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a b s t r a c t

On-demand computing is a popular enterprise model in which the computing resources are made
available to the users as needed. On-demand computing based transaction processing system which
has grown rapidly in recent years is an information processing system with the stringent requirements
of resources to meet the fluctuating demands. Concepts such as grid computing, utility computing,
autonomic computing, and adaptive management seem very similar to the concept of on-demand
computing. When demands of resources fluctuate, the system needs load balancing for the efficient
utilization of the computational resources. Furthermore, scheduling is needed to assign the transactions
to the appropriate resources. Thus, modeling of load balanced scheduling along with reliability analysis
for this system is a challenging task.

This paper presents the load balanced scheduling and reliability modeling in such an environment by
using colored Petri nets (CPNs). CPNswhich combine Petri netswith programming languages is a powerful
modeling technique. The proposed CPN-based modeling pattern formally describes the process of trans-
action distribution and execution within the on-demand computing environment. Moreover, the CPN-
based model uses the hierarchical modeling capability of CPNs, including different levels of abstraction
(sub-modules). This helps easily handling and extending the model. Since, on-demand computing based
transaction processing system executes a number of concurrent transactions. The CPN-based model is
extended to express the concurrency, thus improving the reliability results. This paper takes the example
of grid transaction processing (GTP) system with the problem of load balanced scheduling modeling and
reliability evaluation.

© 2018 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

On-demand computing based transaction processing e.g. grid
transaction processing is a largely invisible back-end business
computing function [1–9]. However, it is a key application used for
an enormous range of economic activities, from travel reservation,
ticketing systems and electronic banking, to financial transactions
and e-commerce. It certainly has become a critical component of
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the world’s economic engine which is responsible for handling
trillions of transactions every year. Because, the never-ending
growth of the global economy along with e-business and web-
based commerce are placing more demands on transaction pro-
cessing systems. New trends and emerging technologies, such
as the increasing use of mobile messaging technology and the
employment of Radio Frequency Identification (RFID) tracking,
are generating more transaction traffic. Therefore, the workload
volume managed by on-demand computing based transaction
processing systems is enormous.

When choosing an on-demand based transaction processing
strategy, corporations must rely on solutions that ensure data
availability, reliability, performance, and scalability. Thus the load
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Fig. 1. Topology of the network, transactions, and resources (This image is taken from [10]). The deadline-miss failure rate is ψD throughout the problem.

Fig. 2. CPN model of GTP.

balanced scheduling and reliability modeling of the system is a
need.

The execution of on-demand computing based transaction gen-
erally requires communication paths between several on-demand
resources and access to them. The reliability, i.e. probability that
an on-demand computing based transaction can run successfully,
depends on the reliabilities of communication links, softwares
(middleware or distributed operating system), and processing el-
ements as well as on the distribution of files. In order to have
a meaningful and effective analysis of the system, the modeling

or representation must be easy for fault detection and diagnosis
techniques [11–15].

For reliability analysis, a probabilistic graph G(V , E) is usually
required to represent a system where V is a set of nodes which
represent computers in the case of distributed processing systems
and E is the set of directed or undirected arcs representing the com-
munication links. But the probabilistic graphs are static in nature.
They are not able tomodel and analyze the dynamic behavior of on-
demand computing based transaction processing system. Owing
to the dynamic and real-time behavior of the system, a powerful
modeling and analysis approach is required.
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Fig. 3. CPN model to generate transactions.

Modeling of any system allows the designers to inspect and
learn about the behavior of the system prior to implementation.
In this way, the designer can find out many design problems and
errors early in the system development phase. However, the mod-
eling of the complex system such as on-demand based transaction
processing system is not an easy task.

Petri nets based tools are recognized as themost powerfulmod-
eling and analysis approach for the systems like event condition
occurrence system, semaphore systems, digital computers under
the control of distributed operating system, transaction processing
systems and communication protocols, etc. [16]. The transaction
processing follows the parallel and real-time execution. Therefore,
the advanced version of Petri nets are most capable to model the
parallel and real-time execution of the transaction. CPNs is the
latest and advanced version of Petri nets.

