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Abstract

Simulation is considered to be amethod to improve
planning and control efficiency in the field tfgistics. In

our view no existing simulation tool meets thasic

requirementssufficiently. We thereforedeveloped a new
simulator with the following characteristics:

e Simulation principlesGeneralpurposediscrete event
simulator.

« Modeling basis: Metanodel comprisingfew specific
basic elements to based according to avell-defined
syntactical structure.

* Modeling principle: A separation of material flow and
information flow is enforced.Logically consistentierar-
chical structures are provided.

e Implementation: Realization in ambject-oriented
language (Smalltalk-80)

* Working environment: Highly interactivenodeling

process to beperformed in aman-machine-dialogue.
Flexible visualization of the simulatiomodel and the

simulation results are provided.

A brief summary of ourexperiences insimulation is
given. Of ourapproach to develop adequatesimulator,
we describesome basic elements as well as @pecific
application.

1. Introduction

Mastering the complexity darge dynamicsystems is a
major challenge irthe management of today's economy.
Generally simulation is considered as apromising
approach tamprove planningand to control efficiency.
But, in spite of single successful examplesulation is
not yet the state of the afor the planningand control
task. The mairreason isstill the cost-efficiency relation
for simulation projects which only imare cases proves
favorable.

The tendencyover the last years has been todevelop
simulation tools with increasing specializationgjgecific
application fields. But if the simulation toolare not
explicitly conceived for the problem to be solved -- this is
unfortunately the normal case --, the resalts in general
unsatisfactoryThere is dack of flexibility within these
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tools and the run-timeperformance isoften not accept-
able.

The requirements for asimulation tool depend on the
specific field of application The lattercan be
characterized as follows:

Dynamic aspects inlogistics, e.g., material flow in
production or transportation networks. The analysis is
concentrated othe decision problemsrepresented on an
abstraction level thatdoes not consider a visual
representation of the real process or lay-out details.

For this application we aim tdevelop asimulatorwhich
efficiently supports the modeling tasknd allows a
simulation analysigor a problem dimension relevant in
practice with an attractive run-time performance.

We are not aware of such a simulator, however we found a
number of attractive elements different existing tools

on which we could base our approach. Warthntioning

are the simple abstract simulation elements of simulation
languages as in SIMANand SLAM or interactive
facilities of a Petri Net Simulator as in PACE [4], [5].

2 . Requirements

The requirements for simulatorenvisaged heréocus on
two major topics:

1. The power ofthem odeling basigo support
the model building process.

2. The quality of theworking environment
on computers which has smhancerogrammingand the
subsequent simulation analysis.

 The modeling basishould comprise of a
formalism providing elements conceived especially for our
problem field. These elementsre to be designed as
simple as possible. The usean either modifitheseele-
ments in their behavior goin them to morecomplex
modules, according to his requirements.

The user should not be limited in hifoice of an
adequateabstraction level. Heven should besnabled to
alter this levelduring the modeling process. £op-down
approachwith a stepwiseincrease indegree ofdetail is
efficiently supported.



» Debugging facilities as a fadetectionandindication
of logical programmingerrors aswell as immediate
visualization of themodel in the programmingprocess
facilitate the modeling task.

e Astothe working environm en tthe
simulator should beconceivedfor a hardwareplatform
equivalent to standard modern work-stations. There, a
highly interactive modeling in a man-machimtalogue
can be established.

e The simulator should belesigned to cope with
system dimensiongelevant tothe often hugeeal world
problems. As to the run-timperformance,the results
should be attainable within a ‘reasonable time'.

* An easy interpretation of the results shouldehabled
through the availability of utilities for statistical
purposes, supported by graphical representation facilities.

3. Experiences with some WidelyUsed
Methods

3.1. Overview

Today's modeling and simulation techniques
-- and the associated tools -- @tédl in a very unsatisfac-
tory intermediate state [11]. The huge numbeawdilable
tools is an indicator, for a not yet established
methodology.

