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Improved Performance Models

1 Preliminaries and Objectives
Web-based software systems provide users with the opportunity to save time and money,
and improve the way to interact with clients, suppliers and business partners. The performance of web-based software systems is one of the most important and complicated
consideration, because they face a large number of users, and they must provide highavailability services with low response time, while they guarantee a certain throughput
level.
Workload characterization [Ferrari 1972] is a modeling process to reproduce the
user behavior. The customers use dierent navigation patterns, dierent workload for
E-Commerce systems. One approach analyzes the Customer Behavior Model Graph
[Menascé 2000], while another is using Markov Chains [Kijima 1997]. Further methods
use mathematical models like Phase-type distributions or Quasi Birth Death processes
[Bobbio 2004].
Performance metrics are inuenced by many factors. Several papers have investigated
various congurable parameters, and the way in which they aect the performance of
web-based software systems [Sopitkamol 2005]. Statistical methods and hypothesis tests
[Trivedi 1982] are used to retrieve factors inuencing the performance. Nowadays the
Microsoft .NET environment [Platt 2003] became one of the most prominent technologies of web-based software systems. Through the settings of the application server, the
performance can be aected in several ways [Meier 2004] [Wienholt 2003].
The performance metrics can be predicted at early stages of the development process
with the help of a properly designed performance model and an appropriate evaluation
algorithm. In the past few years several methods have been proposed to address this
issue. Several of them is based on queueing networks or extended versions of queueing
networks [Jain 1991] [Kleinrock 1975]. By solving the queueing model using analytical and simulation solutions, performance metrics can be predicted. Another group is
using Petri-nets or generalized stochastic Petri-nets [Bernardi 2002] which can represent
blocking and synchronization aspects much more than queueing networks. As the third
kind of the approaches, the stochastic extension of process algebras, such as TIPP (Time
Processes and Performability Evaluation) [Herzog 2000], EMPA (Extended Markovian
Process Algebra) [Bernardo 1998], and PEPA (Performance Evaluation Process Algebra)
[Gilmore 1994] can be mentioned.
Web-based software systems access some resources while executing the requests of the
clients. Typically several requests arrive at the same time, thus, competitive situation is
established for the resources. For modeling such situations queueing model-based approaches are widely used. Queueing networks have also been proposed to model web-based
software systems [Menascé 2001] [Urgaonkar 2005].
The objective of my research was to establish performance models as well as evaluation methodologies, which are suitable for performance prediction of web-based software
systems. Taking these aspects into account, my goals were the following:

• Identify and investigate the dominant performance factors considering the response
time and throughput performance metrics.
• Establish and investigate evaluation and prediction techniques applying the dominant
performance factors considering the response time and throughput performance metrics.
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• Provide and verify multi-tier queueing network models to model web-based software
systems.
• Apply the methods to industrial applications, and demonstrate the feasibility of practical application.

2 Methodological Summary
The starting points of my work were the already existing methods, models, algorithms.
Firstly, I elaborated the related work, then, I collected the most important models, algorithms. This could help to understand the dierent approaches, and formed a basis for
further research and novel approaches.
The requirements above had determined the direction of my research including the
individual steps. The methods of the theoretical research are determined by the actual
tasks, the already existing subsolutions, and the shortcomings of the existing solutions.
The whole research that facilitated to improve the present performance models can be
classied into three groups:

• Performance prediction and performance factor identication.
• Modeling the thread pool.
• Modeling the queue limit.
I have analyzed the present performance models and evaluation algorithms to predict
performance metrics of web-based software systems in ASP.NET environment and to
provide a comparative base for proposed models and algorithms. I have identied and
investigated novel performance factors. I have modeled these identied factors to improve
performance models.
It holds for the whole research method that all of the expected results took aim at
practically applicable solutions. The theoretical results of the research have been applied
to an industrial application and have been realized in dierent modules of a developed
web-based software system.