This paper uses CPNs to model the load balanced scheduling
and reliability in the Grid Transaction Processing (GTP) system.
The instance of the proposed model for the GTP system using CPN
Tools is analyzed. The main contributions of this paper are two-
fold. First, the load balanced scheduling with reliability is designed
analytically to represent transaction oriented grid architecture. In
reliability modeling, different faults are considered. Along with
those faults, deadline-miss fault is also considered. Second, the
reliability of the GTP system is modeled and analyzed using CPN
Tools.

The rest of the paper is organized as follows. Section 2 reviews
the related research work and discusses background information.
In Section 3, the overview of CPNs is given. Section 4 presents the
reliability model. Section 5 details results and discussion. Section
6 contains conclusions and avenues of future research.

2. Background and literature review

2.1. Grid transaction processing

A transaction is a short sequence of interactions with the
database, by using operations such as finding a record or by mod-
ifying an item, which represents one meaningful activity in the
user’s environment [17]. When the number of users increases
beyond limit, on-demand computing based transaction processing
may be used to solve the problem of scalability and completion

Fig. 4. CPN model of monitoring process in Grid.

time [18–21]. Transactions in e-commerce, VisaNet, PayPal and
financial trading systems are the kind of transactions which are
processed with the help of the on-demand computing. The pe-
culiar nature of the transaction processing in this system is that
transactions are computed and completed on various nodes in the
system. Therefore, this system is composed of various service calls
executed by different peers of the system [22].

When the number of transactions increases, it is obvious that
processing nodes will face the problem of overloading. In order
to resolve this problem load balanced scheduling technique is
needed. The objective of transaction scheduling is to map transac-
tions onto the required nodes and to order their executions so that
transactions are successfully completed within their respective
deadlines and in the meanwhile, the minimum schedule length
(makespan) can be achieved [23].

Loadbalanced transaction scheduling is one of the factorswhich
enhance reliability and performance in the GTP system. Several
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Fig. 5. Declaration of the color sets.

works have been done on reliability analysis in the literature. Tang
et al. [23] designed a reliability-driven scheduling architecture that
could effectively measure system reliability, based on an optimal
reliability communication path search algorithm, and then they
introduced reliability priority rank (RRank) to estimate the task’s
priority by considering reliability overheads. Furthermore, based
on directed acyclic graph (DAG) they proposed a reliability-aware
scheduling algorithm for precedence constrained tasks, which can
achieve high quality of reliability for applications. Yen et al. [24]
developed methods for assessing the reliability of these systems
in terms of the timeliness and accuracy of the output, to aid
decision making. They used two commonly used coordination
structures, parallel and pipeline. Some adaptive schemes were
proposed, i.e., strategies could be selected dynamically by agents
at the run-time according to the input encountered in order to
enhance the reliability of the system. The applicability of this ap-
proach was demonstrated by a practical multimedia client–server

Fig. 6. Declaration of functions used in the modeling.

example. Shatz et al. [25], Kartik and Murthy [26], and Attiya and
Hamam [27] proposed task allocation algorithm for maximizing
the reliability of distributed computing system. Vidyarthi and Tri-
pathi [28] proposed a task algorithmbased on genetic algorithm for
maximizing the reliability of the distributed system. Kang et al. [29]
proposed task allocation algorithm for maximizing the reliability
using honeybee mating optimization. Yin et al. [30] proposed the
task allocation algorithm based on hybrid swarm optimization for
maximizing the reliability. Pezoa et al. [31] modeled the service
reliability based on random failures of the processing nodes.While
Chen et al. [32] proposed task scheduling algorithm formaximizing
the reliability of heterogeneous distributed systems considering
fault recovery. while scheduling the tasks of processes/jobs with
load balancing and without load balancing in different distributed
computing environments including the grid system. In theGTP sys-
tem, a transaction arrives at any node and may execute at several
nodes before it commits [18–20]. Due to dynamic behavior of grid
computing system, some nodes are added while some nodes are
forced to leave the system. Hence, some nodes are heavily loaded
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and some nodes are lightly loaded. Therefore, most of the transac-
tions rollback or abort due to long waiting time at heavily loaded
nodes [33]. The unavailability situation in this scenario arises. As a
result, most of the transactions cannot be completed within their
respective deadlines. Therefore, load balanced scheduling becomes
important for transaction processing in grid computing system.

