering RFID minimal investment assignment forigiesd warehouse constraint, the
minimal level of RFID investment for enhancing tirering efficiency is implemented at the

assigned warehouse at the hospital

Qij,m;, X, 5, 5S;; =0 forvi=1,..,r andj=1,..,n (19)
Non-negativity constraint, the order quantity, n@mbf orders, RFID ordering and holding
investments levels, and the safety stock levepfoductj at a hospital are all non-negative

values.

Yai.Ywi, Uni, Ui, € [0,1] (20)
Binary constraint, the location and allocation &hte decisions are binary decisions.
The problem given by (1)-(20) is a mixed integenliteear program model. We use GAMS

to solve the problem with the real-world case & tiext section.

2.4 Analysisand Discussion

24.1 Real-World Problem
In this section, we applied the MINLP mathematiteddel to a real-world problem, and

examines the performance of different RFID investnsérategies of having objective function
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with no RFID investment (Option A), with sequentRFID investment only in ordering
operations (Option B), with sequential RFID investrmonly in holding operations (Option C)
and with simultaneous RFID investment in holding andering operations (Option D).

We conduct sensitivity analyses to understand mbdkaviors of the RFID investment
decisions by changing base parameter values. Baampter values assumed are presented in
Table 2.4.

The numerical analysis of the holding and ordegfigiencies shows a similar pattern in the
total cost reduction. A minimum level of demand the RFID investment in the ordering
efficiency ( Option B) and in the holding efficien( Option C) are both derived from Fig. 1,
in which no feasible solutions for RFID investmean exist at demand level less than 110.
Also, we found that as the ordering efficien&yimproves, the order quantigy; decrease,
also, when the holding efficiency; improves, the order quantity;; increase. Table 2.5
expresses the improvement in total cost made bgitheltaneous RFID investment decisions
(Option D) over the sequential RFID investment siecis ( Option B and C independently).
In the sequential RFID investment decisions, the twvestment decisions are made
independently. Fig. 2.2 shows that while the demlandl increases, the cost saving of the
simultaneous RFID investment ( Option D) becomesigr than those of the sequential RFID
investment. The input data for the real-world peobldesigned based on a practical approach
which represents the actual data for real-world@wdations, Table 2.4 demonstrate the base

parameters that we used as input for this problem.

Table 2.4 The base parameters and scalars valeesuthe computational results and analysis

Parameter Value Parameter Value

M 1 N 0.2

U 1 z 0.3

B 0.004 U 0.0038

B, $1000 By, $1000

A; $100 h;; 10% of the average cost per item
D 0.00089 city population R; Subjected to the zone’s location

Although, the overall investment level for the sltaneous RFID investment (Option

D) is the highest compared with the investment ll@fethe sequential RFID investment
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(Option B and C), but the total cost of the objeetiunction obtained in option D is the least,
which represents the significant cost saving olthiby simultaneous RFID investment
(Option D).

Table 2.5 Performance of simultaneous RFID investme

Activity NO RFID RFID in RFID in RFID in
ordering holding ordering &
holding

Option A Option B Option C Option D

Total cost ($) 2,205,299 2,200,909 2,988, 2,067,082

Avg. ordering efficiency 1 0.215 1 0.316

Avg. holding efficiency 1 1 0.316 0.215

Total RFID investment 0 8000 0 5000

in ordering operations ($)

Total RFID investment 0 0 6000 17000

In holding operations ($)

Total RFID investment in 0 080 6000 22000

holding & ordering ($)

# of hospitals with VMI 32 32 43 36

# of hospitals with DDP 115 115 104 111

# of hospitals with RFID 0 0 6 17

in holding operations

# of hospitals with RFID 0 8 0 5

in ordering operations

Cost Reduction 0 0.20% 5146 6.27%

GAMS Solver BARON BARON KNITRO KNITRO

CPU Time (Sec) 3.17 88.71 49996.79 70813.94

Fig. 2.2 shows the impact of demand size on tis¢ saving; the cost saving is the
highest in case of the simultaneous RFID investni@®ption D) comparing with the cost
saving obtained by sequential RFID investment (@pB and C).

RFID investment plays a significant role on thealb@n assignment of the storage
facilities at the chain of hospitals network, inieththe reduction in total cots obtained by
implementing RFID technology affects the locatissignment of the warehouses at the
hospitals, an example for such impact can be tthél@mn Table 2.5 , in case of having no
RFID technology (Option A), a 32 hospitals assigmeth warehouses and the rest of 115
hospitals with no assigned warehouse, such arramgerhanged when we implement
simultaneous RFID investment (Option D) where 36pitals assigned with warehouses and
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the rest of 111 hospitals with no warehouses. Tadyais of the impact of sequential RFID
investment (Option B and C) on the location assigninof the storage facility shows a similar

pattern to the previous analysis with simultaneRE# investment (Option D).

Cost Saving Vs. Demand Level

6000

5000 /
4000

Cost Saving

20 50 100 250 400 600 850
Demand Level
—Option D —0Option B Option C

Fig. 2.2 The impact of demand level on the cosirgpubtained by different RFID
investment Options.

Fig. 2.3 shows the relationship between the denteared and total cost of the objective
functions, in which option A (No-RFID) having théghest total cost value and Option D

having the least total cost value.

Total Costs Vs. Demand Level

50000
45000
40000 e
35000
30000
25000
20000
15000
10000

5000

Total Cost

0 100 200 300 400 500 600 700 800 900
Demand Level
—OptionD ——OptionB —Option C —Option A

Fig. 2.3 The impact of demand level on the totatso@btained by different RFID options.
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Fig. 2.4 presents the response of ordering effayidii;) and holding efficiencyW;)
with the demand level. The figure shows a contisudacrease in the valueslgfandW;
whenever there is a continuous increase in the derieael Note: Note that a lower value of

the ordering/; and holding/; efficiencies equate to higher efficiency

V & W Efficiencies Vs. Demand Level
1 [&5 1001

0.9
D os
g 0.7 110, 0.652
o
S 0.6
= o5 850, 0.444
"';J 04 110, 0.562 P it 2000, 0.37
o3 03 850, 0.41
> 02 2000, 0.322

0.1

0

0 500 1000 1500 2000 2500
Demand Level
——Model B - ORD —-Model C - HOLD

Fig. 2.4 The impact of demand level on holding ardkring efficiencies.

To illustrate the impact of demand level on thaltobsts of the network and the cost
savings obtained by RFID investment, we considerdécision of assigning a warehouse in
hospitali is an independent decision, in which the locatiesignment of the storage facility
of each hospital does not affect the other locatiesignment of other hospitals, based on that
we will explain the concept of the trend betweendbst saving and the demand level through
the numerical results obtained by hospitdl with assigned warehouse..

Fig. 2.3 indicates that the minimum demand levelrf@aking the RFID investment
viable in ordering and holding efficiencies is givat 110. At the demand level of less than
110, no optimal investment can be found. Also, bwthRFID investment (Option A) and
optimal RFID investment (Option D) incur the sanadue of total cost at the demand level of
110. As the demand level increases, the benefiRFID investing in ordering and holding
efficiencies increase. Fig. 2.4 shows that the ihgldand ordering efficiencies improve

significantly near the minimum demand level, ane tate of efficiency keeps improving as
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the demand level increases. The numerical angbygsigs out that a large demand level can
bring more significant cost savings from RFID tealogy than a firm with lower demand.

The ordering and holding efficiencies show rapigiavement wheneve;; start to
increase more than the breakeven paiipts- 110. As a result, the demand level plays a major
role in RFID investment implementation decision amdthe level of this investment in both
ordering and holding efficiencies, such findingdigate that the vendor with VMI policy in
healthcare network in hospitals with assigned wamehs can achieve higher cost saving by

implementing RFID technology in their ordering drading operations.

24.2 Senstive Analysis

A sensitivity analysis conducted on the model watimultaneous RFID investment
(Option D) to study the trend of the holding andesing efficiency rates against the reduction
rate of the total cost of the objective functiongcsaving), Fig. 2.5 and Fig. 2.6 shows that the
cost-saving improves increase rapidly as the angeand holding costs improved. As the
ordering and holding efficiencies improved rapidigh the increase of the damnd level as we
approved it earlier, we can conclude that by imgeting RFID technology to improve the
ordering and holding efficiencies, the rate of tust saving is improving rapidly with the
increase of the demand level too.

Since the RFID investment decision is based orsimvent costs-benefits approach and
since the cost of an RFID implementation concehesrhanagers due to the least level of
investment cost, a thorough investigation of indiidl cost components and the cost categories
related to supply chain inefficiency activities &RBEID outcomes was conducted as elaborated
in Table 2.2. Due to the RFID direct and indiregstccategories, we consider having RFID
investment lower bound, in which we assigned nunabeconstraints to limit the level of
RFID investment to be greater or equal to a speoffinvestment amount to make the decision
of RFID implementation viable and reliable, in oeal-world problem we assumed each value
of the minimum level of RFID investment {; andU,;), which means any RFID investment
less than $ 1000 for ordering operations or holdipgrations will be unreliable, and the
GAMS solver either reject the RFID investment iattbperation in the mentioned location or

increase the RFID investment to be equal to ortgrehan $ 1000.
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Cost Saving Vs. Avg. Holding Cost
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Fig. 2.5 The impact of holding cost on cost saving.

Cost Saving Vs. Ordering Cost
12000
10000 3008
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Cost Saving
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Ordering Cost
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Fig 2.6 The impact of ordering cost on the costrgav

2.5 Conclusions
In this research, we integrate the location asseginof the storage facility and its

replenishment policy with the allocation assignma&nRFID technology with its investment

level; such integration allows us to have a flexilsiventory system by having two types of
replenishment policies (VMI and direct delivery ip@s) in a chain of hospitals subjected to
the availability of the warehouse at the hospitale vendor implements RFID technology at
assigned warehouses to enhance his holding andiraydgperations to eliminate inventory

waste of the expired date, lost, and defected mtsdu
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We present in this research the RFID investmeriuatian method integrated with the
location assignment of the storage facilities aspials. This method considers RFID
investment level to improve the ordering and hajdéfficiencies and derives optimal RFID
investment levels for the ordering and holdingcdincies. We recommend in this research
using the MINLP model with RFID investment evaloatimethod to solve the location-
inventory supply chain network problem; this mogeles the vendor a proper understanding
to make different strategic and operational densio

Considering RFID technology in a vendor manageentory contract in healthcare
network leads to a high impact on the overall @dshe network and generates a significant
cost saving by enhancing both ordering and holdifigiencies. This efficiency improvement
comes in the form of a reduction in the inventoogts due to the inventory visibility; the
reduction in labor costs; the improvement in shortg the administration works regarding the
readiness of material orders and purchase ordedspanimizing waste and rejected items.
Such RFID cost-saving has a direct impact on tbatlon assignment of warehouse facilities
at hospitals, which was discussed in detail indiseussion and analysis section.

To the best of our knowledge, our research is itise éffort in integrating VMI and
direct delivery policies in a healthcare networlsdxh on the location-inventory assignment
problem with the allocation assignment of RFID temllogy and its investment level. Storage
facility location assignment and RFID technologp@tion assignment under VMI contract
are classified as strategic decisions. The vertdokling high set up and rental costs, must
assign the optimal number of warehouses with implging RFID technology at hospitals in
the most efficient way. Such decisions have @atlimpact on cost reduction and maintaining
the best possible trade-off between responsiveaedsefficiency in healthcare service. In
addition, this research is the first study thatsprés the minimum RFID investment level
mathematically, in which we assign constraintsimaitl the least RFID investment with a
specific value to make the decision of RFID impletaéion viable. Also, this research
highlights the impact of cost-saving maintaineditmplementing RFID technology on the
location assignment of the storages at the chalosgpitals.

While our research focuses on integrating the lonatventory assignment with the
RFID and its investment level assignment, thisaegecan be extended as future research in
developing a model for a non-deterministic conditisuch as stochastic or fuzzy demand. In
this paper, we consider the demand is deterministieere stochastic demand has more
opportunities in making a significant reductioroierall costs of the network by implementing

RFID technology concept through eliminating furtibests due to the shortage and overstock

32



incidents. In addition, in this research, we asstimadRFID technology as a perfect technology;
further research can be done considering RFID geerifect technology on the objective
function and the decision variables of the study.

Also, this research can be extended to bridge &peod coordination in case of the inventory
status between the instant feedback by implemeRifp technology in the hospitals with

assigned warehouses and the other warehouses mtal®svith no RFID implementation

which use the continuous replenishment policy \&ition-instant feedback.
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CHAPTER 3: OPTIMAL SUPPLY NETWORK WITH VENDOR
MANAGED INVENTORY IN A HEALTHCARE SYSTEM WITH
STOCHASTIC DEMAND

3.1 Introduction

Having an effective inventory management systerh ait optimal supply network is
an essential objective for all healthcare industriéhis paper presents the optimal location-
inventory assignment model applied to a real-wprioblem arising when a medical vendor
supplies a medical implant to a chain of hospitmder Vendor Managed Inventory contract
(VMI) in a stochastic environment. The vendor sadelkfed the optimal supply chain network
that can minimize the system cost by integrating lthcation assignment of the storage
facilities with the allocation assignment of thgentory policies. A Stochastic Mixed-Integer
Non-Linear Program (SMINLP) is developed to determrthe location of the warehouses, the
guantity of products, and the number of orders,siie of the safety stock at the hospitals’
warehouses and the vendor’s warehouse so thaittleost of transportation, inventory, and
other associated operating costs are minimal witoehastic demand. The input data for the
real-world problem is designed based on a pracigatoach, which represents the actual data
for real-world calculations, and a computationalutewith sensitivity analysis was obtained
by using GAMS to illustrate and test the validifytibe model’s application and behaviour.
The study compared the performance of VMI systentdeua stochastic environment with
the uncertainty of the demand as a random varidbllewing normal and uniform
distributions. Total supply chain cost and the metwayout are used as the measures of

comparison.

3.1.1 Background
Management in the healthcare sector faces sevigmaficant challenges, including
complexity in healthcare systems, high Supply CH&€) and inventory costs, balancing
quality and costs, delay in delivery, and unpredidity and uncertainty of the demand
(Feibert, 2017). Besides, the increase in the lefedompetition and the slowdown in the
economic growth cycle worldwide are forcing manp@iers and vendors in the healthcare
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industry to examine their inventory management #rar supply network. Vendors are
critically reconsidering all areas of their inverytooperations, looking for avenues of
optimization.