One can se¢he following two maincategories (taking
into account, that not all methodologies fit inthis
scheme):

* General purpose simulators theae based osystems
like GPSS, SLAM, SIMAN and Simscript.

* Module oriented, application specifgimulators like
e.g.: Simple++, Dosimis, Automod Il, STEN)Nndmany
others. The roots of those toase mainly a parametric
system,combinedwith new graphical oriented SWiser-
interface.

The general purpose systems contaidue totheir age —

a huge amount oknowledge inmodelingand develop-
ment of efficient algorithms for the implementation of the
simulator. Due to their SW-technology, they are presently
used less in the academic world.

We summarize the relatidretweenthose twocategories
in the following figure:

Time to develop
the model.

Demo problems| Real world problems

Complexity of the problem

Fig. 1: Development - time versus problem - complexity.

1) Development time with module oriented simulators.

1a) Practical behavior. A largamount of time is
used tdbendthe modules for theeededunctionality.
Real world problems are often not feasible.

1b) The module fits exactly theeeds.This behavior
is seldomly reached.

2) Generalpurpose simulatorgend to have a longer
introduction phase, buare more suitable totackle
large scale problems.

Due to the fact, that enodule orientecgimulator always
lags behind theecentproblems, theendusers inpractice
are facedwith characteristics 1a (aftehey expected to
have bought the powerful tool of characteristics 1b).

Run-time performance:

The typically available computesystem for solving

logistics problems is a higkend PC or aworkstation.

Fig. 1 doesnot make any statement about thm-time

efficiency of the two main classes of simulators.

Even considering the increasipgwer of computers, one
will always be faced with the problem of performance.

3.2. Criteria for judging different approaches

Our judgment isbased onlarge scalesystems like the
entire cargo traffic oBwiss railwayshetwork [12] or the
flow of material and information of three coupledully
automatic factories in the chemical industry.

In such projects one needs flexibility:

1. to find the right level of abstraction (whichmight
change during the life-cycle of the model),

2. toinclude external control systems,
3. to enter original data from MRP systems,

4. to get simulation results fagdne run of significant
length must have a run-time clearly below 30
minutes, otherwise we loose the benefits of repetitive
simulation runs.

To achieve goodesults, it has to be possible perform
many repetitive runs



3.3. General Purpose Simulators
Benefits:

e Elementary medium levekimulation instructions,
without limitations in adaptingthe abstraction level to
the actual problem.

e Through the possibility oincluding proceduralcode
(C, Pascal, .. ) one ignabled toimplement complex
control systemsand procedurefor input and output data
in any format.

« General purpose simulators can adapt their abstraction
level to theneeds otthe userand herewith help tosave
computing power.

e As to run-time, this approach is very efficient
(simulation 50 - 100 times faster than in reality).

Problems:

For the implementation of a model, thigpproach
definitely needsskilled people withexpert knowledge in
computer science. Thanitial learning time cannot be
neglected.

3.4. Module oriented Simulation

Benefits:

e Very short initial learningtime, with immediate
results in the first stage of partial modeling.

* The graphical user interface -- often combimgth an
on-line animation -- is highly motivatingor novice
users.

Problems:

* As the project evolves from thdemo model to the
final model, special unforeseaituations may consume a
huge amount of time (which is the normal situation in
many projects).

* Due to the given set of modules one ftgced to

model in detail,whereas ahigher abstraction level is
indicated. This tends toonsume amnacceptabl@amount

of cpu-time (simulation is slower than realitg)d there-
fore frequent repetitive simulation runsare hardly

possible.

3.5. Petri nets

Our first approach to develop a general purpsisaulator,
was based on the interactive Petri net tool PACE [4], [5]
for modelinglogistics systems in an industriehviron-
ment. Below we shall outline some beneéitel problems
we encountered while using this tool.

Benefits:

e Petri nets [6], [7], [8] provide a sound mathematical
foundation for modeling and simulation.

» The basic semantics of Petri nets is extremely easy to
understand andheir representation as bipartigraphs
leads to anmmediateintuitive understanding ofvhat is
happening on the level of particulandessuch aslaces
and transitions.