The load balanced scheduling can be accomplished by two
methods;

• after scheduling the transactions
• before scheduling the transaction

The firstmethod creates interprocessor overhead. Thus, the system
is less reliable [34]. This approach is not suitable as the delay
due to the interprocessor overhead in the system causes deadline-
miss fault [35]. Whereas, the second method minimizes the delay
in scheduling. The deadline-miss fault in this method is also less
as compared to the former method of the scheduling. However,
both the methods need a good scheduling technique [36]. Thus,
load balanced transaction scheduling is such a method which
schedules the transactions after balancing the loads of the as-
signed nodes. By using this method of scheduling, the availability
of resources is maximized reducing the amount of downtime.
Maximization of steady-state resource availability minimizes the
occurrence of deadline-miss fault. Thus the minimization in the
occurrence of deadline-miss fault may maximize the reliability of
the system [37].

During the execution of transaction in the GTP system, var-
ious types of failures (as broadly discussed in [10]) may occur.
These failures are software failure, blocking failure, time-out fail-
ure, matchmaking failure, network failure, resource failure. These
failures have been considered in [10] for the definition and mod-
eling of grid service reliability. Since each transaction has its dead-
line constraint, another type of failure similar to time-out failure
caused by deadline-miss fault [35], may also occur in this condi-
tion. With the consideration of these failures, the reliability of the
GTP system is defined as the probability that the set of actions
belonging to transaction can be successfully executed.

3. An overview of colored Petri nets

The aim of this paper is not only modeling the load balanced
transaction scheduling and workflow of the transaction execution
but also evaluating the reliability. Colored Petri nets (CPNs) are
appropriate for the modeling and analysis of reliability in on-
demand computing based transaction processing system. CPNs
combine the strengths of Petri nets with the facilities of high-level
programming languages. Colored Petri nets (CPNs or CP-nets) are
class of high- level nets that extend ordinary Petri nets. In CPNs,
tokens can carry arbitrarily complex data, arcs can be annotated
with input inscriptions influencing the enabling of a transition,
or output inscriptions stating the production rule of tokens when
a transition fires. Input/output inscriptions can be functions or
variables. Colored Petri Nets (CPN) [38–43] is a graphical language
used for modeling and validation of distributed systems including
grid computing.

A CPN model of a system is an executable model representing
the states of the system and the events (transitions) that can cause
the system to change state. CPN is a discrete-event modeling lan-
guagewhich combines Petri netswith the functional programming
language Standard Markup Language (ML). Petri nets provide the
foundation of the graphical notation and Standard ML provides
the primitives for the definition of data types, describing data
manipulation. It also includes a time concept for representing the
time taken to execute events in the modeled system.

CPN Tools is a computer tool to construct and analyze CPN
models [38]. Using CPNTools, it is easier to investigate the behavior
of the modeled system using simulation, to verify properties by
means of state space methods andmodel checking, and to conduct
simulation-based performance analysis.

4. Reliability of the GTP system

4.1. Nomenclature and decision variables

See Table 1.
Table 1
Definitions.
Decision variables

ri =

{
1, if resources are available
0, otherwise

xik =

{
1, if transaction Ti is scheduled to execute on node Nk

0, otherwise

Nomenclature
T Set of transactions
N Set of nodes in the grid system
Ti ith transaction ∀i = 1, . . . ,m
Nk kth node ∀k = 1, . . . , n
X An m by n binary matrix corresponding to a

transaction scheduling
γ Failure rate of node
eik Expected execution time of transaction i

running on node k
lkb The communication link from kth to bth node
wkb The transmission rate of link lkb
σkb The failure rate of communication link lkb
ψD The rate of deadline-miss of a transaction
η Repair rate of node
t Time
Rk(X) The reliability of system when node k is

operational
Rkb(X) The reliability of system when link lkb is

operational
Rk,kb(X) The reliability of system when both node k and

link lkb are operational
c number of servers available at time t
DM Deadline-miss failure of a transaction
RDM (X) The reliability of system when there is no