Scholars have indicated that local optimizatioarat individual part of the value chain
network will not guarantee overall system optimizat Therefore, it is logical for vendors to
focus on their overall value chain including thewil of material and supply network setup
(Kheljani, Ghodsypour, & O’Brien, 2009; Mateen, @bgee, & Mitra, 2015). The success of
a vendor will depend on its ability to achieve tgtant effectiveness across the entire chain.
This includes integrating the location assignméritisasupply network (storage facilities) with
the allocation assignment of the applied invenfolcies using VMI.

VMI has gained much attention in recent years. edngns such as Wal-Mart, Procter
& Gamble, HP, and Shell have adopted and tested $ihde the late 1980s. Scholars are
actively engaged in studying aspects related to Miluding, but not limited to, replenishment
policies and their decisions, contracts, relatigmshand strategic implications (Marques,
Thierry, Lamothe, & Gourc, 2010; Mateen et al., 201

A few researchers have numerically analyzed VMI paidm and tried to
mathematically model different aspects of VMI undestochastic environment. Darwish and
Odah (2010), Govindan (2013), and Mateen et all§pMave concluded that VMI leads to
system significant cost reductions. Kiesmiiller Bnoekmeulen (2010) researched the benefits
and outcomes of VMI in stochastic multi-productsteyns when dealing with low-demand
moving products. Most of these studies only consile case of a single retailer with no
involvement in the location assignment of the gjerfacilities within the supply network. The
high uncertainty of the warehouse setup and reagsis, demands, travel times, and other
inputs, directly impact the classical facility |¢icen assignment models (Snyder, 2006). This
has made the development of the model for theilmt@tventory assignment problem under
uncertainty a high priority for research. This mlode unique in its existence, in which
optimization under demand uncertainty has beenieppio facility location problems,
integrating it with the allocation assignment oé treplenishment policies under the VMI

contract.

3.1.2 Motivation and Application
This research was motivated by a real-world probé&ising from one of the world’s

leading medical implants companies, which mandgesuapply of medical implants to a chain
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of hospitals in the province of Ontario. The chafnhospitals under study consists of 147
hospitals located in Ontario, Canada. The vendaa supplier of three types of medical
implants (a heart valve, an artificial knee, ang) h he vendor implements a VMI contract for
the whole healthcare network by integrating thatmn assignment of the storage facility with
the allocation assignment of the replenishmentcgolihe VMI policy is in place for the
hospitals with assigned warehouses, and directatglipolicy is in use in the hospitals with
no assigned warehouses. Due to the uncertaintyeilaspitals’ demands, the vendor faces a
challenge: if it allocates a storage facility toclkeahospital, it must assign a suitable
replenishment policy based on the availability lué storage facility. The vendor must also
extend supply chain activities to comply with ahdands regardless of their size or the location
of the hospital. Also, the vendor needs to implena@areffective inventory safety stock system
to cover all expected shortages due to the higlerntamiaty of demand within the chain of the
hospitals' network regardless of the availabilitgtwrage facilities at the hospitals.

In this paper, we apply a SMINLP model for coordima in a VMI relationship in a
single vendor, multi-commodity, and multi-hospisatting under stochastic demand. In line
with the contractual storage agreement and reddwmactice, we assume that, based on
negotiations between the parties concerned, thdoremas to adhere to a preset upper stock
level as safety stock at the vendor’s warehousever any expected shortages for the hospitals
with no assigned warehouse, in which the penalsy cbany shortage and the extra addition
cost on the direct delivery with the same day aptwan be utilized efficiently to cover any
emergency cases that may occur in case of thethtsspith no assigned warehouses, and use
a special type of delivery such as single itemvae}i with secured and handy transportation
method such as using & Party with 24/7 vehicle subject to the hospitajuest. The rest of
the hospitals with assigned warehouses will coherexpected shortages by maintaining the
safety stock at their warehouses.

In this research, we integrate two types of reglemient policies based on the location
assignment of the storage facilities at the hokgpitéMI policy and direct delivery policy. Each
replenishment policy has its type of transportatietivery mode: trucking transportation for
all deliveries are directed to the hospitals wikigned warehouses; for the hospitals with no
assigned warehouses, the vendor uses a direcedebtim the same day through a courier as a

third party.
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3.1.3 Research Contribution

The major contribution of our research is desigramgintegrated location-inventory
supply chain network and modelling it mathematicallhe research explores integrating the
location assignment of the storage facility witle tteplenishment policy (using either VMI
policy or direct delivery policy per hospital). addition, we present a flexible safety stock
system that can respond effectively and efficientiywhich we assigned a local safety stock
level at each hospital with an assigned warehoaseé,a safety stock level at the vendor’s
warehouse to cover any expected shortages at fpetéls with no warehouses.

In this research, we present a comparison betwsempérformance of the SMINLP
model with the uncertainty of the demand as a randariable following normal and uniform
distributions, in which we define the expected e as a function of the safety factor in case
of demand following the normal distribution. Fomand following the uniform distribution,
we defined the expected shortage as a functiomeafdorder point. The total supply chain cost

and the layout of the healthcare network are beddwas the measure of comparison.

3.1.4 Outline
The paper is organized as follows: a review ofrilevant literature is presented in the next
section, followed by a presentation of the propasedel in Section 3. Computational results
have been carried out to analyze and illustratéitldéngs and conduct a benefit and sensitivity
analysis in Section 4. The last section contaimglcaling remarks and some avenues for future

research.

3.2 Literature Review
Healthcare environments have experienced challedigedo increased healthcare costs,

high competition, and sophisticated requirementd eegulations. Such challenges have
hastened the focus on supply chains in healtheghéch is now more demand driven
(Krichanchai & MacCarthy, 2017).

VMI has been defined as a contractual agreememiceet the vendor and the buyers in
which all replenishment decisions and associatetiscare covered by the vendor instead of
the buyers, and the vendor has the right to demdehen and how much the products will be
delivered to the end-users to optimize an inventeith agreed targets of service level
(Govindan, 2015).

The VMI in healthcare network covered by the scisfalls into three categories: the
first one is literature review papers and focuseshe definition of VMI, classifies the pros

and cons of implementing VMI in healthcare netwoaksl its application in the healthcare

37



field; the second one is related to studying ceaks in the healthcare industry in which VMI
can be cost and quality effective, and in which\Whl boundaries and constraints limitations
are considered; the third category is the math@alatniodelling and optimizing of VMI in the
healthcare network. The third category is the fagiusur research with a stochastic demand
environment. In our research, we extend the stwadyntegrate the location-inventory
assignment problem for a single vendor, multi-corditycand multi hospitals, using two types
of replenishment policies under stochastic demaral ¢hain of hospitals within a healthcare
network.

Rad, Razmi, Sangari, and Ebrahimi (2014) studiedstochastic demand using VMI
policy for a single vendor, single commodity, andltirbuyer by using weight factor for
ordering cost. They formulated a mathematical méaletwo-echelon supply chain networks
and compared the results of using the Vendor Mahageentory (VMI) policy with the
retailer managed inventory (RMI), and the resuittidate significant reduction happened by
using VMI policy.

Studies conducted by Ben-Daya and Hariga (200dlpexd an integrated production
for a single vendor and single buyer problem itoalsastic demand environment in which the
lead time was responding in linear function wité bt size and assumed to have a fixed delay.
A mathematical model was formulated, and a simiglerahm set up to solve this problem.

Razmi, Rad, and Sangari (2010) represent a stiichdsmmand model for a single
supplier and single buyer in which the backordkaved for non-satisfied buyer demand. They
present a mathematical model that can enhancethdination between the vendor and buyer
using the VMI model and they make a comparison beiwthe performance of the traditional
replenishment system and the VMI system, provirag YMI can bring a cost reduction with
high cost effectiveness to the network compardti¢draditional system.

Hong, Chunyuan, Xu, and Diabat (2016) formulatesséhematical model for a supply
chain network consisting of multi-vendor, multi-@nyand single commodity with stochastic
demand with the assumption of having the shortageauasatisfied demand as a lost sale. VMI
and RMI were used separately as inventory replemesit systems, and a comparison was done
for the outcomes of both systems and found thaiguaiVMI system in the network has the
least total cost.

Mateen et al. (2015) study a supply chain netwdrkre vendor and multi retailer
under VMI policy in which all retailers have thexsareplenishment time of stochastic demand.
They consider a shortage at the vendor side arithbBleastock distributed on an equal basis to

the retailers.
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Rosales, Magazine, and Rao (2014) propose a nevidhyblicy as a replenishment
policy for medical healthcare supplies under battedninistic and stochastic demands. The
concept of hybrid policy is based on merging the-tmst of periodic replenishment and using
simulation to optimize the long-run average costpet time; this leads to having a significant
reduction in cost, inventory, and the number ofeeighments. This type of merging avoids
having a costly shortage and out-of-stock inventory

Stochastic demand may occur when the unmet densamacklogged, which could be
costly to the vendor (Corbett, 2001). Stochasticnaled is demonstrated in healthcare
inventory when the manufacturers and vendors atNi¥1l contracts to increase their market
share. VMI contracts in stochastic demand becomedbls to switch potential lost sales into
backorders, thus improving stock-out managemeno,(Yong, & Dresner, 2010). A supply
chain incorporates different members whose gotd deliver products to the end customers
(Govindan, 2013). VMI programs have contributedstwing inventory costs while more
benefits are accredited to information sharing. VdAh assist healthcare organizations in
controlling their ordering, invoice processing,vasll as payment, thus avoiding stochastic
demand inventory.

We consider using two types of distributions toresg the demand uncertainty in order
to cover two cases that the vendor may face wieikiag accurate demand information from
the hospitals. The case of considering the unifprabability distribution for the demand is
commonly used in the case of releasing new productsvhich sufficient historical data
settings are not available to obtain the parametdated to the density function of the demand
(Das & Hanaoka, 2014; Wanke, 2008). In the caskawing sufficient historical data, the
normal probability distribution for the demand dacalculated.

Snyder (2006) reviewed the literature on robuststodhastic facility location models
to illustrate approaches or methods for optimizatimder one category of decision-making
environment: uncertainty. According to Snyder (2006 uncertainty situations, information
concerning probabilities is unknown, and paramet#es uncertain. The problem under
uncertainty situations often seeks to optimizesiystem's worst-case performance. According
to Snyder (2006), robust and stochastic optimipafmcus on determining a solution that
performs well under different combination of randgarameters. Snyder (2006) further
identified facility location stochastic models, whiare aimed at maximizing the system's
expected profit or minimizing the expected costcdxding to Snyder (2006), other stochastic

models take a probabilistic approach.
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Lead time in the healthcare inventory managemestiesy denotes that inventory is
stochastic. Pan and Yang (2002) suggest that lieael ¢an be controlled by creating a
procedure that would lead to the optimal order tjiaat a time when the lead time demand
is considered normal. During the lead time, demaaiodility may occur owing to the possibility
of a new product on the market, which has the selmagacteristics as the existing product
(Govindan, 2015). Demand variability can also happben there is competition, which leads
to the use of different tactics to influence salasboth instances, the healthcare sector can
experience demand uncertainty or stochastic denfarmtessful implementation of VMI, even
under stochastic demand, is having adequate infmeaxchange between the supplier and
the customers (Corbett, 2001; Danese, 2006).

The uniform and normal distributions are both commoused to represent the
uncertainty of the demand. VMI policy is a knownluistrial practice for facilitating supply
chain collaboration and integration. As noted byateella and Zanoni (2009), VMI facilitates
supply chain collaboration and integration by imémg practical aspects of the supply chain
in transportation planning, inventory managememd, @ricing policies.

Most VMI models in the healthcare network assuneelsistic customer demand under
normal probability distribution and uniform prob#tyi distribution. For example, Abdel-
Malek and Montanari (2005) identified using two styaints, the approach to examining the
solution space of a multi-product newsboy proble suggested a method for obtaining each
product’s optimum batch size. The method was basedmploying Kuhn-Tucker, Leibniz
Rule, and Lagrangian Multipliers conditions. Thegach could also engage these conditions
and the iterative techniques to generate near aptior optimum solution values. According
to Abdel-Malek and Montanari (2005), this approaculd be utilized when dealing with
probability distribution functions of demands ofbgucts, as well as in tightly constrained
cases.

Researchers have documented in the existing literatethods of calculating the expected
shortage per cycle under normal probability distiiin and uniform probability distribution
formulated as a function of the reorder point, aafity factor.

Kundu and Chakrabarti (2012) formulated the exmkesteortage per cycle for a single
channel as a function of safety factor with demmidwing normal probability distribution.
Alawneh and Zhang (2018) extended the expectedagf®per cycle as a function of a safety
factor to consider two echelon dual-channel situreti Moreover, Alawneh and Zhang (2018)
relaxed and assumed the expected shortage perasyalinction of reorder point with demand

following the uniform probability distribution.

40



Gholami-Qadikolaei, Mohammadi, Amanpour-Bonab, Bhizazadeh (2012) present the
lost sales and mixed inventory backorder encompgdsur variables: backorder rate, safety
factor, lead time, and order quantity. In view didiami-Qadikolaei et al. (2012), the order
guantity variable could have defective items asdoam variables. The mixed inventory
backorder model suggested by Gholami-Qadikolaeil.e2012) was assumed to contain
controllable negative exponential backorder rai r@gative exponential lead time crashing
costs. Gholami-Qadikolaei et al. (2012) held thathw the context of the real market,
unsatisfied demands predict longer lead time, wimd¢brn predict a reduction in the proportion
of the rate of the backorder. Gholami-Qadikolaealet(2012) further noted that there is a
relationship between the backorder rate and thgtheof lead time mediated by the number of
shortages. Again, in the suggested continuouswewieentory system, Gholami-Qadikolaei
et al. (2012) assumed that the lead time demares tidde form of a normal distribution curve
and solves the problem by applying minimax distiidnufree procedure.

Yano (1985) developed an algorithm for determiniatyies for the optimal parameter with
complete back ordering. The algorithm was desigoneskrve the purpose of order quantity-
reorder point systems. Unlike other algorithms theé an approximation, the suggested
algorithm uses an exact cost function in deterngiriive values for the optimal parameter for
order quantity-reorder point system. A new heuristigorithm was also presented, which,
according to Yano (1985) could yield excellent tesas it was deemed more efficient than
the optimal procedure alternative.

