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ABSTRACT

STATE BASED MODELING OF SCHEDULING AGENTS
IN INTELLIGENT MANUFACTURING

In dynamic and stochastic manufacturing environments, a scheduling system
should be able to modify its schedule to adapt to changing situations such as machine
breakdowns, due-date changes, new rush orders, canceled orders and so on. In central-
ized monolithic scheduling systems, dynamic updating may be prohibitive mostly due
to computational constraints in generating new schedules, or due to non-existence of
effective shop floor data monitoring/data collection systems across the organization.
One of the approaches to generate timely scheduling decisions, especially for large scale
problems, is to decompose the problem and distribute responsibility of sub-problems
to various agents. When agents are organized as loosely coupled autonomous schedul-
ing units, it is easier to manage and control the data with respective local availability
constraints, and eventually, faster to respond to system changes. However, distributing
the scheduling problem brings in additional issues such as: choice of the decomposi-
tion methodology (defines the boundaries of independence for the agents); accuracy
and timing of representation of local reality in each agent; scheduling algorithms and
frequency of re-scheduling in each agent; and maybe most importantly, handling mech-
anism for coupling constraints between agents. In this study, we propose a state based
modeling approach to represent the workings of a scheduling agent so that effect of
choices made in distributing the problem in terms of the overall performance of the
scheduling methodology can formally be defined and analyzed. The proposed model
will be a framework to properly identify conditions and timing of possible inconsisten-
cies and inaccuracy, and analyze the effectiveness of various distribution mechanisms

in terms of scheduling performance.



OZET

AKILLI IMALATTAKI CIZELGELEME ARACININ
DURUM TABANLI MODELLEMESI

Dinamik ve stokastik iiretim ortamlarinda, bir cizelgeleme sistemi, olusturdugu
cizelgeyi makina bozulmalari, vade tarihi degisimleri, yeni acil siparisler, feshedilmis
siparisler ve bunun gibi degisikliklere gore uyarlama yetenegine sahip olmalidir. Merkezi
ve tek para cizelgeleme sistemlerinde, dinamik uyarlamalar, yeni cizelgeler tiiretmedeki
hesaplama zorluklar1 veya tiim sirket satinda etkin atdlye veri izleme / veri toplama sis-
temlerinin yoklugu sebebiyle genelde engellenirler. Uygun cizelgeleme kararlar: tiiretmek
icin varolan yaklasimlardan biri, ozellikle genis capli problemler icin, problemi bolmek
ve alt problemlerin sorumlulugunu birkac araca dagitmaktir. Aracilar gevsek bagh
ozerk cizelgeleme birimleri seklinde diizenlendiklerinde, veriyi yerel kullanilirlik kisitlarina
gore yonetmek ve kontrol etmek daha kolaydir, ve nihayet, sistem degisikliklerine
yanit vermek daha hizhidir. Ancak, cizelgeleme probleminin dagitilmas: ilave sorun-
lar arz eder: Bunlar, Parcalama yonteminin secimi (ki bu aracilarin bagimsizliginin
smirlarin belirler); Her aracidaki yerel gercekligin temsilinin dogrulugu ve zamanla-
mas1; Her aracidaki cizelgeleme algoritmasi ve tekrar cizelgeleme sikligi; ve belkide en
onemlisi Aracilar arasindaki baglasim kisitlar: icin c6ziim mekanizmalar: sorunlaridir.
Bu calismada, cizelgeleme aracilarinin calismalarini tasvir edebilmek icin durum tabanh
bir modelleme yaklasimi oneriyoruz, boylece problemin dagitiminda yapilan secimlerin
etkisi, cizelgeleme yonteminin genel basarimina dayali olarak, resmen tanimlanabilecek
ve incelenebilecektir. Onerilen model, olasi tutarsizliklarim ve kusurlarin zamanlamasin
ve kosullarinmi gerektigi gibi teshis etmek icin ve degisik dagitim mekanizmalarinin etk-

ililigini cizelgeleme performansina dayali olarak incelemek icin bir cati olacaktir.
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1. INTRODUCTION

Scheduling is the determination of operation start and completion times on re-
sources in order to achieve some objectives while taking customer requirements and
system constraints into consideration. Scheduling problems are hard to solve theoret-
ically and for most of these problems are NP-complete and it not possible to find the

optimal solution to real life problems in a reasonable amount of time.

Characteristics of today’s manufacturing environment are small to mid-sized pro-
duction batch sizes, short production cycles, high value to customer satisfaction which
means to meet the requirements of tight due dates. Thus timely dispatching of sched-
ules is a challenge in such environments in the face of disruptions, production param-

eters that are prone to variability, and changes in order information.

How scheduling process works is as follows: the production problem in real life is
modeled for the software environment; the related data is collected from the shop floor
and enterprise data stores, then the instances of the problem are represented in this
decision making environment. After the representation of the problem, the appropriate

scheduling algorithm is run. Then available plan is dispatched to the shop floor.

Solution methods for scheduling problem are grouped into two: Optimal Meth-
ods and Heuristic Methods. Branch and Bound, Dynamic Programming, Mathematical
Programming are optimal methods, and they work on small sized problems, so they
are not applicable for most of the production scheduling problems. On the other hand
heuristic methods contain Dispatching Rule Based Methods (such as SPT, EDD, Min-
imum Slack, etc.), Neighborhood Search Methods (such as Simulated Annealing, Ge-
netic Algorithms, TABU Search etc.) and Constraint Programming. Heuristic methods
can be evaluated by determining worst case bound among all instances or by calculat-
ing average deviation from the optimal solution. In general the performance of solution
methods highly depend on structure of the problem and the way the parameters are

defined, i.e. the model built for the problem.



There are also Repair Methods that are called Dynamically Updated Heuristics.
After a schedule is constructed in some way, it is evaluated, and then certain mod-
ifications are made to repair it. Repair methods are very important for production
scheduling in dynamic and stochastic environments, because in scheduling problems,
a little disturbance in the problem instance results large deviations in the solution,
thus modifications or corrections are required. In other words, even slight change of
parameters may cause the solution at hand not to work for the new problem, then
repair methods are applied to adjust the parameters for the current problem. In ap-
plication, one useful approach is to collect data at some moment in time and freeze
it (i.e. a “snapshot” of the data is taken) then the optimal schedule for the data on
hand would be determined and used until the next snapshot is taken (Lawrence and
Sewell, 1997). In particular, dynamically updated heuristic schedules may perform
better than static optimal sequences when uncertainties about the production environ-
ment are introduced into the model (Lawrence and Sewell, 1997). In general, dynamic
and instance dependent corrections may provide a simple dispatching performance al-
gorithm performs well (Kutanoglu and Sabuncuoglu, 2001), since these corrections try

to capture the current situation of the problem.

