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Tassa paattbtyossa annetaan kuvaus kehitelysthus®esta Quasi Birth Death processien
ratkaisuun. Tama ohjelma on t&dh&n mennessa aituitlea ja sen avulla voi
ratkaistasarjan tehtavia jaita tervitaan kommurtikagysteemien analyysiin. Maunittuun
sovellukseen on annettu kuvaus ja méaritelma. Likayaus teisesta sovelluksesta Quasi

Birth Death prosessien tehtavien ratkaisuun on naydettu.
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ABSTRACT

Lappeenranta University of Technology
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Sergey Boldyrev
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Examiner: Oleg Chistokhvalov
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In this paper a description of developed applicatior solving a Quasi Birth Death

processes system was given. This program is ursquir and allows to solve a set of
tasks needed for communication systems analysie. ddscription and specification of
mentioned application is given. A brief descriptminanother applications for Quasi Birth
Death processes tasks solution is provided in ffaper also. Some notes about

implemented algorithms improvement ways are disliss
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1. INTRODUCTION

As different types of communication systems, likeetnet, different types of cell
phone’s networks and more grows up rapidly onénefrhost important problem rising up
is how to manage all of this systems in order t@ dhe ability for each user to use them
independently from the number of other users. Ty avay for future network
improvement is to create some mathematical methotsh will allow to measure the
performance of the given system in order to coritrbyy using measurements results. But
due of big physical size of mentioned networks domes it is very hard to obtain a
correct result in a suitable time, even by usirggrtitodern computers. Therefore some new
analytic techniques should be developed and impiésdeinto real working applications

for measurement tasks solution.

Some of the mentioned above mathematical methagadyt exists for different
types of so-called queuing systems, but the mgstilpo system for analysis is Quasi Birth
Death process. This technique covers a huge doaidime existing tasks, have a lot of
already implemented tasks solution algorithms aeeélsholds the scientists attention to

itself.

Unfortunately all of these algorithms allow to sola task for systems which can be
represented as a single Quasi Birth Death proaeas a set of QBD processes with some
applied restrictions. This paper describes newnigete which allows to avoid most of
such restrictions as well as an implementatiorhisf technique into application for solving

an existing real-life tasks.
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2. PROJECT DEFINITION AND MATHEMATICAL
BACKGROUND.

In this section the project definition will be giveNote, that this chapter is based
mostly on the materials, given in [1], therefordyoa brief description of mathematical
background will be given. Also the author assurhes the reader is already familiar with
QBD processes [2] and some of the existing sodahrtiques, like as cyclic reduction
algorithm for QBD problems [3)r Efficient Technique for the Analysis of QBD pesses
by Aggregation (ETAQA) [4].

The developed tool is based on the modified maggwmetric solution for finite
QBD processes method, because of it has one dbwest time complexity values with a
very good precision. The given method was proptsedalery Naumov in [5], therefore

it is highly recommended to be familiar with hisnka@oo.

2.1 Project definition and goals

In this section materials and designations fromwjéie used.

As it was mentioned above some of the queuing systean not be described as a
single QBD process, but they can be representadorm of a set with different processes
in it, where each process has a QBD structure.€fbir it is possible to obtain a solution
(steady state probability vector) for the wholeteys by applying the Naumov’s algorithm
[5] to each QBD process in the described set.

Let's assume, that each of the QBD processes hakifelependent structure, all of
them have different number of levels, different mxas A, B and C, different internal
dimension (the dimension of mat) and the transitions can be only between boundary
states of different processes as well as insiggoh process.

The simplest system of such type which containsy dalo QBD processes is
represented on the following figure (here the commsquare represents the transition

between two QBD’s):

1 2

Figure 1. An example of queuing system with two QBD processes
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As it was shown in [1]the modified matrix geometric solution for finiteBQ
processes method can be extended to such typsksfttao and the goal of this project was
to develop an application which will be able toveoh tasks for such queuing system by

using this improvement.