We present the solution approach for solving theNMR model by defining the
Expected Shortage per Cycle (ESC) with respediadClycle Service Level (CSL). Silver and
Peterson (1985) formulated ESC for a single caseut research, we extend the same concept
of ESC method and define the ESC as a functiohetafety factor in the case that demand
follows a normal distribution and as a functiomr@drder point in the case that demand follows
a uniform distribution. Many researchers solvedRkpected shortage per cycle using GAMS
solver when the demand follows the normal and wumfdistributions with deterministic lead
time.

After conducting a comprehensive literature eavon the healthcare supply network
with VMI under stochastic demand, we found thatdbetribution of this research concerning
the demand as a random variable and expected ghopr cycle is categorized into two
streams. In the first stream, we consider the denasnan independent random variable for
each hospital and the total healthcare network dersthe aggregation of all hospitals within

the healthcare network. In the second stream,tpeated shortage per cycle and the safety
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stock level for the hospitals with warehouses adependent variables for each hospital; in
contrast, the safety stock level at the vendor'seivause is the dependent variable and used to
cover any unexpected shortage of the demand fdrabgitals with no warehouses. In addition,
the contribution of this research with regardshe supply network as a location-inventory
assignment problem is integrating the locationgmsaent of the warehouses at the hospitals
with the allocation assignment of the replenishnpmiicy (VMI) delivery or direct delivery

policies.

3.3 Modd formulation

3.3.1 Problem Statement

In this research, we present a VMI model with agleinvendor, multi-hospital, and
multicommodity using multiple types of replenishrhpolicies integrating into the healthcare
supply network located in Ontario-Canada. The verslgplies three types of medical
implants (Heart Valve, artificial hip and artifitiginees) to a chain of hospitals located in
Ontario-Canada by two type of replenishment pediciVMI policy for the hospitals with
assigned warehouses by using trucking transpontatielivery and direct delivery to the
hospitals with no assigned warehouses subjectad dperation’s schedule by same day
delivery by courier (Purolator). Fig. 3.1 demontsahe material, delivery, and information’s
flows of the healthcare supply network.

In case of having a medical implant shortage, #redoer allocates a safety stock level
at all hospitals with assigned warehouses. For rds¢ of hospitals with no assigned
warehouses, the vendor assigns safety stock lewesd atorage facility to cover any expected
shortages with same day delivery by a courier.

The vendor seeks to cover all demand of the chidimospitals by finding the optimal
supply chain network that can minimize the systest.c We model the problem as SMINLP
to determine the location assignment of the stofagéties at the hospitals and the inventory
policy sequentially, so the total expected coshefobjective function is minimized and subject
to a number of associated costs and to satisfdeatiand regardless of the location of the
hospitals and the size of the demand. In this papeest the demand as a random variable by
two types of probability distributions: In the firdistribution, we consider the demand as a
random variable follows the normal distribution atsl expected shortage per cycle (ESC)
defined by a safety factor. In the second deswuctwe consider the demand as a random
variable follows the uniform distribution and itspected shortage per cycle (ESC) defined by

reorder point.
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Fig. 3.1 Material and an information flow diagraar the chain of hospitals with and without
assigned warehouses.

Vendor’'s warehouses{; + D;; + SS))

D;; | ESC;; Qij + Sij ESCi;| | DijYai ESC;;
Hospitals with assigned warehouses Hospitals with NO
warehousesy ;)

(m; Qi + Sii) (Vi)

Management of Chain of Hospitals

Information flow VMI delivery Direct delivery

— —> —

3.3.2 Modd Assumptions:

1. There is no capacity constraint at the vendor’'selvause capacity.

2. Hospitals face independent, uniformly, and normdisgributed demand. The lead time
is deterministic and is different for different Ipitsis.

3. In case the vendor supplies in shortage statussgitals, penalty costs will be levied.

4. The demand should be satisfied regardless of #eeafithe demand or the location of
the hospitals.

5. The vendor bears holding costs, order costs, setsts, delivery costs, warehouse
rental costs, penalty costs, and any backordes.cost

6. In case of a shortage, available safety stock lecated at each hospital with the
assigned warehouse to cover such a shortage. Oseesafety stock allocated at the
vendor’s warehouse will cover any shortage that imegypen at the hospitals with no

assigned warehouses.
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3.3.3 Modd Notations

3.3.3.1Indices
We will use the suffixesandj for hospitals and products, respectively.

i an index for hospitak 1; 2..., r
] an index for produgtl, 2..., n

3.3.3.2 Notations

hij Holding cost for Hospitialor productj (dollar/unit/year)

hy Holding cost at the vendor’s elasuse for produgt(dollar/unit/year)

F; Total storage space size useéldeahospital with assigned warehousg3)

K; Order and transportation costqreer to hospital (dollars per order)

FC; Setup cost per for having storaaglity at the hospital (dollar per setup)

D;; Mean demand rate (units per yearhospitali for product (units per year)
Vo, The volume of the prodiji¢f3 per item)

BigM An integer number representingghhvalue

Gij Order and transportation costifggn to hospital (dollars per item)

Hjj Mean demand during the lead tahthe hospital for product (units per lead
time)

Pj Shortage penalty cost for praduat hospitai (dollar per unit)

0ij Standard deviation during thalléeme of the demand rate (units per lead time)
Xjj Demand during the lead timegayductj at hospital (random variable)
f(xy) The probability density function oetdemand for produgtah hospital

Z; Safety factor for prodycit the vendor’'s warehouse.

3.3.3.3 Decisions Variables:

Ywi 1 if the warehouse set at hospitdl otherwise

Yai 1 if the direct delivery set at hospitaD otherwise

Qi; The quantity of produgdelivered to hospitalwith assigned warehouse
SS; Safety Stock level of prodycat the vendor’s warehouse
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Sij Safety Stock level of prodycat the hospital with assigned warehouse

R;; Reorder point level of prodycit the hospital with the assigned warehouse.
SF;j Safety Stock factor for prodyet the hospital with the assigned warehouse.
m; Number of orders delivered to hospitaith the assigned warehouse.

3.3.3.4 Objective Function

Min ETCVMI =
r n r n Q n r
i=1 j=1 i=1 j=1 j=1 i=1
r r n
i=1 i=1 j=1

The objective function of SMINLP model is to minieithe total annual expected cost,
in which optimize the ordering, holding, transptida, setup and shortage costs in order to
have an optimal supply network with location assignt decisions for assigning warehouses
at the hospitals and integrates with assigningp@frélevant replenishment policy. For a given
inventory policy Q;;, R;;) for productj at the hospital with the assigned warehouse, the

average inventory level for the time period candeéned as the summation of the average
cycle inventory and the safety stock level, in whids expressed a%zﬂ + Sij, where the safety

stock levelS;; equalsk;; — y;;. Such relaxation of the average inventory is widesed in real-
world cases and sited in academically textbook BDdt & Graves, 1985; Fattahi, Hajipour,
& Nobari, 2015; Nahmias & Cheng, 2009; Yano, 1985)

The first term of the objective function (1) refeéosthe transportation and ordering costs for
the direct delivery option for the hospitals with &assigned warehouse. The second term refers
to the annual approximated holding cost for thepitaks with assigned warehouses. The third
term refers to the annual holding costs of thetgafwentory at the vendor’s warehouse. The
fourth term refers to the fixed cost, including getup and rental costs at the hospitals with
assigned warehouses. The fifth term refers to termmg and transportation cost per order at
the hospitals with assigned warehouses. The sxth tefers to the annual shortage cost, and
equal to the shortage penalty cost multiplied ey ¢éRpected number of shortages per cycle

and the annual number of orders.

In this research, the expected shortage per regbler@nt cycle (ESC) can be
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written as:

Where, f(x) is the probability density function thfe demand, rearranging equation (1), we

obtain the final shape of the objective function

Min ETCVMI =
n n Q
ZGU Di;Yyi + Zh ( Y4 (R - Hu)) Zh” SS; +ZFC Yii
i=1j=1 i=1 j=1
+ Kimi + ZZP} m; f f(xl]) (X Rl]) d(xl])) (3)
S.T.
Yoo+ Y =1 forvi=1,..,r (4)

Network constraint, each hospitadither having a warehouse with VMI delivery or hrayia
direct delivery with no assigned warehouse.

n
Z (Qij + (Rij - ,uij)) Voj <Yy F; forvi=1,..,r (5)
j=1

Warehouse space constraint, the total size ofdércsize quantities and safety stock level for
all products per order should be less or equal tharavailable space for hospitalith the
assigned warehouse.

Qij <YM forvi=1,.,r andj=1,..,n (6)

Upper bound order quantity constraint, the maximmumber of each order quantity for each

product is equal to or less than the bigM valuelierhospital with the assigned warehouse.
SSij = < fCa) (X —Ry) d(xij)> forvi=1,..,r andj=1,..,n (7)
Rij

Lower bound safety stock level constraint, the loweund of the safety stock level at the
hospital i with the assigned warehouse to be efgual greater than the expected shortage of
all orders.

§S; = Zjo; forvj=1,..,n (8)
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Safety inventory at the vendor’'s warehouse condirthie expected shortages at hospitals

with no assigned warehouses.

o; = /Z:(aﬁ)z Yai for Vj=1,..,n 9)

The demand standard deviation constraint, the atdndeviation of the demands of all
hospitals with no assigned warehouses for eachuptagtjual to the square root of the total
square of the standard deviations of all hospitéls no assigned warehouses for each product.

m; <Y,;M forvi=1,..,r (10)

Upper bound of the number of orders constraint,nla&imum number of orders shipped to
the hospital with assigned warehouse should be equal to othessthe bigM value.

Qijm; = DyjY,, forvi=1,..,r andVj=1,..,n (11)
Demand satisfaction constraint, all number of ad&rthe order quantity of each prodyict

which will be delivered to the hospitalvith assigned warehouse should be equal or greater
than the demand of product | of hospitalith the assigned warehouse.

Qij,m;,,SSj,R;j =0 forvi=1,..,r andj=1,..,n (12)

Non-negativity constraint, the order quantity, nemlof orders, the safety stock level for
productj at the hospital and the reorder point levate all non-negative values.
Yy, Yo € [0,1] (13)

Binary constraint, the location decision varialdes binary decisions.

The problem given by (3)-(13) is a stochastic mikgdger nonlinear program (SMINLP),
model. We use GAMS to solve the problem with thed-meorld case in the next section.

In this research, we will discuss and analyze theti®n approaches for both normal and
uniform demand distributions by expressing the etguk shortage per cycle (ESC) for each
demand distribution. in which we will formulate thgpected shortage per cycle as a function
of a safety facto§F;; in case of normal demand distribution as preseeéelier by Alawneh
and Zhang (2018); Kundu and Chakrabarti (2012)0Alse will formulate the expected
shortage per cycle (ESC) as a function of reoraent®;; in case of uniform demand

distribution as presented by Alawneh and Zhang§201
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3.34 Uniform Demand Distribution as a Function of Reorder Point R;;
We consider the demand follows the uniform distiitmuof (0, D;;), in which the lower
limit of the uniform demand distribution is zermdathe upper limit iD;;, based on our

assumption, we can formulate the expected shop@igeycle for this case as follows (Alawneh
& Zhang, 2018):

’ f(xig) d(xi;) = < - D_> (14)
ij U
and
%) D R 2
(xij z}) f(xu) d(xlj) = Rl] + 55— (15)
Ri: ZD

If (15) substituted into (3) to replace the expddbortage per cycle term in the objective

function, then the objective function will be prated as follows:

MlTl ETCVMI ==
n Q n
ZZGUDUYdl+ZZ ( ”+SSU)+Zh SS; +ZFCYWL+ZK m
i=1 j= i=1 j=1 j=1 i=1
l] R
+ zzp, m; (2L — Ry + L (16)
ZDU
i=1 j=
S.T.

All constraints (4-13) will remain the same excepistraint (7) will be replaced with

constraint (17), and a new constraint (18) willdoieled to connect the reorder patpt with

safety factoSF;;.
2
D;; Ri; . .
S§Sij =z mi| - Riyj + 55— forvi=1,..,r andj=1,..,n (17)
2 2D;;

Lower bound safety stock level constraint, the loweund of the safety stock level at the
hospitali with the assigned warehouse to be equal to otegrdaan the expected shortage of

all orders.
Ri; = W + SF0, forvi=1,..,r andj=1,..,n (18)

Reorder point level constraint; the reorder p&iptfor each produgtand each hospitalwith

assigned warehouse equal to the summation of tla@ ohemand during the lead time and the
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multiplication of the safety factdiF;; and the demand standard deviation during the lreadt

for each produgtand hospital with the assigned warehouse.

3.3.5 Normal Demand Distribution asa Function of a Safety Factor SF;;
In this research, we assumed that the demand araatly distributed and the lead time is
fixed and we defined thgS;; = SF;;o;; , in whichR;;= p;; + SF;;0;;. Alawneh and Zhang
(2018); Kundu and Chakrabarti (2012) formulatedekyected shortage per order as a function

of a safety facto§F;; for a single channel as it follows:

ESC(SF;;) = {%( /1 + SFZ — SFU)} forvi=1,...,r andj=1,..,n (19)

Based on this formulation, we can formulate thesotbye function under VMI policy as it

follows:
Mln ETCVMI =
' n T s n Q T
> vyt Y km+ Y Y g (7 . (SFL.,.@.,.)) £ s+ Y Fan,
i=1 j=1 i=1 i=1 j=1 j=1 i=1
T
O'l'j 2
=1 j=1
S.T.

All constraints (4-13) and constraint (18) will raeim the same except constraint (7)

will be replaced with constraint (21).

O'..
SSij = m; {%( /1 + SF7 —SFU)} forvi=1,..,r andj=1,..,n (21)

Lower bound safety stock level constraint, the loweund of the safety stock level at the
hospitali with the assigned warehouse to be equal to otegrézan the expected shortage of

all orders

3.4 Analysisand Discussion

3.4.1 Data Settings
In order to illustrate the application of the model/eloped in the previous section for
the real-world problem, we consider using VMI caetrat a healthcare network with a single
vendor, 147 hospitals located in Ontario-Canadd,taree types of medical implants. The

input data for the real-world problem designed dasea practical approach which
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represents the actual data for real-world calauteati Table 3.1 demonstrates the base
parameters that we used as input for this problem.

To solve the SMINLP model for the expected totatad the healthcare network, we
used GAMS 25.1- Baron solver software on an InfetBre (TM) i7-4720HQ CPU@ 2.6
GHz with 8 GB RAM.