However, in most of the implementations, dynamic updating can not be performed
due to computational constraints in generating new schedules, or lack of scheduling
knowledge or non-existence of effective shop floor data monitoring/collection systems
(Simsek, 2000). More precisely, in some cases scheduling process takes too much time,
and when the scheduling process of an instance is finished, that instance will probably
be changed and thus, does not exist with the initially given conditions anymore. More-
over, the real world scheduling problems are almost always much complex and uncer-
tain than the models that can be built to represent the problem (Lawrence and Sewell,
1997). When a number of events including machine breakdowns, due-date changes,
new rush orders, canceled orders and so on, introduced to the model, the model gets
complicated. These events necessitate a reasonable modification of the schedule during
the construction of the schedule, so rapid and operative data monitoring/collection

systems are required.



Researchers try to develop effective and more practical scheduling techniques
with less computational requirements for use in production problems. One of the ap-
proaches to generate timely scheduling decisions, especially for large scale problems,
is to decompose the problem and distribute to various servers/agents. This approach
is called distributed scheduling (Oguz, 1996). Multi-agent systems have been studied
for many years and various types of such systems have been developed. Examples
include distributed artificial intelligence (DAI) systems, agent-based manufacturing
system (ABMS) and coordination protocols (Anussornnitisarn and Nof, 2005). Com-
mon concept in these systems is that groups of similar or complimentary agents act
together to solve problems based on their value systems and communication abilities

(Gou et al., 1998).

From the distributed scheduling perspective, scheduling problem is decomposed
into sub-problems; then the responsibility of scheduling decisions is shared by local
decision makers which are called agents. In this study, we assume that scheduling
agents operate as follows: Agents load data or part of the data about the instance
of the problem they solve to their individual domains, then they make scheduling
decisions by their individual computing facilities based on their local information and

local decision-making protocol (scheduling algorithms, and scheduling triggers).

When agents are organized as loosely coupled autonomous scheduling units, it
is easier to manage and control the data and faster to respond the system changes.
Thereby a very complex scheduling problem can be reduced to some tractable cases
where exact or approximate algorithms can be applied for their efficient solution(Simsek,
2000); whereas it can be difficult with a centralized scheduling approach to achieve ob-
jectives in highly dynamic systems due to computational constraints in generating new

schedules.

In dynamic problems for reactive scheduling the main issue is to determine “when
to schedule/reschedule”, however, application of a distributed scheduling approach to
the problem brings in additional complexity because the system is not purely separable.

More precisely coupling constraints in the face of decomposition bring additional issues



to be resolved. The first one is “how to decompose”. There are various methods for
the decomposition of the production problem. Some of them propose machine based
decomposition and face with coupling constraints resulting from jobs. Similarly in
job based decomposition, machine constraints are introduced as coupling constraints.
In either case there are a set of scheduling problems solved by different scheduling
agents that have coupling constraints among them; this can lead to inconsistencies
(Anussornnitisarn and Nof, 2005), for instance processor-successor relations among
operations of a job is violated. Thus another issue is “how to resolve the system

conflicts”. System conflicts may result from the following;:

Consistency of the represented data; The agents are supplied by the information
or the part of the information about the instance of the problem they solve. The data
is represented to their individual domains, then agents make scheduling decisions by
their individual computing facilities based on their local information. Representation
of the current situation to the agent’s local domain is a hard job in dynamic, complex
and large systems. Because the representation process (i.e reading the data and trans-
forming it to the respective domain) takes time and when it is finished, that instance
will probably be changed and thus, does not exist with the initially given conditions

anymore.

The reason of the change in the instance of the data may be due to dynamic
nature of the environment likewise existence of another processes related to the same
data. In order to provide “consistent representation”, simultaneous access of multiple
processes may be prevented. This is a synchronization issue and there are related
mutual exclusion algorithms to ensure a shared resource is accessed by at most one
process at a time (Tanenbaum and Steen, 2001). To make the statement clear, suppose
that some data is required by an agent, mutual exclusion algorithms provide that when
representation process starts any other processes which will transform the mentioned
data or part of the data is blocked. However it may be the case that actual situation
is changed but necessary transformation to signify the change is blocked because no
transformation is allowed on mentioned data until the representation process finishes.

As a result, the representation in local domain is now consistent but not valid.



Consistency of the shared data among related agents; As mentioned above, since
the problem is not purely separable, coupling constraints are introduced to the model
in the face of decomposition of the problem. Coupling constraints are presented as the
shared data to related scheduling agents. Consistency of the shared data among the
agents is failed in case when dissimilar representations of the corresponding instance
occur. The scenario is as follows: shared data is supplied to one of the local domains
then, a change occurs and the shared data is transformed before it is supplied to other
related local domains. This is another synchronization issue that multiple processes
may sometimes need to agree on the ordering of the events. In distributed systems
it is a considerable problem to provide relative ordering whereas it does not matter
in centralized systems (Tanenbaum and Steen, 2001). In order to handle this kind of
situations, an approach can be modified. It is about event ordering problem and is
an extension of Lamport’s algorithm, which synchronizes logical clocks called vector
timestamps (Tanenbaum and Steen, 2001). By the Lamport’s algorithm all system
messages are universally ordered into a sequence but now the system acts like as it is

centralized (i.e. single thread).

Conflicts due to different scheduling policies among related scheduling agent; Last
but not least, there may be conflicts even when the same instance of the shared data
could be represented to the related agents domain. In other words, perfect synchro-
nization is almost impossible to achieve but even it were not the case, there may be
still system conflicts because of the individual and different solution policies applied
by the related scheduling agents which have coupling constraints among them. Agents
make scheduling decisions by their individual computing facilities based on their local
information, and different policies result along with different solutions for the same

problem.

In order to resolve the conflicts of the system, coordination, cooperation, and
communication mechanisms are proposed in the literature. These negotiation mecha-
nisms try to synchronize all the units in the system to achieve the same common goal
i.e. globally consistent system. However negotiation mechanisms mostly force the sys-

tem to act as it is centralized besides they cause the system to slow down. Moreover,



in accordance with the goal of consistency, synchronization mechanisms, in particular,
locking mechanisms are introduced. But the purpose of distributing is violated if the
entire system gets stopped waiting for a lock to be released. Here comes the ques-
tion that “Are feasibility and consistency worth to be sustained when seeking for an

effective solution method to the distributed scheduling problem?”.