deadline-miss DM
Rk,kb,DM (X) The reliability of system with no deadline-miss

DM in addition to node k and link lkb are
operational

λ Arrival rate of transaction
µ Processing rate of transaction
yik The memory required by all the transactions at

kth node ∀i = 1, . . . ,m
Mk The available memory size at kth node
Lik The load required by all the transaction at kth

node ∀i = 1, . . . ,m
CNk The available processing capacity of the kth

node
Aλ Availability of the resources under load λ
Ac,λ The conditional steady state availability of

servers c with load λ
Qc The probability that there are exactly c servers

are available
K A certain threshold value after which all ri’s

with i > kwill be 0
qi The steady state probability for anM/M/c

model
Rk,kb,DM,Aλ (X) The reliability with no deadline-miss DM

considering the conditional steady state
availability Aλ of resources

TM Transaction management
Miss Ratio Transaction miss ratio
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Fig. 7. Declaration of new request and start process.

4.2. Assumptions

• Transactions arrive according to a Poisson process (i.e., expo-
nentially distributed interarrival times).

• The failure, repair, and transaction processing times are ex-
ponentially distributed.

• There is an infinite buffer space for queuing transactions in
the system. In modern system, it is likely because, memory is
fairly cheap.

• Transaction buffer space is infinite.
• The probability of having i transactions in grid computing

system follows a simple M/M/c model. Because, transaction
buffer sizes are assumed to be quite large.

• The network topologies in the system are cycle-free. It means
that there will be unique path between any pair of edges.

• The failure of a component follows Poisson process (constant
failure rate) and are statistically independent.

• Statistically, the failure of components are independent.

• The system considers steady state user-perceived availability
for the resources. It is strongly based on the performance
(especially the response time) of the system.

4.3. Analytical study on reliability modeling of GTP system

The reliability of transaction in grid computing system is the
probability that over a given period of time t , the entire transac-
tion executes properly without failure. The failure of transaction
in grid computing system is caused not only by node and link
fault but also by deadline-miss fault. Therefore, it is essential to
introduce deadline-miss fault while formulating the reliability.
Resource availability also plays an important rolewhen transaction
is executed in grid computing system within its deadline. In [25],
Shatz et al. proposed the reliability formulation for distributed
computing system including grid considered the failure caused
by node and link fault only. This paper modifies Shatz’s formu-
lation [25] by introducing deadline-miss fault [35] and steady
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Fig. 8. CPN model of client in Grid.

Fig. 9. CPN model of load balancing before scheduling in Grid.

state user-perceived availability [37] of resources. The reliability
formulation expressed by [25] is as:

Rk,kb(X) =

[
n∏

k=1

Rk(X)

]
.

[
n−1∏
k=1

∏
b>k

Rkb(X)

]
(1)

where the node reliability Rk(X) of a node Nk during a time interval

t has been computed as

e−γk
∑m

i=1 xikeik (2)
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Fig. 10. CPN model of load balancing after scheduling in Grid.

Fig. 11. CPN model of transaction processing in Grid.

where
∑m

i=1 xikeik is the total elapsed time t for executing the
transactions assigned to Nk.

The communication link reliabilityRkb(X) at a time interval t has
been computed as

e−σkb
∑m

i=1
∑

g ̸=i xikxgb(costig /wkb) (3)

where the total elapsed time for transmitting the transaction com-
munication via lkb is

∑m
i=1

∑m
g=1 xikxgb(costig/wkb).

The system reliability that there is no transaction deadline-miss
fault in addition to nodes and communication links are operational
during the elapsed time for the execution can be computed as

Rk,kb,DM (X) =

[
n∏

k=1

.Rk(X)

]
.

[
n−1∏
k=1

∏
b>k

.Rkb(X)

]
.

[
m∏
i=1

.RDM (X)

]
(4)
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where the transactions are steady state and follow queuing system
modelM/M/c [44] and RDM (X) which is defined as the probability
that there is no deadline-miss with rateψD. When transaction Ti is
scheduled on Nk can be computed by using the Markov model as

RDM (X) = e
−ψD.

[
1
µ+q0.