Table 3.1 The base parameters and scalars valeesuthe computational results and analysis

Parameter Value

Z; 2.00 for the customer service level of 97.72%

h{ 10% of the average cost per item at the vendor’s warehouse
Pij 10% of the average cost per item

FC; ( $3000-$1500) subjected to the location zdrtb@hospital

D;; 0.0009 city population (Hartetal.,, 2015; D. S. Lee et al., 2004)
h;; 10% of the average cost per item

K; $100 plus transportation cost subjected to hospitals’ locations
G

$100 plus the courier rates for same day dsfiver

3.4.2 Senditivity Analysis

In order to understand the levers affecting thégperance of the VMI contract in the
healthcare network, we carried out a sensitivigysis on various parameters. To study the
sensitivity analysis, one parameter is being charage time, keeping others at their base
levels with no changes. For the sake of explanati@consider hospitél only to analyze
the impact of the change in parameters.

In this research, we analyzed the impact of theglan order and transportation cost per
order, and per item, the standard deviation ofdigmand, holding cost, and penalty shortage
cost per order on the expected total cost (ET@he@VMI system at hospital # 1. The results
are shown in Tables 3.2a to 3.2d, respectively.

The expected total cost (ETC) of the VMI Systenraéases with an increase in order and
transportation cost per order, and per item, hgldinst and penalty shortage parameters till
certain parameters’ values, in which the locatissignment decision impact the total cost of
the network and switch either from assigning wausieoat the hospital # 1 to having direct
delivery policy instead and with no storage fagilit the hospital subjected to the total cost
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optimization concept (e.g., the location assignnsgitch can be noticed in items # 7 and 8 in
Tables 3.2a to 3.2d)

As the order and transportation cHstincreases, it becomes relatively cheaper to get
more units in a single order, thus the valu@gfincreases. On the other hand, as the holding
cost increases, it becomes relatively costlieretepka unit in stock. Thus, it leads to a decrease

in the value ofm; (The vendor delivers orders more frequently)as lze seen in Table 3.1
and Fig. 3.2.

Ordering and transportation cost per order on expected total cost
(ETC)
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Fig. 3.2. The impact ordering and transportatiost per order on the total expected cost.

Table 3.2a Impact of ordering and transportaticst per order on expected total cost (ETC)

# K, Y., Y., ETC,

1 250 1 0 10060.00
2 500 1 0 10560.00
3 1000 1 0 11560.00
4 2000 1 0 13560.00
5 3000 1 0 15560.00
6 4000 1 0 17560.00
7 5459 1 0 20568.00
8 5460 0 1 22362.20

2l
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With the same sequence, as the order and transportastG, ; increases, it becomes
relatively cheaper to use the direct delivery simgger item. Thus the value of expected total
cost will be less in case of direct delivery poligithout assigned warehouse compares with
the VMI policy with the assigned warehouse. Theatmn assignment stays witt),; = 0 and
switched toy,,; = 1 as soon as the value of ordering and transpontabst per item become
more costly compared with ordering and transpanatiost per order and as shown in Table
3.2b and Fig. 3.3

Ordering and transportation cost vs. expected total cost (ETC)
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Fig. 3.3 The impact of ordering and transportatiost per item on the total expected cost.

Table 3.2b Impact of order and transportation cpstdtem on expected total cost (ETC)

# Gqj Y1 Ya1 ETC,

1 10 0 1 10060.00
2 30 0 1 10560.00
3 50 0 1 11560.00
4 60 0 1 13560.00
5 70 0 1 15560.00
6 80 0 1 17560.00
7 101 0 1 20568.00
8 102 1 0 22362.20
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On the other hand, as shown in Table 3.2c and3H4g.as the holding cost increases, it
becomes relatively costlier to keep a unit in stadhkus, it leads to a decrease in the value of

m; (The vendor delivers orders more frequently).

Holding cost vs. expected total cost (ETC)
25000
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15000
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Expected Total Cost

0 50 100 150 200 250 300 350 400
Holding Cost

Fig. 3.4 The impact of holding cost on the totgbested cost.

Table 3.2c Impact of holding cost on expected totak (ETC)

# hyj Y, Y, ETC,
1 100 1 0 10018.00
2 150 1 0 12068.00
3 200 1 0 14118.00
4 250 1 0 16168.00
5 300 1 0 19568.00
6 350 1 0 20618.00
7 356 1 0 20870.00
8 357 0 1 22362.20

As the shortage penalty cgs} increases, it becomes relatively less attractivieetep

the safety stock at the hospitals with assigne@hause till the point where keeping the safety

stock at vendor’'s warehouse and switching to thectlidelivery policy without assigned
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warehouse is cheaper to adopt VMI policy with assgywarehouse as shown in Table 3.2d
and Fig. 3.5.

Shortage penalty cost vs. expected total cost (ETC)
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Fig. 3.5 The impact of penalty cost per on thel texpected cost.

Table 3.2d Impact of shortage penalty cost on eepetotal cost (ETC)

# Pij Y1 Ya1 ETCy

1 50 1 0 10118.00
2 100 1 0 10718.00
3 150 1 0 11318.00
4 400 1 0 14318.00
5 700 1 0 17918.00
6 800 1 0 19358.00
7 913 1 0 20714.00
8 914 0 1 22362.20

As expected, the expected total cost (ETC) inceeaséh an increase in demand
uncertainty due to the increase in demand stardirition during lead time;;. As a result
of the increase in demand uncertainty, the vendardvnow have to assign more safety stock
at his storage facility to cover any expected slgws at the hospitals with no assigned
warehouses or to have more safety stock level tioeahospitals with assigned warehouses to

cover their shortages that may occur. Those firglarg shown in table 3.3 and Fig. 3.6, when
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g;; < 4 the vendor will respond to the expected shortagesdreasing safety stock level at
the hospital #1 warehouse, contrary, whgrn> 4, the vendor starts to increase the safety stock
level at his storage facility to cover any shortagehospital # 1 as no storage facility assigned
anymore in this hospital due to the high uncerjail@mand as signified by the increase;in

The system switched to the option of having no Wwanse whenever thg; > 4 due to the
increase in the safety stock, in which will leachtotve more adding cost due to the increase in
rental space of the warehouse, holding cost ang seists, which makes the decision of having

no assigned warehouse is more efficient than satstprage facility at the hospital.

Demand standard deviation vs. expected total cost (ETC)
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Fig. 3.6 The impact of demand standard deviatiothertotal expected cost.

Table 3.3 Impact of demand standard deviation duthe lead time on ETC.

# aij Y, Y, ETC,

1 1.00 1 0 9518.00
2 4.00 1 0 10998.00
3 4.005 0 1 23611.70
4 6.00 0 1 25088.00
5 9.00 0 1 27308.00
6 12.0 0 1 29528.00
7 15.00 0 1 31748.00
8 18.00 0 1 33968.00
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The conclusion derived from the sensitivity anaysemained unchanged for various
ranges of parameter values. The trend of the esgetcttal cost (ETC) increases with the

increases of the mentioned parameters.

3.4.3 Discussion

Under the VMI contract, the vendor takes respohsibior replenishing the hospital’s
stock and covering all associated costs. Thusehdar should gain access to accurate demand
data for the chain of hospitals (147 hospitalsg, ¥endor seeks to include the levers of the
replenishment time, frequency of replenishmentsach order and the expected shortages at
various hospitals with no assigned warehouses, tilsovendor should include the following
levers of the number of orders, the quantity ohearcler and the safety stock level to maintain
at the hospitals with assigned warehouses to dbearexpected shortages.

The vendor may face critical challenges of havisgaply of units more than the physical
storage space at the hospitals that they couldl@andase the vendor did not assign space
constraint for the hospitals with assigned warebsusn our case we assigned Eq. 5 as
warehouse space constraint. Also, the vendor ntaydahallenge of under-supply in the shape
of expected shortages; the shortage penalty camsasashown in Eq. 7 limits the safety stock
level at the hospitals with assigned warehousdsetequal to or greater than the expected
shortages. By representing the total penalty casirred by the vendor, as well as the space
constraint at the hospitals, over-supply, or urgigaply risk at the hospitals are considered and
eliminated.

As a matter of fact, all optimization problems,luting our research, relax the constraints
and the objective function to improve the procaggime of the expected total cost (ETC)
solutions. In our research, we adopt using Big Mhoéto relax the SMINLP model in order
to mitigate any possible interference between tmiguous and integer variables in the same
term of the objective function as shown in Eq. @ a60.

In this research, we investigate the solution @amdomes of the SMINLP model with
demand uncertainty for both normal and uniformrthstions with a deterministic lead time.
In both cases, we used the same parameters data eafer to conduct a performance
comparison based on the expected cost, the netsaitp (number of storage facilities at
hospitals), the level of the safety stock at vefsdaarehouse and the CPU time used to solve
the SMINLP model for each case.

As shown in Table 3.4, it was observed that theeetqul total cost (ETC) have the least value

in case of considering the normal probability dlgttion to express the demand uncertainty
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and with 28.66 % as cost reduction. The cost réglués obtained by the reduction in the
expected shortage cost and facility storages sebsipdue to the level of demand uncertainty
as signified by the increased valuesgfduring the lead time in case of the uniform digttion
and as explained in detail in the data setting@ect

The impact of using either normal or uniform pablity distributions on the supply
network layout is significant. The layout of theahcare supply network in case of
considering the normal probability distribution, 8¥spitals considered for assigning
warehouses, in contrary, in case of consideringpumi probability distribution, 74 hospitals
assigned with warehouses. Such changes in thetlaf/the healthcare supply network impact
the expected total cost (ETC) due to the signiticaduction in setup fixed cost for assigning
warehouses at the hospitals, in which 13 hosdatsime with no assigned warehouse in case
of uniform distribution compared with the supplywerk layout for normal distribution.

In the case of the CPU processing time, GAMS-Bavas faster in solving the model
with the normal distribution. 26.7% as time inceeabtained by using GAMS to solve the
model with uniform distribution.

Furthermore, As shown in Table 4, it was obserhedt t
1. The total cost expected and incurred by the vendoase of the demand following
the normal probability distribution is the leastrqmared with the ETC of the average
uniform probability distribution outcome. This fiimdj is due to the different layout
of the supply chain network for each distribution.
2. The high uncertainty of the demand impacts thetiooanventory assignment model

directly. The expected shortage increased withvir@ations of the uncertainty as

represented by the mean and standard deviationglthie lead time;, o;;) and

characterized b§F;; andR;; as shown in Table 3.4.

3. We analyze two different models using two typespadbability distributions on
inventory policies. First, we derive the vendor{gtimal ETC of the network when
the vendor is releasing new products with high taggy due to the non-availability
of the sufficient historical data settings. Nexg study the ETC, in the case of having
sufficient historical data, in which we use themal probability distribution for the
demand with less uncertainty and characterizeifpy 1.

4. The optimal ETC would improve when the objectivadtion and its constraints of
the optimization problems shown in Equations (&) €0) are relaxed by using big

M approach.
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Table 3.4 Healthcare network performance using d stract with demand uncertainty.

Normal Uniform Avg. Uniform
# Activity Distribution - | Distribution - | Distribution -
SF;; Base R;; Base R;; Base
1 Expected Total Cost ($) 1,001,754.52] 1,432,916.78 | 1,643,999.90
2 Costincreas 0.00% 30.09% 39.07%
: # of hospitals with VM & o o
4 # of hospitals with DDP 60 73 84
60 81 30
. Safety stock level at Vendor’'s R e e
warehouse for each produ o4 73 27
329 663 1281
5 Safety stock level at hospitals’ 294 547 1068
warehouses for produc 299 587 1151
2268 2142 2072
6 quantity of producf delivered to al 1895 1789 1729
hospitals with assigned warehous
2030 1920 1862
- Number of orders delivered to al 156 137 115
hospitas with assigned warehou:
1.2167 1.0000 1.0058
g | Avg. Safety Stock factor for produ 1.3570 1.0000 1.0101
j at the hospitals with warehouses 1.2947 1.0000 1.0081
. _ 1787 2068 1961
Reorder point level of produgt
9 _ _ 1545 1729 1636
the hospitals with warehouses
1612 1856 1763
_ 54 517 503
10 The expecte_d shor_tage for prody 43 431 419
at all hospitals with warehouse
48 464 451
11 GAMS Solver BARON BARON BARON
12 CPU Time used (Sec) 6.95 9.481 11.2
13 CPU Time Increase 0.00% 26.70% 37.95%
14 Absolute gap (optca = 1E-9) | 625.4539131| 891.7635024 | 1010.472942
15 Relative gap (optcr = 0.1) 0.089319324| 0.089672233| 0.087301377
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3.5 Conclusions
In this paper we study a single vendor, multi-cordityoand multi-hospital VMI system

under a contractual inventory supply agreemenihich the vendor has to adhere to having
inventory stock to cover the scheduled hospitashdnd and in addition having a safety stock
level to cover any expected shortages initiatedhgyhospitals either by having a storage
facility at the hospital and using a VMI policy, without having a storage facility at the
hospitals and instead using the same day direistetlglto cover the regular scheduled demand
any expected shortages for the hospitals with s@asd warehouses by using the vendor’s
inventory stock at his main warehouse.

In order to comply with the demand uncertainty le¢ thain of hospitals, we used a
stochastic mixed integer nonlinear mathematical eh@8MINLP), we integrate the location
assignment of the storage facility with the allomatassignment of the replenishment policy.
Using such integration leads to having a flexilleentory system by having two types of
replenishment policies ( VMI and direct deliverylip@s) in a chain of hospitals subjected to
the availability of the warehouse at the hospital.

To the best of our knowledge, our research isiteedffort in modeling and integrating
VMI and direct delivery policies in the healthcanetwork under stochastic demand
environment. In addition, we study the impact ahgddifferent probability distributions on
the layout of the VMI healthcare network, in whighe used two types of probability
distributions: normal and uniform distributions widemand uncertainty. Also, we reallocate
the safety stock either at the hospitals with amgigwarehouses or at the vendor’s main
warehouse for the hospitals with no assigned wargdmto cover any expected shortage may
occur in the healthcare network.

This research can be extended as future reseattoh fallowing aspects: Implementing
the SMINLP model for other probability distributiorand analyze the impact of each
distribution on the healthcare network layout. tldigéion, this research was conducted based
on the real-world problem for healthcare SC netwdhHe research can be extended by
investigating the same research on other indush@@gsetworks.