2.2 Used algorithms

In this section materials and designations fromwéile used.
As in was shown in [1pach QBD process in the described queuing systenbea

defined by its lengthm®, the number of phases”, the inner transition rate matrixes
AY B CY and the boundary matrixe@\.’, Be'.CLs Ay B, Cloy with two

vectors Eii),Eg) and one scalapy,’ added, which specify the additional arriving pisxe

Thei parameter describes the number of QBD process ichviiose parameters belongs.
In addition it is necessary to specify four traiositrate matrixes as it was done in [1]:

M; - from state (&) of thei-th process to the state i of thej-th,
wherek =0,...,n" h=0,...n" i, j=1..m,i # |

L; - from state (&) of thei-th process to the staten(” ,h) of thej-th,
wherek =0,...,n" h=0,...n" i, j=1..m,i #

N, - from state (0 K) of thei-th process to the statefppf thej-th,
wherek =0,...,n" h=0,...n" i, j=1..m,i #

K; - from state n® k) of thei-th process to the staten{” ,h) of thej-th,
wherek =0,...,n"" ' h=0,...,n"i,j=1..mi # |

The parametern® represents the dimension of square matB% and parametem
describes the total number of QBD processes igitren system.
Note, that here the designations from\iHre used, i.e.

(i) (i) )
i _ | Do b1 h (O y _(CU
é)_{ 0 B(i) ’Aé)_(A(i)J’ 0 = 0 (2.1)

0

and after that theBs) was denoted aB(”

0 *
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According to [1]it is possible to receive a square generator m@tfior the whole queuing
system by collecting the appropriate propertiestiixes in other words) of each QBD
process, therefore this task can be solved dirdxstlysing such transition matriQ with
normalizing condition:

(2.2)

pQ=0,
==1

where € is a column vector of all one$) is a vector of zeros and unknown vecior

which describes the required steady states disimibdor the whole system. Such solution
method was also implemented in the given applioasind calls asNormal calculatiofi

in the program, but such type of calculations deetsallow to perform fast calculation
process and was developed only as addition tanpeoved calculations method.

Let’s return to the main goal of this section —the description of the modified matrix
geometric solution for finite QBD processes metleodended to our task. As it was

described in [1}he required solution can be represented as:

. _ o 5 k=0,...,mb); (2.3)
i) Aok i) D —k | O 3 3 3
P = (f Iy + 987G ) Py + y@aube T, i=1,....m
where PP |
g = (FDCO) T
[ 0 if det (I)(‘-) # 0,
Uy = . !
1 if det &p = 0.
- (2.4)
& if det @) #0,
&l =
O of) if det &y =0
Gy = Bl ADE) — Fp@f,oWeld, i = 640D — G,y AW,
B _ 6 | "~
h,z == ¥ +k _‘{é)é{i) + _'FJ _.If - _.GJ _.g.
k hﬂ (f ) ~ (2) {9 mg_kg (i) () (25)
The F;,G; matrixes are the minimal nonnegative solutions nedtrix quadratic
equations:

A® 4 BOF, + COF =0, ABGE + BYGy +Cc¥ =0 (2.6)
and @, for each of QBD processes defined as
H = A(‘)G(é) + B L C‘”F{g) 2.7)
also let’s introduce a general group inverse matrfx those elementa®; can be obtained
by following algorithm (source matri® denoted a& matrix here), according to [6]:
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1 T P U )] Wiyeneyglynn., W

& 1,4 'V 3 Ur 1, 3 by 3 S

a;; = — A . A .

T E (wl,...,z,...,w,) JT( 'U]_,...,j,...,‘b‘,.) (2.8)

Wy Wy
where u= 3 a( %) g0
1€, < .. Cwnsn Wyeony Uy

The last one undefined yet vector i8” which describes the stationary probability of

AD + BD 4+
Summing up (2.3) — (2.8) to obtain steady statebadvilities vectors for each of Quasi
Birth Death processes it is necessary to find tectars f ©,g® and one scalan!’ for
each of the QBD’s.