The motivation behind this study is that some obstacles that may lead the system
to become slower, may easily be recognized when the system gets easily observable by
providing effective shop floor data monitoring system. Instead of making an effort
for eventually consistent system, some conflicts may be allowed or some feasibility
constraints may be violated in a controlled environment. From the control point of
view, there should exist some parameters worth to be tuned in order to make effective
decisions against system variability. The aim is to propose an effective scheduling
mechanism by improving the control tools and managing the adjustment of essential

parameters based on the current status of the entire system.

In this study, we propose a state based modeling approach to represent the work-
ings of a scheduling agent so that effect of choices made in distributing the problem in
terms of the overall performance of the scheduling methodology is formally be defined
and analyzed. In “Problem Definition” chapter, the problem is defined and expressed
in mathematical terms, thus we mathematically define possible states of objects in
the system within the scheduling process. In “Model” chapter, the proposed model
will be explained conceptually in detail. In “ICRON Implementation” chapter, the
ICRON software is introduced and implementations in this software are explained,
and finally before the conclusion, explanation of the Distributed Simulator is provided.
Distributed Simulator is developed in order to identify conditions and timing of possi-
ble inconsistencies and inaccuracy, and analyze the effectiveness of various distribution

mechanisms in terms of scheduling performance.



2. LITERATURE REVIEW

The Literature review is mainly focused on: “Dynamic Scheduling”, “Negotiation

Mechanisms for Distributed Systems”, and “Distributed Modeling Techniques”.

2.1. Dynamic Scheduling

Lawrence and Sewell (1997) discussed the utility of the optimizing solution method-
ologies to solve practical job-shop production scheduling problems. They searched the
answer of the question that ”are optimal solution techniques worth the developmental
and computational effort when practical scheduling problems are almost always more
complex and uncertain than models can be build?”. They examined the job-shop prob-
lem with make span objective when job processing times are uncertain. In order to
make comparison of optimal and heuristic schedules, the methodology is to generate
optimal, near optimal, and heuristic sequences for a variety of problems using expected
processing times, and then to compare these sequences when processing times are ran-
domly varied. Results indicate that fixed optimal sequences derived from deterministic
assumptions get worse with the introduction of processing time uncertainty when com-
pared with dynamically updated heuristic schedules. Moreover, there are other sources
of production uncertainty, including new rush orders, canceled orders, machine break-
downs, rework, material shortages etc. They are not considered in the assumptions
of most algorithmic scheduling models and they may cause further worsening in the

quality of algorithmic solutions compared to simple dispatch heuristics.

Kutanoglu and Sabuncuoglu (2001) investigated the iterative simulation-based
scheduling mechanisms with similar perspective of Lawrence and Sewell (1997). The
effects of stochastic events, such as machine breakdowns and processing time variations,
on the scheduling system performance are examined. It is stated that simulation based
heuristics perform better than standard dispatching heuristics, and are more advanta-
geous in the dynamic and stochastic environments. However, the effect of scheduling

algorithm deteriorates with the introduction of uncertainty. As a result, in the dynamic



and stochastic environment, dynamically updated heuristic schedules perform better
than static optimal sequences. In particular, dynamic and state dependent corrections

may provide a simple dispatching performance algorithm make well.

Sabuncuoglu and Kizilisik (2003) worked on a centralized solution methodology
for flexible manufacturing systems. They developed a simulation based scheduling
system to study reactive scheduling problems in dynamic and stochastic manufacturing
environments. They classified the scheduling decisions as when-to-schedule and how-to-
schedule. When-to-schedule determines the timing between two consecutive scheduling
points, and how-to schedule determines the way of generating feasible schedule. Their
simulation results indicate that the variable time response is better than the fixed time-
response, and the full scheduling scheme generally performs better than the partial
scheduling. They also showed that on line scheduling is more robust to uncertainty

and variations in processing times than the optimum seeking off line scheduling

Kutanoglu and Wu (2004) studied methods to improve scheduling robustness
under processing time variation for classical job shop problems. A combination of static
and dynamic scheduling is proposed as a two stage method. The first stage is called as
the preprocessing stage where they identify the critical decisions to global performance
under the presence of random changes and disturbances. These decisions are optimized
by using a priori stochastic information and Lagrangian relaxation. The next stage is
the dynamic adaptation stage, where dynamic scheduling techniques are applied to
overcome the effects of changes over time. Kutanoglu and Wu (2004) showed that the
developed PFSL (Preprocess-First-Schedule-Later) scheduling scheme is more robust
than static optimization schemes while outperforming best known dynamic heuristics

in both performance and robustness.

2.2. Negotiation Mechanisms for Distributed Systems
In dynamic problems the main issue is to determine “when to schedule/reschedule”
however, in the face of decomposition the problem brings in additional complexity be-

cause the system is not purely separable. Inseparable constraints are introduced as



coupling constraints depending on the decomposition techniques. In general, there are
distributed entities that must make decisions based on local information and on lim-
ited (and mostly invalid) information about overall problem. In order to resolve the
conflicts of the system, coordination, cooperation, and communication mechanisms are
proposed in literature. These negotiation mechanisms try to synchronize all the units

in the system to achieve the same common goal i.e., globally consistent system.

Liu and Sycara (1997) present a multi-agent problem solving model and a coor-
dination technique for job shop scheduling. In the model there are a group of agents;
each agent is associated with either a job or a resource. They stated that s solution
to a production scheduling problem is the result of coordinated conflict resolution in
the iterative and asynchronous multi-agent decision making process. Liu and Sycara
(1997) extended their study on the approach that there is at least an “order parame-
ter” that separates problems into soluble regions for constraint optimization problems.
Thus they define the “disparity composition ratio” which is the ratio of the number
of bottleneck resources to the number of resources in the shop, to divide problems
into subsets. Agents that are assigned to bottleneck resources are more constrained
than agents that are assigned to non-bottleneck resources in the negotiation process.
Coordination strategies are designed according to the most constraint agent. Their
Coordinated Negotiation Agents (CONA) technique performs well compared to other
constraint based heuristic search scheduling techniques. Moreover as a trail result, they
showed that increasing coordination information decreased total number of cycles, i.e.

with more information the system solves the conflicts more rapidly.

Gou et al. (1998) present a decomposition-coordination solution method based
on Lagrangian relaxation. The method is proposed to provide a theoretical basis for
guiding the cooperation among holons. The key idea of Lagrangian relaxation method
is decomposition and coordination, where decomposition is based on the separable
models, and coordination based on the pricing concept of the market economy. The
hard coupling constraints are then relaxed by using Lagrangian multipliers or “shadow
prices” in the economics literature. Since the original problem is separable, the relaxed

problem can be decomposed into many smaller sub problems which are much easier
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to solve as compared to the original problem (Gou et al., 1998). It is claimed that
method leads to globally near-optimal performance. However, the communication pro-
tocols related asynchronous implementation issues, and the integration of physical and

informational components of holons are not addressed.