In addition, this research can be extended to ctineerevers SC cycle for the non-used items
of the medical implant sets ( heart valve set) mclv addition cost needs to be assigned for
the hygiene process and transportation cost towetethe items from the hospitals to the
manufacturer or a®@party’s facility to manage treat them and retilma suitable ones to the

SC cycle again.
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CHAPTER 4: VMI ASPREFERABLE TO A TRADITIONAL RMI
SYSTEM IN AN OPTIMAL HEALTHCARE SUPPLY NETWORK: A
COMPARATIVE STUDY

4.1 Introduction

Vendor Managed Inventory (VMI) system is an emeaggieplenishment solution in which the
vendor monitors and decides the time and the gwyaoftthe inventory replenishment of their
customers subject to their demand information emgba This research studies a chain of
hospitals’ distribution network composed of a sengéndor provides multiple commaodities of
medical implants to multiple hospitals in a VMI & with deterministic demand. In the VMI
system, we integrated the location assignment efstorage facility with the allocation
assignment of the replenishment policy. The vemd@ds to determine the location of VMI,
the number of products, and the number of orderthabthe total cost of transportation,
inventory, and other associated operating costgngnal. In this study, we compare the total
cost of VMI system with another two situations i@ditional RMI system: the first situation
deals with the traditional RMI system with a conts replenishment policy (RMI-CR) for
all hospitals. The second situation deals withaditional RMI system with a direct delivery
policy (RMI-DD) for all hospitals without havingstorage facility. We consider the total cost
for each system as a tool of performance measuveeba VMI and RMI systems. In each
situation, we developed a mathematical model asxadrninteger non-linear programming
(MINLP) for the VMI and RMI-CR systems and as mixateger programming (MIP) for the
RMI-DD system. The two types of models were solusthg GAMS, and the computational
results and sensitivity analysis are provided. Témults for this study case show that the
application of VMI systems is more justified andrw® better in terms of lowering cost than

traditional RMI systems.
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Total global spending on healthcare has increageahtaverage of four percent
per year from 2000 to 2009; out of that increasspitals account for 29% (Volland,
Fugener, Schoenfelder, & Brunner, 2017). Inventogistics costs are the second
highest-cost segment in hospitals (Ross & Jayarar2@09). Researchers have
recognized that location-inventory assignment goid in supply chain networks have
been recognized in the last twenty years as afggni tool to minimize healthcare
expenditures (De Vries, 2011; Tlahig, Jebali, Boieh & Ladet, 2013).

Hong, Chunyuan, Xu, and Diabat (2016) define thel'8jy$tem as an integrated
practice through which a vendor places orders Herretailers through the retailers’
inventory information share, including inventoratsis and customer demand in a
supply chain system.

The vendor and hospitals are motivated to adopt \¢bhtracts because the
vendor can manage its long-term inventory and ol plan by having full access
to the hospitals’ demand information, and the hadpican eliminate the pressure of
managing the inventory to fulfill all of their demdregardless of the size of the demand
and the location of the hospital. In practical, maetailers such as Walmart, Kmatrt,
and Proctor & Gamble have adopted VMI contracthéir inventory operations (Hong
et al., 2016; Yao, Dong, & Dresner, 2010)

In this paper, we study a real-world problem agsfrom the world's leading
medical implants supply company applied to a cldihospitals in the province of
Ontario. This healthcare network is composed afgls vendor and multiple hospitals
(the chain of hospitals under study consists oftigspitals located in Ontario, Canada).
The vendor supplies three types of medical impléatsficial knee, hip, and heart
valve) and ships them to the hospitals based ondbgitals’ demand information. First,
we formulate a mathematical model for the traddioimventory system (RMlI), and
then we develop a mathematical model for the VMitam, in which we solve a
challenge that the vendor faces whether or notltzate a storage facility at each
hospital and to assign the replenishment systerdicgly. Due to a large number of
hospitals, the different size of demands and tkations of the hospitals concerning
the location of the vendor’'s main warehouse, thelee needs to extend supply chain
activities to cover all hospitals’ demand regarslle$ the size of the demand or the
location of the hospitals. We use the total cosefch system (RMI and VMI systems)

as perform ance measures.
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In this paper, we have formulated the problem$iefRMI and VMI systems to
minimize the total supply network cost for a VMIpgly network with a single vendor
— multi hospitals and multi-products setting undeterministic demand — and solve the
model using GAMS. The contribution of this studypi®senting a flexible location-
inventory supply chain network by integrating thespital’s storage facility location
assignment with the replenishment policy alloca@gssignment and then modeling it
mathematically. The general characteristics ofaditional RMI system and a VMI

system, formed by two stages (Vendor and Hospitgles), are presented in Fig. 4.1.

A ka4

Delivery Delivery
Vendo Hospital Vendo Haap
Order Infornati
Traditional RMI system VMI system

* Inventory decisions are * Inventory decisions are made
made internally to minimize externally by vendor to
individual total cost. minimize total costs

* The hospitals place the * The hospital focusses on
orders to meet the Operating forecasting, while the vendor
Room (OR) demand. places the orders.

* The requirements from e The vendor can combine and
different hospitals cannot be integrate the order released t¢
coordinated at the vendor the hospitals.
side. « The vendor decides upon

» The inventory decisions are replenishment timing and
based on replenishment quantities.
timing and quantities.

Fig. 4.1 The general characteristics of a tradaid®MI system and a VMI system.

Our analytical and numerical results in this caselys provide insight into the
choice of supply chain arrangements to improvevérelor supply chain performance.
More specifically, we find that using our suggestéll system based on the
integration of the location-inventory assignmertgijgem can motivate both the vendor
and hospitals to adopt it; in this way, the vendilrgain a significant cost saving, and
the hospital will benefit by eliminating the inveny operation stress and having better

pricing for the medical implants due to the costirsgs obtained by the vendor.
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This paper is organized as follows: a review ofrdevant literature is presented
in the next section, followed by a presentatiorth&f proposed models for both the
traditional inventory system represented by RMI #émel VMI system in Section 3.
Computational results have been carried out toyasaand illustrate the findings,
benefits, and sensitivity analysis in Section 4e Tast section contains concluding
remarks and some avenues for future research.

421 iterature Review

Researchers have concluded that local optimizatiamy one party of the value
chain will not guarantee the whole supply chainmation benefit. Thus, it is logical
for firms to focus on their whole value chain artte@pt to gain a competitive
advantage by leveraging it (Kheljani, Ghodsypour, &Brien, 2009; Mateen,
Chatterjee, & Mitra, 2015). To be successful, any fneeds to have a coordination
mechanism to integrate with other parties to achital effectiveness across the
supply chain network. Vendor managed inventory (YMIone such practice which
has gained much attention in recent times.

VMI is defined as a replenishment and delivery tetgg in which all
replenishment decisions and associated costs aeestbby the vendors instead of the
buyers in the traditional replenishment systengédneral, VMI policy can be either a
frequent, or it can be an infrequent replenishnssgstem, but the main point is that
VMI strategy is a demand-driven supply chain; tfenes the vendors should respond
to the buyer demand (hospitals’ demands) in a sdaddmanner or on immediate
delivery subject to the demand feedback securethéybuyers (hospitals) (Haavik,
2000). VMl includes a contractual agreement betwesors and end-users, in which
vendors have the right to decide on when and hoshnpuoduct will be delivered to
the end-users to optimize an inventory with agreeedets of service level. Also, in
VMI agreement, the upstream supply chain party yéredor) takes responsibility for
managing the inventory of the downstream party (tbgpital) within specific levels
previously agreed upon without the need for orders the buyer party side to be
placed. Therefore, the vendor can focus on optigizhe supply efficiency and
capacity planning, while the buyer party has tornowp forecast accuracy (Kannan,
Grigore, Devika, & Senthilkumar, 2013).

VMl is designed to reduce the total cost and endamofitability. In this VMI

system, the vendor is obligated to cover all atésirelated to administration and
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supervision of inventory in addition to making pase order decisions, rather than
allowing the buyer to make the purchases (Dand¥#;2Marques, Thierry, Lamothe,
& Gourc, 2010). VMI has dramatically minimized imtery carrying costs, as well as
stock out problems, as it enables vendors to spmche inventory and transportation
decisions (Southard & Swenseth, 2008). VMI fits kiealth sector because hospitals
have complex supply chains that incorporate itezgsired by clinicians; the potential
of hospital logistics and network optimization methealthcare sector is considered
significant both by researchers and industry. Thstrapparent upside from optimizing
material logistics is that cost reductions do naatly affect the quality of patient care
(Mateen et al., 2015; Rosales, Magazine, & Rao5201

Managing supply chain inventory is a significanalénge for many firms that
have simultaneously endeavored to minimize costseahance customer service in the
current competitive business environment (Daskioplfard, & Shen, 2002). To
overcome the gap of managing inventory in the heate sector, several programs of
supply-chain coordination, which include VMI, hakecently been implemented to
support the supply-chain software (Sui, Gosavi, #,12010). The challenge of
acquiring a long-term competitive advantage throutpe highly competitive
marketplace relies on how organizations succe#tkicompetitive proportions of cost,
flexibility, as well as customer response (South&aiSwenseth, 2008).

Liao, Hsieh, and Lai (2011) studied an integratied¢ation-inventory
distribution network problem by integrating the iagp of the facility location,
distribution, and inventory issues under VMI contran the inventory decisions; they
presented a Multi-Objective Location-Inventory Hesb (MOLIP) model. They tested
the multi-objective evolutionary algorithm to solOLIP, using a multi-objective
approach to present the location assignment asate@t decision and inventory
management assignment as operational decisions Mith policy as a single
replenishment policy.

Mathematical modeling is used to identify and careghe benefits of VMI and
a traditional inventory system. Hong et al. (204#idied the two-echelon distribution
work composed of multiple vendors and retailersraditional and vendor-managed
inventory systems, and the results illustratekatlor-managed inventory total system
cost is lower than a traditional managed invensystem. Yu, Tang, Xu, and Wang
(2015) have presented an Economic Order Quant@®Hased model to analyze how

much better VMI is than RMI in a global environmehhey concluded that VMI does
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not perform better than RMI all the time when VMAnmot reduce the ordering,
delivery, and holding cost. In our research, welengnted our VMI integrated model
based on the location-inventory assignment proldathconcluded that the numerical
results in our case study show that the new VMigrated model performs better than
traditional RMI systems. It is worthy of applyinget VMI strategy due to the high-cost
savings obtained, in which such savings will refldzectly on the pricing of the
medical implants that the vendor will supply to tiespitals. Such findings are limited
to our case study in the healthcare sector, artiduresearch is required to validate
such findings in other industries.

The VMI system has been studied by scholars inrohetéstic demand
environments. Kannan et al. (2013) used a realdvardse study from the
pharmaceutical industry to analyze the outcomasswfg VMI; two cases were under
study: one using the traditional managed invensgsgem and the other one using VMI
policy. Razmi, Rad, and Sangari (2010) developeddel for a VMI system to analyze
the performance of VMI when customer demand is adigndistributed. Yao, Evers,
and Dresner (2007) developed a mathematical modelestigate the importance of
the VMI system on supply chain parameters relavecbst savings in a deterministic
environment. Darwish and Odah (2010) analyze a ¢&He of a single vendor and
multiple retailers and formulate a mathematical eddd optimize the total cost to be
at minimal under a deterministic demand environm8atleghi, Mousavi, Niaki, and
Sadeghi (2013) extended the problem conducted bwiBfa and Odah (2010) to
include multiple vendors and multiple retailersiwat single and limited space storage
facility; they optimize the number of orders betwdbhe vendors and retailers using
genetic algorithms and particle swarm optimizatdgorithms. Gumgi Jewkes, and
Bookbinder (2008) developed a mathematical modéh \eterministic demand to
study the benefits of joining VMI and consignmamtentory (CI) systems.

Based on the findings in the literature, this papdends previous research and
analyses the possible benefits of the VMI systemerwimtegrating the location
assignment of the storage facility at hospitalshwviite allocation assignment of the
replenishment policy. We used a single objectiviinaipation instead of using a multi-
objective optimization as most publications didgd ave develop mathematical models
for the VMI system to solve the inventory-locatiassignment problem and for RMI
system to solve the traditional inventory probleitivene type of replenishment policy.

The mathematical models were developed as a miteder nonlinear programming
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(MINLP) for the VMI and RMI-RC systems and as mixeteger programming (MIP)
for RMI-DD system. All the models were solved WiHAMS.

4.3M athematical Modd

4.3.1 Problem Statement

The objective of this paper is to develop a mathem@alamodel that integrates the
storage facility location assignment with the repmément policy allocation
assignment under a VMI system in the healthcarestmg. Also, we aim to project the
possible total cost differences between traditioRMI and VMI systems. In this
research, we study a real-world case study in alered healthcare supply chain, in
which the vendor supplies three types of medicalamts (artificial knee, hip, and heart
valve) to a chain of hospitals located in Onta@ianada.

The hospital faces external demand from patiemnis, the inventory ordering
process is considered based on the type of thentomereplenishment system used
(VMI or Direct Delivery or both integrated systemigdnhder the traditional RMI system,
we will evaluate two types of supply chain networkisst considering that every
hospital will have its storage facility so the alidg quantity and its timing for their
demand and safety stock of medical implants will dexided by the hospital
accordingly. The second network will depend ondidelivery policy without having
a dedicated storage facility at the hospital anmmedding on courier (Post Canada) using
same day delivery policy; the safety stock fohalkspitals will be stored at the vendor’s
main warehouse, and all associated cost will begeuato the hospitals. In the
traditional RMI system with a storage facility &ethospital, the ordering process is
considered as an inventory review system, and émeElar has no control over the
ordering policy and observes the ordering processractly. The hospital incurs
inventory holding costs for this demand and theetya$tock stored at the vendor’'s
warehouse, ordering, and delivery costs. The haispi#tys the supplier at the time of
order receipt.

Under the VMI system, the vendor secures the aispdemand information
directly from the management of the chain of h@dpitBased on the obtained demand
data and other associated costs such as holdowgy;jmg, and delivery costs, the vendor
will decide to set up storage facilities at hodpiand apply a VMI policy. The rest of
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the hospital with no assigned storage facilitiels agply a direct delivery policy using
a courier (Post Canada) with a same-day delivetipop

We expand VMI research in healthcare networks leggmting a flexible location-
inventory management system based on integrating &fd direct delivery policies
subject to the location assignment of the storageilities at the hospitals
simultaneously. Fig. 4.2, and Fig. 4.3 represeatfibw diagram of VMI and Direct
Delivery Policy (DDP) consecutively; the flow diagns include the cost and payment,
material, information, and delivery mode flow wittthe vendor supply chain network
under VMI contract.