According to [1] the following normalizing equatishould be used:

panZ(f1 o+ h + §9B) =1 (2.9)

where

k=0 =0

. m . N _(} m(‘-) (m(‘-) + 1 i E—1 ; .
QG = Z (F(e)) Q(g)e‘ + ¥ Q(s)# + D) ZZ (F ) (i)

m® mi®) .5
o= ()i 0 (s 3 ().

k=D j=m{¥_k
sy = yaae (m +1),

with the following set of boundary equations

Poozb +Z(Jﬂs)5( +hY E(‘)—Fﬁ()”?()) 0

i=1 i=1

(2.10)

where
5( ) == ‘I’J_)g(s)

eq = Y Tuby
PRI
T} G’(n) ®(3)52 .
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pooby) + fODY + FODY) + 'y +

o K1 k) 12 (&) _ (2.11)
+k=1£:kaéi [ﬂ Dy + 7Dy + o J%"‘)] =0,
where
DYy = 9B + (Fadh +yuand7 ) O
2. _ OFNE10 B_1g51 D)
Dy = Gi b +G G
i L (A6, o
B — vagate (€8 +B5)
m(k)_l o —
Dy = @M+ (F(Hq’ficﬁy(k)qw) (”'F”wmé’”‘“r 2 Gy usy) my) Nis
=
2 ) p L 1 w02 NL o
Dy = Gy OmMest | o)~ vwdm 2 CAETIEE
=
By = YT (Mii+ Neg).
i i i k
U + g0 + Ty + 3o [ AP0 + WU+ HPiy] = 0 (2.12)

k=1, ksti
where 7

. mP_2 .
Uy = (F 5700 +yeme { (- Ded + % () 5(s)) ‘ﬁw) Aot
. m_1 ' . - .
+ (F{S(‘) @ﬁ) + Yi)90) mBel) + 'Z:o (F&)) ¢(.‘)) ‘J‘?(,ﬁ)) B:)(.:)
&
mi_1 . .
Uy = (G(e)% — Y4 2_31 (G‘Eg)) o (-)) AV L+
B, |
+ (‘% LoD (Gf.:)) Soul (e)) BY,
=D

o (46 )
Uy = YeETE (Ammfﬁﬁmm)

mikl—1
) 1 Ind —
Uhy = ‘I’fic)Lkﬁ(F(k) O + Yw ) (""'1“‘""5”““r 2 (F fk)) %;) ?TU:)) Ky
e
2 ) = | L w1 ]
Uy = Gy Pmles +{ % ~vwim | X (Gik)) Ty | Ty | K
=

oy = YwdmTw (e + Keg) .-

Now it is possible to write an implemented in apalion ‘Improved calculatioris
algorithm step-by-step:
1. Perform any needed precalculations like calculkte,G, matrixes and some

more needed in future parameters by using form@lds, (2.6), (2.7) and (2.8).
2. Form system of linear equations by using the (2.@0}1) and (2.12)
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3. If some of the QBD processes have singular mabrixor each of such QBD'’s the

following equation should be added into obtainesleaond step system:
f el +gWel =0. (2.13)
4. Add a normalizing condition (2.9) to the descrilsgdtem of linear equations.
5. Totally there will be 1+1¢+2)> n® equalities in the given system of linear
i=1

equations, wheray describes the total number of QBD processes whihe
det(®) =0 or the number of equations (2.13) added to theesysLet’'s denote the

matrix of coefficients for our system 5. Note that the rank of this matrix will be

1+q+2>.n" which equals to number of unknown variables (foose QBD
i=1

processes which have nonsingular matristesve can set the values bf’ to zero,

because the solution procedure for such QBD’s doéegequire them)

6. After solving a system of linear equations the daihg unknown vectors and
scalars will be obtainedp,,,h{’, f© and g wherei describes the number of

appropriate QBD process.
7. By using (2.3) and (2.5) it is possible to obtalme trequired steady states
probabilities vectors for each of Quasi Birth Deptbcesses.
8. Solution is done!
Note that this algorithm was adapted for usingamputer based calculations, therefore it
does not require any symbolical solution procedares can be implemented without any
troubles.
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3. EXISTING TOOLS OVERVIEW

In this section the description of some of mostwkebwn applications will be given

as well as the comparison of them with BoDyToolgoemn.

3.1 MAMSolver tool

In this section the materials from [Were used.

MAMSOLVER is a software tool that provides efficient implartegions of the state-of-the-
art algorithms of the matrix-analytic methodologycluding the matrix-analytic and
matrix-geometric solution techniques for M/G/1-typnd GI/M/1-type processes,
respectively. MAM®LVER also provides an implementation of theaABA methodology.
Although, this exposition of matrix-analytic metsodnd EAQA considers only CTMCs,
MAMSOLVER provides solutions for both DTMCs and CTMCs.

