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Combined Discrete-Continuous Modeling Methodology
for Supply Chain Simulation

AMZAT, ol &, 20 &"
Seo Jin Kim, Young Hae Lee, Min Kwan Cho

Abstract

Many simulation models have been built to facilitate simulation technique in designing,
. evaluating, and optimizing supply chains. Simulation is preferred to deal with stochastic
natures existing in the supply chain. Moreover simulation has a capability to find local
optimum value within each component through entire supply chain. Most of supply chain
simulation models have been developed on the basis of discrete-event simulation. Since
supply chain systems are neither completely discrete nor continuous, the need of
constructing a model with aspects of both discrete-event and continuous simulation is -
provoked, resulting in a combined discrete-continuous simulation. In this paper, an
architecture of combined modeling for supply chain simulation is proposed, which includes
the equation of continuous portion in supply chain and how these equations are used in
the supply chain simulation models. A simple example of supply chain model dealing with
the strategic level of supply chain presented in this paper shows the possibility and the
prospect of this approach.
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1. INTRODUCTION

Those who research and teach SCM
(Supply Chain Management) agree with that
the concept refers to a set of networked
organizations working together to source,
produce, and distribute products and
services to the customer [15]. SCM is a
new paradigm that maximizes enterprise

profit by efficiently integrating and
managing the flow of material and
information through multiple stages of

manufacturing, transportation, and distribution
until it reaches the customer. That is to
say, SCM can be called strategic planning
to increase efficiency and earnings of
organization by optimized speed and
certainty and maximized value that is added
up by each and every related process (refer
to Figure 1).

Enterprises have researched on how to do
under SCM environment for satisfying
customer’s various needs. But there have
not been good research result, on account of
many uncertainty variables with stochastic

variables with stochastic properties in the
supply chain, therefore these methods are
able to only present optimal values for
partial supply chain. It is impossible to
handle all the supply chain variables
dynamically changed using analytic methods.
Simulation is known as the best efficient
method dealing with stochastic variables
existing within the supply chain. And
simulation is an effective analysis tool for
dynamically changing internal supply chain
variables. Moreover, simulation can work for
the global optimization of planning entire
supply chain with finding local optimum
values within each component.

When a system is designed through
simulation, simulation model is constructed
based on the one of two methods. One is a
discrete event simulation modeling method
and the other is continuous simulation
modeling method. Though product and
information flow can have clearly
continuous factors in supply chain, most
supply chain problems are solved using
discrete-event simulation modeling in the

properties in the supply chain and enormous existing research. In this paper, the

supply chain model scale [9]. Existing combined modeling method consisting of

analytical methods could not treat all discrete and continuous events is proposed.
Planning Procurement anufacture logistics sales
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Figure 1: Concept of supply chain management
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Ingalls discussed about why one would
want to use simulation as the analysis
methodology to evaluate supply chains, and
its advantages and disadvantages against

other analysis methodologies such as
optimization, business scenarios, etc. [9].
Kritchanchail, et al. reviewed the applicability
of both approaches, specifically looking at
discrete event simulation, an event-driven
approach and System Dynamics, a time-
driven approach [l11]. Bernhard, et al
presented a taxonomy of research and
development in System Dynamics modeling
in supply chain management [2].
SCA(Supply Chain
modeling and simulation software tool that
can help companies make strategic business
decisions for the design and operation of
supply chain. It runs on a single platform
and is built upon SIMPROCESS. This
simulator runs discrete-event simulation
using partial modules which are enriched
operations of financial transaction and an
optimization program developed at IBM
Research called the Inventory Optimizer, and
an optimization program, Supply Planning
Optimizer that schedules replenishment
orders or material shipping. But this
simulator cannot be applied to distribution
simulation and web-based simulation
because of built on stand-alone platforms [1].
eSCA is the extended SCA as
client/server structure based on internet
environment. eSCA supported distribution
simulation through synchronous working,
and batch experiments, model catalog for
reusable model and developed supply chain
models. The architecture of eSCA consists
of thin clients, web server and eServer. The
salient features of eSCA are 1) client/server

Analyzer) is a

-based computing model for SCA, 2) a
parallel and distributed simulation environ-
ment, 3) a knowledge-based model catalog
(4].

CSCAT(Compaqg Supply Chain Analysis
Tool) is an ARENA  discrete-event
simulation that allows for the easy

- configuration of a supply chain and the

analysis of dynamics of a supply chain. But
these CSCAT is irrational general supply
chain simulator because it was designed for
Compag’s supply chain network and was
used the module of Compaq’s internal logic [8].

LOGSIM  simulator is a  simulation
analysis tool for managing internal supply
chain network of NOKIA. This simulator
used simulation engine with PROMODEL
and user interface as Visual Basic and
report generator. However this simulator did
not integrate process model and cost model
into simulator [7].