Problems:

* Although Petri nethave asimple semantics, it is
not easy to understand a large systepresented iterms

of Petri nets. Two project®) led to the insight that the
abstraction mechanisms provided by hierarchical Petri nets
weretoo weak to represerthe structure of theystems
appropriately.

» "Hierarchical Petri nets" as theyere provided by the
tool allow to represent parts of a large net as a singie
Herewith you get a different view of the net wbbitrary
chosen "black boxes" that do nethave as a place or a
transition of a Petri nedndthereforeget only ameaning

if you know exactly what's happening inside the boxes.
Hence there is no real abstraction mechanism.

e Based orthe wish to get more modelingower by
abstraction,there was arattempt to provide aset of
powerful subnets (modules) that may used tocompose
arbitrary models [9]. Thispproachwas dismissed for the
following reasons:

- The semantics of the new modules asly defined
through their internal structurgdand of course
informally through the names of itaterfacesand its
own name). Thus the behavior ofn@odule cannot
really beunderstoodvithout adetailedknowledge of
its internal structureandtherefore the benefit of the
essentially simple semantics of Petri nets gets lost.

- With the creation of new modules one virtually intro-
duces anew semanticAdditional consistencychecks
on these new modules mdgad to asimulation -
overhead of up to 65% [9].

4 . Our Simulation Concept

4.1. Simulation Methodology

In our context a simulation analysis compriggsblem
solving andmodel development asvo highly correlated
processesTherefore, aniterative developmenprocess
seems to be the moappropriateprocedure. We therefore
propose the following steps:

1. Decomposition of the system into singbeocesses
on an abstraction level as high as possible, wagp that
the relevant features ofhe systemcan berepresented
adequately.

1) Control systenfor HYBRID Il automotiveresearch
platform
2)  Production planning for printed circuit boards



2. Run the simulationand use the results tofind
potentially critical parts of the system, thate not
covered sufficiently by the chosen abstraction level.

3. Refine theprocesses identified istep 2 to amore
detailed abstraction level.

See also [10].

This approach leadsnly to good results if an expert,
familiar with our class of systems is icharge of the
modeling task. He should be able to estimate riwest
relevantsystem parameters. A successful application of
this methodologyrequires ahighly interactive modeling
environment, providing immediatelyinderstandable re-
sults (graphics) in a short time.

4.2. The Meta - Model

The termMeta - Modeldesignates dormalism suitable
for the description of enodelof a real world system.

The use of Petri nets for the descriptenmd simulation of
logistics systems inspired us poovide a modebased on
a sound formal description,omitting the already
mentioneddrawbacks ofPetri nets. The definition of the
basic elements of our metanodel is based onour ex-
periences irthe use of establishesimulation languages
like SIMAN and SLAM.

4.2.1. Design Guidelines

In our approach we tried tomeet the following
requirements:

« The meta - moddhas toprovide asyntacticalstruc-
ture for the description of logistics systems dealwith.
Although thenodes inour net shouldprovide a higher
level of abstraction than placaadtransitions in a Petri
net, the number differenttypes ofnodesshould be as
small as possible. People familiar wifneueingsystems
should be able tanderstandheir meaningintuitively.
The syntax is to becheckedincrementally during the
editing session.

« A simple graphical representation ddll possible
language constructs has to exist.

e« The meta - modeitself shouldprovide hierarchical

structures in the sense that a node of level n + 1 contains

a subnet of level n. Evergodethat doesn't contain a
subnet has alefault behavior. Toencourage atepwise
refinement process, subsequent modificationsraide by
describing its behaviowith a subnedoesnot change its
interfaces. ThdierarchyrelationH means that ifa H b
holds, then the behavior of @mode a depends on the
behavior of a nodb: N designates the set of albdes; $

the set of all nodes on level i.
OaON:abOl§S0Oi>00
(b ON:aHbUOb S 00 < j <i

There is asubset§ (level 0) of the set of alhodes N
such that

DaON:a0S O -(Cb ON:aHb)

The relation H is transitive,irreflexive and anti
symmetric. See also [1], [2].