The matrix-analytic algorithms that were taken intmsideration are defined in terms of
matrices, making matrix manipulations and operatithe basic elements of the tool. The
input to MAMSolver, in the form of a structured tdie, is the finite set of matrices that
accurately describe the process to be solved. Simeee are different algorithms that
provide solution for the same process, the usetifggpe the method to be used. However,
several tests are performed within the tool tonegbat special cases are treated separately
and therefore more efficiently. MAM®VER is implemented in C++, and classes define
the basic components of the type of processes watsideration.

Matrix is the module that implements all the basic magperations such as matrix
assignments, additions, subtractions, multiplicetjoand inversions. For computational
efficiency, the developers used well known and Heaested routines provided by the
Lapack and BLAS packages. Since solving a finitsteay of linear equations is a core
function in matrix-analytic algorithms, MAMSolverqvides several numerical methods
depending on the size of the problem, i.e., the sizthe coefficient matrices. For small-
size problems exact methods such as LU-decompositie used, otherwise the Lapack

implementation of iterative methods such as GMRESBICGSTAB, are chosen.
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Matrix-analytic modules handle both Continuous Time Markov Chaith Riscrete Time
Markov Chain processes. First these modules prosideage for the input matrices. In
addition, these modules provide all the routinesessary for the implementation of the
algorithms needed for solution of mentioned typksasks. Both the data structures and
routines of the matrix-analytic modules are basedtlee data-structures and routines
provided by the matrix module. The high-level sttwe of MAMSOLVER is illustrated in

following figure.

MAMs for CTMCs
Module

N\

Numerical | ——— Matrix
Routines — Module

v

MANMNIs for DTMCs
Module

MANMSolver
Module

Figure 2: MAMSolver structure.

The solution ofQBD processes, requires computation of ®éand sometimes oG
depending on the solution algorithm). First themraiis computed using the logarithmic
reduction algorithm. For completeness, the devetopeovide also the classic numerical
algorithm. The available solution methods for QBdgesses are matrix-geometric and
ETAQA-QBD.

GI/M/1 processes require the computation of the m&rixThe classic matrix geometric
solution is implemented to solve this type of pssss. First the algorithm goes through a
classic iterative algorithm to compute. Then, thel tomputes the boundary part of the
stationary probability vector. Since a geometriatien exist between vectosa fori =1,

there is no need to compute the whole stationaolgghility vector.

M/G/1 processes require the computation of the ma@which is calculated using the
classic iterative algorithm or the cyclic-reductiaigorithm or the explicit one (if applied).

The stationary probability vector is computed reowely using either the recursive
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Ramaswami formula or its fast FFT versiommABA-M/G/1 is also implemented as an

alternative for the solution of M/G/1 processesbref summary of the most important

matrix-analytic algorithms implemented in MAMSVER is depicted at the following

figure.
CTMWIC or DTG
WA SN QED
e E B from &
Cyclic-reducdon Tterative Logarithenic -reducton
Ramaswam's Formula ETAQA Marde- ETAQA batriz-
Fast FFT Formwla O eornetic Geometic

Figure 3: MAMSolver algorithms.

More information about this tool with detailed mathatical background, algorithms

and methods description can be obtained at thei@ffipplication homepage [8].

3.2 Telpack (XTelpack) tool

In this section the materials from [@gre used.

Telpack solves a rich set of stochastic models gndueing problems frequently

encountered in teletraffic analysis. These falloiritvo categories as discrete- and

continuous-state problems, and are listed below.
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Discrete-state problems Continuous-state problems

1. G/M/1-type structured Markovy 1. MAP/G/1 queue

chains
2. PH/PH/1 queue

2. M/G/1-type structured Markoy
3. MMPP/G/1 queue

chains

4. GI/G/1 queue
3. QBD processes

5. Fluid flow and Brownian motion
4. Combined G/M/1-M/G/1

structure

models

5. Discrete G/G/1 queue
Table 1. Telpack task types.

Telpack employs state-of-the-art solution method@® and numerical techniques to solve
the problems listed above and specific forms ofsafithem. E.g., finite-level M/G/1 and
QBD chains, level-dependent QBD chains, M/G/1 chaimh multiple boundaries, and
G/M/1, M/G/1 and QBD chains with non-canonical bdanes. Depending on the problem
dimension, these solutions may indeed become catipoally very demanding to obtain.
Algorithmic aspects of the solution methods, ma#igebraic operations, certain matrix
factorizations, and invariant and deflating subgpammputations constitute the crux of the
overall numerical task for any given problem. Telpamakes exclusive use of the
LAPACK/BLAS library routines to carry out these kas