ρ(cρ)c
c!(cµ−λ)(1−ρ)

]
, ∀c ∈ N (5)

where q0 is given by

q0 =

[
c−1∑
k=0

(cρ)k

k!
+

(cρ)c

c!(1 − ρ)

]−1

(6)

where ρ =
λ
c.µ < 1.

Finally, the reliability of transaction in grid computing system
considering conditional steady state user-perceived availability of
resources [45] is computed as:

Rk,kb,DM,Aλ (X) =

[
n∏

k=1

Rk(X).Aλ

]
.

[
n−1∏
k=1

∏
b>k

Rkb(X)

]

.

[
m∏
i=1

RDM (X)

] (7)

where Aλ is the steady state availability of the resources under the
load λ. This paper takes its formula from [37] expressed as:

Aλ =

n∑
c=1

Ac,λQc (8)

where ∀c = 1, . . . , n and Ac,λ of available servers which has been
computed as

∑K
j=0 rjqk with the steady state probabilities for the

model which are given as

qk =
(cρ)k

k!
q0, 1 ≤ j ≤ c − 1 (9)

qk =
ccρk

c!
q0, k ≥ c (10)

In the above formulation, ρ =
λ
cµ and Qc has been expressed as

Qc =
n!

c!(n−c)!q
c(1 − q)n−c , where q =

η

γ+η
be the availability of a

single server.

4.4. Illustrative example

Suppose there are six virtual nodes which are executing three
transactions and contain the resources required by those transac-
tions as shown in Fig. 1.

The procedure for calculating the reliability is proposed as fol-
lows:

Step 1. Compute RGTP without considering the deadline-miss fail-
ure by solving Eqs. (1)–(3).

Step 2. Solve Eqs. (4)–(6) to obtain RDM .

Step 3. Compute Eq. (7) to obtain the final reliability of the GTP
system by considering the deadline-miss failure.

To calculate the reliability of the GTP system, we take the same
data sets, network topology image and examples used by [10].

First of all, we calculate RDM . Suppose, ψD = 4 × 10−4. Since
there are six virtual nodes and three transactions, then c = 6 and
i = 3. Suppose, λ = 1.4 (s−1) and µ = 0.8 (s−1). Then ρ can
be calculated as 0.292. Then q0 can be calculated as 0.240174491.
Therefore, qk is calculated as 0.009647149. The delay by each
transaction is computed as 0.006747346. Then RDM is calculated
as 0.999498791.

Table 2
Running time (in seconds) of transactions.
Transactions T1 on N1 T2 on N4 T3 on N2 T3 on N3
Time 30 35 15 13

Table 3
Running time (in seconds) of resources.
Time R1 on

N5

R2 on
N1

R2 on
N4

R3 on
N4

R3 on
N5

R4 on
N4

R5 on
N2

R5 on
N6

R6 on
N3

T1 5 30 30 20 50
T2 15 30 25 20 40
T3 25 30 33

Table 4
Reliability of transactions with varying deadline-miss failures.
Deadline-miss failure RDM Aλ RGTP

8 × 10−4 0.998997834 0.99999 0.871516995
4 × 10−4 0.999498791 0.99999 0.871954026
3 × 10−4 0.99962407 0.99999 0.872063318
2 × 10−4 0.999749364 0.99999 0.872172623
1 × 10−4 0.999874674 0.99999 0.872281943
0.5 × 10−4 0.999937335 0.99999 0.872336608
0.25 × 10−4 0.999968667 0.99999 0.872363941
0.125 × 10−4 0.999984333 0.99999 0.872377608
0.062 × 10−4 0.999992229 0.99999 0.872384497
0.031 × 10−4 0.999996115 0.99999 0.872387887

The reliability of GTP system when it does not consider the
deadline-miss failure has been calculated (computed in [10]) as
0.8724. Therefore, the final reliability of the GTP system is cal-
culated by taking the data sets from Tables 2 and 3 as RGTP =

0.999498791 × 0.99999 × 0.8724 = 0.871954026, where Aλ is
supposed to be 0.99999.