» Considering that a simulatiomodelmust beable to
reflect the real structure of aystem, it shouldprovide
also anappropriate abstraction fahe edges ofthe net.
Here we distinguish at least two different types of edges in
the netdescribingthe materialand the informationflow
respectively [3].

e The proposed meta - model should provide
mechanisms flexible enough tescribeany real structure

of a queueingsystem in a consistent way. Features to
extendthe functionality of particulanodes are provided.
The syntax of the metamodel shoulchot beaffected by
these extensions. Thiehavioral description on eather
low level of abstractiortould bemade interms of Petri
nets, state machines or any suitable language.

e The information flow has to be separated stri@thm
the material flow. Thisoffers the possibility to run a
model under different control strategies.

4.2.2. Syntactical Structure and Semantics

In the following section, we present a brief description of
the basic elements of the metaneodel followed by a
short formal definition of the syntactical structure (only
the static parts, i.e., withoutesourceallocation). A
complete formal description may bebtainedfrom the
authors.

Every modelwill be represented as directed graph with
three different types of nodes and two types of edges.

We propose the following types of nodes:

» Stations may behierarchical structures ithe sense
mentioned above (gtation may contain a subnetyhich
definesits behavior). They model an arbitrary process.
Everystationhas a default behavior to allowsamulation
run at any timeStationscan always generate, duplicate,
split, modify and remove entities.

* Logic elements These elementsaninspectother
nodes in the net as well as modify their state. Althefse
interactionsare well defined through the definition of
channels enabling informatioexchanges (information
flow). The behavior of thedegic elementsnay bespeci-
fied in a formalism mentioned in the previous section.

e Queues. The queueingrules are configurable either
statically or dynamically through commands received from
connectedogic elementsnentioned above.

One mayconsiderthesenodes as &et of abstractata
types. Their internal behavior could be defined in terms of
an algebraic specification.

Furthermore we have chosen the following types of edges:

« material flow channels allow entities to move
from one node to another along the edge.



e information flow channels allow state
inspection or modificatiofetweenconnectecelements in
a well-defined manner. No movement of entities
allowed over these edges.

is

In addition thereare resources which can beallocated
dynamically. They contain information about their
availability and their behavior.

5. The Implementation

5.1. Object Oriented Approach
We implemented our tool in Smalltalk-80 because:

* Object-Oriented Programming is suitable fl@veloping
simulationsfor all kinds of applicationsusing all kinds
of conceptual frameworks [13].

¢ In an objectoriented environment it is easier to
implement abstract modeling elements'World is
composed of 'objects™ [14].

* The simulation model contains the functional
description of the process to be modeled. It consists of the
main network, subnetand specific resources for the
model. A specialist contains thedescriptions ofeach
type of entity.

* The graphical modetontains information about the
appearance and location of the nodes as well as methods to
manipulate them.Several graphical models can be
superposed on the main network or any of its subnets.

» Views are used to display the graphical models.

For monitoring the simulation, the model and the data can
be managed and visualized in several different ways.

5.3. The Net Elements

We construct our modelsising a network, subnets,
entities and resources.

We implicitly fix the topology of the net as well as the
predecessorsuccessor relationships between the net
elements by defining the flow of materis¢étweenthe net

« The sending of messages to objects corresponds to theelements.

concept of event-oriented simulation.

e Two major demands ofthe user to asimulation
program are the ease inits use and an all-powerful
functionality. With Object-OrientedProgramming it is
possible to aim at both goals.

e In particular we have chos&malltalk-80because of
the very comfortable programming environment.

5.2. Implementation of the Meta - Model

When constructing models we use an interaagraphical
interface, whereelementsare added tothe network by
clicking on icons and dragging them. Connecting &le
mentsdefines amaterial or an information flovbetween
them. When adding a new connection, the progchatks
automatically all syntactic rules, so that the user gets
aware of errors while modeling.

For eactstation a subnet can be defined. It wappear in
a separate window.