Generally speaking, Telpack obtains stationary gtlength distributions for discrete-state
problems, and stationary waiting time (or unfindhgork) distributions for continuous-
state problems. These solutions take matrix-gedenetnd matrix-exponential forms,
respectively, for the two problem categories. Idiadn to the elements of such solutions,
Telpack computes and outputs the moments of thesebdtions, as well as their tail
behavior characterizations. In the case of disestte problems, it also computes and
outputs detailed queue-length probability vectarg] aggregate and overflow probabilities

as desired.
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Telpack interacts with the user through ASCII télds. That is, it writes all and any
output it computes to text files with distinctivetensions that identify the particular output
type (for example, opr for overflow probabilities), and it reads the peyh description
and data from an input file. The various outputs cptionally be directed to an m-file for
use in further computations under Matlab if desidegut files are necessarily formatted,
and a simple, line-oriented command language id tesdescribe a particular problem and
to enter associated numerical data. This commamglkge offers various constructs for

efficient entry of special matrices such as corts@iagonal, sparse, etc.

The Telpack application is installed on a 16-preoesSun Enterprise® 6500 server (400
Mhz UltraSPARC®, 16 GB memory, Solaris® 8) main&nat the School of
Interdisciplinary Computing and Engineering, Unaigr of Missouri - Kansas City. It is
accessible to anyone onbast-effort non-guaranteed®4/7 basis through XTelpack, the

client program for Windows and Linux that you cawthload and use free of charge.

XTelpack is for the most part a graphical userrfate to Telpack, written in Tcl/Tk. In
addition to performing the client-side tasks of mithing a problem and retrieving the
results, it does offer expert assistance in varfouss to the user. Chief among these are
the expert dialogs for preparing input files cotiyecA Telpack input file (its format and
what data it should contain) depends on the pdatiquroblem type at hand, and this may
constitute difficulty for the user, probably therydirst hurdle for the beginner. These
expert dialogs walk the user through the necesstays according to the given problem
type. They are, however, practically useful onlylfmited problem dimensions since they
expect the user to type numerical data. For lacgéesproblems, or for a prospective
frequent user, it is possible to have the inpuwsfibrepared in other ways, say, by a

program.

Telpack is configurable by the user to take diffénein-time actions/decisions. There is,
for example, a multitude of possible solution methdor most problem types. There are
many option switches and configuration paramet®rse of these are general, and some
apply to a given problem type. XTelpack again wdhes user through the necessary steps
of filling in all this data as it relates to therpeular problem at hand, and provides defaults

or suggestions on the way.

XTelpack also offers a built-in graphing utilityrfplotting results comparatively. These

plots can be exported as encapsulated postsdest fi
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More information about this tool with detailed usguide description can be obtained
at the official application homepage [9], but, utdmately, this website does not provide a
detailed information about implemented algorithnmel gorogram architecture, therefore

there is no any possibility to describe this progia all details.

3.3 BoDyTool application

Though the existing applications are able to salvade range of tasks, all of them (or
at least those applications which arailable for public ugeare unable to find an answer
in the described above set of tasks (i.e. taskQBD processes chain). Therefore it was
decided to develop own application which does rasehany analogue in the world so far
for performing such calculations. The following stnains for future application were set:

e An application should be a stand alone program,iti€hould not require any
remote server for task calculations, like in cals¥Telpack application.

« An application should have the components baseditacture for future
algorithms improvements without rebuilding the wehprogram.

e An application should work on any computer with \dbws operation system
installed on it.

e The default implemented algorithm for -calculatiostould be Valery
Naumov’s “Modified Matrix Geometric Algorithm” [5].

« The application should have user interface witlarctask representation.

The following hardware requires for running an agaglon.

* Any Intel Architecture based CPU (the recommendB&l @equency is 1 Giga
Hertz or higher)

* Atleast 128 MB of RAM.

e Any Windows family operating system.