Vendor’s Decisions Hospitals’ Decisions
! & Costs & Costs

1
1Ordering & Purchasing Holding, RFID & Outbound & Setup Payment to the vendor

E RFID Cost Cost Safety Stock Cost  Distribution Cost ~ Rental Cost
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Fig. 4.2 System diagram of VMI policy at the hoapivith the assigned warehouse

includes cost, information, material, and delivergde flows.
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Fig. 4.3 System diagram of direct delivery polidytlae hospital with no assigned

warehouse.

4.3.2 Mode Assumptions:

7. All hospitals’ demands for all products are deteristic.

8. The demand should be satisfied regardless of e ¢fi the demand or the
location of the hospitals.

9. The cost of ordering per item and per order, hgdiost per unit, transportation
costs per order and item, the rental rate for f#sggaed space by hospitals and
set up costs for warehouses are all fixed as paesme

10.Vendor managed inventory is the inventory policgttill be implemented by
the vendor at the hospitals with assigned warelsoaisé direct-delivery policy
at hospitals with no assigned warehouses.

11.The transportation cost per item is assumed teebeaded to the hospitals with
no assigned warehouses by courier; the rate appltesed on Purolator’s rates
and service charges for direct same-day delively tduthe specialty of the
medical implants that will be delivered.

12.0rdering cost is assumed to have a fixed cost déggs of the type of the
product or the quantity shipped per order, ashalladministrative costs related
to setting up the order inquiry, issuing a locailghase order and the inspection
of the order are the same regardless of the qyantd the weight.
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13. A continuous review policy is used for VMI.

4.3.3

CAP Truck

4.3.4

Mathematical M odelling

3.5.1.1 Indices
an index for hospitak 1; 2..., r

an index for produgtl, 2..., n

3.5.1.2 Notations
Holding cost for hospitiador product |

Holding cost for produgat the vendor’'s warehouse

Rental space cost péiper time unit.

Total space size of the assigmarehouse at the hospitgber time unit.

Fixed setup cost for having a waretgoat the hospital
The capacity of truck used for delivery to ite i
Demand rate of hospitaif product j per time unit
The volume of one item of thedarotj (f3)
The capability ofi; having a maximum integer number
Unit truck shipment and orderiragicfor hospital
Minimal Safety Stock level for prad | at the hospitall
with assigned warehouse
Ordering costs for hospital

Transportation cost per item tophtas i for product

Traditional RMI System with a Continuous Review Policy (RM1-CR)

4.34.1 Decision Variables
Order size quantity of prodyatelivered to hospitalwith the assigned

warehouse.
The number of shipments to hospitaith the assigned warehouse.

Safety Stock level at the hospitalith assigned warehouse for prodjct

4.3.4.2  Objective Function
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Mln TCVMI ==

r r n r
K;m; + Z hij(% +55;) + Z(FCi + F.R;) (D
i=1 i=1j=1 i=1

The object is to minimize the total cost. The fitstm represents the cost of the
combined ordering and trucking transportation dostall orders delivered to all
hospitals with assigned warehouses. The secondregresents the holding cost per
item of the summation of average order quantity Hred safety stock level for all
products at the hospitals with assigned warehoudesthird term represents the sum
of the total costs of the fixed cost of settingtbp warehouse at hospitals and their
rental rate costs.

S.T.
n
Z Qij < Caprruck forvi=1,..,r (2)
=1

Truck space constraint, the total order size qtiastfor all products per order that will
be delivered to hospitalwith assigned warehouse, should be equal or less tthe

capacity of the truck.
n
Z(Qij‘FSSij)fj <F forvi=1,..,r (3)
j=1

Warehouse space constraint, the total size ofrd#rosize quantities and safety stock
level for all products per order, should be lesegual than the available space for

hospitali with the assigned warehouse.

$Sij = gij forvi=1,..,r andj=1,..,n 4)
Lower bound safety stock level constraint, the lolweund of the safety stock level
equal to the minimal value represented dgyfor hospitali with the assigned the

warehouse.

Qi;jm; = Dy; forvi=1,..,r andVj=1,..,n (5)
Demand satisfaction constraint, all number of @defr the order quantity of each
productj which will be delivered to the hospitalith assigned warehouse should be
greater or equal to the demand of progudthospitali with the assigned warehouse.
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Qij,m; =0 forvi=1,..,r andj=1,..,n (6)
Non-negativity constraint, the order quantity ahd humber of orders for product j at

a hospital i are all non-negative values.

435 Traditional RMI System with the Direct Delivery Policy (RMI1-DD)

4351 Decision Variables

58" Safety Stock level for hospitialor product at the vendor’'s warehouse.

4.35.2  Objective Function

Min TCVMI =

r r n

i=1j=1 i=1 j=1

The object is to minimize the total cost. The fietm represents the sum of ordering
and courier delivery costs per item for all produdemands and all hospitals with no
assigned warehouses. The second term represemssthef the holding cost per item

of the safety stock level for all products at te@gor’'s warehouse for the hospitals with

no assigned warehouses.
S.T.

SSi;" = gy forvi=1,..,r andj=1,..,n (8)
Lower bound safety stock level constraint, to lithie lower bound of the safety stock
level greater or equal to the minimal value repmés@ byg;; for hospitali with the

assigned the warehouse.

4.3.6 Healthcare Supply Chain with VM| System

4.3.6.1 Decision Variables
Yai 1 if the shipment is delivered diredtyhospitali, O otherwise.

Yi 1 if hospital has a warehouse facility, O otherwise.
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Q;i; Order size quantity of prodyatelivered to hospitalwith the assigned
warehouse.
m; The number of shipments to hospitaith the assigned warehouse.

SSij Safety Stock level at the hospitalith assigned warehouse for prodjct

4.3.6.2 Objective Function

Mln TCVMI =
' n s ' n Q T
Z(Ai + ¢ij) DijYai z Kim; + Z z hij(% + 5S8;) + Z(Fci + FR)Yyi  (9)
i=1j=1 i-1 i=1j=1 i-1

The object is to minimize the total cost. The firstm represents the sum of
ordering and courier delivery costs per item fépabducts’ demands and all hospitals
with no assigned warehouses. The second term mpsethe cost of the combined
ordering and trucking transportation cost for atlers delivered to all hospitals with
assigned warehouses. The third term representéiditeng cost per item of the
summation of average order quantity and the safetyk level for all products at the
hospitals with assigned warehouses. The fourth tepresents the sum of the totals
costs of the fixed cost of setting up the wareh@i$wspitals and their rental rate costs.

S.T.

Yoi+ Yui=1 forvi=1,..,r (10)
Network constraint, each hospitagither having a warehouse with VMI delivery or

having a direct delivery with no assigned warehouse

n
Qij < Caperuck forvi=1,..r (11)
j=1

Truck space constraint, the total order size qtiastfor all products per order that will
be delivered to hospitalwith assigned warehouse should be equal or |ess itie

capacity of the truck.

n
Z(QU + SSU)]() < YWiFi fOT Vi= 1, v, T (12)
j=1
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Warehouse space constraint, the total size ofrd#rosize quantities and safety stock
level for all products per order should be lesegual than the available space for

hospitali with the assigned warehouse.

SSij = Yui gij forvi=1,..,r andj=1,..,n (13)
Lower bound safety stock level constraint, the lolweund of the safety stock level
equal to the minimum value representedgpyfor hospitali with the assigned the

warehouse.

m; <Y,;M forvi=1,..,r (14)
Upper bound of the number of orders constraint, tteximum number of orders
shipped to the hospitalwith assigned warehouse should be equal to orthessthe
bigM value.

Qijm; = D;jY,,, forvi=1,..,r andVj=1,..,n (15)
Demand satisfaction constraint, all number of defr the order quantity of each
productj which will be delivered to the hospitalvith assigned warehouse should be

greater or equal to the demand of proguafthospitali with the assigned warehouse.

Qij,m;,SSij =0 forvi=1,..,r andj=1,..,n (16)
Non-negativity constraint, the order quantity, n@mbf orders, and the safety stock
level for produci at a hospitail are all non-negative values.

Yai,Yyi € [0,1] (17)

Binary constraint. The location decision varialdes binary decisions.

4.4Analysis and Discussion

441 Real-World Problem
This section applies the three models developeaddrprevious section and evaluates
the two types of supply chains, the VMI and tramhil RMI systems, to evaluate the
impact on cost savings based on inventory system. dshis evaluation should give an
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appropriate understanding if VMI system implemedotatgives higher benefits
compared to the traditional RMI system.

In this computational study, we use three typesnathematical models with
deterministic demand. First, we formulate the lmsatnventory problem with the VMI
system as a Mixed Integer Non-Linear ProgrammingNIMP), which is solved using
GAMS solver. In the second model, we formulatettaditional RMI system as MINLP
in case of having a continuous review system, inclvlall hospitals have storage
facilities, and the problem is solved using GAM&tHe third model, we formulate the
traditional RMI system as Mixed Linear ProgrammifMLP) in case of having a direct
delivery policy, in which all hospitals are withostbrage facilities, and the problem is
solved by GAMS.

Our numerical results show that the total costtierVMI system is always lower than
the traditional RMI systems for both policies ohtiauous review and direct delivery.

The total cost of the traditional RMI is always Inég than the integrated VMI system
where the vendor can benefit by integrating toroe the order quantity and number
of orders so as to reduce the ordering cost andtibying the space of the storage
facilities at the hospitals. Hence, the vendor wopiefer the VMI system to the

traditional RMI system. Table 4.1 summarizes tHeesof the total costs for VMI and

traditional RMI systems and the percentage oficaséase for traditional RMI systems
compared to the VMI system.

Table 4.1 Computational results of the total cmt¥MI and traditional RMI Systems.

Activity VMI system RMI system RMI system
with with with

CR & DDP CR policy DDP

Total cost ($) 1,054.884 1,243,543 ,502,931

Cost Increase 0% 15.10% 8%%

# of hospitals with VMI 77 147 0

# of hospitals with DDP 70 0 147

Absolute gap 0 1.00E-09 0

Relative gap 0.1 0.1 0

GAMS Solver COUENNE BARON COUENNE

CPU Time (Sec) 9513.094 6833.35 0.062
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4.4.2 Sensitivity Analysis

Also in this section, we will study the sensitivibof some parameters include the
holding, ordering, delivery, trucking transportatiaental, and setup costs and their
impact on the total costs of the VMI and traditibRMI systems. To conduct a fair
comparison, we change the value of one parametértaae with different values and
keep the rest of the parameters with their origiadlies. To reduce our problem space,
we fix i=1, 2 so to have a small size sample ofwoek and consider two hospitals to
test if the VMI system performs all the time bettean the traditional RMI system and

to test the role of the VMI system in reducing tlméding and ordering costs.

4421 Influenceof Holding Cost Variation on the Total Cost.
We first investigate the impact of holding costigaon on the optimal total cost of

the VMI system numerically. Also, we study the iropaf such cost variation in the
traditional RMI with continuous review and direelidery policies. We find that higher
cost reduction occurs under the VMI system. We iabtiae total cost for VMI and
traditional RMI systems by varying the holding cashospitals’ warehouses in case of
the continuous review policies and at the vendaasehouse in case of the holding
cost for the direct delivery policy for the assigngafety stock that belongs to the
hospitals with no assigned warehouses. Fig. 4.4itorsrthe influence of holding cost
variation in the total cost in VMI and traditiorfaMI systems and shows that regardless
of holding cost variation at hospitals and vendarehouses, the VMI system performs

better than the traditional RMI systems.

35000 Total Costs based on holding cost variation

30,000
25,000

20,000 /
15,000 //

10,000

Total Cost

5,000

50 100 150 200 250 300 400 500
Holding Cost
—TCVMI —TC RMI-CR TC RMI - DD

Fig. 4.4 Total costs for VMI and traditional RMI §gms based on holding cost

variation.
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4.4.2.2 Influenceof Ordering Cost Variation on the Total Cost.
We next investigate the impact of ordering costtflation in total costs for VMI

and traditional systems. We find that with the oirtg cost increase, the total cost of
VMI and traditional RMI systems always increased with different rates: the rate of
increase in total cost in the VMI system is thestasompared with the other two RMI
systems. Hence, the cost savings can be achievéMbsnore than by traditional RMI
systems. Fig. 4.5 demonstrates the impact of argexost variation in both VMI and
traditional RMI systems.

Total costs based on ordering cost variation

80,000
70,000
60,000
50,000
40,000
30,000
20,000
10,000

Total Cost

50 100 150 200 250 300 400 500
Ordering Cost
—TC VMl —TC RMI-CR —TC RMI - DD

Fig. 4.5 Total costs for VMI and traditional RMI stgms based on ordering cost

variation.

4423 Influenceof Courier Delivery Cost Variation on the Total
Cost.
Also, we investigate how the third-party deliveyst variation impacts the total

costs of VMI and traditional systems. We find ttie higher courier delivery cost leads
to a higher total cost for the hospitals with nesigsed warehouses. However, the
increase rate in total cost in traditional RMI gyst with the direct delivery policy is
higher than the one in the VMI system due to tloétfzat in the case of the VMI system,
the vendor integrates two types of replenishmeftips with the location assignment
of storage facilities; in this case, such integmratninimizes the impact of high courier
delivery cost variation by switching to a contimgoreview policy and setting up
warehouses at hospitals instead of having dirdotetg policy. Fig. 4.6 demonstrates

the impact of delivery cost variation in both VMidatraditional RMI systems.

76



Total cost based on delivery cost variation
60,000

50,000
40,000

30,000

Total Cost

20,000

10,000

50 100 150 200 250 300

Delivery Cost
—TC VM| =TC RMI-CR =——TC RMI - DD

Fig. 4.6 Total costs for VMI and traditional RMI ssgms based on delivery cost

variation.

4.4.24  Influenceof Trucking Transportation Cost Variation on
the Total Cost.
Fig. 4.7 reports the impact of the trucking trasrgqtion cost variation in both

traditional RMI and VMI systems. The total costre@se rate in the VMI system is less
than the increase rate in traditional RMI systefie vendor optimizes the number of
orders to have the optimal total cost wheneverrghvigh demand. Otherwise, the
vendor will implement a direct delivery policy iesid of the continuous review policy

in cases of low demand.

