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Abstract

One of the key challenges for a modern day health care provider is to dispense high
quality of medical care while limiting or even reducing the health care expenditures.
This research work endeavours to meet this challenge through effective management of
hospitals logistics systems. The aim of this research work is to provide a structured
mechanism for modelling and analysing health care logistics to be able to understand its
dynamic behaviour and effectively manage its logistical activities on the basis of the
model. In order to achieve the research objectives, this research uses system dynamics
as the main medium of analysis, and in particular, employs an integrated system
dynamics framework which has been used previously for manufacturing industry supply
chain designs and tests the feasibility of the framework for analysing and modelling
health care logistics. This is ascertained by developing and incorporating a decision
making metrics in the system dynamics model based on item criticality, usage, and
value to optimise overall logistics costs.

System Dynamics methodology is employed at first to develop a model for existing
inventory control decisions, and subsequently to produce two alternative approaches
based on traditional (R, s, S) inventory control approach and Continuous Replenishment
Inventory and Order Based Production Control CR(IOBPCS) approach. These
approaches are tested for two case hospitals, namely: Children’s National Medical
Center (CNMC) USA, and Derbyshire Royal Infirmary (DRI) UK. The dynamic
analysis for each case revealed problems in terms of multistage inventories and order
batching, which-could lead to demand amplification causing a detrimental effect on the
inventory management throughout the supply chain. Accordingly, the simulations
results produced for the two cases are benchmarked using alternative strategies in terms
of lower inventory cost, and robustness to meet the unpredictable demand arising from a
large number of items.

Overall, this research work has enhanced the understanding of hospitals logistics
systems by building qualitative and quantitative models. More specifically, this research
work has illustrated the applicability of the integrated system dynamics framework in
analysing and modelling hospitals logistics systems and inventory control decisions.
One particular contribution of this study is introducing inventory classification based on
the criticality of items for patient needs which is more suited for health care situations
rather purely cost based policies prevalent in other manufacturing and service chains.
Therefore, this work has rigorously tested a multi-criteria based inventory classification
method that takes into account the criticality of use, cost, and usage value of items for
optimising overall inventory cost while maintaining the required patient care/service
level. Future studies may be conducted to further evaluate the trade-offs in between
different logistics decision making (such as, inventory control, service level,
purchasing, transportation and warehousing) in order to design a set of “best practice”
simulation models to optimise the overall dynamic behaviour for health care supply
chains.
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Chapter One: Introduction

1.1 The Research Issues

This research work investigates the issue of logistics management in health care and
how to effectively manage hospitals logistics systems as an attempt to contain cost
without sacrificing the quality of health care. This research work argues that an
effective management of hospitals logistics systems should be based on a clear
understanding of the interconnectivity in between logistical activities in a hospital
logistics system and which demands trade-offs considerations between various
logistical decisions. This research work argues that this understanding is achieved
through modelling hospitals logistics systems and analysing their dynamic behaviour. In
addition, this research work argues that an effective management of hospital logistics
addresses the conflicting objectives of minimizing logistics-related cost while
simultaneously reducing the incidence of stockouts, especially for critical items.
Therefore, this research work focuses in the assessment of the dynamic behaviour of
health care logistics on two main variables: logistics cost and service level.
Furthermore, this research work investigates a number of strategies to improve the
dynamic behaviour of hospitals logistics systems in terms of performance and cost. As
part of this investigation, this research work assesses the role of inventory classification
when incorporated into the redesigning strategies of health care logistics. This research
work argues that a distinctive feature of health care logistics is the criticality of items
used by hospitals and the life threatening situations that could happen due to the
unavailability of these items. Therefore, this research work studies the impact of using a
multi-criteria inventory classification method that takes into account the criticality, cost,

and usage value of items on logistics cost reduction.

The remaining of this chapter is organised as follows. Section 1.2 presents a brief
background concerning the issues that are raised in this research work and the context
of this research. Section 1.3 discusses the overall aims and objectives of this research
work. The research questions are given in section 1.4. Finally, section 1.5 gives an

overview of the structure of this thesis and section 1.6 summarises this chapter.
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1.2 The Research Background and Context

Offering health care and developing health services are fundamental national duties.
Most of the population in the developed countries are covered against medical cost by
one of the following three models: National Health Service (NHS), Social Insurance
(SI), and Private Insurance (PI). Irrespective of the economic and health care structure,
a major concern with health care is its growing cost. The latest OECD Health data
(2005) shows that the highest health care spending as a percent of gross domestic
product (GDP) between the thirty OECD countries amounts 15 % in the United States
followed by 11.5 % in Switzerland, 11.1 % in Germany, 10.5 % in Iceland, 10.3 % in
Norway, and 10.1 % in France. This rise in the health care expenditure may be
attributed to factors including population aging, population increase, widening range of
treatment available, level of technology used, and intensive labour requirements
(Docteur and Oxley, 2003; Mehrotra et al., 2003). Therefore, providing a high quality
of medical care at a reduced cost has become a top priority for many governments in the

world.

Although personnel, nursing and physician pay is the single largest expense in any
hospital, costs related to inventory, logistics, and administration processes are
nevertheless significant and are steadily rising. In some cases, it is estimated that
approximately 30-40 % of hospital spending is invested in various logistical activities
(Sheyer, 1995; Poulin, 2003). Logistic related costs are often ignored whenever
governments or other organizations examine the economics of health care service
delivery. Rather than introducing efficiencies in logistics and supply processes, health
care service providers usually look at cutting suppliers’ margins or reducing the price of

standard medical products whenever faced with budget cuts.

In recent years, the health care industry began to realise that health care strategies
should be directed toward identifying the logistics solutions that will lead to increase in
overall customer service levels and reductions in total health care cost. Therefore, more

interest should be directed to investigating logistics in health care.
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Although, there is an established work in the literature that has provided insights
concerning health care logistics, the focus of these studies was directed toward
qualitative process improvements. There are few studies that have quantitatively
analysed problems associated with logistical activities within the context of health care,
and most of which have focused on only one particular logistical activity, mainly
inventory control. Therefore, one can argue that considering the effect of the
interrelated decisions that are applied for managing the logistics system within the
context of health care and understanding the dynamic nature of health care logistics to
aid in the whole logistics system design are still to be explored. In this research work,
the modelling and analysis of health care logistics are expected to be more useful to this
context. Since the health care industry started to realise the important role logistics
management can play to contain cost without sacrificing the quality of health care, the
assessment of the dynamic behaviour of health care logistics in terms of performance

and cost increases the importance of this research work to this context.

Moreover, the distinctive feature of health care logistics concerning the criticality of
items and the life threatening situations that could happen due to the unavailability of
these items may require different redesigning strategies than those used to improve the
dynamic behaviour of other industries logistics systems. Therefore, investigating
redesigning strategies that takes into consideration the criticality of items adds to the

importance of this research work to this context.

1.3 Aims and Objectives

The overall aim of this research work is to understand the dynamic behaviour of health
care logistics systems to effectively manage their logistical activities. Among the
objectives of this research work is first to provide a structured mechanism for modelling
and analysing health care logistics to be able to understand its dynamic behaviour and
effectively manage its logistical activities on the basis of the model. The second
objective of this research work is the application of modelling system dynamics for
health care logistics that incorporates service and cost dimensions. This research work
will focus in the assessment of the dynamic behaviour of health care logistics on two
main variables: logistics cost and service level. The third objective is redesigning health

care logistics to improve its dynamic behaviour in terms of performance and cost,
3
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taking into consideration the distinctive feature of health care logistics concerning the
criticality of items. The attainment of these objectives will enable the achievement of

the overall aim of this research work.

1.4 Research Questions

From the literature review, it was apparent that there is a gap in understanding the
dynamic nature of health care logistics systems as a comprehensive whole and in
considering the effect of the interrelated decisions that are applied for managing
logistics systems in health care, which formed the overall aim of this research work and
its main question. To enable the achievement of this aim, the following research
questions were developed based on a comprehensive and critical review of the available

literature:

e Is the integrated system dynamics framework for supply chain design applicable

in the health care industry?

e Does the integrated system dynamics framework provide a structured
mechanism for analysing and modelling health care logistics systems and their

dynamic behaviour?

e Does the analysis and evaluation of the effects of the different logistics decisions
on the dynamic behaviour of health care logistics reveal any problematic

behaviour?

e How to quantify in terms of cost the relative improvements of redesign

strategies in health care logistics?

e What is the role of inventory classification when incorporated into the

redesigning strategies of health care logistics?
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e What is the impact of using a multi-criteria inventory classification method that
takes into account the criticality, cost, and usage value of items on logistics cost

reduction?

1.5 Structure of the Thesis

The rest of the thesis is organised in four chapters. The main aim of Chapter Two is to
review the available literature to identify existing gaps in the body of knowledge
developed during previous work and then to develop, based on these gaps, the research

questions that specify exactly what is going to be investigated in this research work.

The main aim of Chapter Three is to explain how to develop conceptual and
quantitative models of hospitals logistics systems using System Dynamics
methodology. This chapter first explains the development of a general conceptual model
of a hospital logistics system. Then, this chapter describes the conceptual model
development, simulation model development and dynamic analysis of two specific
hospital logistics systems: one using a traditional (R, s, S) inventory control approach

and the other using continuous replenishment (CR).