Note, that the given application is able to solwyalescribed type of tasks, therefore it
will not be able to obtain an answer for GI/G/1 geiefor example. Therefore you should

use any of the described above applications fairsgplsuch type of tasks.
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4. PROGRAM OVERVIEW AND USER INTERFACE
DESCRIPTION

In this section the description in details of apgiion will be given as well as some

features and useful tricks.

The first thing you should do for using the appiima is to start the program. To
perform this operation the user has to select ¢idef where the copy of program was
allocated and run the application by clicking oe the with “BoDyTool.exe” name. If it

was the first program launching time you’ll see fibklowing message:
warningt x|

L] E IUnahble to load settings From registry, Defaulk setkings will be used,
L

Figure 4: “Default setting will be used” notification message

This message is default message during first gtaatd it means that the program was
unable to load the setting from the registry, tf@eethe default setting will be used. In
most cases you’'ll not see this notification box ejobut if not, you should ask the
administrator of the computer to check your segurights to read and write to the

Windows registry.

After a successful start of the program you’ll #ee following picture on your desktop

screen:
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“Elle Settings Caleulations yiew |

B R

For Help, press F1

Figure 5: The main program screen.
This User Interface screen can be divided intoetfiolowing part:
1. Main menu bar and main toolbar
2. Main work area
3. Information window

In this section we will describe all these integfgrarts in more details.

4.1 Main menu bar and main toolbar

The main menu bar let the user to perform all djpmra, which are available in the
application. For better usability of the progranmgoof these functions were implemented
at the toolbar as well. Such implementation givesability not to select the needed option
from the main menu, but select it directly from ttumlbar. Also some hotkeys were
implemented, which allows user to perform the comipased operations by pressing the
key combinations. You can see the implemented mmnu bar and main toolbar of the
following two pictures:
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File Settings Calculakions  Wiew Help

Figure 6: Main menu bar.

=2 =1L R

Figure 7: Main toolbar.

All of menu items will be described in the followgrsections.

4.1.1 File menu item

The first item of the menu bar is “File” section.

[ty |
CpEm. .. Chrl+O
Save Chrl+5
Save As,,,

Prink. .. Ckrl+P

Prink Pressiew
Prink Sekup...

Exit

Figure 8: File menu section.

This section of menu allows user to create new, tlsld an existing task, save modified
task to the disk or print it by printer. There #re following items in this menu:
 “New — This menu function allows user to create a rdewument. If any task
already exists in the main work area the confiroratbox will be shown and new
task will be created only after user confirmatiofou can also perform this

procedure by pressing th&léw button N

on the toolbar. The hotkey for this
menu item is “Ctrl + N” keys combination.

e “Open..” — This main menu item allows user to open an tagstask. After
pressing theOpen..” button you’'ll see the standard built-in Window®gen filé
dialog from which you should select the approprifiie with “.bdpg’ extension
which contains previously saved task. After neetiedwas selected press the
“Operf button in the file dialog to open it and you’les your task graph at the
main work area, if file contains the correct tagkad or you'll get the error box

with error explanation, if not. You can also penfothis procedure by pressing the
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“Operi button & on the toolbar. The hotkey for this menu itemQdrl' + O” keys

combination.

open 2| x|

Loak jn: I[i‘] SingulardBD j - £k B2~

File name: | Open I
Files of type: | GBD Task file(* bp) =l Cancel |f
i

Figure 9: The open task dialog.

“Savé — This main menu function allows user to saveaiftred existing task. In
case the name of the file was not specified yat ¢l@mple if task was not saved
yet) the function Save as... will be performed instead of functionSavé,

otherwise the program simply stores the task clmrigethe specified before

location. You can also perform this procedure Bsping the Savé button = on
the toolbar. The hotkey for this menu item is “Gti$” keys combination.

“Save as.”.— This menu item allows user to save to the dmkexisting task with
another name. After pressing th8avé button you’ll see the standard built-in
Windows ‘Save file as.”.dialog where you should enter new name for yaertb
the “File name” field, select proper extension fiew file from the “Files of type”
listbox and press the “Save” button. Note, thatdké&ult extension for the files,
which contain stored tasks ibtlg’. If this operation was performed successfully
new file will be created at the specified locatiatherwise you’ll see the error

message window with error explanation.
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Save_in:l_JTEMF' j . = ER-

File: name: |M_|,| Mew T azk] Save I
Save as bype: IDBD T ask. file[".bdp) j Cancel |
s

Figure 10: The “Save as...” task dialog.