3 Novel Scientic Results
The results of my research work are summarized in three theses. The rst thesis introduces and veries queueing network models and evaluation algorithms to model multi-tier
ASP.NET web-based software systems. I have shown that these models and algorithms
can be used for performance prediction in ASP.NET environments. In my thesis work, I
have proven the validity of these models and algorithms as well as the correctness of the
performance predictions with performance measurements. This thesis also provides algorithms to identify and investigate the dominant factors considering the response time and
throughput performance metrics. The identied performance factors must be modeled to
improve performance models.
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The second and third theses deal with the establishment and investigation of the
evaluation and prediction techniques applying the identied performance factors. The
second thesis proposes a novel algorithm which models the behavior of the thread pool.
The third thesis contains novel models and algorithms for modeling the queue limit. I have
investigated the computational complexity as well as the limit of the response time and
throughput sequences provided by the proposed models and algorithms. I have shown
that the proposed models and algorithms can be applied to performance prediction in
ASP.NET environment. I have proven the validity of the proposed models and algorithms
as well as the correctness of the performance prediction with performance measurements.
The rest of this work is organized as follows. Firstly, the main contribution of each
thesis is described. Secondly, reference to the appropriate chapter of the dissertation
followed by my publications related to the specic thesis is presented. Finally, the detailed
description of the thesis is provided.

Thesis I

Performance Prediction and Performance Factor Identication
I have provided queueing network models and evaluation algorithms to model multitier ASP.NET web-based software systems. I have demonstrated that these models and
algorithms can be applied to performance prediction of web-based software systems in
ASP.NET environment. I have validated these models and algorithms and veried the correctness of the performance prediction with performance measurements. I have analyzed
the computational complexity as well as the limit of the response time and throughput
sequences computed by these models and algorithms in order to provide a comparative
base for proposed models and algorithms.
I have proposed statistical methods for identifying and investigating novel performance
factors. I have proven with statistical methods, that the thread pool attributes and the
queue limit parameters have a considerable eect on the performance, in other words, they
are performance factors. I have shown with statistical methods that the response time
performance metric tends to a normal distribution. I have determined the parameters of
the distribution by maximum likelihood estimation with successive approximation.
Thesis I is contained by Chapter 4 of the dissertation. Related publications: [1] [2] [3] [7]
[8] [9] [10] [12] [13] [15] [16] [18] [19] [20] [21] [34].

Denition 3.1. The base queueing model is dened for multi-tier information systems

[Urgaonkar 2005], which are modeled as a network of M queues Q1 , ..., QM illustrated
in Fig. 1. Each queue represents an application tier. Sm denotes the service time of a
request at Qm (1 ≤ m ≤ M ). A request can take multiple visits to each queue during
its overall execution, thus, there are transitions from each queue to its successor and its
predecessor, as well. Namely, a request from queue Qm either returns to Qm−1 with a
certain probability pm , or proceeds to Qm+1 with the probability 1 − pm . There are only
two exceptions: the last queue QM , where all the requests return to the previous queue
(pM = 1) and the rst queue Q1 , where the transition to the preceding queue denotes the
completion of a request.
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Figure 1: Modeling a multi-tier information system using a queueing network

Internet workloads are usually session-based. The model can handle session-based
workloads as an innite server queueing system Q0 that feeds the network of queues and
forms the closed queueing network depicted in Fig. 1. Each active session is in accordance
with occupying one server in Q0 . The time spent at Q0 corresponds to the user think time
Z.
Incoming sessions of a web application can be classied into multiple classes. An
enhancement of the base queueing model [Urgaonkar 2005] can handle multiple session
classes.

Denition 3.2. The Mean-Value Analysis (MVA) [Reiser 1980] for the base queueing
model is dened by Algorithm 3.1, and the associated notations are in Table 1.
Algorithm 3.1 Pseudo code of the MVA algorithm
1: for all m = 1 to M do
2:
3:
4:
5:

Lm = 0

for all n = 1 to N do
for all m = 1 to M do

6:

Rm = Vm · Sm · (1 + Lm )
M
P
R=
Rm

7:
8:
9:

τ = n/(Z + R)
for all m = 1 to M do
Lm = τ · Rm

m=1

If multiple session classes are handled, the time and space complexities of MVA are
proportional to the number of feasible populations, and this number rapidly grows for
relatively few classes and jobs per class. Thus, it may be worth using an approximate
MVA algorithm or a set of two-sided bounds.
The pseudo code of the applied approximate MVA algorithm [Sinclair 2005] is as
follows (see notations in Table 1).
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Algorithm 3.2 Pseudo code of the applied approximate MVA algorithm
1: for all m,c do
2:
3:
4:

Lm,c =

Nc
M

Em,c =

Nc −1
Lm,c
Nc

repeat

+

C
P

Lm,i

i=1
i6=c

Compute Rm,c and τc using Em,c
Compute newLm,c using τc and Rm,c
newLm,c −oldLm,c
7: until
<δ
oldLm,c
5:
6:

A system without a bottleneck device is called a balanced system, in other words, the
total service time demands are equal in all queues. The bounds referred to as balanced
job bounds are based on the fact that a balanced system has a better performance than a
similar unbalanced system [Zahorjan 1982]. The balanced job bounds are very tight, the
upper and lower bounds are very close to each other as well as to the real performance.

Denition 3.3. Balanced job bounds are dened by Equations 3.1 and 3.2, and the associated notations are in Table 1.

©
ª
D
max N Dmax − Z, D + (N − 1)Davg D+Z
≤
(N −1)D
≤ R ≤ D + (N − 1)Dmax (N −1)D+Z
(

N
−1)D
Z + D + (N − 1)Dmax (N(N−1)D+Z

≤ τ ≤ min

1

N
,
D
Dmax Z + D + (N − 1)Davg D+Z

(3.1)

)
(3.2)

Table 1: Notations of evaluation algorithms

Notation

Meaning

Notation

Meaning

C
D
Davg
Dm
Dmax
δ

number of classes
total service demands
average service demand
service demand for Qm
maximum service demand
maximum allowable error
expected queue length
of Qm at class c
queue length of Qm
queue length of Qm at class c
number of tiers

N
Nc
R
Rm
Rm,c
Sm

number of customers
number of customers at class c
response time
response time for Qm
response time for Qm at class c
service time for Qm

τ

throughput

τc
Vm
Z

throughput at class c
visit number for Qm
user think time

Em,c
Lm
Lm,c
M
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It is worth decomposing a web-based software system to multiple tiers, and modeling
it according to Fig. 1, because the service time of each tier is independent and additive,
and can be very dierent.

Subthesis I.1
I have shown that the base queueing model (Denition 3.1) and the MVA evaluation algorithm (Denition 3.2), the approximate MVA (Algorithm 3.2), the balanced job bounds
(Denition 3.3) can be used to model multi-tier ASP.NET web-based software systems.
I have demonstrated that these model and algorithms can be applied to performance prediction of web-based software systems in ASP.NET environment, they can predict the
response time, throughput and tier utilization performance metrics. I have validated these
model and algorithms and veried the correctness of the performance prediction with performance measurements.
I have analyzed the computational complexity of the MVA algorithm as well as the
limit of the response time and throughput sequences computed by the base queueing model
and the MVA algorithm in order to provide a comparative base for proposed models and
algorithms.
If the Steps 5, 6, 7, and 9 of the recursive MVA (Algorithm 3.2) are substituted into
each other, the following equations can be derived for response time:

R(n) =

M
X

(n − 1)

M
P
m=1

Dm +

Dm Rm (n − 1)

Z + R(n − 1)

m=1

(3.3)

,

for throughput:

τ (n) =
Z + (D1 + D2 + ... + DM ) +

n
P
i=2

(

n
i
(D1i + D2i + ... + DM
)

i−1
Q

).

(3.4)

τ (n − j)

j=1

Subthesis I.2
I have proven that the computational complexity of the MVA algorithm (Denition 3.2),
which can evaluate the base queueing model (Denition 3.1), is Θ(N · M ), where N is
the number of customers and M is the number of tiers. I have shown that the response
time sequence (Equation 3.3) provided by the base queueing model and the MVA algorithm
converges to innity (if n → ∞, where n is the number of customers). I have proven that
the throughput sequence (Equation 3.4) computed by the base queueing model and the MVA
algorithm converges to 1/Dmax (if n → ∞, n is the number of customers), where Dmax is
the maximum value of service demands.
After analyzing the present performance models and evaluation algorithms, I have
identied and investigated novel performance factors to improve performance models. I
have proposed statistical methods regarding the methodology of examinations.
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ASP.NET Worker Process