The main aim of Chapter Four is to answer the research questions through conducting
two case studies. This chapter begins by discussing the research methods. This is
followed by demonstrating the implementation of the various stages of an integrated
system dynamics framework proposed to be used for logistics system redesign of two
case hospitals: Children’s National Medical Center (CNMC) in the United States of
America (USA), and Derbyshire Royal Infirmary (DRI) in the United Kingdom (UK).
This chapter concludes with a discussion of how, through conducting the two case
studies in this chapter, this author answered the research questions that were developed

in Chapter Two.

The main aim of Chapter Five is to identify the main contribution of this research work
to the body of knowledge. This chapter also evaluates the research methodology and
highlights the main limitations of this research work. The chapter ends by giving

suggestions for future research.
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1.6 Summary

This chapter began by discussing the issues that are raised and investigated in this
research work. This was followed by presenting a brief background concerning these
issues and the context of this research work. This chapter then provided the overall aim
and objectives of this research work as well as the research questions. This chapter

concluded by giving an organisation structure for the rest of the thesis.
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Chapter Two: Literature Review

2.1 Introduction

This chapter first gives an overview of the relevant literature on logistics and supply
chain management and then —more specifically- on health care logistics to identify its
main characteristics and features and what is distinctive about it. This chapter then
provides a comprehensive and critical review of the available literature on modelling
health care logistics to identify existing gaps that will provide an overall aim for this
research work. This is followed by a critical review of the different modelling
techniques that have been used to analyse problems associated with logistical activities
to choose the appropriate approach that is useful for solving the main question of this
research work. A brief discussion of the chosen approach is then provided, followed by
a critical review of the literature on the role of using this approach in the field of
logistics management. The research questions that specify exactly what is going to be
investigated in this research work are developed in this chapter based on the identified

gaps in the literature.

A

2.2 Logistics and Supply Chain Management

The term supply chain management (SCM) was originally introduced in the early
1980’s (Oliver and Webber, 1992), and since then it has received ever-growing interest
both from academics and practitioners. Several definitions of SCM have been offered in
the literature. For example, Stevens (1989) describes a supply chain as a system whose
constituent parts include material suppliers, production facilities, distribution services,
and customers linkea together via the feed forward flow of materials and the feedback
flow of information as shown in Figure 2.1. According to Stevens (1990) SCM controls
the flow of material from suppliers, through the value adding processes and distribution

channels, to customers.




ity el Al WrE RS R W S R

Material »|  Production o] Distribution »| Customers
suppliers  {€------- facilities € ------ services ===

—>» Material flow

€--------- Information flow

Figure 2.1: A typical supply chain

Over the last two decades, a number of related fields have contributed to the explosion
of SCM literature (Chen and Paulraj, 2004) such as purchasing and supply, logistics and
transportation, operations management, marketing, organizational theory, management
information systems, and strategic management. Bechtel and Jayaram (1997) and Otto
and Kotzab (2003) provided an extensive retrospective review of the literature and
research on SCM. According to Gunasekaran (2004), there is a gap that exists between
practice and theory, which needs to be addressed with a view to enhancing the
application of SCM in real life environments and through further theoretical
developments in the field. He argues that there are only a limited number of models and
application frameworks that are available in the literature to give a comprehensive

analysis of an integrated SCM system.

According to Lambert (2004) there is a great deal of confusion regarding exactly what
supply chain management involves and that many use supply chain management as a
synonym for logistics. In order to develop a common view of the field, the Global
Supply Chain Forum was established. The forum is a group of non-competing firms and

academic researchers who, working together, developed the following definition of
SCM:

Supply Chain Management is the integration of key business processes from end
user through original suppliers that provides products, services, and

information that add value for customers and other stakeholders.
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In October 1998, the Council of Logistics Management (CLM) has announced a
modified definition of logistics based on the understanding of SCM that has been re-
conceptualised from integrating logistics across the supply chain to integrating and
managing key business processes across the supply chain. The CLM defines logistics

as:

Logistics is that part of the supply chain process that plans, implements, and
controls the efficient, effective flow and storage of goods, services, and related
information from the point-of-origin to the point-of-consumption in order to

meet customers’ requirements.

This author agrees with the above distinction between logistics and SCM, and considers
that SCM embraces all business processes —not just logistics- cutting across all
organisations within the supply chain. From that understanding, in this research work,
this author will focus on logistics as part of SCM, specifically, on analysing and

managing hospitals logistics systems.

Each echelon in the supply chain has its own logistics system. Each logistics system is
associated with its own logistics activities. A comprehensive list of these activities is
provided by Coyle et al. (1996) as shown in Table 2.1. However, each echelon may not
place responsibility for all of these activities within their logistics system. For example,
this research, with case studies included in the thesis, suggests that hospitals usually do
not include production planning in their logistics systems. However, production

planning is one of the main logistics activities for product manufacturers.

Table 2.1: Logistics activities

e Traffic and Transportation e Production planning

e Warehouse and storage e Purchasing

e Industrial packaging e Customer service levels

e Materials handling e Plant and warehouse site location
e Inventory control e Return goods handling

e Order fulfilment e Parts and service support

[ ] [ ]

Demand forecasting Salvage and scrap disposal

Source: Coyle et al. (1996)
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Each of the indicated logistics activities demands some kind of decision making. For
example, decisions related to warehousing (Ballou, 1992; Bowersox and Closs, 1996)
include: how many warehouses, where to locate the warehouse, what size the
warehouse should be, and so on. Such decision making has pros and cons. For example,
a faster transport system would permit the holding of lower inventories and use less
warehousing space. Also, the interconnectivity in between logistics systems demands
that the decision maker evaluates various economic trade-offs. For example, adding a
warehouse means adding related fixed and variable costs. However, this may reduce the

overall transportation cost.

Logistics also has important relationships with other operational systems such as:
manufacturing, marketing, finance, and other key business processes. In the case of
marketing, logistics must ensure that the customers requirements as identified by the
marketing system are available when and where desired by customers. Similarly, with
regards to manufacturing, a long production run means more products, therefore

requiring larger warehouse space to maintain a high level of inventory.
In summary, in any supply chain, interrelationships exist between:

e Different echelons within the supply chain.
e Sub-systems in each echelon.

o Different logistics activities.

Therefore, to optimize costs in supply chains, the following optimisation and trade-offs

need to be considered:

a) the cost of each logistics activity individually; and/or
b) the trade-off between various logistics activities; and/or
c) the trade-off between sub-systems; and/or

d) the trade-off between different echelons in a supply chain.

In practice, these trade-offs are driven by the overall supply chain as well as business
strategy. Therefore, this author would like to define supply chain management (SCM)

as follows:

10
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Supply chain management is about managing and coordinating all trade-off
relationships that could exist in a supply chain in a way that optimises the

overall supply chain cost while maintaining a high customer service level.

2.3 Health Care Logistics

The research in this thesis represents the view that a typical health care supply chain
consists of three echelons: health care provider, distributor, and product manufacturer,
which are linked together via information, material, and cash flows as shown in Figure
2.2. Information and cash would flow in both directions, whereas, materials would
usually flow in one direction —except in the case of reverse logistics'. As shown in
Figure 2.2, the health care provider orders its supplies —medical and non-medical
products- either directly from product manufacturers, or from distributors who in turn

order their supplies from product manufacturers.

Product >
manufacturer |[€------- > Distributor
4_ ........ ’
Health care
provider
<. ____________________________________
Product e e
manufacturer

—————» Material flow
<------- » Information flow

- » Cash flow

Figure 2.2: A typical health care supply chain

! The concept of reverse logistics in health care is concerned with the recycling of pharmaceutical stock
for later re-use (Ritchie ef al., 2000). Reverse logistics will not be included in the scope of this research
work.

11
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Based on the literature review of logistics systems that is discussed briefly in section
2.2, a holistic view of a health care supply chain was drawn as illustrated in Figure 2.3,
showing interrelationships between different echelons within the supply chain, sub-

systems in each echelon, and different logistics activities.

A literature review of health care supply chains revealed that they are complex supply
chains due to the wide product range, the criticality of and the perceived need to supply
very high level of services for most items, and the high value of products involved
(Beier, 1995). The wide variability in product ranges is often the result of too much
differentiation among the available products. This usually tends to occur due to the
subjective decision making of persons involved (e.g. physicians who have significant
technical knowledge of what the products are supposed to do) (Neumann, 2003). In
many industries, fluctuations in demand can be linked to specific factors that can be
controlled to some extent. However, health care organisations have very little control
over the demand for supplies (Smith, 1999). In this author’s view, this is due to the fact
that the health care industry is unique in terms of the large volume of diverse support

services required to deliver the end product which is patient care.

Like its counterparts, the health care industry is beginning to look into effective supply
chain management (SCM) as an answer to its quest for reducing costs. Hospitals are
taking advantage of the latest tools available on the market including: implementation
of the Universal Product Number (UPN) (DeJohn, 1997), bar coding (Moynihan, 1998),
automated data capture and electronic data interchange (EDI) (Moynihan, 1997).