We distinguish between functionality and graphical
information by dividing the implementatiormodel into
two levels: the simulation model, with trdata specific
for the simulation, andgraphical modelswith the infor-
mation for displaying the network.

Views / Controllers
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Fig. 2: Implementation model consisting of the simulation model

and three different graphical models GM1, GM2, GM3.

Entities (or tokenspre objects (materials, clientgrders)
which traverse the net. Each movement of an entity in the
net causes a change of its state. These changexanded

in an event list which in turn is executed by Hubeduler.
Entities have system specific attributes, e.g.identifica-
tion, source position, destination position, current
position, arrival time, etc., as well as uskefinedattribu-

tes, e.g., type, occupied resources, expected signal, etc.

Resources are abstract structuséth the ability toauto-
nomouslydecideabout their availability Resourceshave

the following userdefinable attributes: capacityusage
level, maximum and minimum values; as well as system
specific attributes, e.g., whichlgueues contain entities
awaiting allocation, which entities occupy thesource;
locationand reserveflag (in case ofmovableresources).
Allocation and deallocation can be performesing default
mechanisms or user definable subnets.

The blockage of entities in gueuedepends orthe actual
state of the network.

The net elementj@euesstationg andresourcegprovide
an interfaceor datacollection. Wehavedefined aset of
statistic elementsthat may be connected to those
interfaces. Theyangefrom a simple digital oranalog
display up to bargraphs, pie charts, panels toore
sophisticated elements like plots and gant charts.

5.4. The Simulation

The diagram below shows the implicit flow of
information which in return triggers the flow of material.
The standard sequence of evetdscribedhere isinvisible

to the user:

1) Entity e arrives ajueueQ,



2) QueueQ sends a message #tation S; indicating
the arrival of entity e

3) StationS; gives control tdogic element

4) Logic element, checks the relevant system state and
sends a message back gaeue Q; indicating whether
entity e can be forwarded stationS; or not

5) Entity e arrives atstation S;. Logic elementlL,

controls the actions to hgerformed. Ifthe stationhas a
definedsubnet, the entity iforwarded tothe first station
of this subnet.After reachingthe last station of the
subnet the entity returns stationS;

6) Logic element  decideswvhetherentity e should be
disposed of or forwarded to,@r Qs

e
= QO—1s/
=

The network with a subnet, showing the flow of material and
information.

Fig. 3:

6 . Applications:

We carried outhe following project with Alcatel-STR, a
large manufacturing enterprise inthe field of
telecommunications:

The requirementplanning of financialresourceshas to
consider the time dependent variation of tlidmand. The
material flow in production is the basiause ofthis
variation. By simulating this material floandanalyzing
the related flow of financial means, it is possible to
improve this planning process considerably.

Basic data:

e Data of the Production Plannirappd Control System
(PPC). ThisData includesamong others a description of
all products and their components. #ss information is
normally very detailed, its aggregation was necessary.

« Distribution, availability, maximum capacity and
minimum threshold values of all kinds of resources.

Parameters:
e Ordering policy of different raw materials

* Delivery program for each product

¢ Current rate of inflation.

With these parameters, we simulate tliféerent accounts
thus providinginsight into thecash flow within the
enterprise. We furthanvestigate the exploitation of the
available resources and its influence on the cash flow.

By making use of théierarchy concept obur simulator,
we use stepwise refinement to model alegessary details
of the enterprise.

7 . Conclusions

For the simulation of systems in logistics, no existing
simulatorcould meet our basicequirementssufficiently.
HIDES, ourapproach for a new genernalirposediscrete
event simulator in this application field, focuses on:

* a modeling basis with awell-defined syntactical
structure comprising consistent hierarchical model levels,

« a flexibility to integrate any controtonceptusing
Petri nets, state machines or any suitable programming
language,

e agraphical representation of teenulation model by
several different views,

e a highly interactive modeling in aman-machine
dialogue.

An initial version of a prototype of our simulator has
been realized. The first experiences with its application are
promising.
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