Application Domain
Pipeline
Client

IIS

Application
Queue

Named Pipe

Web
Service

Thead Pool
(Worker and I/O)

Figure 2: The architecture of ASP.NET environment
Using a thread pool, when a request arrives, the application adds it to an incoming
queue [Carmona 2002] (Fig. 2). A group of threads retrieves requests from this queue and
processes them. As each thread is freed, another request is executed from the queue.
From the IIS, the accepted HTTP connections are placed into a named pipe. This
is a global queue between IIS and ASP.NET, where the requests are posted from native
code to the managed thread pool. The global queue is managed by the process that
runs ASP.NET, its limit is set by the requestQueueLimit property. When the Requests
Current counter  which includes the requests that are queued, being executed, or waiting
to be written to the client  reaches this limit, the requests are rejected [Marquardt 2003].
From the named pipe, the requests are placed into an application queue, also known
as a virtual directory queue. Each virtual directory has a queue that is used to maintain
the availability of worker and I/O threads. The number of requests in these queues increases if the number of available worker and I/O threads falls below the limit specied
by minFreeThreads property. The application queue limit is congured by the appRequestQueueLimit property. When the limit is exceeded, the requests are rejected.
The maxWorkerThreads attribute means the maximum number of worker threads, the
maxIOThreads parameter is the maximum number of I/O threads in the .NET thread
pool. The minFreeThreads attribute limits the number of concurrent requests, because
all incoming requests will be queued if the number of available threads in the thread
pool falls below the value for this setting. The minLocalRequestFreeThreads parameter is
similar to minFreeThreads, but it is related to the requests from the local host. These
two attributes can be used to prevent deadlocks by ensuring that a thread is available to
handle callbacks from pending asynchronous requests.

Subthesis I.3
I have shown that the chi square test of independence can be applied to performance factor
identication. I have proven that the thread pool attributes: maxWorkerThreads, maxIOThreads, minFreeThreads, minLocalRequestFreeThreads as well as the queue limit parameters: requestQueueLimit, appRequestQueueLimit are performance factors. I have shown
with statistical methods that the response time performance metric tends to a normal
distribution if the probability variables are the thread pool performance factors (namely,
maxWorkerThreads, maxIOThreads, minFreeThreads and minLocalRequestFreeThreads).
I have determined the parameters of the distribution by maximum likelihood estimation
with successive approximation.
9
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The identied performance factors (thread pool and queue limit) must be modeled to
improve performance models of web-based software systems.

Thesis II

Modeling the Thread Pool
I have proposed a novel algorithm to model the thread pool performance factor. I have
analyzed the computational complexity of the proposed algorithm as well as the limit of
the response time and throughput sequences computed by the novel algorithm. I have
demonstrated that the proposed algorithm can be applied to performance prediction of
web-based systems in ASP.NET environment, the response time and throughput performance metrics can be predicted. I have validated the novel algorithm and veried the
correctness of the performance prediction with performance measurements. I have introduced that the average absolute error of the novel algorithm is less than the average
absolute error of the original algorithm. I have examined the error histograms of the
original and proposed algorithms.
Thesis II is contained by Chapter 5 of the dissertation. Related publications: [4] [5] [6]
[22] [23] [24] [25] [26] [27].
Due to the behavior of the thread pool, the MVA evaluation algorithm (Denition 3.2)
has been improved.

Denition 3.4. The extended MVA with thread pool (MVA-TP) is dened by Algorithm 3.3, where the index CPU is related to the CPU tier index and the index I/O
corresponds to an I/O tier index from 1 ≤ m ≤ M .
Algorithm 3.3 Pseudo code of the MVA-TP
1: for all m = 1 to M do
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:

Lm = 0

for all n = 1 to N do
for all m = 1 to M do

Rm = Vm · Sm · (1 + Lm )
M
P
Rm
R=
m=1

τ = n/(Z + R)
for all m = 1 to M do
if m is an I/O tier then
U
· LCP U
LI/O = τ · RI/O − SSCP
I/O
if LI/O < 0 then
LI/O = 0
for all m = 1 to M do
if if m is a CPU tier then
Lm = τ · Rm

10
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Subthesis II.1
I have proposed a novel algorithm (Denition 3.4) to model the thread pool. I have shown
that the proposed MVA-TP can evaluate the base queueing model (Denition 3.1). I have
proven that the computational complexity of the novel MVA-TP is Θ(N · M ), where N is
the number of customers and M is the number of tiers.
This extension does not increase the complexity of the evaluation algorithm, because
the computational complexity of the original algorithm is the same (see Subthesis I.2).