There have been some global initiatives to enhance the benefits of SCM, for example,
Efficient Healthcare Consumer Response (EHCR). In 1996, the EHCR initiative was
launched by a consortium of health care industry associations and health care supply
chain participants in response to intensifying pressure to reduce health care costs while
enhancing the quality and efficiency of care (CSC, 1996). The goal of EHCR is to
streamline the health care products supply chain by improving efficiency and
eliminating waste at every step of the chain. EHCR has three foundation strategies that
are based upon: efficient product movement, efficient order management and efficient
information sharing. The key enablers of these strategies are product identification

through bar coding, continuous replenishment, and activity based costing.

12
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In health care, usually the management of logistics activities within hospitals is
discussed under the broad heading of materials management. One of the classical
definitions of materials management in hospitals comes from Arnold Reisman (1981,

p432) who defines it as:

A term used to describe the grouping of management functions related to the
complete cycle of material flow, from the requisitioning, purchase, and internal
control of materials; to the planning and control of work in process; to the

warehousing, shipping, distribution, and / or disposal after use of a product.

The logistics department — also named as the materials management department or the
supply department — is the focal point of a hospital’s logistics activities. It has direct
responsibility for managing the functions of purchasing, inventory control,

warehousing, and transportation (Henning, 1986; Scheyer, 1995; Poulin, 2003).

In recent years, health care strategies are directed toward identifying the logistics
solutions that will lead to increases in overall customer service levels and reductions in
total health care cost. This led to the application of time-based logistics strategies
including: just-in-time (JIT) (North, 1994; Heinbuch, 1995; Whitson, 1997), stockless
inventory (Wilson ef al., 1992; Rivard-Royer et al., 2002), vendor-managed inventory
(Haavik, 2000), third-party logistics (Kontzer, 2003), time-phased order points
(Spedding, 1998), reverse logistics (Ritchie et al., 2000), and efficient healthcare
consumer response (EHCR) (CSC, 1996). All of these time-based logistics strategies
which Kotzab (1999) refers to as IT-driven logistics strategies employing EDI, barcode
and scanning technology are pursuing the following objectives (La Londe and Masters,
1994; Aptel and Pourjalali, 2001):

a) Reduction of cycle time.
b) Reduction of inventories.
¢) Avoiding duplications of logistics costs.

d) Increasing customer service.

In this author’s view, in a hospital setting, these objectives lead to conflicts within
concerned parties. Health providers (e.g. physicians, nurses, and laboratory technicians)

are generally quite intolerant of shortages or stockouts, however, they are relatively less

14
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sensitive to costs. Whereas, hospital administrators are concerned with decreasing the

total cost, while increasing hospital service level.

There are a variety of ways by which hospital service level is measured (Morey et al.,
1994; Huarng and Lee, 1996; Pina and Torres, 1996; Mittler, 1998). These measures are

a reflection of how hospitals insure for each patient the availability of:

a) Excellent medical and nursing staff.
b) High standard medical technology.
¢) Short queues and waiting time.

d) High hotel services.

e) Availability of medical and non-medical products.

This research work is concerned exclusively with the availability of medical and non-
medical products. However, there are implied benefits of this associated with short

queues and waiting time and high hotel services.

Based on the literature review, the following points summarise the main characteristics

and features of health care logistics:

I. Hospitals generally think of their offerings as services rather than products. The

core service is inpatient care.

II. Hospitals when providing their main product — inpatient care — need tangible

medical and non-medical products.

[II. Hospitals maintain a large number of different products. This wide variability of
product types is caused by the diverse health services the hospital offers to

patients and the role of physicians in choosing these products.

IV. The large diversity of patients’ needs, combined with the physicians’ preferences
of the way to treat their patients makes the demand for products unpredictable

and uncontrollable.

15
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V. In hospitals, products are ranged between high-critical to low-critical item. High-
critical items are either essential for the work carried out and/or have no
immediate alternative. While, medium-critical items are important for the work,
but may have acceptable alternatives, or other sizes may be used in the event of
stock-out. Low-critical items are unlikely to affect the well being of patients

other than causing minor inconvenience.
VI. The unavailability of critical items could lead to life threatening situations.

VII. Although critical items constitute a small number of items, the majority of the
total inventory investment is in critical items (around 60%) (Nicholson et al.,
2004). This is because critical items are usually extremely expensive, have a

short shelf-life, and/or require expensive storage facilities on site.

Other industries logistics systems may have the same above characteristics and features
of health care logistics, except for one. The criticality of certain items used by hospitals
and the life threatening situations that could happen due to the unavailability of these
items is a distinctive feature of health care logistics. This feature is what makes health
care logistics distinct and different from other industries logistics systems. Therefore,
this feature will be one of the main concerns of this research work when modelling and

analysing health care logistics systems.

2.4 Modelling Health Care Logistics

Most of the research in the health care industry has been directed toward qualitative
process improvements (Jarrett, 1998). There are only a few examples that quantitatively
analyse problems associated with logistical activities in health care. Kapur and Moberg
(1987) modified a traditional EOQ model, to manipulate yearly inventory turns and
generate optimal space requirements for the stores operations at Georgetown University
Hospital. The advantage of the results of their study is that a material management
system can be conﬁgured for acceptable yearly turns such that space requirements can

be reduced.
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Beier (1995), applied an economic order quantity (EOQ) analysis to questionnaire data
in order to draw a comparison with current inventory management practices in hospital
pharmacies. The results of the comparison suggest that the average pharmacy has the
potential for savings in inventory related costs. However, Beier assumes too much
homogeneity in the inventory items analysed. The application of an EOQ model over a

broad spectrum of inventory items can be questioned.

Dellaert and Poel (1996), suggested an inventory control model by extending an EOQ
model to a so-called (R,s,c,S) model, in which the values of the control parameters s, c,
and S are determined in a very intuitive way. They compared various cost components
and service levels through a simulation study. The comparison showed a decrease in the
cost in combination with an increase in the service rate for the proposed new rule. They
also showed that the performance of the new rule was comparable to that of a rule in

which the control parameters were determined in a more sophisticated way.

Banerjea-Brodeur ef al. (1998) presented an application of a routing model. Their study
aimed at improving the linen delivery operations in a hospital by reassessing the
quantities of linen to be delivered and by redesigning the delivery schedule using a tabu

search heuristic algorithm.

In a more recent study, Nicholson et al. (2004) have compared inventory policies,
inventory costs, and service levels in an in-house three-echelon distribution network vs.
an outsourced two-echelon distribution network for non-critical inventory items. They
have found that the recent trend of outsourcing to distribute non-critical medical
supplies directly to the hospital departments using the two-echelon network resulted not
only in inventory cost savings but also did not conipromise the quality of care as

reflected in the service levels.

Most of the studies mentioned above focused on only one particular logistical activity -
inventory control. They addressed some specific scenarios of inventory policies, but
failed to consider explicit interrelations among the hospital logistical activities in an
overall supply chain context. Answers to all questions related to the planning and
control of all logistical activities in a hospital logistics system can not be provided by
inventory control models alone. The interconnectivity in between logistical activities in

a hospital logistics system —as explained in section 2.2 and section 2.3 — demands that
17
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the decision maker considers the trade-offs between various logistical activities.
Therefore, focusing on only one particular logistical activity is too restrictive to be very
useful in understanding the dynamic nature of health care logistics which will help in
-giving a comprehensive treatment to the entire health care logistics system. The
literature review of modelling health care logistics showed that there is a gap in
understanding the dynamic nature of health care logistics systems as a comprehensive
whole and in considering the effect of the interrelated decisions that are applied for
managing logistics systems in health care. This gap has directed the focus of this
research work towards analysing and modelling health care logistics to be able to
understand its dynamic behaviour and effectively manage its logistical activities on the

basis of the model. The main question of this research work is:

How can an understanding of the dynamic behaviour of hospitals logistics systems
through modelling and analysis help hospitals to effectively manage their logistical

activities?

There is an agreement in the literature that an effective management of hospital logistics
addresses the conflicting objectives of minimizing logistics-related cost while
simultaneously reducing the incidence of stock-outs, especially for critical items. In
health care, as explained in section 2.3, the availability of medical and non-medical
products is a measure of hospital service level. Therefore, one of the objectives of this
research work is the application of modelling system dynamics for health care logistics
that incorporates service and cost dimensions. This research work will focus in the
assessment of the dynamic behaviour of health care logistics on two main variables:

logistics cost and service level.

2.5 Quantitative Techniques Used to Analyse Problems

Associated with Logistical Activities

Logistics — not specifically for health care — and issues associated with logistical
activities have received great attention in the literature. The areas of logistics receiving
attention by researchers can be classified as warehousing and facility location, inventory

control, transportation/routing and scheduling, demand forecasting, production
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planning, and logistics systems design. The last of these classifications, which is an
organised attempt to consider the previously mentioned classifications as a
comprehensive whole, is most relevant to the main objective of this research work. The
following is a brief discussion of some examples from the literature for the most
popular quantitative techniques that have been used to analyse problems associated with
logistical activities, including: optimisation models, queuing models, simulation

models, and heuristic models.

e Optimisation models: The Concise Oxford Dictionary of Mathematics defines

optimisation as:

“The process of finding the best possible solution to a problem. In mathematics
this often consists of maximizing or minimizing the value of a certain function,

perhaps subject to given constraints.”