Jeong and Leon (2005) approach to the subject from a different perspective. They
worked on a special case of a single machine problem. In the problem the single ma-
chine is shared by multiple distributed sub-production systems which have the decision
authorities and information. There must be a cooperation among these sub-production
system to achieve a global goal of minimizing a linear function of the completion times
of the jobs; e.g., total weighted completion times. However it is assumed that neither
the sub-production systems nor the shared machine have complete information about
the entire system. The formulation of the problem is given as zero-one integer pro-
grams. Their solution approach is based on Lagrangian relaxation techniques which
are modified to require less global information. It is concluded that a global upper
bound is not necessary, in other words there is no need for a single master problem
that has a complete view of all the coupling constraints (Jeong and Leon, 2005). It
is experimentally shown that the proposed methodology exhibits a promising perfor-
mance compared to the Lagrangian relaxation with a subgradient method, besides it

can be applied to situations with more restrictive information sharing.

There are also bidding algorithms for decentralized coordination. For example in
the autonomous agents architecture presented in the Caridi and Sianesi (2000)’s paper,
the agreement about which part has to be worked by which machine is made through
a message passing among agents. There is a bidding protocol among the agents to
achieve mutual agreement. Caridi and Sianesi (2000) claimed that by a distributed
control, new degrees of freedom (for example, the possibility of working the same
product on more than one assembly line indifferently) or new objectives (for example,
the minimization of setup time) can be easily introduced without heavy modifications

of the architecture.

Anussornnitisarn and Nof (2005), develops a similar negotiation model with a
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bidding algorithm. In the model Agents associated with activities (task agents) re-
quest agents of resources for the resource they require. The resource agents propose
their bids to a task agent, including price and schedule information for each particu-
lar task. The task agents and resource agents communicate by using a coordination
protocol to exchange information and decision. The environment is not competitive
but cooperative. Each resource agent will try to provide its service to task agents.
Bid pricing algorithms of resource agents and bid selection algorithms of task agents
are defined in the paper, and market based pricing and costing approach is applied in
the decisions. There is no direct communication among the group of task agents and
among the group of resource agents. The only direct communication channel is that

each task agent can send messages to all of the resource agents and vice versa.

In Kutanoglu and David Wu (2006), instead of resource agents competing to win
job requests, it is the case where job agents compete for scarce resources (machine-time
slots). Agents may not share private information about their state, and it results the
case of asymmetric information for the independent agents and the issue is incentive
compatibility to align behavior of agents in favor of overall system efficiency. The ne-
gotiation mechanism is proposed as an extensive study in the game theory literature.
Schedule generation and schedule valuation are separated steps. They design a ’sched-
ule selection game’” where all participating agents state their preferences via a valuation
scheme, and the mechanism selects a final schedule based on the collective input. Ku-
tanoglu and David Wu (2006) contributed to the existing literature by studying a more
general case of a multi-stage, multi-machine environment with a set of pre-generated

candidate schedules.

Wang et al. (2003) proposed a heterarchical multi agent system and distributed
ruler-based scheduling mechanism. By the discrimination among agents and rulers,
the scheduling problem is divided into two groups: decision-making problems for each
individual agent, from the agent’s own perspective, and coordinating problems between
agents for the global goals of the whole system. Rulers are encapsulated in agents;
therefore, the complexity of construction is reduced and rulers can be reconfigured

and reused easily with agents regrouped dynamically. The simulation results have
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successfully shown that proposed approach is capable of generating feasible schedulers

in agile manufacturing environments.

Finally for this section one of the most recent literature review papers about the
applications of agent-based systems is investigated. Shen and Norrie (2006) focused on
agent based systems for intelligent manufacturing, namely on enterprise integration,
enterprise collaboration, manufacturing process planning and scheduling, manufactur-
ing shop floor control, and holonic manufacturing systems. They also discussed some
key issues in implementing agent-based manufacturing systems such as agent encap-
sulation, agent organization, agent coordination and negotiation, system dynamics,
learning, optimization, security and privacy, tools and standards. They called atten-
tion that there are very similar studies to those completed before and there is no
significant improvement since 1998 for some difficult problems such as full integration
of manufacturing process planning, scheduling, and control, particularly integration
with real time information from data collection systems. Shen and Norrie (2006) sug-
gested to focus on the integration of agent-based planning and scheduling systems with

existing systems used in manufacturing enterprises.

2.3. Distributed Modeling Techniques

In this section, consistency problem is investigated apart from negotiation mech-
anisms, instead the aim is to provide the central attention to shared data, each of
which is related with and shared various agents. The aim is to investigate inspiring

approaches that will be background for the our proposed model.

Campos and Navarro (2004) present a causally consistent Distributed Shared
Memory (DSM) protocol with main feature as less communication overhead. Dis-
tributed Shared Memory (DSM) provides a virtual address space that is shared among
processors in a distributed system. Instead of providing locking mechanism shared
memories are replicated in order to increase efficiency. Since fewer restrictions are
imposed to the replicas, more efficient implementations are possible, but application

programming becomes more difficult. Causal consistency is a model that offers a bal-



13

ance, by allowing efficient implementations without significantly increasing program-

ming difficulty (Campos and Navarro, 2004).

Mahoney et al. (2004) studied on the modeling of reactive objects using state
charts. He searched for a methodology and framework that allows independent state
charts to be composed into a single model. The ideas are emanated from Virtual Fi-
nite State Machine (VFSM) implementations. VFSM separates platform independent
behavior from platform specific behavior. Platform specific behavior is modeled in the
form of input and output processor classes that interact with the VFSM. But there
is a high degree of coupling between the state machine and the processors. Mahoney
et al. (2004) realized that platform specific details can be modeled as crosscutting con-
cerns by using Aspect-Oriented Modeling techniques, thus implementations that have
less coupling and more reuse possibilities than traditional VFSM implementations, are
achieved. Thus Mahoney et al. (2004) propose a state chart with orthogonal regions
which is composed of two or more independent state charts that run concurrently and
broadcast their events. However he recognized as insufficient part of his study that the

representation of the model he proposed is involute.

Most distributed systems use the communications layer to record and log par-
ticular kinds of messages (also called events) that indicate the performance of basic
operations. Events that indicate related activities in the communication layer may ap-
pear to be widely separated by other events and by the time. And there may be a lot of
irrelevant events mixed in with ones of interest. It is hard to analyze and interpret the
event logs at the communication level (Luckham and Frasca, 1998). There is a need
to relate sets of communication events with higher level operations that the objects
perform in order to provide information about what component objects of the system

are trying to do at the application level.