Subthesis II.2
I have proven that the predicted throughput sequence provided by the novel MVA-TP (Denition 3.4) converges to 1/Dmax (if n → ∞, n is the number of customers), where Dmax
is the maximum value of service demands. I have shown that the predicted response time
sequence converges to innity (if n → ∞, where n is the number of customers). I have
proven that the dierence between the throughput and response time sequences computed
by the novel MVA-TP and the original MVA (Denition 3.2) converges to zero (if n → ∞,
where n is the number of customers).
The limits of the response time and the throughput sequences computed by the proposed MVA-TP are the same as the limits of the performance metrics computed by the
original MVA (see Subthesis I.2).
Consider lim an = A, the denition of the limit is as follows: ∀ε > 0 (ε ∈ R)
n→∞

∃N (ε) ∈ N that |an − A| < ε if n > N (ε). According to the denition of the limit, a
common threshold index can be found for each arbitrary chosen ε: max(N1 (ε), N2 (ε)),
where N1 (ε) is for response time dierence between the proposed and original algorithms
and N2 (ε) is for throughput dierence. If the number of customers is greater than the
threshold index, the proposed MVA-TP and the original MVA can be used, as well. If
the number of customers is less than the threshold index, the novel MVA-TP has to be
applied.
I have analyzed the error to verify the correctness of the performance prediction with
the proposed MVA-TP. Two methods have been applied: the average absolute error
function and the error histogram.

Denition 3.5. The average absolute error function is dened by Equation 3.5, where

the index alg corresponds to the values provided by the algorithm, the index obs is related
to the observed values, R is the response time, and N is the number of measurements.

erroralg−obs = (

N
X

|Ralgi − Robsi |)/N.

i=1

11
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Subthesis II.3
I have demonstrated that the proposed MVA-TP (Denition 3.4) can be applied to performance prediction of web-based systems in ASP.NET environment, this proposed algorithm
predicts the performance metrics more accurate than the original MVA (Denition 3.2). I
have validated the novel MVA-TP and veried the correctness of the performance prediction with the proposed MVA-TP with performance measurements. I have introduced that
the average absolute error (Denition 3.5) of the novel MVA-TP is less than the average
absolute error of the original MVA. I have examined the error histograms of the proposed
MVA-TP and original MVA. The results have shown that the improved MVA-TP predicts
performance metrics much more correctly than the original MVA.

Thesis III

Modeling the Queue Limit
I have provided novel models and algorithms to model the queue limit performance factor.
I have examined the computational complexity of the proposed algorithms as well as the
limit of the response time and throughput sequences provided by the novel models and
algorithms. I have shown that the proposed models and algorithms can be used for
performance prediction of web-based systems in ASP.NET environment, the response
time and throughput performance metrics can be predicted. I have validated the novel
models and algorithms and veried the correctness of the performance prediction with
performance measurements. I have demonstrated that the average absolute error of the
novel models and algorithms is less than the average absolute error of the original model
and algorithm. I have analyzed the error histograms of the original and proposed models
and algorithms.
Thesis III is contained by Chapter 6 of the dissertation. Related publications: [28] [29]
[30] [31] [32].
By taking the queue limit into consideration, the base queueing model (Denition 3.1)
and the MVA evaluation algorithm (Denition 3.2) can be eectively enhanced.

Denition 3.6. The extended queueing model with global queue limit (QM-GQL) is de-

ned by Fig. 3, where the Qdrop is an innite server queueing system, the Zdrop is the time
spent at Qdrop , the GQL is the global queue limit, which corresponds to the requestQueueLimit parameter in ASP.NET environment. If the GQL is less than the queued requests
M
P
sum
Lm , the next requests proceed to Qdrop . Requests from Qdrop proceed back to Q0 ,
m=1

namely, these requests are reissued.