The optimisation models in use today incorporate such techniques as mathematical
programming (linear, integer, dynamic, mixed-integer linear, etc.), enumeration,
sequencing, and the use of calculus (Ballou, 1992). In logistics, optimisation
techniques have been applied to problems associated with facility location,
inventory control, routing, scheduling, and supplier selection. Some examples from
literature are: Ahn et al. (1994) formulated a mathematical model to minimize the
sum of inventory holding costs at the depot and the inventory and transportation
costs in the parts manufacturer on JIT production systems, Speranza and Ukovich
(1994) developed some optimisation models for the minimization of transportation
and inventory costs on single links of logistics networks, Bertazzi and Speranza
(1999) proposed a mixed integer linear programming model to deal with the
problem of minimizing the sum of the inventory and transportation costs in the
multi-product logistics network with one origin, Leung et al. (2002) proposed an
optimisation model which can effectively find an optimal transportation strategy in
terms of optimal delivery routes and optimal vehicle fleet composition, Hwang
(2002) developed a two-step approach of logistics system design which optimises
the performance of logistics system subject to required service levels both in the

number of warehouses/distribution centres and vehicle routing schedule, and
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Fleischmann and Kuik (2003) considered a stochastic inventory model

encompassing random item returns.

Queuing Models: Queuing theory is the branch of operations research concerned
with waiting line (delay/congestion). In logistics, queuing models have been
developed to aid management decisions concerning arrival schedules, speed of
service facilities, the number of facilities and their location (Haley and Krishnan,
1995). Some examples from literature are: Kim and Tang (1997) developed a
queuing model of a pull-based production control system for a single-stage facility,
Elwany and Baddan (1998) modelled the job-shop as a single server queue and
provided a procedure for calculating the sensitivity of the production lead time fo
the average job processing time for a single machine problem under general priority
rule using simulation, and Souza et al. (2001) modelled a production process for

studying the focused factory using multi-class GI/G/c queuing models.

Simulation models: A simulation model creates an approximate (mathematical)
model of some system and runs it for a simulated length of time in an attempt to
predict aspects of the dynamic behaviour of that system. In other words, simulation
models are “what if” tools (Ganeshan and Harrison, 1995) that predict how systems
might behave in the future under assumed conditions. There are many different
simulation techniques, including: stochastic modelling, system dynamics, discrete
simulation, and role-playing games (Sterman, 1991). In logistics, simulation
techniques have been applied to problems associated with demand and sales
planning, inventory planning, distribution and transportation planning, and
production planning and scheduling (Terzi and Cavalieri, 2004), as well as in
logistics systems design (Mentzer and Schuster, 1982). Some examples from
literature are: Alstrom and Madsen (1992) developed a simulation model to simulate
a number of different inventory control systems under different assumptions, Ruiz-
Torres and Tyworth (1997) studied basic scheduling rules and existing
routing/transportation alternatives using a simulation model, Perea et al. (2000)
proposed a framework to model the flow of information and material within the
supply chain and uses them to capture its dynamic behaviour, Persson and Olhager
(2002) evaluated alternative supply chain designs by developing a simulation model

using discrete event simulation techniques, Chen et al. (2002) described an
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application of discrete-event simulation to study logistics activities in a chemical
plant, Lai et al. (2003) built an integrated framework model of JIT and Kanban

using a system dynamics tool.

e Heuristic models: A heuristic model usually do not have a precise mathematical
form but can be a rule of thumb or an educated guess that reduces or limits the
search for solutions in domains that are difficult and poorly understood (Ballou,
1989). In logistics, problems associated with distribution and logistics network
design have been approached by a variety of heuristic methods. The grid technique
is a well-known heuristic approach used to determine a least-cost facility location
for companies with multiple markets and multiple supply points (Coyle et al.,
1996). Some examples from literature are: Kim (1995) developed a heuristic
inventory model for determining the ordering schedule in which the demand rate is
changing linearly with time and the decay is assumed to be a constant rate of the on-
hand inventory, Randhawa and Rai (1995) developed a linear programming
optimisation model to determine production goals in glass fibre manufacturing
industry and then used the output of that model in a heuristic model to incorporated
system-specific constraints in developing processing sequences, Chiu (1995)
constructed a heuristic (R, 7) model to deal with the problem of determining a best
order-up-to-level and review interval policy for a fixed-life perishable product under
the assumption that the lead time is positive, Korupolu et al. (2000) performed an
analysis of a local search heuristic for several NP-hard facility locations problems,
and Levin and Ben-Israel (2004) presented a heuristic method for solving large-

scale multi-facility location problems.

Model-based analysis of logistics systems ranges from specific problem types to overall
system design. According to Slats et al. (1995), most of the logistics models in use are
based on optimisation and simulation. Each of the following authors addresses a
particular approach to logistics modelling and discusses its advantages, disadvantages,
and appropriate applications: Powers (1989) addresses the optimisation modelling
technique, Ballou (1989) addresses the heuristic modelling technique, and Bowersox
and Closs (1989) addresses the simulation modelling technique. Each article is a strong
advocate for that particular approach and compares the three approaches from that

perspective. Also, Sterman (1991) in his article “A4 skeptic’s guide to computer models”
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provides a comprehensive study of the distinction between optimisation and simulation

models in terms of the characteristics and capabilities of the two types of models, their

fundamental assumptions, their advantages and disadvantages, and uses and misuses.

The following limitations of optimisation models and simulation models are

summarised from Sterman’s comparison.

The problems and limitations that many of the optimisation models have can be

summarised as follows:

1.

One of the difficulties with optimisation models is the problem of specifying the

objective function; the goal that the model user is trying to reach.

Linearity is one of the problems that can seriously undermine the verisimilitude
of optimisation models. One of the simplifications that modellers commonly
introduce into their optimisation models is that the relationships in the system
are linear. However, there are techniques available for solving certain non-linear

optimisation problems.

. Another problem in optimisation models is lack of feedback. Some models do

not reflect the fact that complex systems in the real world are highly
interconnected, and having a high degree of feedback among sectors. In theory,
feedback can be incorporated into optimisation models, but the resulting

complexity and non-linearity usually render the problem insoluble.

Another problem is lack of dynamics. Many optimisation models are static.
They determine the optimal solution for a particular moment in time without
regard for how the optimal state is reached or how the system will evolve in the
future. Moreover, delays are a crucial component of the dynamic behaviour of
systems. But — like non-linearity — they are difficult to incorporate into

optimisation models.

The weak points of simulation models can be summarised as follows:

1.

The description of the decision rules is one potential trouble spot in a simulation

model. The model must accurately represent how the actors in the system make
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their decisions, even if these decision rules are less than optimal. Discovering
rules is often difficult and cannot be determined from aggregate statistical data,

but must be investigated first hand.

2. The majority of data are soft variables that are descriptive, qualitative, difficult
to quantify, and has never been recorded. Such information is crucial for

understanding and modelling complex systems.

3. The definition of a reasonable model boundary, choosing which factors to be
exogenous and which to be endogenous, and choosing which feedbacks to be
incorporated into the model are another challenges for the builders of simulation

models.

Each model type -optimisation and simulation- has its positive aspects as well as
limitations, which can make them appropriate to analyse a specific problem and not
“another. What is important in modelling is that the model should be built and designed
for specific purpose, and that purpose should be to solve a particular problem. A clear
purpose allows system-analysts to choose the appropriate type of model that is useful
for solving the problem under construction. Therefore, based on the analysis of the
literature review of the modelling techniques that have been used to anélyse problems
associated with logistical activities, this author found that simulation modelling is the
most appropriate approach for the purpose of understanding the dynamic behaviour of

logistics systems to aid in the whole logistics system design.

To achieve the overall aim of this research work, it is proposed to develop simulation
models of hospitals logistics systems using System Dynamics methodology. This is
because system dynamics deals with the broad behaviour of the system and how it
influences its own evolution into the future which facilitates decision making. System
dynamics can accept the complexity, nonlinearity, and feedback loop structures that are
inherent in systems, and can then interpret the real world into a description that can be
used in subsequent stages as follows: description leads to equations of a model,
simulation to understand dynamic behaviour, evaluation of alternative policies,
education and choice of a better policy, and implementation (Forrester, 1994). The next
section provides information about system dynamics, its definition, and its modelling

process.
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2.6 System Dynamics Methodology

System dynamics is a methodology for studying and managing complex feedback
systems. The methodology of system dynamics was developed in the late 1950s and
early 1960s by Jay Forrester at the Massachusetts Institute of technology’s Sloan School
of Management. It was originally rooted in the management and engineering sciences,
but the span of its application has now grown extensively to encompass other fields.
The System Dynamics Society (2004) — an international, non profit organisation
devoted to encouraging the development and use of systems thinking and system
dynamics around the world — gives a list of fields in which system dynamics has been

applied, including:

e Corporate planning and policy design.

e Public management and policy.

¢ Biological and medical modelling.

¢ Energy and the environment.

e Theory development in the natural and social sciences.
e Dynamic decision making.

e Complex non-linear dynamics.