Luckham and Frasca (1998) stated the goal as: Filtering interesting events, Ag-
gregating sets of low level events into corresponding abstract higher level events that
they signify, Detecting causal relationships between events that happened at different

times in various subsystems, and Monitoring event logs and automatically detecting
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violations of critical requirements.

Events are generated by the system and they are like messages in form (they con-
tain data etc.) but in addition they also denote activities (such as a change of state of a
component or the start or completion of a task). Abstraction Hierarchy is to separate
the system’s activities and operations into layers. The maps between sets of events
at different levels must be defined in order to specify a hierarchy completely. Event
pattern languages are a fundamental technology for extracting information from dis-
tributed message based systems. They are basis for specifying abstraction hierarchies
by means of event aggregation maps, and for automated monitoring and aggregation
of data from communication layers. In the paper, The Rapide event pattern language

(they named) includes causal and timing relationships between events (Luckham and

Frasca, 1998).
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3. PROBLEM DEFINITION

The major problem in distributed models is to resolve the system conflicts in an
effective way. As mentioned in the introduction chapter for distributed systems there
are various traps that can lead to inconsistencies. In this chapter, reasons for system

conflicts are investigated and they are formulated in mathematical terms.

The methodology behind the study is object orientation. In object oriented sys-
tems, an object is an organized entity that has attributes, behaviors. An attribute
refers the data encapsulated within the object, whereas behavior refers the method
used in the system functions. The state of an object is an instance of the object at-
tributes, i.e. the values assigned to the attributes in an instance defines the state of

the object.

Definition:

The state of an object “0” at time “¢” is denoted by S;(0).

An object may live in some states, these are “stable states”. Stable states define
the current situation of the object. While the object is in stable state it may perform
its state-defined actions, and these actions do not cause any change in the definition
of its current situation. For example, when a machine processes an operation, it is in
“in-use” state. During the time that machine is in in-use state, it performs one of the
actions which are specific to in-use state, such as processing a task, and the state of

machine is unchanged.

However there are some instances where the object is in a transient and undefined
situation, these states are called “unstable states”. While the object is in unstable
state, it may also perform some actions such as actions performed during the state
transitions. As an extension of example above, when machine completes an operation,

it makes transition from in-use state to idle state. During this state transition machine



16

is neither in in-use state or in idle state, thus this machine is said to be unstable (if

the situation is not required to be defined for example as “setup state”).

There is not a strict distinction between the definitions of stable and unstable
states. Stability is not related with the duration of time that object spends in a
situation but appears as a consequence of the necessity to define the situation which

depends on the case objective.

The object is in a stable state when momentary data encapsulate within the ob-
ject has a meaning and the values of attributes defines the current situation of the
object in the face of a specific scenario. The application of some actions on the object,
may simultaneously or consequently change the current state of the object, so the ob-
ject is said to be “unstable” during such applications. In other words, there are events
result the application of some transformations €2 on the object o. These transforma-
tions may instantaneously change some attributes among the ones which defines the
state of the object. Events may also trigger a transition from state to state and the
object performs certain actions as transformations during these transitions (such as
assignment of variables). In any case the object is unstable during the application of

transformations.

Let APPLY”(Q) indicate initiation of transformation  at time t, which is ex-

pected to take A time units.

Definition:

APPLYA(Q) to object o. If 3T such that S;(0) # Sr(o) for t < T < (¢t + A),
then object o is said to be unstable in [t, (t + A)].

Problem 1:

Let the object o be unstable in [t, (t+A)] and APPLY,?(0) to 0. Problem occurs
when [t, (t + A)] N[z, (z+ D)= 0.
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The first problem given above is related to simultaneous access of multiple pro-
cess on the same data encapsulated within the object. In order to provide consistent

representation, coordination of concurrent processes should be provided.

The representation of data within an object is sometimes required to be updated.
The updating process is simply reading the data from another domain, for instance
from the data base object p, and transforming it to the local domain of object o. The
necessary transformation to apply updating is called “synchronize” and is denoted by
sync(o, p). Indeed the aim is to imply the same situation in dissimilar domains. Thus
not one to one equality but the equivalence between the current states of the objects
is required. For example the object p has a capacity attribute which can be assigned a
value between 0 and 10; the object o in another domain also has the capacity attribute
but it is assigned as 0,1,2 which mean insufficient, sufficient and excess respectively.
When capacity is equal to “10” for the object p, it is assigned as “2” for the o, but the
reverse is not necessarily true. Moreover equivalence may be related with combinations

of various attributes. The equivalence operator is defined as a one-sided function.

Definition:

Let the sign “—” denote the equivalence operator. If Si(0o) — Si(p) then the

state of object o at time ¢ represents the state of object p at time t.

Definition:

Let transformation  be sync(o, p). APPLY”(sync(o,p)). If Spya(0) — Siia(p)
then it is perfect synchronization, means that the state of object o at time t + A
represents the state of object p at time t + A.

Problem 2:

There is no perfect synchronization since system is not perfectly observable.
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The second problem occurs because the representation process (i.e synchronize
transformation) takes time and when it is finished, that instance can be changed and
thus, does not exist with the initially given conditions anymore. As mentioned in the
introduction, the reason of the change may be due to dynamic nature of the environ-
ment likewise existence of other processes related to the same data. In any case, actual
situation may change but necessary transformation to signify the change is blocked
during the synchronization. Blocked transformations are not perfectly observable in
distributed systems. In a distributed environment making observation is analogous to
watching a tennis game; the observers elude many ongoing events while the focus is on

the ball.

For example, a scheduling object requires various data, which most probably is
stored in a corporate data-store (ERP, RDBMS, etc.), regarding a job in order to plan
its operations. Suppose that loading data takes A time units. If scheduling object
starts reading the data regarding the job at time ¢, and completes the process at time
t + A, the question is: how accurately does S;;a(0) represent the state of respective

job at time t + A?

Moreover two agents o and p may have loaded the data regarding the same job
(probably at different time frames). Hence, S;(0) and S;(p) have some representation

of the same job. How similar or dis-similar are these representations?

Definition:

Let S7*(p) denote the set of states of object p for the representation of the state
of object o1, i.e., S*(p) = {Si(p) : Si(01) — Si(p)}. Similarly for object 0y, SP?(p) =
{Si(p) : Si(09) — Si(p)}. If SP*(p) N SP2(p) = 0 then there exists conflict.

The definition above is related to the system conflicts due to different solution
policies among the objects which try to solve the same instance of the problem. Since
scheduling problem is not totally separable, there are bound to be some coupling con-

straints which make independent decisions made by objects to relate to each other.
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Perfect synchronization is almost impossible to achieve but even it were not the case,
i.e. even objects have the same representation of the problem instance, there may be
still system conflicts because of the individual and different behaviors of the objects.
That is, for two agents 0, and 0y, Si(01) and S¢(02) may include decisions which are re-
lated to each other through some coupling constraints. The question is, how compatible

are these decisions?