2. SUPPLY CHAIN SIMULATION

The nature of supply chain integration is
a systematic connection between the
internal and external processes of company.
Most strategic decisions for integrating
supply chain are either to modify the supply
chain’s structure, or else to change the
supply chain’s policies. The following four
steps are to help users to decide what
techniques are appropriate for each type of
decision ( refer to Figure 2. ) [6].

Step 1: Network Optimization
The objective of Step 1 is to
arrive at an overall network
structure that is efficient, meets
all current demands. minimizes
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structurally cost based issues, and
supports any other management
constraints. To do this, a linear-
mixed integer programming model
is formulated and solved.

Step 2: Network Simulation

While Step 1 will produce an
‘optimal’ supply chain structure,
it really ignores the issues of
how -the network will actually
behave over time. As a result, it
tells you what supply chain
network design to select, but it
cannot tell you exactly what will
happen when that design is
actually implemented. In order to
predict exactly how a proposed
supply chain design will operate,
the design must be simulated in
Step 2.

Step 3: Analysis & Decision Policy

Policy optimization is a cutting
edge technology that can produce
extremely valuable recommendations
for policy improvement and better

supply chain designs. However,
along with this power, it has
several weaknesses that must be
watched with care. First,
simulation—optimization requires a
complete model with consistent
and accurate input data and costs
Second, because each simulation
run can take several minutes to
complete, a full simulation
optimization will take a lot of
time. This combines with the
third problem, that realistic policy
optimizations can result in
hundreds or even thousands of
decision variables, which must be
manipulated and optimized.

Step 4: Design for Robustness

The objective of this step is to
ensure that the final selection of
the supply chain’s network
structure and policies will operate
well under a wide variety of
situations.

Network
Configuration

jL)

Inventory Optimization
Transport Optimization

Customer demand MO(.iule'
Location Optimization
Associated linkage L)
Aggregated plan Simulation
Assign resource
Supply selection
: L-H Analysis &
Step 1 : Network Optimization Decision
Step 2 : Network Simulation l_) -
Step 3 : Analysis & Decision Policy Design for
Step 4 : Design for Robustness Robustness

Figure 2: Steps for decision on supply chain
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Figure 3. Simulation process for supply chain

Figure 3 illustrates the basis process flow
that is useful for supply chain simulation.
This procedure first reads all data required
by the graphic user interface. This includes
products, market, sales data, and detailed
data on operation of each facility in the
supply chain. And then, customer demand is
calculated through forecasting method based
on historical data. After that, optimization
modules (supplier selection, location,
inventory, transportation etc.) are running
with the configuring and planning parameter
in the database. Through the stages as
mentioned above, a supply chain simulation
process is basically defined.

3. COMBINED SUPPLY CHAIN
SIMULATION MODELING
Required activities of enterprises for
supply chain management can be classified
into three levels, operation level, tactical

level, strategic level as follows [8]:

1) Operation level: This is typically a short
time horizon with a limited scope,
possibly one plant, at part number level.
Resources and demands are fixed or
known. Variance, though critical, can
usually be dealt with an exception.
Traditionally, mathematical optimization
method is used in this level such as
LP(Linear  Programming), IP(Integer
Programming), MIP(Mixed Integer
Programming).

2) Tactical level: In this level, time horizons
are longer, perhaps up to several month
in length. Range of resource is expanded
from a machine to a factory. Interested
field is which products are manufactured
or which factory produces the products,
or which supplier is selected, etc. In this
level, the demand forecast can be simply
a guess. If the demand forecast is a
guess with stochastic characteristics,
simulation is the best choice.

3) Strategic level: Time horizons are even
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longer, up to several years in length at
this level. The strategic plan 1is
developed at an aggregate level, perhaps
at the level of product divisions or
product families. Basically, there are no
fixed resources. Manufacturing sites can
be opened or closed, any capital can be
procured, product deployments are

completely opened, etc. Making decision .

is difficult because customer demands
are very uncertain. Therefore, stochastic
modeling and simulation are needed to
build strategy plan.

Discrete-event simulation concerns the
modeling of a system as it evolves over
time by a representation, n which the state
variables change instantaneously at separate
points in time. However, discrete-event
simulation modeling in supply chain model
methodology gives supply chain analyst
difficulties as follows:

@D Do not reflect the continuous nature of
the process being modeled.

® Do not represent the interaction that
may occur among those components.

® Having complication for more detailed
model.

@ Having too simplicity for small scaled
model.

Combined model is defined as an
integrated model to incorporate both discrete
and continuous variables within the same
model. To model such systems, the system
must represent both the discrete and
continuous components, as well as the
interactions that may occur among those
components. Combined modeling gives
supply chain analyst conveniences as

follows [3]:

(D Explaining the dynamic behavior of an
existing system.