System dynamics has been used in modelling health care issues. For example Coyle
(1984) has considered the problem of short-stay psychiatric patients using system
dynamics. Gonzalez-Busto and Garcia (1999) and Van Ackere and Smith (1999) have
modelled patients waiting lists. Dangerfield and Roberts (1999) have used system
dynamics to model the epidemiology of AIDS. Wolstenholme et al. (2004) have
developed a model of total patient flow through the UK National Health Service and
used it to test alternative major new structural initiatives for relieving pressure on health
services. To the best of our knowledge, modelling health care logistics using system

dynamics has not previously been done.

Forrester (1961, p13), in his seminal book “Industries Dynamics”, defines system

dynamics as:
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...the investigation of the information-feedback characteristics of systems and

the use of models for the design of improved organisational form and guiding

policy.

While, Wolstenholme (1990, p3) defines system dynamics as:

A rigorous method for qualitative description, exploration and analysis of
complex systems in terms of their processes, information, organisational
boundaries and strategies; which facilitates quantitative simulation modelling

and analysis for the design of system structure and behaviour.

Whereas, Coyle (1996) tries to offer a more complete definition of system dynamics, as

he argues that Forrester does not say what type of models are involved and neither

Forrester’s nor Wolstenholme’s definitions refer to time. Coyle (1996) defines system

dynamics as:

System dynamics deals with the time-dependent behaviour of managed systems
with the aim of describing the system and understanding, through qualitative
and quantitative models, how information feedback governs its behaviour, and
designing robust information feedback structures and control policies through

simulation and optimisation.

This research work depended on two main sources in learning the basic concepts behind

the study of complex systems using system dynamics. The two sources are:

1.

“Road Maps, A Guide to Learning System Dynamics™: 1t is a self-study guide to
learning system dynamics. It is organised as a series of chapters, and is being
developed by the System Dynamics in Education Project at MIT under the

direction of Professor Jay Forrester.

“Introduction to System Dynamics”: It is an online book prepared for the
Department of Energy by Michael J. Radzicki, PhD. Of Sustainable Solutions,
Inc. While the examples are directed to energy policy, anyoné interested in

learning system dynamics will find it valuable.
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Both sources above can be found on the System Dynamics Society website <<

http://www.systemdynamics.org/ >>. However, this research work used other sources

and references to reinforce the knowledge of these concepts. Appendix A provides a
brief discussion of the main concepts of system dynamics. Learning these concepts are
fundamental requirements for the system dynamics modeller before going into the
modelling process. Meadows (1989, p68) summarises these concepts of system

dynamics in one statement as follows:

(System Dynamics) assume that things are interconnected in complex patterns,
that the world is made up of rates, levels and feedback loops, that information
flows are intrinsically different from physical flows, that non-linearities and
delays are important elements in systems, (and) that behaviour arises out of

system structure.

Forrester (1961) gives a clear, step-by-step definition of the process to be followed in
modelling dynamic systems using the system dynamics methodology. However, over
the years different approaches and frameworks for the process of system dynamics
modelling have been proposed in the literature such as those proposed by Richardson
and Pugh (1981), Wolstenholme (1990), Forrester (1994), Coyle (1996), Albin (1997),
Lane and Oliva (1998), and Sterman (2000). Yet, all of these proposed approaches rely
on the basic concepts of system dynamics that were explained above. In most of these
approaches, the system dynamics modelling process involves the identification,
mapping-out, and simulation of a system’s stocks, flows, feedback loops, and non-

linearities.

A review of the system dynamics literature showed that there has been an attempt to
establish a structured approach that can be used to analyse the dynamic behaviour of
supply chains and guide a supply chain redesign. An integrated system dynamics
framework for supply chain design as described by Hafeez et al. (1996) (shown in
Figure 2.4) has been established in which system dynamics modelling, analysis and
simulation aids in the decision making process for logistical control systems. The
framework has been successfully used for modelling and analysing a number of supply
chains, for example in the steel industry by Hafeez et al. (1996), in the electronic

industry by Berry and Naim (1996), and in the medical supplies industry by Evans et al.
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(1998). This author has already conducted some elementary study to determine the
applicability of the framework in the health care industry as her master’s dissertation
(Al-Qatawneh, 1998).

In this research work, the modelling and simulation of the dynamic behaviour of health
care logistics is proposed to be conducted by adopting the integrated system dynamics
framework for supply chain design (shown in Figure 2.4). Accordingly, the following

two research questions were proposed:

o Is the integrated system dynamics framework for supply chain design applicable

in the health care industry?

e Does the integrated system dynamics framework provide a structured
mechanism for analysing and modelling health care logistics systems and their

dynamic behaviour?

2.7 The Role of System Dynamics in Improving Logistics Chain
Dynamics

The fundaments of the research on supply chain behaviour and characteristics were laid
by Forrester (1961) in his seminal work on industrial dynamics. Forrester (1961) first
demonstrated the potentially devastating phenomenon of demand amplification along
the supply chain. He showed, via simulation, that when final customer demand changes
upstream the logistics chain, orders amplify as they are transferred from one echelon to
another, resulting in large demand fluctuations at the beginning of the logistics chain.
Forrester (1961) explains that demand amplification is caused by system structure, and
the delays in decision making concerning information and material flows. His

explanation is known as the Forrester effect.

Forrester’s work was then complemented by John Burbidge (1983) who coined the
“Law of Industrial Dynamics” which states (Towill and Del Vecchio, 1994, p83):
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If demand for products is transmitted along a series of inventories using stock

control ordering, then the demand variation will increase with each transfer.
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Figure 2.4: An integrated system dynamics framework for supply chain design
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Burbidge (1983) explains that demand amplification is caused by the poor practice of
placing orders up the logistics chain in batches. His explanation is known as the
Burbidge effect or order batching. Later on, other researchers such as Houlihan (1987),
Towill (1991), Lee et al. (1997), and Mason-Jones et al. (1997) have further developed
the theory of industrial dynamics.

Demand amplification is considered a main problem of logistics chain dynamics that
may lead to inefficient capacity utilisation, poor product availability, and high stock
levels (Forrester, 1961; Houlihan, 1987; Towill et al., 1992). A review of the available
literature shows that no research has been done to study if demand amplification
phenomenon is present in the health care industry. Based on the identified gap in the

literature, the following research question was formulated:

e Does the analysis and evaluation of the effects of the different logistics decisions
on the dynamic behaviour of health care logistics reveal any problematic

behaviour?

In the literature there are several studies on how best to improve logistics chain
dynamics. Forrester (1961) himself demonstrated how demand amplification could be
reduced by removing the distributor echelon in the simulation. Burbidge (1983) also
suggested some simple strategies for reducing demand amplification including frequent
deliveries and ordering in smaller batch sizes from suppliers (i.e. ordering policies
adjustments). Wikner et al. (1991) show that there are a number of business strategies
for improving logistics chain dynamics, which includes: tuning policy parameters,
reducing time delays, removing a distributor echelon, and integrating information flows
along the supply chain. Although the above guidelines provide guidance for improving
logistics chain dynamics in a given situation, they rarely quantify these improvements
in terms of cost. Therefore, the following research question is proposed to help bridge

this gap:

e How to quantify in terms of cost the relative improvements of redesign

strategies in health care logistics?
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In the literature, most of the redesign strategies suggested to improve logistics chain
dynamics have direct impact on the logistics management objectives of providing good
customer service level (i.e. reducing the incidence of stock-outs to minimum) while
maintaining minimum stock holding requirements. However, in practice, the acceptable
level of customer service in a given situation (measured for example by the number of
stock-out incidents) may differ from item to item. This is especially true in health care
logistics which maintain a large number of different products that are ranged between
high-critical to low-critical items. It is acceptable for low-critical items to encounter
stock-out situations to a certain degree. Whereas, it is not acceptable at all to encounter
stock-out situations for high-critical items since the unavailability of these items could
lead to life threatening situations. Again, the issue of criticality of items used by
hospitals and the life threatening situations that could happen due to the unavailability
of these items is very important to focus on in this research work because this is what

makes health care logistics distinct and different from other industries logistics systems.

Inventory classification has been used for a long time (Coyle ef al., 1996) as a simple
yet very effective technique for stratifying individual items into logical groupings for
management where “generic” control policies are set for each group. The analysis of the
literature showed that most of the studies on improving logistics chain dynamics
assumed that a standardised product unit exists, and that there is gap in considering
inventory classification in the redesigning strategies. Therefore, it is proposed in this
research work to incorporate inventory classification into the redesigning strategies of

health care logistics. Accordingly, the following research question is proposed:

e What is the role of inventory classification when incorporated into the

redesigning strategies of health care logistics?

Inventory classification is discussed in more detail in the next section.

2.8 Inventory classification

Inventory Classification is usually a first step toward efficient inventory management.

The ABC inventory classification method, which groups items based on annual dollar
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usage, is the most frequently used method for item aggregation (Cohen and Ernst,
1988). The ABC approach is based on the fact that a small fraction of items account for
a high percentage of total dollar use, and that these items are classified as Class A and
are given greater management attention (Pinkerton, 1987), whereas, the rest of the items
are classified as Class B and Class C and are given moderate to low attention

respectively.

The ABC inventory classification method has been specifically proposed by researchers
(Reid, 1986; Fernandez, 1987; Reid, 1987) to help hospitals logistics managers to
categorize inventory items so that effective managerial policies and procedures can be
implemented. However, there is one problem in applying this method in hospitals. The
main limitation is that some critical items that may demonstrate low usage value will
not receive priority attention under this method. To overcome this limitation, it is
proposed in this research work to use a multi-criteria approach for classification
purposes that takes into account the criticality, cost, and usage value of the items.