Let the transformation Q be conflict resolution function, Conf.Res(01,02,p). In

order to resolve the conflict APPLY;*(Conf.Res(o1,0s,p)) should be defined.

Definition:

Suppose Si(0) = Siia(0) but Si(p) # Sira(p). If Sipa(o) — Siia(p), then

representation of object p for object o is robust representation.

The last definition is the goal to be achieved. All possible states of an object
should be defined in such a way that the representation of the state remains consistent
notwithstanding to the system changes. In other words representation should be robust

to system variances.
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4. MODEL

In object oriented systems, each object is capable of receiving messages, process-
ing data, and sending messages to other objects. Each object can be viewed as an
independent little machine with a distinct role or responsibility, and collaborates to

other objects to achieve the goal within the framework of a common task.

Object orientation supports separation and encapsulation of concerns into dis-
tinct objects that overlap in functionality. For example, procedures, packages, classes,
and methods all are defined to encapsulate concerns into single objects, thereby the

activities of an object are determined.

The activities of an object can be further decomposed into different aspects. This
approach is an extension of a method known as Aspect Oriented Software Development
in literature. AOSD address that some concerns are not specific to a single entity but
they cut across many modules in a program. These concerns that deny encapsulation
are called crosscutting concerns. AOSD aims to gather these crosscutting concerns in
separate modules known as aspects by providing means for systematic identification,
separation, representation and composition. Thus localization can be supported, and
results in better support for modularization hence reducing development, maintenance

and evolution cost (Rashid et al., 2006).

In the proposed model, one of the aims is to observe the activities of objects
in an effective way at any instance. From the modeling perspective, a state chart
is an effective design tool to investigate reactive objects in dynamic scenarios. state
chart indicates the stable states in which an object may live, the events that results
state changes and the actions that occur during these state changes, so it provides an

effective monitoring tool to observe the actions of the object.

The activities of an object can be separated into distinct aspects according spe-

cific to concerns. This approach is an extension of AOSD. Each aspect of an object is
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modeled in a different state chart where each state chart is a representation of one pos-
sible parallel universe (parallel/ orthogonal state charts, crosscutting concerns). The
advantage is that there is now a clean mapping of instances of activities in favor of
more effective monitoring and simple control mechanism because, independent activi-
ties are prevented to be mixed in a single state chart as a cross product, instead two or
more independent state charts can run concurrently where each state chart describes

the dynamic behavior of the object with respect to its related aspect.

Effective monitoring supports easily adjustment of certain object parameters,
besides the control of object functionalities in a common task in order to analyze

various scheduling solution approaches in case of different scenarios.

4.1. State Base Modeling

In object oriented systems, an object has attributes, behaviors. An attribute
refers the data encapsulated within the object, behavior refers the method used in the
system functions. The state of an object is an instance of the object attributes, i.e.
the values assigned to the parameters of attributes in an instance defines the state of

the object.

The activities of the object are separated into distinct state charts corresponding
to different aspects, so each object state chart is the conceptual definition of the aspect
in a sense. In terms of a particular activity about an aspect of the object, there are
stable states in which an object may live, there are events that trigger a transition from
state to state and object performs certain actions during these transitions. In other
words, the object is in a state when momentary data encapsulate within the object is
in some combinations of attributes, has a meaning and defines the current situation of

the object.

In each state chart, the object can be in only one state. For example, there are
three possible states for the machine object to signify the current situation in the shop

floor, machine can be in one of the “idle”, “in-use”, and “broken” states.
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Some events may trigger a state transition. The decision on what action to take
depends on the event and the current state of the object. Considering current state
of the object, same events may cause different actions. For example, when machine is
in idle state, “the operation start” event trigger a state transition to in-use state and
necessary actions to provide the transition are realized; but when the machine is in
broken state the same operation start event result no actions, until “repair completion”
event occurs. Obviously different events result different actions for the same current
state of the object. For example when machine is in-use state, the “breakdown” event

trigger state transition to “broken” state.

There may also exist events that trigger not a state transition but an application
of some other actions in the current state of the object. As an extension of the example
above, when the machine is in in-use state, if the “operation arrival” event occurs, the
object performs necessary action i.e. taking the operation into queue while it is still in

n-use state.

All possible transformations of an object are defined as the action of the object.
The actions of objects are defined in such a way that object performs one possible
process at a time, thus multiple processes which can be triggered simultaneously are
excluded. In other words, the action of an object identify the process which is mutually
executed and the actions that can be concurrently performed are processed in distinct

state charts.

As an example, consider again a machine object in in-use state. If the “operation
stop” event occurs it will stop the current operation and make transition to idle state;
and if the “breakdown” event occurs it make transition to broken state. These oper-
ation stop and breakdown events can not be processed at the same time. The event
which occurs first is considered and other is not allowed to be performed. However
“operation arrival” event can be processed concurrently because taking the operation
into queue is a distinct action, thus defined in another state chart so both operation
arrival event and one of the breakdown or operation stop event can be handled at the

same time. As another example, situation is similar to pay money into an account or
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to draw out of an account; these processes can not performed simultaneously, ante-
rior one is processed first; however application for an new account can be processed

concurrently with pay into an existing account or drawing on an account.

In the proposed model, a state chart operate as an algorithm, thereby provides
a control tool, because the current situation of the objects are now easily observable.
If an object is in one of the states, the object is ready to perform one of the actions
followed by the possible events for the current state of the object. However during the
execution of the expression in an action, the object is in unstable state in respective

state chart and is unavailable to perform another process.

From the programming perspective, considering the synchronization issues, lock-
ing mechanisms can be introduced to relevant state charts by identifying the corre-
sponding object as being stable or unstable. Moreover the access to the shared data
within an object is limited by separating the aspect of objects in distinct state charts.
In other words, the proposed state chart base modeling provides the focus about the
control on efficient, small and distributed shared data, each of which is related with

and shared by a limited number of objects whose activities are easily observable.

4.2. Processing of System Messages

In distributed systems, objects need to coordinate their activities with other ob-
jects in the system by sending and receiving messages. The communication is required
to integrate and sequence the partial processes among distributed entities, besides
the communication need appeared as a result of coordinated conflict resolution in
asynchronous multi-agent decision making process for non-decomposable production

problems.