Total cost based on trucking transportation cost variation

30,000
25,000
(2]
9 20,000
O
= 16,000
= ——
2 10,000
5,000
0
50 100 150 200 250 300 400 500
Transportation Cost
—TC VMI ——TC RMI-CR

Fig. 4.7 Total costs for VMI and traditional RMIstgms based on transportation cost

variation.
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4425 Influenceof Storage Space Rental Cost variation on the
Total Cost.
To demonstrate the impact of the storage rentalvargation on the total cost of

VMI and traditional RMI systems, we varied the af@ space rental cost at the
hospitals and fixed all other parameters relatedaiding, ordering, courier delivery

transportation and setup costs. The outcomes asgnsin Fig. 4.8, which represents
the increased rate of total costs for the systding.results show that the VMI system

has the lowest total cost compared with the trawl#i RMI systems.

Total cost based on storage space rental cost variation

45,000
40,000
35,000
30,000
25,000
20,000 Ty
15,000 ==
10,000

5,000

Total Cost

50 100 150 200 250 300 400 500
Rental Cost

—TCVMI —TCRMI-CR —TCRMI-DD

Fig. 4.8 Total costs for VMI and traditional RMIstgms based on storage rental cost

variation.

4426 Influenceof Storage Setup Cost Variation on the Total
Cost.
Finally, we investigate the influence of storageipevariation on total cost in VMI

and traditional RMI systems. Having a VMI systemthwintegrated location-
inventory assignment system enhances the perfoeraribe supply chain by using
the direct delivery policy at hospitals with no igeed warehouses instead of
implementing the continuous review policy with gesid warehouse whenever the
setup cost and other associated costs are very Sigih a flexible system enables
the vendor to optimize the total cost with suclugetost variation effectively better
than the traditional RMI systems. Fig. 4.9 demaiss the impact of setup cost

variation on VMI and traditional RMI systems.
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Total cost based on storage setup cost variation
40,000
35,000
30,000
[72]
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—TCVMI —TCRMI-CR —TCRMI-DD

Fig. 4.9 Total costs for VMI and traditional RMIstgms based on storage setup cost

variation.

4.5Conclusions

In this paper, we investigate three different typesventory systems in a chain of
hospitals: VMI system based on integrating the tiocaassignment of the storage
facility with the allocation assignment of inventaieplenishment policy, traditional
RMI system with continuous review policy (VMI-RCha storage facilities at all
hospitals, and traditional RMI system with direetidery policy (RMI-DD) and no
storage facilities at all hospitals. We also impéertna numerical study based on a real-
world problem arising from one of the world's leaglimedical implants supply
companies applied to a chain of hospitals in thevipce of Ontario, Canada. In
addition, we examine several cost variations ortdted costs of the systems related to
holding, ordering, courier delivery, trucking trgastation, storage rental, and setup
Ccosts.

In our research, we use a mixed integer non-limeathematical programming
(MINLP) to present the VMI system and traditionaMRsystem with continuous
review policy (RMI-RC), and we use a mixed-inteeogramming (MIP) to present
the traditional RMI system with direct delivery gyl (RMI-DD). The aim of modeling
those mathematical models in VMI and traditional IR&§stems is to present the
performance and outcomes of these systems by comgpatal costs of the systems

and analyze the impact of the cost variations efptarameters on the total cost.
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The sensitivity analyses for the vendor and holpiteolding, ordering, trucking
transportation, direct delivery, setup, and storageal costs are tested to analyze how
these parameters impact VMI, RMI-RC, and RMI-DDteyss. The results show that
in case of ordering, trucking transportation, aimda delivery costs are more important
in VMI and RMI-CR systems than in the RMI-DD systeand setup and storage rental
costs are more important in the VMI system thaih&RMI-RC system. The sensitivity
analysis results for this case study particulahpve that our new integrated VMI
system is more efficient than traditional RMI sysge However, future research is
needed to investigate the same outcomes for atkesiries.

The numerical results in our case study show tlavendor’s optimal total cost is
obtained in case of implementing the VMI systemd atl other traditional RMI
systems have a higher total cost than the oneeahtkgrated VMI system. Hence, we
could expect that the vendor would prefer the ViMétem to the traditional RMI
systems due to the high level of cost saving thiateflect on the pricing of the medical
implants offered to the hospitals.

While our research focuses on solving the integré&eation-inventory assignment
problem and explaining the benefits and outcomdbei/MI system over traditional

RMI systems, this research can be extended asfteégearch in the following aspects:
This research can be extended by implementing thED Rechnology concept to

eliminating further costs due to its impact on sage, overstock, and monitoring the
inventory waste incidents. This paper studies tpén@l supply network in the

healthcare sector with deterministic demand, thisyscan be extended to cover the
stochastic demand as a comparative study with adenishment policies such as
RMI policy. Finally, this research can be extendedtudy other industries such as
VMI system for fast-moving items with large demasizke such as bearings, lubricants,

fittings, and fasteners.
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CHAPTER 5: CONCLUSIONSAND FUTURE RESEARCH

5.1 Conclusions

The VMI contract is considered by a large numbefirais as a breakthrough in
their inventory management as a cost reduction tmaughout the supply chain
networks. While the development of the VMI contrdepends mainly on the vendor,
especially in the healthcare sector, to re-exartiieg operations, and critically re-
evaluate all areas of operations looking for averaf@ptimization, it is also important
to focus on the RFID technology and its role on pleeformance of healthcare SC
networks in terms of cost reduction and/or improgatof service level.

The starting point or impetus for our researchrisag-world problem arising within
a medical implant supply company applied to a cludihospitals in the province of
Ontario. The chain of hospitals under study coasiétl47 hospitals located in Ontario,
Canada. Based on the observations and a thoraegatlire review of VMI contracts
in healthcare networks, we found more and more eomeg (vendors and hospitals) in
the healthcare system are looking for a cost aniceeeffective inventory system with
stochastic and deterministic demand environmentsstMf the companies are also
interested in evaluating the benefits of a VMI caat with advanced identification
system such as the RFID technology consideratioadtition, those companies are
interested in new functionalities associated witfil\¢ontracts and RFID technology
in order to compare it with the performance enalbigdhe other traditional inventory
systems such as RMI systems.

Our aim as a research objective is to quantifyrtie of the VMI contract in the
location-inventory assignment problem under deteistic and stochastic demand
environments with the RFID technology consideratife also provide comparative
studies as a decision support tool between the ebfitract with traditional RMI
systems. For this purpose, we organize the didserta three core chapters:

Chapter 2 introduces the dissertation by presentiag/MI contract in healthcare
SC networks with deterministic demand and RFID meration. We first consider
modelling mathematically the role of the VMI comran the location-inventory
assignment problem by integrating the locationgmssent of the storage facility and
its replenishment policy with the allocation assiggmt of RFID technology and its
investment level to determine the location of tleehouses, the inventory policy, and

the RFID investment level in the healthcare netwstk that the total cost of
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transportation, inventory, and other associatedratipg costs are minimal. The
demand in this proposed model is deterministic, #red computational results and
sensitivity analysis have shown the effectivendsthe proposed model with RFID
consideration in cost reduction on the overall cokthe healthcare network by
enhancing both ordering and holding efficiencigse fiumerical example is based on
the small size of the real-world problem arisimapfrone of the world's leading medical
implants supply companies applied to a chain ophals in the province of Ontario,
Canada, to demonstrate and examine several caatieas on the total costs of the
systems related to holding and ordering costs. WWgpare the performance of the VMI
contract with the the performance of different RRiDestment strategies of having
objective function with no RFID investment (Optiok), with sequential RFID
investment only in ordering operations (Option Bjth sequential RFID investment
only in holding operations (Option C) and with sitaneous RFID investment in
holding and ordering operations (Option D). The euoal and computational results
for the real-world problem show that a 6.27% costluction is obtained by
implementing the simultaneous RFID investment itdimg and ordering operations
strategy (Option D) compared with no RFID investirstrategy (Option A).

Our contribution to this research in Chapter zhieéfold: first, we analyze and
provide an optimal healthcare SC network basedhtmgrating the VMI contract in the
location-inventory assignment problem with the eeghment policy assignment and
model it mathematically. Second, we discuss apglfivo RFID investment factors in
holding and ordering operations and develop anyéinal procedure to derive optimal
RFID investment levels for these factors. Third,identify and analyze the impact of
the cost saving obtained by RFID investment orldbation assignments of the storage
facilities at the hospitals.

Motivated by the results and outcomes of the coatpmral results in Chapter 2
dealing with the VMI contract for the optimal hdedare SC network, Chapter 3 of this
dissertation considers the VMI contract for theiropt healthcare SC network for the
same real-world problem in a stochastic demand renrient. We proposed a
mathematical model to compare the performance of $§dtems under a stochastic
environment with the uncertainty of the demand esdom variable following normal
and uniform distributions. The numerical resultstfee real-world problem have been
shown that the total cost expected and incurrethbyendor in case of the demand

following the normal probability distribution iseHeast compared with the ETC of the
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average uniform probability distribution outcoménig finding is due to the different
layout of the SC network for each distributionaltidition, the high uncertainty of the
demand impacts the location-inventory assignmeyautdirectly for the proposed
model of the VMI contract for the optimal healthea8C network with stochastic
demand.

Motivated by the lack of investigations and compigeastudies dealing with the
preference of the VMI contract to other traditioRI systems, Chapter 4 considers
comparing the total cost of the VMI system with #r@o two situations of traditional
RMI system: the first situation deals with the ttimshal RMI system with a continuous
replenishment policy (RMI-CR) for all hospitals. dIsecond situation deals with a
traditional RMI system with a direct delivery poliGvMI-DD) for all hospitals without
having a storage facility. The computational restdir the real-world problem under
study show that the application of VMI systems igrenjustified and works better in
terms of lowering cost than traditional RMI systerdence, we could expect that the
vendor would prefer the VMI system to the tradiatbRMI systems due to the high
level of cost saving, and the hospital will benbfiteliminating the inventory operation

stress.
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5.2 Future Research

The computational results obtained in this disseragprovide interesting managerial

insights and inspire the development of furtheeagsh. the following ones are of

special interest:

1.

While our research in Chapter 3 focuses on integyadnd solving the VMI
contract in location-inventory assignment with dechauncertainty under
normal and uniform probability distributions, thissearch can be extended as
future research in Implementing the proposed mddelother probability
distributions and analyze the impact of each digtron on the healthcare
network layout.

Further numerical and comparative studies on tlopgsed VMI contract in
Chapters 2,3 and 4 are important to more understgritie impact of the
proposed integrated VMI contract on other indust&€ networks such as the
industry of fast-moving items with large demandesiguch as bearings,
lubricants, fittings, and fasteners.

The research in Chapter 3 can be extended by ingpieny the RFID
technology concept to eliminating further coststie VMI contract under
stochastic demand environment due to its impacthmrtage, overstock, and
monitoring the inventory waste incidents.

Further analysis of the proposed RFID investmentMi contract in Chapter
2 is necessary to understand more the impact dd Rédhnology, considering
it as imperfect technology on the objective functand the decision variables.
The model presented in Chapter 2,3 and 4 consml&fMI contract with a
single period, this research can be extended toabe of a multi-period case.
Research in chapter 2 can be extended to bridggaihef coordination in case
of the inventory status between the instant feedtgcimplementing RFID
technology in the hospitals with assigned warehe®asel the other warehouses
at the hospitals with no RFID implementation whigke the continuous
replenishment policy with a non-instant feedback.

This real-world problem can be extended to covetha qualified hospitals
which have the facility to manage the medical impasurgeries all over

Canada instead of limiting the case study witheghovince of Ontario.
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APPENDICES

Appendix A. RFID Roots
A.1 RFID technology definition

RFID technology encompasses a radio-frequencyifaeiion (RFID) tag (i.e.,

a tiny chip that holds information used to transamtRFID reader). Within the hospital
setting, RFID tags may be placed on staff budg&s equipment to collect information
via its RFID reader. This technology serves theppse of securing confidential and
highly sensitive hospital information. It can unédy identify persons, animals or
objects by incorporating electrostatic or electrgnetic coupling in the
electromagnetic spectrum’s radio frequency (RFa¢Ra et al., 2017; Gulcharan et al,
2013).

A.2 How RFID technology works

The RFID system is used for asset tracking andighray management solution.
This is achieved by fitting the asset to be trackétt an RFID tag, a thin microchip-
like structure. The RFID tags and an antenna, ectrelnic radio transmitter, and a tiny
batter. These RFID tags, like barcodes, can belathto any surface, including farm
animals, people, and identity cards (Yazici, 20E&ch RFID tag contains an attached
identification number (UIN) for unique identificati and for transmitting radio signal
containing the UIN. It also contains the RFID scanreader that functions as a receiver
device. The RFID reader receives UIN from the REDs and uses it to update the
database (Gulcharan et al., 2013).

A.3 Implementation of RFID In the Hospital Supply Chain

Decision makers in hospitals are confronted withdhallenge of selecting from
a range of medical equipment and technologies thatlenge capital allocation
processes. One of these medical technology opi®iFID. RFID technology is
increasingly being implemented in the healthcaretoseat an unprecedented rate.
Research indicates that RFID technology will expaiadly grow in the healthcare
industry by 2021. Yao et al. (2012) identify a kamgumber of applications associated
with RFID technology as one of the key reasonstlfa increasing use of RFID
technology in hospitals’ surgical department. Adiog to Yao et al. (2012), RFID

exists in multiple forms including tracking staffapatients; tracking of surgical tools;
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medicine and pharmaceuticals; surgical tools; sHugle items; large equipment;
security; and laundry.
A.3.1 Medicine and Phar maceuticals

Within the surgical department, RFID technology used for inventory
authentication/tracking. As suggested by KrohrD@0ORFID tags have increasingly
become readily available in the surgical hospitatsufor tracking the ever-changing
and growing supply of medicine. Krohn (2008), fertinoted that typical inventory
tracking solutions involve barcodes and manual tguahich takes time to complete.
According to Page (2007), hospital staff uses RiiDeduce the amount of time on
manually counting of pharmaceuticals. This helpspitals to obtain accurate data as
well as obtain correct amounts and types of dr8ggporting this view, Page (2007)
hinted that during the inventory process, handheddlers can read with ease the RFID
tags on each box and that the tags can also betoned via shelf antennas and fixed
readers. Page (2007) further observed that son@thbsianagement use RFID tags
as an anti-counterfeiting or authentication reseufltis is achieved using encrypted
tamper-proof RFID labels within medicine box orthex.