The “Print...” menu item allows user to print the current task grinter. After
pressing this button user will see the standartt-buWindows “Print..."” dialog,
where you should specify the needed options amsspf@K” button. If all printing
operations were performed successfully the selepteder will begin to print,

otherwise you’ll see the error window with erroisdeption. You can also perform

this procedure by pressing thBrint” button & on the toolbar. The hotkey for
this menu item is “Ctrl + P” keys combination.

“Print preview — This main menu option is for preliminary outgot a printing
result, i.e. after selection this item the usel séle his task displayed as it would
appear when printed. When you choose this comnithiedmain window will be
replaced with a print preview window in which onetwo pages will be displayed
in their printed format. If preview result will ssfty you, you can initiate the
printing procedure by selecting therint...” item.

After choosing the Print setup..” command user will see the dialog, where it is
possible to specify some printing parameters, &i&kgaper size, paper orientation,
needed printer and some more printer setting wiiegends of the printer type. All
this setting will be permanent for all of next gy, unlike the settings in the
“Print...” dialog which are valid only for current printingyocedure.

The last one item in the File menu section Exit’” command, which closes the

application. In case you've not saved your task yat'll see the information
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message window, which allow you to save or notateshe changes to the file in

order to prevent the lost of data. After that thplecation will be closed.

Confirmation needed. E |

You haye an wnisven wonk.
o o wart o save K Pofore oo e program S

L Her |

Figure 11: The message window before application closing.

4.1.2 Settings menu item

The next one item of the menu bar is “Settings’tiea¢ which contains only one
command

Lof Baokormond
Figure 12: Settings menu section.

This menu section allows user to change global raragparameters. The current version

of the program has only one function in this sectio

» “Set Background” menu item allows user to changelthckground color of the main
work area. After activating this command the uselt see the standard built-in
Windows ‘Color...” dialog where it is possible to select the appiatpr color for
program. After pressing the “OK” button all the ralents in main work area will be
redrawn with new color. Note, that all elementshi@ work area, for example, different
QBDs, have their own colors which calculates tarbeontrast with background color
automatically, therefore you’ll be able to see yamaph in work area whichever

background flooding paint was not selected. You @ao perform the color changing

procedure by pressing th8ét new background colo » button on the toolbar.
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B azic colors:

C_ A
C_ Ay | Bl § |
HEMEEEEEN
ElEEEEEN
C 0 A

Custorn colors:

HE NN NN
HE NN NN

Define Custom Colors »» "

k. I Cancel |

Figure 13: Default colour choosing dialog.

4.1.3 Calculations menu item

The third and the most important item in the meauig “Calculations” section.

Ltard caloelzfoms el

Lave resat e

Loedation mothod ]
Lo
Figure 14: Calculation menu section.

This menu section allows user to set a calculag@mameters, choose a type of
calculations, obtain a solution for current taskl aave result to a file. There are the
following items in this dropdown menu:

e ’Start calculationscommand allows user to obtain an answer of tek.tafter all the
parameters of current job were entered, the useintgate the calculation process by
choosing this menu item. If needed task was creaigectly the application will begin
to solve it by using selected before calculationthoe (see Calculation method
dropdown menu description) otherwise you'll seedh®r window with detailed error
description in it (note, that the calculation witht be started until all errors will not be
fixed). The calculation progress shows in the sglgmiogress bar situated at the center
of main work area. After the progress bar valuechied00% your solution will be

obtained and user can observe it at the speciatmdtion window (see Information
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window description for more details). Sometimes fibssible that some windows with

messages of notifications will popup during caltiola process. It's a normal situation

which means that application needs the user respongne or another question. You

can also start the calculation procedure by prgstme ‘Startup the calculatioris

button : on the toolbar or by pressing the hotkey combomatCtrl + C”.

x|

& Fhe enfered matees for 507 process # T have srong (dferenti sees

ak |

Figure 15: A typical error message window after pressing’tiart calculation$button.