Accordingly, the following research question is formulated:

o What is the impact of using a multi-criteria inventory classification method that
takes into account the criticality, cost, and usage value of items on logistics cost

reduction?

2.9 Summary

The main aim of this chapter is to review the available literature to identify existing
gaps in the body of knowledge developed during previous work and then to develop,
based on these gaps, the research questions that specify exactly what is going to be
investigated in this research work. This chapter first gave an overview of the relevant
literature on logistics and supply chain management and then —more specifically- on
health care logistics. The analysis of the literature review of health care logistics
revealed some of the main characteristics and features of health care logistics and more
importantly its distinctive feature. The criticality of items used by hospitals and the life
threatening situations that could happen due to the unavailability of these items is what

makes health care logistics distinct and different from other industries logistics systems.
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Therefore, this feature will be one of the main concerns of this research work when

modelling and analysing health care logistics systems.

This chapter then provided a comprehensive and critical review of the available
literature on modelling health care logistics which has shown that there is a gap in
understanding the dynamic nature of health care logistics systems as a comprehensive
whole and in considering the effect of the interrelated decisions that are applied for
managing logistics systems in health care. This gap has directed the focus of this
research work towards analysing and modelling health care logistics to be able to
understand its dynamic behaviour and effectively manage its logistical activities on the
basis of the model. Moreover, this research work will focus in the assessment of the
dynamic behaviour of health care logistics on two main variables: logistics cost and

service level.

This was followed by a critical review of the different modelling techniques that have
been used to analyse problems associated with logistical activities, including:
optimisation models, queuing models, simulation models, and heuristic models. Based
on this critical review, it was found that simulation modelling is the most appropriate
approach for the purpose of understanding the dynamic behaviour of logistics systems
to aid in the whole logistics system design. To achieve the overall aim of this research
work, it is proposed to develop simulation models of hospitals logistics systems using

System Dynamics methodology.

A brief discussion of system dynamics, its definition, and its modelling process was
then provided, followed by a critical review of the literature on the role of system
dynamics in improving logistics chain dynamics. Several gaps in the literature were
identified upon which several research questions were proposed. First, it was proposed
to study the presence of any problematic behaviour in health care logistics dynamics
since a review of the available literature showed that no research has been done to study
that in the health care industry. Second, it was proposed to quantify in terms of cost the
relative improvements of redesign strategies in health care logistics since most of the
guidelines that have been provided in the literature for improving logistics chain
dynamics in a given situation rarely quantified these improvements in terms of cost.
Third, it was proposed to incorporate inventory classification into the redesigning

strategies of health care logistics since the analysis of the literature showed that most of
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the studies on improving logistics chain dynamics assumed that a standardised product
unit exists, and that there is gap in considering inventory classification in the

redesigning strategies.

This chapter ended by a critical review of the ABC inventory classification method
which is the most frequently used method for item aggregation. The critical review
revealed a main limitation of using this method in health care which is that some critical
items that may demonstrate low usage value will not receive priority attention under
this method. Since the criticality of items used by hospitals (a distinctive feature of
health care logistics) is the main concern of this research work, it is proposed to use a
multi-criteria inventory classification method that takes into account the criticality, cost,

and usage value of items and study the impact of its use on logistics cost reduction.

The next chapter explains how to develop conceptual and quantitative models of

hospitals logistics systems using System Dynamics methodology.
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Chapter Three: Modelling Health Care Logistics
Using System Dynamics

3.1 Introduction

This chapter first explains the development of a general conceptual model of a hospital
logistics system. Then, this chapter explains how to develop quantitative models of
health care logistics by developing simulation models of two specific hospital logistics
systems: one using a traditional (R, s, S) inventory control approach and the other using
continuous replenishment (CR). The computer simulation models are then subjected to
dynamic analysis to represent the relative time behaviour in order to evaluate the impact

of the inventory control decisions and service level decisions.

3.2 Conceptual Modelling of a Hospital Logistics System

Through the understanding of the literature review of health care logistics in section 2.3,
as well as the understanding of the main concepts of system dynamics explained in
Appendix A, a high level stock-flow diagram for a three-echelon health care supply
chain is developed as shown in Figure 3.1. In system dynamics, stock-flow diagrams are
used as mediums of conceptualization. The stock-flow diagram in Figure 3.1 is drawn
using the ithink Analyst Software (one of the industry standard system dynamics
software). See Appendix B for more information about the ithink Analyst Software —
specially the purpose of the Map/Model level building blocks which are used in

building all stock-flow diagrams in this thesis.

As shown in Figure 3.1, inventories are the “glue” for the individual logistics systems in
the supply chain. The dynamic behaviour of inventories is altered by inflows and
outflows of material. These inflow and outflow rates are controlled via the decision
making at different logistics activities. The trade-off between various logistics decisions

are determined by the overall business strategy for each echelon.
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The salient features of Figure 3.2 are explained as follows':

Consumption of all hospital wards and departments are represented as
Consumption Rate, and all deliveries from distributors are represented as
Distributor Delivery Rate. The Hospital Stock depletes due to Consumption Rate
and experiences an increase due to Distributor Delivery Completion Rate.
Delivering materials from distributor stock to Hospital Stock takes Transit Time.
All materials from distributor to Hospital Stock experience a delay. This pipeline
effect is represented by the stock On Transport from Distributor to Hospital (i.e.
the materials that have been out of distributor stock but not yet received by
Hospital Stock). Transit Time is driven by a combination of Transport Decisions

and Warehousing Decisions.

The hospital Inventory Control Decisions determine how much material the
hospital should order, which in turn determines how much material the
distributor should deliver to Hospital Stock. The ordering process takes Order
Processing Delay Time. There is an information delay between the moment
when the need for materials is realised by the hospital and the moment when this
information is received by the distributor in the form of an order. This is
represented by the stock Order Backlog which is increased by Order Rate and
decreased by Order Completion Rate. Order Processing Delay Time depends on

Purchasing Decisions.

As shown, Inventory Control Decisions, Transportation Decisions,
Warehousing Decisions, Purchasing Decisions, and Service Level Decisions are
interdependent. The trade-off between these logistics decisions is determined by

the Hospital Supply Chain Strategy.

The overall hospital logistics system cost equals the sum of purchasing cost plus
transportation cost plus inventory control cost plus warehousing cost (Rivard-Royer et

al., 2002). Hospital Supply Chain Strategy should allow for trade-offs between

! Throughout this thesis, the names of all variables within stock-flow diagrams —although written in these
diagrams as non-italic- will be written within the text in italic format, so the reader can recognize them
easily.
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inventory control, transportation, warehousing and purchasing with a view to optimising

the overall hospital logistics system cost while maintaining the required service level.

In Figure 3.2, the complete logic of the Inventory Control Decisions, Transportation
Decisions, Warehousing Decisions, Purchasing Decisions, and Service Level Decisions
is not visible as it is embedded within the space-compressed decision-process diamond
(DPD) (see Appendix B for more information about DPD in the ithink Software).
Given the situation, a specific and detailed logic of the logistics decisions can be
constructed according to the operating practices. Such logic can be subsequently
converted into a quantitative model that can be used to study the dynamic behaviour of
the system. The following two sections discuss the common practices in health care for

Service Level Decisions and Inventory Control Decisions.

3.2.1 Hospital service level decisions

As explained in Chapter Two, this research work is concerned with the availability of
medical and non-medical products needed to offer health services for patients. For

hospitals, Service Level Decisions usually entails the following questions:

a) What is the desired service level?
b) How much safety stock is to be kept for each item to maintain the desired

service level?

There are indications that the usual managerial practice, in terms of desired service level
is to treat all items the same. Beier (1995) summarizes the practices that are used in

hospitals to calculate safety stock as follows:

e No policy for determining safety stock.

e Carry safety stock for average usage.

e Carry safety stock for maximum usage.

e Safety stock is a function of vendor deals.

e Safety stock is determined by personal judgment. (Beier (1995) shows in his

study that this practice is the most common one used by hospitals).
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3.2.2 Hospital inventory control decisions

In hospitals, the main Inventory Control Decision involves three fundamental questions
(Reisman, 1981; Scheyer, 1995):

a) How often to review? (the inventory status)
b) When to order?

¢) How much to order?

The answers for the above questions are determined by the inventory control approach

used. There are two inventory control approaches that are usually used by hospitals:

1. Traditional (R, S) and (R, s, S) approaches (Reisman, 1981; Cox and Gibson,
1986; Scheyer, 1995).
2. Continuous replenishment (CR) (CSC, 1996) and (Haavik, 2000).

The decision as to which inventory control approach to use depends on the supply chain
strategy (for example, continuous replenishment (CR) should be used with time-based

logistics strategies such EHCR).