Denition 3.7. The extended MVA with global queue limit (MVA-GQL) is dened by

Algorithm 3.4, where the Zdrop is the time spent at Qdrop , the GQL is the global queue
limit, which corresponds to the requestQueueLimit parameter in ASP.NET environment.

12
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...
Z
S1V1

L1

Z

S2V2

L2

LM

SMVM

...
Q1

Z

Q2

QM

GQL

...

Zdrop

Q0

Zdrop
Zdrop

...

Qdrop

Figure 3: Extended queueing model with global queue limit

Algorithm 3.4 Pseudo code of the MVA-GQL
1: for all m = 1 to M do
Lm = 0
nql = 1
for all n = 1 to N do
for all m = 1 to M do
Rm = Vm · Sm · (1 + Lm )
M
P
7:
R=
Rm
2:
3:
4:
5:
6:

m=1

8:
9:
10:
11:
12:
13:
14:
15:
16:
17:

τ = nql/(Z + Zdrop + R)
for all m = 1 to M do
Lm = τ · Rm
M
P
if
Lm > GQL then
m=1

for all m = 1 to M do
else

Lm = oldLm

nql = nql + 1

for all m = 1 to M do
oldLm = Lm

13
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...
Z
L1

Z

S1V1

L2

S2V2

LM

SMVM

...
Q1

Z

Q2

QM

AQL + WT

...

Zdrop

Q0

Zdrop
Zdrop

...

Qdrop

Figure 4: Extended queueing model with application queue limit

Algorithm 3.5 Pseudo code of the MVA-AQL
1: for all m = 1 to M do
Lm = 0
nql = 1
for all n = 1 to N do
for all m = 1 to M do
Rm = Vm · Sm · (1 + Lm )
M
P
7:
R=
Rm
2:
3:
4:
5:
6:

m=1

8:
9:
10:
11:
12:
13:
14:
15:
16:
17:

τ = nql/(Z + Zdrop + R)
for all m = 1 to M do
Lm = τ · Rm
M
P
if
Lm − W T > AQL then
m=1

for all m = 1 to M do
else

Lm = oldLm

nql = nql + 1

for all m = 1 to M do
oldLm = Lm

14
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Denition 3.8. The extended queueing model with application queue limit (QM-AQL)

is dened by Fig. 4, where the Qdrop is an innite server queueing system, the Zdrop
is the time spent at Qdrop , the AQL is the application queue limit, which corresponds
to the appRequestQueueLimit parameter in ASP.NET environment, in addition, the
W T is the maximum number of working threads, which equals maxW orkerT hreads +
maxIOT hreads − minF reeT hreads in ASP.NET environment. If the AQL + W T is less
M
P
than the queued requests sum
Lm , the next requests proceed to Qdrop . Requests from
m=1

Qdrop proceed back to Q0 , namely, these requests are reissued.

Denition 3.9. The extended MVA with application queue limit (MVA-AQL) is dened

by Algorithm 3.5, where the Zdrop is the time spent at Qdrop , the AQL is the application
queue limit, which corresponds to the appRequestQueueLimit parameter in ASP.NET environment, in addition, the W T is the maximum number of working threads, which equals
maxW orkerT hreads + maxIOT hreads − minF reeT hreads in ASP.NET environment.

Subthesis III.1
I have proposed novel models and algorithms (Denitions 3.6 and 3.7 as well as Denitions 3.8 and 3.9) to model the global and application queue limits. I have shown that
the novel MVA-GQL can be applied as an approximation method to the proposed QMGQL and the MVA-AQL can be used as an approximation method for the QM-AQL. I
have proven that the computational complexity of the novel MVA-GQL and MVA-AQL is
Θ(N · M ), where N is the number of customers and M is the number of tiers.
These extensions do not increase the complexity of the evaluation algorithm, because
the computational complexity of the original algorithm is the same (see Subthesis I.2).