A.3.2 Staff and Patient Tracking

As revealed by Yazici (2014), hospitals are usingva and passive RFID
technology in surgical units to track staff andigratls. According to Kamel, Boulos,
and Berry (2012), hospitals outfit staff, and patisefor three primary reasons: locate
patients; reduce bottlenecks and wait times, amifyygatient information. In another
study, Kamel, Boulos, and Berry (2012) opined tiettve RFID is used by hospitals
in Real-Time Location Systems for identificationpsbblems in the workflow and that
passive RFID systems (i.e., RFID wristbands) aeglie maintain and verify patient
records wristbands. The wristbands are useful ifileation tools in emergencies as
they ensure patients do not receive wrong medicatidiles switched.
A.3.3 Surgical Tools
Surgical tools, including retractors, clamps, smissand scalpels, needs to be always
clean, disinfected, on hand, and ready to use dogical purposes. Unfortunately,
studies have shown that these surgical instrumieatsfer bacteria from previous
surgical use either as a result of not being stedl(Fisher & Monahan, 2008). In view
of Kamel, Boulos, and Berry (2012), RFID tags eestinat these surgical tools are

properly sterilized prior to use. According to Féstand Monahan (2008), on-metal
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RFID tags applied or embedded on a surgical toslies they undergo the autoclave
disinfecting process and tracked for inventory psgs.

A.3.4 Single-useitems

Items such as plastic vials, boxes of gloves, aspodable exam paper are all useful
single-use inventory items. These items are radbtilow cost and are single-use, and
this makes in not feasible for hospitals to traodn using high-cost RFID. However,
RFID inlays can offer cost-effective inventory duobns to hospitals to store these
single-use items in inventory rooms, in RFID owfit vending machines or shelving
units (Bunduchi et al., 2011). According to Cha@lei{(2007), RFID-enabled vending
machine can be configured to make it a requirerfierdn RFID-enabled badge to be
identified and read before the inventory is reldase

A.3.5 Large equipment

Miscellaneous portable testing machines and hddpéids are high-value items that
can get misplaced or go missing. In addition, #gf@acement costs for these items is
high, yet these items are not readily available. this reason, the hospital is using
RFID Real-Time Location System (RTLS) systems tegkrack of these items within
the building (Ngaia et al., 2008).

A.3.6 Security

Hospitals are using RFID-enabled badges for petnaleking and access control
purposes. This is achieved by hospitals requirtaff snembers to wave their RFID-
enabled badges at the door readers to be allowgainicaccess. This process provides
medical equipment, medicine, and patients with sgdiat prevents damage and theft
(Page, 2007).

A.3.7 Laundry tracking

Sheets, blankets, and towels and other textilediaes that reside in hospital surgical
rooms need to be disinfected and washed for usardodifie admission of the next
patient. RFID laundry tags are efficient ways ek these assets and ensure they are
sterile (Perez et al., 2012).

94



Appendix B. RFID Shortcomings

B.1 Consof implementing RFID at hospitals

RFID technology can potentially save hospitals nyozed time by providing
location data for resources and people, and rewd-tiraceability, communication,
temperature, and identification. For the emergenoyn (ER), RFID has the potential
of helping hospitals track nurses, patients, ortalscto render health services
effectively. However, there are barriers to the lenpentation of these RFID systems
that must be overcome to allow hospitals to utitteese systems in their surgical units
effectively.
Studies have highlighted common barriers to theempntation of RFID systems in
the hospitals’ major surgery rooms as securitygmy, organizational, technical, legal,
and economic challenges As highlighted (Paaskk,&(d.7; Gulcharanet al., 2013).
According to Gulcharan et al. (2013), the key setbaof RFID technologies lies in
their ability to obtain accurately and efficientgta transfer, monitoring and tracking
limitations associated with human error, privacyha@ns, and patient safety, and

restrains in terms of cost.

B.2 Cost/Return On Investment (ROI) Shortcomings
As noted by Paaske et al. (2017), one of the stimittgs of implementing

RFID systems in the hospital surgical unit lieghair return on investment (ROI) and
cost. This view is supported by figures reportedvriayici (2014) that the cost of each
RFID tag may range between $0.40 and $50 depermutirtge capabilities with each
passive tag costing between $0.10 and $0.50 ai dat costing between $0.50 and
$50. Other researchers have reported high costgieimenting RFID infrastructure in
the hospital setting; increased networking costsclaar ROI and inadequate
information to assess the implementation cost dDRPerez et al., 2012; Page, 2007;
Ngaia et al., 2008; Bunduchi et al., 2011; Chaal e2007; Fisher & Monahan, 2008;
Yao et al., 2012). Yazici (2014) also noted thatlRtags can be disposable or reusable
and have associated costs. Yazici (2014) furtharfiedd that reusable RFID tags
require a standard cleaning method before theybeasafely reentered in circulation
and that they tend to be higher in price. Moreo%wost RFID tags tend to be light

weight and small in size. However, these tags @milyebe moved away from the

hospital facility, thus leading to tag inventorpdaunexpected cost (Okoniewska et al.
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2012). Estimates by Yazici (2014) suggests thattst of RFID tag readers may range
between $1,000 and $3,000 per reader. This sugtests fully functional RFID
system can cost millions of dollars to an orgamwa@s it requires infrastructure,
printers, middleware, readers, tags, and so oni€a&014). Supporting this view,
Okoniewska et al. (2012) estimated the 2018 RFkbrielogy cost in healthcare as

surpassing 2 billion dollars.

B.3 Interoperability shortcomings

Technical limitations known to impede the adoptminan RFID system in
surgical rooms in hospitals include interferencethwimedical equipment,
interoperability with other health information texhogy (HIT), RFID tag readability,
and system errors (Coustasse et al., 2015). Acogitdi Coustasse et al. (2015), the
evolution of HIT has presented interoperability lidrages to healthcare organizations
as a result of non-standardization of RFID softwamnel hardware across providers.
Other researchers also reported interoperabiliéyiehges between RFID systems and
existing hospital systems noting that there werenternational standards between the
United States and Europe (Sarac et al., 2010; F&hdonahan, 2012).
Since the RFID investment decision is based orsitmrent costs-benefits approach and
since the cost of an RFID implementation concenesitanagers due to the least level
of investment cost, a thorough investigation ofividbal cost components was
conducted as elaborated in Table A.1 which predbetfist of costs relevant to RFID
investment, the RFID investment cost is classiiitd two major cost categories: direct
cost includes the hardware and software costsjrahect costs include development
training and services. (Lee & Lee, 2010)

B.4 Location accuracy, signal problems, and I nterfer ence shortcomings
Researchers highlight location accuracy and systeors as shortcomings of
implementing RFID systems in hospital surgical redi@koniewska et al., 2012; van
der Togt et al., 2011).
As indicated by Kamel, Boulos, and Berry (2012yulds and metals may cause
problems during the reading of RFID tags. This slmming limits the application of
RFID tags to paper, plastic packaging, and cardbd&mel, Boulos, and Berry (2012)
also noted that the accuracy of RFID read dependsultiple factors, namely tag

placement, read distance, and angle of rotation.
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Interference can be observed if walkie-talkiesklitis, and other devices are
placed at the distribution centers. Furthermorgliss have shown that the presence of
electronic devices towers such as mobile phonesrovends to interfere with radio
waves associated with RFID. In the same vein, Rfgidals may interfere with medical
devices within the hospital environments. The keliy of RFID tags may also be
impacted by metal surfaces, humidity, and mores T™omplicates the use of RFID
systems for surgical instruments.

Reyes, Li, and Visich (2012) indicated that systermors might occur for
various reasons. First, RFID readers may yiel®efedads as a result of the interference
in the electromagnetic field occurring in moist Bomments, glass, liquid, metallic
objects, and other medical equipment. Secondlgetle@mvironments and objects may
also affect read accuracy and read rates. Wortimgnas that the reporting of the
systems and loss of accuracy tend to occur int&tumwhere RFID tags are damaged
or lost, thus making them unreadable. MoreoverRRED system may not function to
full capacity without properly functioning equipntefReyes, Li, & Visich, 2012).
Ohashi et al. (2010) found evidence of RFID tecalnissues, including lack of staff
knowledge to detect areas during the administemegications, the radio frequency
waves’ inability to reach the tags on the medicattard and nurses, and wireless
network connectivity.

Similarly, Okoniewska et al. (2012) assessed thigyabf the RFID system to
track equipment location and track staff in a htadjsi acute care setting. In this study,
Okoniewska et al. (2012) reported that the systeam&et tracking capability, which
helps users identify tagged equipment had modesiracy in locating the asset.
Okoniewska et, al. (2012) further highlighted thgportance of frequently calibrating
the locating system equipment and noted that tigbtnbe constrained by cost and time
primarily when the RFID system is implemented ota@e scale. In addition to
organizational concerns and challenges, security @vacy concerns have been
highlighted during the implementation of RFID. Fetample, Yao, Chao-Hsien, and
Li (2012) highlighted concerns for intentional amgppropriate misuse of RFID
systems and the unauthorized disclosure of hea#haaformation by people
contributed by deliberate or inadvertent interaaptof RFID tag information. These
security and privacy concerns have been raisedadiine sensitivity of the information
contained in RFID which could be accessed by umaizibd readers as well as the

surveillance of the technology (Yao, Chao-Hsieni&a012).

97



Other disadvantages of implementing RFID systenported in the extant
literature include large active RFID tags that iegunore maintenance; active tags
requiring installation of antennas and readersutjinout the hospital; active tags only
functioning over WiFi and infrastructure of recatseand the inability of passive tags

to track in real-time.

B.5 Preventive actionsto eliminate RFID shortcomings

While there are shortcomings of implementing RF¢Ehinology within hospital
surgical units, the data related to their impleragah is promising. The following
strategies can be used by hospitals to aid theswveéocome such shortcomings when
adopting RFID systems.

As suggested by Modrak and Moskvich (2012), hokpgaould analyze the economic
effects of implementing RFID technology in orderoiercome cost-related concerns
of implementation. On the overall, the cost of iempenting and maintaining RFID
technology may deter hospitals from implementingl arsing it. For this reason,
hospitals should conduct a cost-benefit analysi®orpto their adoption and
implementation of RFID technology.

Healthcare organizations should also consider ssgpthe success of RFID
systems in supply chain management based on thenuhted evidence. As
demonstrated by Kumar, Kadow, and Lamkin (2011m@anies such as Wal-Mart
have adopted the RFID technology, thus recogniamtjdemonstrating its benefits.
Some RFID systems have been found to have tecHmgtdtions. On this account, it
would be beneficial for hospitals to test these IRBlystems prior to widespread
adoption and implementation. As suggested by TBgkker, and Jaspers (2010),
undertaking early performance testing prior toithplementation of the RFID system
can allow organizations to address unforeseen iemhissues. This may reveal
hazardous interference and unexpected cost inatg stages of implementation of
RFID.

Organizations should also test the RFID systemraa&life healthcare setting
to determine whether it can fulfill its anticipatpdrpose. This view is reflected in Ting
et al. (2012) that the capabilities of RFID vamyrr product to product and that hospital
should assess the desired product to ensure isrieeintended goal. Ting et al. (2011)
further suggested that the hospital should addrestimitations of RFID technology

during the preparation stage of implementationadiition, acknowledgment of the
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shortcomings of the product may help define itsatépies to its users and avoid over-
expectations.

Trained personnel can help minimize signal problemgsaining of the
healthcare providers prior to the implementationRé#fID technology is thought to
promote awareness among the staff as it ensungsdbegnize its value in practice and
thus utilize it as anticipated. In a study evalugtihe utilization of RFID system in
hospital settings to track assets, Okoniewaskd. é2@12) sought suggestions from
nurses regarding the utility of the RFID technoloBgsult revealed that nurses have
limited knowledge regarding the RFID technology &y it functions and that staff
should be trained about the use of RFID priordantplementation. In a similar study,
Ku et al. (2011) reported that persistent computaming and education and
communication prior to the implementation of RFiExhnology could help address
staff concerns regarding additional workload. Raioihg this view, Rosenbaum
(2014) noted that it is imperative that organizasialemonstrate the value of RFID
technology to employees, which can be achievedugiratraining. According to
Rosenbaum (2014), the value of RFID technologytearevealed in the captured data.
In this way, educating healthcare providers on dbdity of RFID technology to
increase workplace efficiency through the captudath can help reduce negative
perceptions held by the staff. The organizatiormikhalso maintain written guideline
to help ensure equal distribution of information.

To address the security and privacy concerns redaral RFID devices, the
organization should create awareness among theratgfrding the potential security
and privacy risks of the technology prior to it®ption (Rosenbaum, 2013). According
to Rosenbaum (2013), organizations should weighridies and benefits of RFID
technology before investment. Appropriate secunibeasures should also be
implemented should also be considered to reduse tligks. According to Rosenbaum
(2013), ongoing assessment and monitoring of théDRMRay help confirm the
functionality of the system.
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Table A.1 RFID investment cost types

Type of RFID investment Set up cost RFID Running costs
costs (Overhead costs)
RFID direct | Labeling machines, active and Updating and upgrading,
costs passive tags, stationary and | preventive and corrective
(hardware | mobile readers, antenna maintenance, cost of the move
and software modules, transponder chips, | itis stationary or changing the
investments) range sensors, printers, netwqg location.
infrastructure, RFID host
system
Software sets related to data | Updating and upgrading,
collection and management, | preventive and corrective
middleware, encoder maintenance, cost of the move
management, and event sens( it is stationary or changing the
software sets, location,
RFID application for tracking | Integration costs with other
and condition monitoring resource planning systems suck
applications as ERP system.
RFID Any indirect costs as part of th Internal technical staff, corpora
indirect vendor obligations such as overhead cost, collaboration wit
costs making the existing external partners, tagging labor
(training, infrastructure consistent RFID| costs, communication costs
development application, testing and quality
and other control activity, all installation
services) costs, and documentation.

—

—

N

e

>

Training and certifying the staff Continuous training and

certification process

Consulting services and
maintaining services.

Having continuous support from
the vendor of a certified third
party to maintain the flow of the
service.
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