3.3 Quantitative Modelling of a Hospital Logistics System

Although qualitative modelling (as explained in section 3.2) is a valuable device in its
own right for describing and understanding hospitals logistics systems and their
interrelated logistics decisions, yet qualitative modelling lacks the ability to quantify the
effect of the different logistics decisions in terms of time dependent changes in the
related outputs. Therefore, qualitative modelling is followed by quantitative modelling
which adds significant value by enabling comprehensive and more rigorous dynamic
analysis. The qualitative model is usually converted into a quantitative model by
developing relevant mathematical equations. To show how this is done, the rest of
Chapter Three is devoted to developing and analysing quantitative models of two
specific hospital logistics systems: one using a traditional (R, s, S) inventory control

approach and the other using continuous replenishment (CR). The reason for choosing
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to study the effect of using these two specific inventory control approaches on hospital
logistics dynamics is that these two approaches will be used later on in the redesigning

strategies for the two case hospitals in Chapter Four.

3.4 Modelling a Hospital Logistics System that is Using a
Traditional (R, s, S) Inventory Control Approach

The (R, s, S) inventory control approach is one of the most common traditional
approaches that are used by hospitals (Reisman, 1981; Cox and Gibson, 1986; Scheyer,
1995). The subsequent sections describe the conceptual model development, simulation
model development and dynamic analysis of a hospital logistics system that is using this

approach.

3.4.1 Conceptual model of a hospital logistics system that is using a

traditional (R, s, S) inventory control approach

The stock-flow diagram of a hospital logistics system that is using the (R, s, S)
inventory control approach developed by this author is illustrated in Figure 3.3. The

abbreviations R, s, and S in this approach are defined as follows (Blumenfeld, 2001):

e R :review period (time interval between reviews)
e s:reorder level

e S:order-up-to level

Usually, hospitals use par level in lieu of order-up-to level and accordingly name this
approach as periodic review par level system (Nicholson et al., 2004). One of the major
issues in setting par levels for various items in hospitals is that these levels usually tend
to reflect the desired inventory levels of the patient caregivers rather than the actual
inventory levels needed in a department over a certain period (i.e. par levels are

experience-based and politically driven, rather than data-driven) (Prashant, 1991).
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However, in Figure 3.3 the values of R, s, and S are determined algorithmically. Table
3.1 gives a description of the (R, s, S) inventory control approach, describes how the
Inventory Control Decision of (How Often to Review?, When to Order?, and How Much
to Order?) is determined, and lists all variables that are used to determine this decision.
Appendix C provides a full explanation of how the stock-flow diagram (shown in

Figure 3.3) is developed.

The main concept of traditional inventory control approaches is to give optimum
answers for the Inventory Control Decision (How Often to Review?, When to Order?,
and How Much to Order?) based on a trade-off between inventory carrying cost and
ordering cost (Coyle et al., 1996). However, in the case of the (R, s, S) inventory control
approach, joint optimization of the three parameters R, s, and S leads to complicated
mathematics (Silver and Peterson, 1985). Therefore, the equations in Table 3.1 that are
given by Blumenfeld (2001) were developed using a simple heuristic approximation.

These equations give approximate optimum values for the three parameters R, s, and S.

Table 3.1: An explanation of the (R, s, S) inventory control approach

Inventory control approach R, s,95)

Description of the approach Inventory position (items on hand plus items on
order) is reviewed at regular instants, spaced at time
intervals R. At each review, if inventory position is
at level s or below, an order of sufficient quantity is
placed to bring the inventory to a given level S.

Inventory control decision:

e How Often to Review? Inventory status is reviewed at regular instants,
spaced at time intervals R , where

R= |24
DH

An order is placed:
If (inventory position) < s, where

s=D(L+R) + k (L+Ro: + Do’

e When to Order?

where, the value of
( k J(L+Ro} + D’c?)
is usually referred to as safety stock.
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Table 3.1: An explanation of the (R, s, S) inventory control approach (continued)

e How Much to Order?

EOQ =

Order quantity = (S — inventory position), where
S=s + EOQ

24D
H

The economic order quantity (EOQ) is the optimal
quantity to order —under the condition of certainty-
needed to replenish inventory based on a trade-off
between inventory carrying cost and ordering cost.

Variables used in the decision
rule

D = average demand (number of items per
unit time)

o, = standard deviation of demand (item
per unit time)

o} = variance of demand (items” per unit
time)

L = average lead time (units of time)

o, = standard deviation of lead time ( unit
time)

o? = variance of lead time (units of time?)
A = ordering cost ($ per order)

¢ = cost of an item ($ per item)

r = inventory carrying charge (fraction per
unit time)

H = cr = holding cost of an item ($ per item
per unit time)

k = service level factor

Sources: (Silver and Peterson, 1985; Blumenfeld, 2001)

3.4.2 Simulation model and dynamic analysis of a hospital logistics

system that is using a traditional (R, s, S) inventory control

approach

A simulation model of a hospital logistics system that is using the (R, s, S) inventory

control approach is developed by this author using the stock-flow diagram shown in

Figure 3.3. Appendix C provides all the equations that make up the simulation model.
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In developing the simulation model it was observed that the model formulation is robust

by ensuring:

1. Inflows remain non-negative no matter how large the surplus of their stocks
may be.

2. All stocks (conveyors and reservoirs) never fall below zero no matter how
large their outflows maybe.

3. Outflows approach zero when their stocks are depleted.

4. “Real data” that is available to the decision makers is used in the model.

Figure 3.4 shows the dynamic behaviour of a hospital logistics system that is using the
(R, s, S) inventory control approach for an example item. The variables that are used in
the simulation model for the example item are defined in Table 3.2. Figure 3.4 shows
Hospital Stock, Order Up To Level, Reorder Level, Consumption Rate, Order Rate, and
Distributor Delivery Completion Rate.

Table 3.2: Definition of the variables used in the simulation model of the (R, s, S)

inventory control approach for the example item

Variables used in the simulation model | Value
Average Demand 100 item/day
Item Unit Cost 13

Order Processing Delay Time 1 day
Transit Time 3 days

| Standard Deviation of Lead Time

(1/30) * Average Lead Time

Ordering Cost 158%

Inventory Carrying Charge 0.3 /unit time

Standard Deviation of Demand (1/3) * Average Demand
Consumption Rate Normal” (100,0.3)
Service Level Factor 3

Length of simulation 50 days

Dt 0.0625 day

% The NORMAL function generates a series of normatly distributed random numbers with a specified
mean and standard deviation (The ithink and STELLA Technical Documentation, 2002).
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As shown in Figure 3.4, Hospital Stock depletes gradually till it reaches Reorder Level.
At the first Review Time that follows this condition, an order is generated. Therefore, in
the simulation model, Order Rate is a pulse function® of height equals (Q/dt), where Q

is the ordered quantity which is calculated according to the equation in Table 3.1.

After a time (equal to Average Lead Time), Distributor Delivery Completion Rate
exhibits a pulse function of height equals (Q/dt) which causes Hospital Stock to increase
its level by Q. However, because Consumption Rate is a continuous function, that
means that when the ordered quantity entered the Hospital Stock, also a quantity (equal
to Consumption Rate*dt) was taken out of the Hospital Stock. Therefore, Hospital Stock
does not reach Order Up To Level.

The dynamic behaviour generated by the simulation model is representative of the
typical sawtooth pattern (Silver and Peterson, 1985; Blumenfeld, 2001) that is expected

to be generated from the traditional (R, s, S) inventory control approach.

The validated simulation model is subsequently used to study the dynamic behaviour of
a hospital logistics system that is using the (R, s, S) inventory control approach for
various other items. Figure 3.5, Figure 3.6, and Figure 3.7 illustrate the dynamic
behaviour of a hospital logistics system that is using the (R, s, S) inventory control
approach for three different scenarios as summarised in Table 3.3, respectively. Each
Figure shows Hospital Stock, Order Up To Level, Reorder Level, Consumption Rate,
Order Rate, and Distributor Delivery Completion Rate.

* The pulse function has an area of unity; thus an arbitrary pulse input of Q units at time T is
approximated in simulation models by a rectangular pulse with duration equal to simulation time step DT
and a height of Q/DT (Sterman, 2000).
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Table 3.3: Definition of the variables used in the simulation model of the (R, s, S)

inventory control approach for the three test scenarios

Variables used in
the simulation
model

Scenario 1

Scenario 2

Scenario 3

Average Demand 1 100 50

(item/day)

Item Unit Cost ($) | 1 30 2

Order Processing 1 1 0.5

Delay Time (day)

Transit Time (day) |2 1 4

Standard Deviation | (1/30) * Average (1/30) * Average (1/3) * Average
of Lead Time(day) | Lead Time Lead Time Lead Time
Ordering Cost ($) | 15 12 15

Inventory Carrying | 0.3 0.25 0.35

Charge

(fraction/unit time)

Standard Deviation | (1/30) * Average (1/3) * Average (1/3) * Average
of Demand Demand Demand Demand
(item/unit time)

Consumption Rate | 1 100+STEP’(20,25) | Normal(50,16.7)
(item/day)

Service Level 3 3 3

Factor

Length of 365 50 365

simulation (day)

Dt (day) 0.0625 0.0625 0.0625

3 The STEP function (i.e. STEP(<height>,<time>)) generates a one-time step change of specified height,
which occurs at a specified time (The ithink and STELLA Technical Documentation, 2002). Height and
time can be either variable or constant.
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By analysing the dynamic behaviour of the hospital logistics system shown in Figure
3.4 to Figure 3.7, this author concludes that when using the (R, s, S) inventory control
approach the Inventory Control Decisions are non-linear, generating a sequence of order
impulses rather than continuous-time order flows. This non-linearity —as this author
explains- is caused by the conditional statement IF...THEN...ELSE present in the

Inventory Control Decisions.