4.5. Reliability of the GTP system: Observation

Table 4 depicts the reliability of the GTP with varying deadline-
miss failure and resource availability. Table 4 shows that the reli-
ability of the GTP tends to be equal to the grid service reliability
0.8724 calculated in [10] when the deadline-miss failure tends to
less than 0.031×10−4. The observation indicates that the deadline-
miss failure should also be taken notice of while evaluating the
reliability of the GTP system.

The calculated reliability of grid service [10] without deadline-
miss failure is 0.8724. The outline for the reliability modeling of
GTP can be shown in Table 4.

4.6. The CPN model of the GTP system

This section presents a CPN model for modeling load balanced
transaction scheduling in on-demand computing based transac-
tion processing system. In addition, this section also presents the
reliability modeling and evaluation for the on-demand computing
based transaction processing system.

The model of on-demand based transaction processing is a
hierarchical CPNs basedmodel (as shown in Fig. 2). This CPNmodel
consists of several nets where each net describes the behavior
of each module of the system. This paper takes the example of
grid computing model here. The CPN model consists of various
hierarchical nets to model the Grid Transaction Processing system
properly. The user requests are generated for the transactional
services in the DATAGEN net using exponential distribution. The
CLIENT net receives these requests abiding by the rules of the
system. Then the requests are scheduled in the SCHEDULER net
which decides the order of arrival of the requests and schedules
the job. The GLB (Global Load Balancing) net models the global
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Fig. 12. CPN model of faults generation in Grid.

resource management system where the transactional tasks are
subdivided into multiple subtasks and those subtasks are sent
to the resources for the execution. The LocalRM net describes
the local level resource management. After that the transaction
management is performed in the TRANSACTION MANAGER net.
Then, MONITOR net monitors these tasks. It decides where to send
the received tasks. It either sends the tasks to the users or to the
SCHEDULER net. If the subtasks are executed unsuccessfully, they
are again rescheduled either on the local node (where the subtask
has faced failure or on the replicated nodes (any other nodes rather
than the local one). In the case of replicated node, the replication
method is used. The basic idea of the model is taken from [21].

4.6.1. Transaction generation
The first step in modeling of the GTP system using CPN Tools

is to generate the transactional data. In the CPN model of GTP
shown in Fig. 2, when we open the DATAGEN net, we find the
netwhich generates the transactional request data randomly using
exponential distribution shown in Fig. 3. For data generation,

newRequest()@ + expTime(100)

command generates the random data in themodel shown in Fig. 3.
Each transaction is modeled as

(((c, sit), str, tsi, at, wt, pt))

where c represents the client set, sit represents service item,
str represents the string type, at represents arrival time of the
transaction, wt represents waiting time of the transaction to be
processed, lastly pt represents the processing time of the trans-
action. The detailed information with snapshots of codes used for
the simulation are shown in Figs. 4–6 (see Fig. 7).

4.6.2. Client
In Section 3, when we select CLIENT net we find another net

which describes the Client net (as shown in Fig. 8). This net is
designed to work just like a client (as in client–server system). It
checks the payment status of the user and also checks the authen-
tication of the users. This net distinguishes the transaction after
the completion of its execution whether it is failed or completed
successfully.

if u1 >= v1 then 1′(((c, sit), str, tsi, at, wt, pt),
pay_not)else 1′(((c, sit), str, tsi, at, wt, pt), paid)

This function used in Fig. 8 is used to allow those transactions for
further processing which has declared paid. In the net, 5% of all

Fig. 13. Reliability of the system with load balancing before scheduling of transac-
tion.

Fig. 14. Reliability of the system with load balancing after scheduling of transac-
tion.

transactions are assumed as non paid. The non paid transactions
are not allowed to go further and these transactions go to failed
place.

4.6.3. Load balancing before scheduling
The net shown in Fig. 9 models the load balancing to be done

before scheduling the transaction. It actually balances the load on
the resources before dispatching the transaction to their required
nodes or resources to execute.

if pro = 1 then 1′(((c, sit), str, str, tsi, at, wt, pt),
(pro(1), ld)) else empty

This function sends the transaction to pro1 i.e., processor 1. proc-
time mentioned in this net represents the process time of the
processor.