@ Confirming validity of proposed system
modification. '

@ Predicting new types of system behavior.

@ Benchmarking competitive improvement
strategies.

® Checking out of novel adaptive control
systems.

® Convenient to approximate a discretely
changing variable by using continuously
changing variables.

Continuous models are based on a defined
relationship for the state of the system over
time. If the state of the system are denoted
by variable x, then objective is to find a
function f such that

x=f(t,A,x,)
where

t :denote time

A : denote parameters of the model

This relationship is known as a state
equation. In most case, the complex
system’s components aren’t enough insight
to directly develop state equations for
system. However a relationship can be
developed for the rate of change of x with
respect to time, called the derivative of x

In general, a continuous or combined
model contains ore or more state equations
to describe the system state. If the model
contains all state equations, then system
state is known for all time in terms of the
model’s initial conditions and parameter [14].
Continuous model is mainly applied to
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chemical industry. The state of each
process may be presented as the state
function over time, and the change rate of
state is calculated as differentiating the
state function.

Modeling methodology is applied to
designing supply chain, varied with levels
for supply chain management. In operation
level, optimal value is given by the
analytical optimization method. It can be
said that using discrete event simulation is
appropriate choice for the tactical level [9].
Large size simulation model, based on the
entire supply chain, is needed for enterprise
plan in strategic level. If this simulation
model is designed to use the discrete event
modeling, large input data is required and
the continuous nature of supply chain cannot
be reflected. These facts have negative
influence on supply chain modeling. However,
if combined modeling approach is used,
continuous nature of supply chain can be
properly considered in designing supply
chain. _

The actual model of supply chain is large
scale and requires large quantities of input
data. But, if combined modeling appréach is
used, it can represent continuous features,
interactions, flow rate of product and
information in the model simply or more
precisely.

Classifying elements into two groups
(discrete or continuous) depends on the
attributes of element. This proposition is
applied to - classifying supply chain
component (Supplier, Factory, Distributor,
Retailer, Customer, etc.) and connection
between components. Information about
customer order, information flow in each
supply chain component, inventory level in
distributor, each factory for product etc.
are considered as continuous elements.
Transportation is considered as discrete
element in this paper(Refer to Figure 4).

Two interactions are occurred between
discrete and continuous elements in
combined model. The first is the changes
made to the continuous component from
the discrete component. This type
interactions superimposes a discrete jump
on a continuous-change-response variable.
The second type of interaction consists
of changes made to the discrete
component from the continuous component
To model interactions involving changes
to continuous variable from the discrete
component, changing value of the
continuous variable from the discrete
component in the discrete model is
conducted by assigning a value to the
state or derivative variable [14].

Table 1: Modeling method for each level

Level Modeling method Model Detail Model scale
Operation level Mathematical model Very detailed Small
Tactical level | Optimization/discrete event simulation Normal Normal

| Strategic level Combined modeling simulation Simple Very large
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Figure 4: Discrete and continuous portion in supply chain
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4. STRUCTURE OF SUPPLY CHAIN
SIMULATION MODEL

We will concentrate on material flow
from supplier to consumer, and on order
information flow from consumer toward
suppliers. The considered structure of
supply chain is shown in Figure 5. The
purpose of Figure 5 is not to exhibit a
complete representation of all functions, but

rather to describe fundamental activities
such as shipping delay, information delay
between supply chain components. These
activities are controlled and constrained by
the management policies and structure of
supply chain.

The four components - retailer,
distributor, factory, supplier - are treated in
the similar way and their detailed flows are
shown in Figure 6 - 9. Equations are



developed to represent the relationships
between supply chain components. Levels
are represented as variables, which measure
associated quantities in equations. Theses
levels are counted by running simulation
model. For example, in the retailer section,
levels are central to the distribution and
sales task, and exist in the orders,
information, and material flow channels. The

83

levels appear to be
- Backlog of orders received from the
consumer but not yet filled
Inventory of goods in stock.