Subthesis III.2
I have shown that the predicted response time sequence provided by the novel models and
algorithms (Denitions 3.6 and 3.7 as well as Denitions 3.8 and 3.9) converges to RQL
(if n → ∞, n is the number of customers), where the RQL constant value can be seen
M
P
Lm is greater than GQL or
in Equation 3.6, and QL corresponds that index when
m=1

AQL+W T at the rst time. I have proven that the predicted throughput sequence computed
by the novel models and algorithms converges to min {1/Dmax , τ QL} (if n → ∞, n is the
number of customers), where Dmax is the maximum value of service demands, in addition,
τ QL constant value can be seen in Equation 3.7, and QL corresponds that index when
M
P
Lm is greater than GQL or AQL + W T at the rst time.
m=1

RQL =

M
X

QL
Dm +

m=1

τ QL =
Z + Zdrop +

M
P
m=1

M
P
m=1

Dm Rm (QL)
(3.6)

Z + Zdrop + R(QL)

Dm +

QL
Ã
QL
M
P
P
i=2

15

m=1

i
Dm

i−1
Q
j=1

!
τ (QL − j)

(3.7)
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Until all the requests have successfully been served, the response time and the throughput computed by the proposed models and algorithms are the same as the performance
metrics computed by the original model and algorithm. When requests are rejected because of exceeding the queue limit, the throughput sequence computed by the proposed
models and algorithms converges to a constant value, in most cases this is the same as in
case of the original model and algorithm, but in some cases this is another constant value.
Furthermore, the limit of the response time sequence provided by the novel models and
algorithms is not innity, it converges to a constant value.

Subthesis III.3
I have demonstrated that the proposed models and algorithms (Denitions 3.6 and 3.7 as
well as Denitions 3.8 and 3.9) can be applied to performance prediction of web-based
systems in ASP.NET environment, this proposed models and algorithms predicts the performance metrics more accurate than the original base queueing model and MVA (Denitions 3.1 and 3.2). I have validated the novel models and algorithms and veried the
correctness of the performance prediction with the proposed models and algorithms with
performance measurements. I have introduced that the average absolute error (Denition 3.5) of the novel models and algorithms is less than the average absolute error of the
original base queueing model and MVA. I have examined the error histograms of the original and proposed models and algorithms. The results have shown that the novel models
and algorithms predict performance metrics much more correctly than the original base
queueing model and MVA.
The extended MVA with thread pool and the extended MVA with queue limit are
independent and additive improvements, they can be applied together or separately, as
well.

4 Application of the Novel Scientic Results
Possibilities of practical application are contained by Chapter 7 of the dissertation. Related publications: [28][29].
The results  performance prediction and performance factor identication, modeling the
thread pool, modeling the queue limit  together form improved performance models
of web-based software systems. I have successfully applied these techniques to industrial
applications like Hungarian Microsoft Educational Portal [MsPortal]. Furthermore, I have
developed a web-based software system to demonstrate the practical application of the
proposed methods.
The results of this thesis have been realized by a software package, which contains the
contributions of this thesis in modular structure. My thesis work includes owcharts and
case studies oering solutions to practical problems.
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Presentation layer

ASP.NET web forms

Business logic layer

C# classes, MATLAB

Data access layer

ADO.NET

Database layer

SQL server

Figure 5: Architecture of the developed web-based software system
The architecture of the developed web-based software system is illustrated in Fig. 5.
The proposed methods have been implemented in MATLAB. The MATLAB programs
have been invoked and applied in .NET environment.
There are three main parts of the web-based software system as tab layout:

• Measuring the performance.
I have given a methodology described as a process to provide performance measurements of web-based software systems. The whole process cannot be automated.
The given steps should be followed to perform a measurement process. I have statistically analyzed the results of performance measurement processes in Thesis I. In
addition, I have applied them to validate the present (Thesis I) and the proposed
(Thesis II and III) performance models and evaluation algorithms as well as to verify the correctness of the performance prediction. For model parameter estimation
and model evaluation, only one measurement or estimation in case of one customer
is required.

• Identifying performance factors.
I have provided the performance factor identifying process. I have realized here the
proposed statistical methods of Thesis I.

• Predicting performance metrics, validating performance models and evaluation algorithms, analyzing the error.
I have provided the following functions. The performance metrics can be predicted
with the original along with the proposed models and algorithms modeling the
thread pool and the queue limit. The novel models and algorithms can be validated
using results of performance measurements. Error analysis can be performed to
demonstrate the accuracy of the proposed models and algorithms. I have realized
here the propositions of Thesis I, II, and III.
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