4.6.4. Load balancing after scheduling
In order to compare the effectiveness of load balancing, we also

model load balancing to be done after scheduling the transaction
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Fig. 15. Comparison of reliability.

as shown in Fig. 10. In this net, load balancing is modeled after the
scheduling of the transactions.

4.6.5. Transaction processing
Fig. 11 shows the model of the detailed operation of trans-

action processing. Here proctime denotes the process time of
the transaction and avg_proc_time denotes the deadline of the
transaction. In this net, faults have been modeled. If the execution
time is greater than the deadline time of the transaction, this
transaction is rolled back.
if fs = h_fault then 1′((((((c, sit), str, tsi, at, wt, pt),

(p, ld)), s, pod_it), proctime), fault_occurred)
else 1′((((((c, sit), str, tsi, at, wt, pt), (p, ld)),

s, pod_it), proctime), executed)

This function describes the hardware fault of the system. Similarly,
the software fault and the deadline-miss fault have been modeled.

4.6.6. Failure modeling
The fault generation ismodeled in Fig. 12 using exponential dis-

tribution. All the faults have been generated along with deadline-
miss fault.

random_error(fs, err_no())

This function generates the faults randomly.

4.7. Reliability analysis

Reliability of the GTP system using the CPN Tools by analyzing
its CPN models presented in the paper can be calculated as [46]:

RGTP =

m∑
i=1

Pi (11)

where Pi is the probability of executing transaction in time t andm
is the different realizations of transaction.

5. Results

Whenwe implemented our proposed CPNmodels on CPN Tools
version 4.0 running onWindows 7with i7processors,we found the
following results.

Fig. 13 shows the reliability of the GTP system when it is
evaluated using the CPN Tools, when load balancing operation is
performed before scheduling of transaction. The simulation is car-
ried out with several experiments. Category 1: when the number
of resources is 8, Category 2: when the number of resources is 6,
and Category 3: when the number of resources is 4. The result
shows that reliability is higher in Category 1 i.e. when the number
of resources is 8. The average reliability category wise is shown in
Fig. 15. The average reliability are 0.834, 0.8564, and 0.8648 at the
respective number of resources 4, 6, and 8.

Fig. 14 depicts the reliability results of the GTP system, when
load balancing is performed after scheduling of the transaction.
Here also there are three categories; in Category 1, there are 8num-
ber of resources. In Category 2, There are 6 number of resources and
in Category 3, they are 4. Here also, we find that the reliability is
higher when the number of resources are more in the system. The
average reliability category wise is shown in Fig. 15. The average
reliability are 0.801, 0.8405, and 0.8549 at the respective number
of resources 4, 6, and 8.

6. Conclusions and future aspects

On-demand computing based transaction processing system
has gained the popularity rapidly. Load balanced scheduling in
this environment is needed due to the dynamic and real-time
behavior of the system. The reliability of on-demand computing
based transaction processing is defined as the probability of all
the transactions involved in the given service being executed,
successfully. Due to the dynamic and real-time behavior of this
system, high-level extensions of Petri nets are required for the
modeling and analysis of this system. Colored Petri nets (CPNs),
one of the extensions of Petri nets can be used tomodel on-demand
computing based transaction processing system.

The paper models the load balanced scheduling and reliability
of theGTP systembased on CPNs. For evaluation of the CPNmodels,
the paper uses CPN Tools. For results verification, first analytical
reliability model of the GTP system was implemented . Then reli-
ability of the system using CPN Tools was calculated. It was found
that reliability are approximately samewhich verified the accuracy
of the model. Also the comparison between the reliability of the
system when simulated with load balancing before scheduling
and that of the system when simulated with load balancing after
scheduling was performed.

The future works for further research in this area consist of the
following topics :

• The use of the CPN to model and analyze the dependability of
on-demand computing based transaction processing system.

• Proposing a general model for workflow scheduling in on-
demand computing based transaction processing system.

• Proposing a model for virtual machine placement in cloud
computing based transaction processing system.

• Using the other extensions of the Petri nets, such as
generalized stochastic Petri nets (GSPNs) to evaluate other
performance and dependabilitymeasures with load balanced
scheduling in on-demand computing based transaction pro-
cessing system.
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