A system message includes a breakdown of a machine, repair completion of a
machine, due-date change of an order, new order and so on. Each system message is
related to one object or a group of objects that are associated in functionality for a

common task.
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In the proposed model, there is a distinction between the objects that perform
an activity and the objects that organize communication. Objects which administer
the messaging mechanism are called agents. Agents are capable of receiving the rele-
vant messages, processing messages by organizing the relevant objects that perform a

complementary activity for a common task, and broadcasting the resulting messages.

Agents keep objects distinct from messaging issues and objects do not commu-
nicate without an agent connection. Each agent may be related to a class of objects
or a group of classes of objects. For example shop floor agents manage machine and
operation objects in the shop floor environment which is a package, whereas schedul-
ing agents manage objects such as local schedulers in scheduling environment which is
also a package. Agents listen all relevant messages to objects which are assigned to it-
self. Interesting messages are classified by their context, and each message is processed

respectively.

The activities of objects are defined in their state charts corresponding to their
aspect. In response to a system message, agent operates relevant state charts in a
logical sequences. The state charts are connected based on system messages into one
working engine which is called Message to Event Processor (MEP). Each MEP
is related with a specific message. For example the MEP that respond to breakdown
message of a machine, is different from the MEP that respond to repair completion
message of the same machine. Thus one agent may be composed of many MEPs, where

each MEP processes the message in a specific context.

MEP is a handler of system messages, it interprets a system message as respective
events for relevant state charts and triggers state charts by these events. This is event
processing. An event is an interpretation of a received message in the context of a
state chart. For instance, “breakdown of a machine” as a system message is related
to the broken machine itself and also the current operation on it. The message is
interpreted as “breakdown” event for the machine and as “operation stop” event for
the operation which is currently being processed on the broken machine. These events

in corresponding state charts trigger the relevant object to act depending on the current
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state of the object.

MEP is also defining the logical sequences of activation of various state charts
of various objects. For instance, again suppose that a machine is broken while it is
processing a task, then two state charts will be activated, i.e. the state chart of the
machine and the state chart of the current operation on that machine. The process
can be designed such that firstly the machine changes its state and corresponding
event is evaluated, then the events related to the current operation on it are handled.
Thus MEP manages operation of the state charts by providing a logical sequence of

activations.

By using the proposed mechanism, messages are allowed to be reinterpreted in
different aspects as corresponding events, thus the dependencies between state charts
are reduced. Besides MEP can provide event ordering by determining the sequence of

the activities of objects it manages, in response to messages received.

4.3. Messaging Mechanism

In distributed systems, groups of similar or complimentary agents act together to
solve problems based on their value systems and communication abilities. Agents or-
ganize objects that own their individual decision making tools and computing facilities
specific to their local domains. As an example from the distributed scheduling per-
spective, scheduling problem is decomposed into sub-problems; then the functionality
of scheduling decisions is shared by the local decision makers, i.e. scheduling agents.
Scheduling agents may communicate through a negotiation mechanism to resolve con-
flicts due to asynchronous multi-agent decision making process for non-decomposable
production problems. In this distributed scheduling environment, each job, machine,
machine group, operation, order object and so on, can be assigned to an agent. Thus
messaging mechanism should be provided to work properly irrelevant to the functioning

of an agent.

Referring to Figure 4.1 an agent is designed to handle communication issues
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apart from decision making problems. Each agent has a receiver to listen to messages
and a sender to dispatch resulting messages. When a message is received, it is provided
to the respective MEP corresponding to the context of the message and MEP processes
the message. MEPs are encapsulated in agents and have connections to the related
object which are assigned to the agent. By the proposed model, the complexity of
construction is reduced because computing facilities of objects can be reconfigured

easily.

Agent A
e >

Y i
(MEF o

Figure 4.1. The representation of an agent

In the proposed model, another aim is to provide an operative and flexible mes-
saging procedure independent of manners for processing the messages. The object
activities are organized by MEPs that belong to an agent. Agents are related with a
group of objects and handle the coordination of the assigned objects with other objects
in the system by communicating with respondent agent. However, in the face of the
assumption that distributed entities may exist in different domains, agents should be
able to act like interface points of the software. The aim is achieved if some portion of

agents are designed to act as proxy agents by providing an addressing mechanism.

The Figure 4.1 is given to show the functioning of proxy agents. If the objects
which are assigned based on a concern to an agent, locally exist in the current domain,
then their respective agent exist in this domain. However if an agent has no object
connection in the current domain, then it holds the address of the actual agent, i.e. a
remote address to find the respondent agent. For example referring to the Figure 4.2
when Agent A sends a message to Agent B, Agent B receives the message, but when
Agent A calls for an agent with name Agent C, since Agent C does not locally exist in

Computer X, Proxy Agent C receive the message and it directs the message to Agent



27

Computer X Computer Y

Agent A

AgentC

Figure 4.2. The messaging flow among agents

C which exists in Computer Y through a communication media.

Each agent has a type and a name. Type of the agent acts like a namespace.
Each agent registers to the messaging channels with its type and code and holds a
local address. The inter-domain communications are provided through this messaging
channels. Proxy agents, however, hold also a remote address. In other words, if the
agent respondent to a message exists in the domain where the message is sent, then the
address of that agent is local, otherwise, it is a remote address and respondent agent

is proxy object for the current domain.

4.3.1. Receiving Messages

Message sender agent is not interested in “where the receiver agent is”, and “what
the listening protocol of receiver agent is”. Sender calls the receiver agent by defining
the type and the name of the receiver agent. The proxy agent works like an interface and
it directs the message to the remote address it holds, so the communication is provided
through the remote address that proxy object holds. The address and protocol that
is used to transform messages can be any standard messaging protocol like message

queues, TCP/IP, etc.

Received messages are handled by the agent. Agents register to the channels with

their names and each agent distributes the received message to corresponding MEP. In
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other words, MEPs are classified according to the context of the messages that agent

processes, responsible MEP processes the given message.

4.3.2. Sending Messages

As mentioned previously, each agent is related with an object or a group of
objects. Agent knows which messages to respond. After processing messages by corre-
sponding MEPs, the resulting messages are broadcast to the respondent agent for the
continuity of the process. Each agent has an algorithm called “Dispatch Messages”.
This algorithm encapsulates all possible messages that can be sent into a single descrip-
tion. It also give the answer of the question that which agent receives the resulting

messages.

Messages are created by MEPs of agents. Agent dispatches messages. MEP
specifies the message code and the condition that the message should be created. Agent
specifies the name and type of the receiver agent, the content of the message and the
condition that the message should be dispatch. In other words, the composition of
messages and the distribution of messages are two separated process. Messages are
created in certain conditions without considering respondents of the messages, and in
dispatch message algorithm the respondents are determined, the message content may

reformed, and the message is distributed.
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5. ICRON IMPLEMENTATION

5.1. Preliminaries

In this study, ICRON software is the framework to evaluate and implement the
proposed model. ICRON is a general purpose visual algorithm modeling tool. It is
used to construct optimized generic algorithms. It is based on object orientation and
includes nodes and links that are developed in C+4 and XML. It has a very special
modeling system called GSAMS.