The major rates of flow that appear to be
pertinent to the objectives will be as
follows:

* Outgoing shipping rate to customer

* Outgoing order rate from retailer to distributor
* Outgoing order rate from distributor to factory
- Outgoing order rate from factory to supplier

- Inventory level at retailer section

- Inventory level at distribution section
- Inventory level at factory section

- Inventory level at supplier section

- Incoming shipping rate of goods from supplier to factory
- Incoming shipping rate of goods from factory to distributor
* Incoming shipping rate of goods from distributor to retailer

® Retailer section

4

Mail dela

Retailer

- —_—

illed order
- M UOR '

1 decision
ORD ;

Customer V¥

[o0R

""""" » information flow
————eeee veoduiet flow

Figure 6: Retailer section

Definition

index

j : former time

k: present time, k = j+1
Given value

Parameter

UOR : unfilled order at retailer (rate)

I AR : actual inventory level at retailer

ORD : order quantity, from Retailer to Distributor

IDR : desired inventory level at retailer (volume)

There are unfilled order rate at a retailer at a point of time k such as
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i i i SOR . +SOR .
UOR, =1~ shipped quantity uptotlmek)=1_( OR; +SQ ,+1)

order quantity up to time k OQR; +OQR

j+1
and inventory level at retailer at Otime k as

_ shipped quantity uptotimek  SOR; + SQOR,
received quantity up totimek ~ ROR; + ROQ

IAR,

j+1

Order quantity from Retailer to Distributor is reflected by inventory optimization module. A
numerical formula is as follows:

ORD, =IDR, —{IARk -(1-UOR, )}, where IAR,, UOR, are in volume.
that is ORD, =IDR, -RQR; -RQR;,,; +OQR,; +OQR,,,

@ Distribution section

A
L Transport dela | Mail delaz I

RQD ]

3 i

Inventory J Order decision

IAD | IDD f--mmmmm-m- » | ODF .

fistributor| ° : '

B o T e b S | _Unfilled order

/" YobD Q

]

------ - information flow

————— product flow

Figure 7: Distributor section

Given value

ID D : desired inventory level at distributor (volume)
Decision variables

UOD: unfilled order at retailer (rate)

I AD: actual inventory level at retailer

ODF: order quantity from distributor to factory

UoD, ,IAD, ,ODF, can be obtained by the same methods in retailer section.
® Factory section
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Figure 8: Factory section

Given value

I D F: desired inventory level at factory (volume)
Constant

LT : manufacturing lead time

MC: manufacturing capacity

Parameter

UOF: unfilled order at factory (rate)

I A F: actual inventory level at factory

OFS: order quantity from factory to supplier
MAQF: manufacturing quantity at factory .
MDT: manufacturing delay time

UOF, ,IAF, can be obtained by the same methods in retailer section. It is decided as

follows:

MQF, if MQF, < MC

MC is manufacturing capaci
MC  if MOF, > MC facturing capacity

MQF k =
Manufacturing quantity is reflected by inventory optimization module. A numerical formula
is as follows:

MQF, = IDF, —{IAFk -(1-vorF, )} where IAF,, UOF, is in volume
and MQF, =OFS,.

It is replenished at present quantity with the difference in quantity, if capacity at the
previous time is less than production quantity. Therefore MQF, is decided as follows:
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MOF IDF, -ROM ; -ROM ;,; +OQF ; + OQF ;,, if MOF; < MC atthe former time
L (Mc if MOF; > MC at the former time

A formula for MDT, is as follows:
ROM ; +ROM ;,,

MDT, =LT(
MQF ; + MQF

j+l

® Supplier section

v A\ 1
) aventor Ssee manufacture
Supplier 1AD | IDD f---------- ¥ MQS ,
1
SQS l_ --------------- o Unfilled order
P vos f
y
------- » information flow OQF

—————— product flow

Figure 9. Supplier section

Given value

ID F: desired inventory level at factory (volume)
‘Constant '

LT : manufacturing lead time

MC: manufacturing capacity

Parameter

UOS: unfilled order at supplier (rate)

I AS: actual inventory level at supplier

MQS: manufacturing quantity at supplier

MDT: Manufacturing delay time

UOS,,IAS,,MQS, can be obtained by the same methods in retailer section. MQS, is decided
as follows:

IDS, -RQS ; -ROS ;,; +O0S ; +OQSj+1l if MOS; s MC atthe former time

MQS, = : .
MC if MOS ; > MC at the former time

A formula for MDT, is as follows:
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MDT, =LT(

ROS; +ROS

MQS ; + MQS

5. CONCLUSION

Most of supply chain simulation models
have been developed using discrete-event
simulation. Since supply chain systems are
neither completely discrete nor continuous,
the need of constructing a model - with
aspects of both  discrete~event and
continuous simulation is provoked.

In this paper, an architecture of combined
modeling for supply chain simulation is
proposed, which includes the equation of
continuous portion in supply chain and how
these equations are used in the supply
chéjn simulation models. And, the simple
experiment is done to show the benefits of
combined modeling, respect to discrete-
event modeling, in supply chain simulation.

For further research, developing the
process for generating graphical output data
such that decision maker can see how the
supply chain acts over time during
simulation. Besides, it is necessary to
develop modeling process in more detailed
way for the specific industry. Combined
simulation modeling helps manages to
observe the supply chain more
macroscopically and to save time in the
execution of supply chain simulation model.

j+1
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