Moreover, the analysis shows that Order Rate is controlled by what has been consumed
(pull) plus safety stock (push), which confirms that the (R, s, S) inventory control
approach is a hybrid approach that includes elements of pull- and push-based strategies
(Coyle et al., 1996).

The time-based behaviour as illustrated in Figure 3.4 to Figure 3.7 also reveals how the
continuous demand for products (i.e. Consumption Rate) is transmitted to the distributor
(i.e. next echelon in the supply chain) as order pulses known as order batching (Disney
and Towill, 2003). It was Burbidge (1983) who first studied how order batching causes
the problem of demand amplification (i.e. Order Rate has a larger fluctuation than

Consumption Rate) later known as the Burbidge Effect (explained in section 2.7).

Burbidge (1983) suggested some simple strategies for reducing these fluctuations
including frequent deliveries and ordering in smaller batch sizes from suppliers. These
suggestions -as this author proves- are more vividly reproduced using continuous

replenishment (CR) which is discussed in section 3.5.

Although modelling non-linear systems using control theory usually leads to
complicated mathematical models (Edghill and Towill, 1989), Grubbstrom and Wikner
(1996) were able to model non-linear inventory control decisions by developing
differential equations involving Heaviside and Dirac impulse functions. They have
shown that these equations correspond to order policies generating the typical sawtooth
patterns of traditional inventory control approaches. However the system that they have
modelled was limited to one product system only. Also, in their model, they have

assumed that the supply lead time is zero.
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In this research, the computer simulation model of a hospital logistics system that is
using the (R, s, S) inventory control approach developed by this author overcomes the

above shortcomings by having the following added advantages:

e The model is relatively easy to use and understand by end users who are
unfamiliar with mathematical difference and differential equations.

e ltisrelatively easy to change values of variables in this model.

e The model can be easily modified later to include any linear and non-linear

decisions without worrying about how sophisticated the equations will be.

3.5 Modelling a Hospital Logistics System that is Using
Continuous Replenishment (CR) Approach

Continuous replenishment (CR) is a vital tool in the implementation of Efficient
Healthcare Consumer Response (EHCR) strategy (CSC, 1996). It has been defined as
(Vergin and Barr, 1999, p146):

the practice of partnering between distributor channel members that changes
the traditional replenishment process from distributor-generated purchase
orders, based on economic order quantities, to the replenishment of products

based on actual and forecasted product demand.

The main concept of CR —as its name implies- is that order rate is adjusted continuously
based on actual or forecasted demand. However, in practice, the decision rule of CR
took different forms —although based on the same main concept- depending on the
industry. In literature, several studies —most of which are quite recent- have looked into
some of these decision rules of CR in an attempt to develop analytical models of them,
for example by Cachon (1997), Cetinkaya and Lee (2000), Axsiter (2001), Fry et al.
(2001), Raghunathan and Yeh (2001), Dejonckheere et al. (2003).

This research work proposes to study one specific decision rule of CR, which is based

- on the well-studied inventory and order based production control system (IOBPCS).
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The term IOBPCS was coined by Coyle (1977) to represent much of the industrial
practice associated with manual production control systems. Although the IOBPCS
model was developed initially in terms of smoothing factory orders, it can be readily
modified to represent other links in the supply chain (Towill and Del Vecchio, 1994). In
the IOBPCS model, the ordering rule is based upon forecast demand and the difference

between a fixed target level of inventory and the actual level (Towill, 1982).

The CR model that is based on IOBPCS is called throughout this research as
CR(IOBPCS). The following sections describe the conceptual model development,
simulation model development and dynamic analysis of a hospital logistics system

which uses CR(IOBPCS) inventory control approach.

3.5.1 Conceptual model of a hospital logistics system that is using
CR(IOBPCS) inventory control approach

The stock-flow diagram of a hospital logistics system that is using a CR(IOBPCS)
inventory control approach, developed by this author, is illustrated in Figure 3.8. Table
3.4 gives a description of the CR(IOBPCS) inventory control approach, describes how
the Inventory Control Decision of (How Often to Review?, When to Order?, and How
Much to Order?) is determined, and lists all variables that are used to determine this
decision. Appendix D provides a full explanation of how the stock-flow diagram

(shown in Figure 3.8) is developed.

However, there is a difference between the CR(IOBPCS) model (in Figure 3.8) and the
IOBPCS model developed by Towill (1982), which is how the delay in the system is
represented. Towill (1982) represents the production delay as a first order delay. Yet, in
the CR(IOBPCS) model in Figure 3.8, this author suggests that transportation/delivery
delay is better represented as a pipeline delay. The reason is that pipeline delays
preserve the order of entry to a delay so the output is exactly the same as the input, but
shifted by the time delay, and also assume no mixing of the contents of the stock in

transit at all (Sterman, 2000).
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Table 3.4: An explanation of the CR(IOBPCS) inventory control approach

Inventory control approach

CR(IOBPCS)

Description of the approach

Order rate is adjusted continuously at each period
t and is equal to the sum of forecasted demand and
a fraction (1/7;) of the stock discrepancy.

Inventory control decision:
e How Often to Review?
e  When to Order?

e  How Much to Order?

At each period ¢
At each period ¢

Order quantity at time ¢ = O, , where

0, = AVCON! +i(TL —-AL))
T.

TL =kD

(Ta/ Tp) and (T; / T,) are design parameters which
are chosen to give acceptable system
performance.

Variables used in the decision rule

e AVCON' : average consumption at time ¢
which is the demand forecast using simple
exponential smoothing with parameter 7,
(items per unit time)

e T, :demand averaging time constant.

e TL : target level (items) (which is

considered as safety stock)

e D :average demand (number of items per
unit time)

e k=service level factor

e AL, : actual level at time # (items)

e T;: inverse of inventory based production

control law gain.
e T,: average lead time (units of time)

Source: (Towill, 1982)
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The main concept of the CR(IOBPCS) inventory control approach is to optimise the
Inventory Control Decision (How Often to Review?, When to Order?, and How Much to
Order?) by choosing the appropriate values for the design parameters (7, / Tp,) and (T;/
T,) based on a trade-off between stock fluctuation and order rate variations (i.e.
generating smooth ordering patterns while minimising inventory deviations from target

level). The design parameters T, T; and T, are defined as follows:

e T,:time to average consumption
e T;:time to adjust inventory

¢ T, actual pipeline lead-time

By using classical control theory techniques, Towill (1982) and (1984) has highlighted
that (7, / T,) =2 and (T; / T,) = 1 are good design parameters for the IOBPCS model
(with first order production delay). However, this author has found that (7, / Tp,) =1 and
(T;/ Tp) = 3 are good design parameters for the CR(IOBPCS) model in Figure 3.8 (with
pipeline delays). Appendix E explains the criterion employed to come up with the
optimum values for (7, / T,) and (7;/ Tp).

In order to quantify system behaviour in the CR(IOBPCS) model in terms of money,
stock fluctuation is interpreted as inventory carrying cost and shortage cost
(Dejonckheere et al., 2003), while order rate variation is interpreted as transportation
cost (Disney et al., 2003). Therefore, in the CR(IOBPCS) model, a trade-off is made
between minimising inventory carrying cost and shortage cost on the one hand and

transportation costs on the other.

3.5.2 Simulation model and dynamic analysis of a hospital logistics
system that is using CR(IOBPCS) inventory control approach

A simulation model of a hospital logistics system that is using the CR(IOBPCS)
inventory control approach is developed by this author using the stock-flow diagram
shown in Figure 3.8 (where (7, / T,) =1 and (T;/ T,) = 3)). Appendix D provides all the
equations that make up the simulation model. As with the (R, s, S) inventory control
approach (section 3.4.2), it was observed that the model formulation is robust by

ensuring:
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1. Inflows remain non-negative no matter how large the surplus of their stocks

may be.

2. All stocks (conveyors and reservoirs) never fall below zero no matter how

large their outflows may be.

3. Outflows approach zero when their stocks are depleted.

4. “Real data” that is available to the decision makers is used in the model.

The simulation model is subsequently subjected to detailed dynamic analysis for

different items and scenarios (see Table 3.5). Figure 3.9, Figure 3.10, and Figure 3.11

show the dynamic behaviour of a hospital logistics system that is using the

CR(IOBPCS) inventory control approach for the three scenarios as summarised in

Table 3.5. Each Figure shows Hospital Stock, Target Level, Consumption Rate, Order

Rate, and Distributor Delivery Completion Rate.

Table 3.5: Definition of the variables used in the simulation model of the

CR(IOBPCS) inventory control approach for the three test scenarios

Variable Scenario 1 Scenario 2 Scenario 3
Consumption Rate | 1 100+STEP(20,25) NORMAL(50,1.67)
(item/day)

Average Demand 1 100 50

(items)

Transit Time (days) | 2 1 4

Service Level 1 1 1

Factor

(T./ Ty 1 1 1

(T:/ Ty 3 3 3

Length of 365 50 365
simulation (days)

Dt (day) 1 1 1
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