GSAMS is an object-oriented graphical scheduling algorithm modeling system
which is used to construct and modify scheduling algorithms within graphical schedul-
ing environments. GSAMS allows users to drag and drop algorithmic units on the
design window, and visually construct algorithms, thereby ICRON provides the user

to construct flowchart-like models without knowing any special computer language.

In order to model an algorithm, the user works on nodes. Each node represents a
particular operation on the current object. Nodes have input and output link points.
Objects flow between the nodes through link points and all of the data manipulations

are managed by node and link structures of the algorithm model.

In the study, Advanced Planning and Scheduling (APS) module of ICRON is
used. In APS the system objects are classified into a set of distinct system components.
Each component models a particular functionality of the scheduling system, and uses a
well-defined communication mechanism to co-operative with other components. These
system components are Psychical System Component, Product System Component,

Job System Component and Scheduling System Component.

The user can benefit from existing system component definitions of APS, and

also can define new components or extend existing ones.
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5.2. State Chart as an Algorithm

In the proposed model, each object may have more than one state chart. A state
chart defined for an object represents the possible states of the object, events that
this object may need to respond in the form of actions, and possible state changes as
a result of these actions. Each object state chart is the conceptual definition of the
aspect in a sense, and introduced to the model as an algorithm. The state chart is a

composition of three specific types of nodes:

e State Node : It has a name, i.e. state code and it has a conditional expression
to check if an object is in this state or not. State nodes for an object in a state
chart must be defined such that the conditional expression of only one state node
returns true value at a time.

e Event Node : State nodes are followed by event nodes. Event nodes are just
the name of the events. They connect the action nodes and state nodes. Event
nodes act like conditional branching since for a particular state, different events
may cause different actions, in addition to that, event evaluated in one state of
the object may cause a different action than the same event in another state.

e Action Node : The decision on what action to take depends on the event and
the current state of the object. Action Nodes are defined to indicate the actions
in the case of the event triggers a transition from current state. Action nodes are

designed to execute an expression in its field.

A state chart represents the current situation of the linked object at an instance.
The condition expression in a state node is a function of an attribute or a combination
of attributes of the current object. If the values assigned to the respective attributes
for a specific state has meaning, then these attributes defines the current state of the
object. Object may be in one of the states and available to perform an activity in
case of a specific event received i.e. event is related to its current state or may already
perform an activity which may simultaneously or consequently change the current state
of the object. While the object is executing a particular operation in the action node

it may be unstable state, thus unavailable to perform another process.
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Figure 5.1. The state chart of an operation object in shop floor

In Figure 5.1 a declarative model of a state chart in ICRON is presented. The
state chart belongs to an operation object in shop floor model. As seen from the
figure, an operation object can be in one of “arrived”, “being processed”, “stopped”,
and “closed” states. When the operation object arrived at one of the machines in
shop floor , the attribute to define the realized start time of processing the operation
(RealizedST) is set as the default value TIMEZERO, so it is in arrived state initially.
There are also attributes called stopped and closed to denote if the processing of
mentioned operation is stopped or if the mentioned operation closed respectively, and
initially these attributes are set to return false value. In each state the object waits for
consequent event among “operation start”, “operation stop”, and “operation complete”

events, then with the realization of the expected event, the object starts to execute the

action defined in the action node.
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The operation makes transition from its initial arrived state to being processed
state when operation start event is realized, so in the following action node the Re-
alizedST value is set to the corresponding event time, so the condition expression of
being processed state returns true value after the action node completes the execution
of its own transformations. The object may receive the operation stop event in case
of a breakdown of the current machine or may be it is decided to start another oper-
ation so move the present operation and so on. After the operation is completed, the
closed attribute is set to return true value, and the closed state is the end state for an

operation object.
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Figure 5.2. The state chart of a machine object in shop floor

The Figure 5.2 is another model of a state chart which is related with core con-
cerns of a machine object. As seen from the figure the machine object may live in

one of the “idle”, “inuse” and “broken”states. There are two attributes to denote the
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current state of the machine object: " TheCurrentBreakdown” and “TheCurrentOper-
ation”. If the machine is not broken and it is not processing an operation, then these
attributes are null and the machine is in idle state, if there is an operation which is
currently being processed on the machine, the TheCurrentOperation attribute is as-
signed to “17, it is similar for breakdown state. When the machine is in idle state, it
is ready to start an operation and it waits an operation start event to occur. However
when the machine is in broken state the same operation start event result no actions,

until “repair completion” event occurs.

All possible responses to events are defined in the form of actions of the object in
such a way that object performs one possible process at a time in each state chart, thus
multiple processes which can be triggered simultaneously are excluded. For example,
in Figure 5.2 consider the machine is in inuse state. If the operation stop event
occurs it will stop the current operation and make transition to idle state; and if the
breakdown event occurs it make transition to broken state. These operation stop and
breakdown events can not be processed at the same time. The event which occurs first
is considered and other is not allowed to be performed. Thus, there should be an event

ordering based on a logic such as processing the anterior event.

5.2.1. Parallel State Charts

As mentioned previously, each object may have many aspects related to the
scheduling, data and communication. The activities of an object are separated into
possible distinct aspects and defined in respective state charts which can be run con-
currently. The action of an object identify the process which is mutually executed in
respective state chart and the actions that can be concurrently performed are processed
in distinct state charts. Parallel state charts may be specific to an object or may be
not specific to a single object but they intersect many modules in a system. Data store

manipulations are example for later class of parallel state charts.

The Figure 5.3 is a declarative example of a state chart for data store manip-

ulations of objects in shop floor. The present object is a machine object but it is a
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Figure 5.3. The state chart of an object in shop floor to declare data aspect

similar state chart (except the base object) for handling of data store operations of an
operation object. After the object respond to an event by processing the consequent
action in one of its other state charts, the data about the instance of the object which is
encapsulated within the object may be changed. Thus the up to date instance should
be written to the data store by generating update data base (UPDATE-DB) event.
An additional scenario is that there exists other processes related to the data of the
present object, i.e. the data of the object is shared in data store, and the instance
of the mentioned data may be transformed by those processes, so the object needs to

synchronize its current state by loading the data or part of the data from data store.

This activity is triggered by SYCHNRONIZE event.

The state chart in Figure 5.3 for data aspect of objects provides systematic iden-
tification, separation, representation of data base concerns in a place. Thus localization
is supported, and results in reducing development and mainte