After task result was obtained the user can stote the file by choosingSave
result..” menu item. This command opens the standard builWindows ‘Save
file as..” dialog where you can change or leave generategrbgram name for
your new file at the “File name” field, also youncselect appropriate extension for
your result file from the “Files of type” list baand press the “Save” button.. If this
operation was not performed successfully you'll see error message window
with error explanation, otherwise new file will beeated at the specified location.
The result file always has the following struct(gee an example of such file in the

appendixes section):

" The probability, that system is in idle condition” - This string and value

below it describes the probability that whole sgsie in idle condition.

P e >>>> e << <LK e e " — This is a separator
string, which separates the result section foresurQBD process from result
sections of other QBD’s. From this separator strthg obtained answer

segment starts.
"The following results is for QBD # 17 — This string describes the number of

QBD to which result following below belongs, the RQBrocess number 1 in

our case.
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- "The mean length of queue:” —This string and number following below this
string describes the mean length of queue in thengQBD process. This value

calculates as
| = i X, ® i +1) (4.1)
i=0

where € is a column vector of all onesyis a QBD length parameter for given

Quasi Birth Death process an{| are the steady state probabilities vectors of it

(note, thatX, equals top{’ from section 2 of this paper).

- "X0 :” — This string and a column of values follows byststring describes the
result vector X, in our case, or the steady state probability we@§' . The

dimension of this vector equals to the dimensiorBahatrix of current QBD

process. The last one vector in the current QBltresection will be X,

wherem is a QBD length parameter for given QBD procesdeAthat the
result section which belongs to the current QBDcpss will be finished.

If there exists more than one QBD process in threeatl task the next one string
will be separator string described above and anmdfi#D process result section
will begin until all of the QBD processes resultd wot be stored.

This function can be start by pressing tisave result button on the taskbar
or by pressing the hotkey combination "Ctrl + Rsal

The "Calculation methoditem contains dropdown sub-menu with two optiams

it: "Normal calculationsand "Improved calculatioris These two items describes
two implemented calculations methods — normal nektivbich simply solves the

task xQ=0 by using the Gauss linear system solution algarignd improved

method which solves the task by using the Naumdk&ory (note, that the
implementation of theltnproved calculatiorismenu item depends of developers.
By default the application contains a describeddation 2 method in it, but third-
side developers can easily rewrite it to anothez afgorithm by rewriting the
appropriate Dynamic Loading Library). Due of memaoeguirements needed for
processing aNormal calculation$ procedure it is not recommended to apply it to

the tasks which contains QBD processes with QBjtleiparameter more than
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300, because it will take very long time to calteilauch task by using the Gauss
method and will require a big amount of free memdtis better to use the
"Improved calculatiorisprocedure for such big tasks, however for snagks will
small matrixes dimensions and small QBD length mpatars Normal
calculations method works perfectly. See section 2 of thisgrajpr more details
about methods.

The last one item in this menu section &ettings.”. command. After activating
this command the "Settings” dialog box will appeavbere the user can set
necessary accuracy of calculations. This accuratly affect on all types of
calculations, i.e. some iterative methods, numharcition during calculations and
result values truncation. The accuracy text fielgports two types of input values:
normal input by typing decimal number with decinpalint separation between
whole and fractional parts, for example number 00D, and so-called scientific
form where decimal number presented as some numbéiplicated by ten in
some power, for example "le-6". After inputting tla@propriate precision of
calculation the user should press "OK” button twesahanges or press the
"Cancel” button for leaving previous value unchathge

settings x|

[—Accumcynfcdcuhﬁuns

Accuracy |1&DDE

Cancel |

Figure 16: Settings dialog window.

4.1.4 View menu item

The next one item of the menu bar is “View” sectihich contains the following

submenu elements:

v Foolhar
v Stafer Bar

v Fomsle e
Figure 17:View menu section.

This menu section allows user to show or hide selaments of user interface and there

are the following commands to perform such openatio
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By pressing the Toolbar’ menu item user can display or hide main toolbarcheck
mark appears next to the menu item when the toabdisplayed.

Use the Status Bat command to display and hide the status bar, whdiescribes the
action to be executed by the selected menu itedepressed toolbar button. A check
mark appears next to the menu item when the shatuis displayed.

By selecting the Toggle inf6 command the user can display or hide the Infoiomat
window which contains the information about seldateject in the main work area. A
check mark appears next to the menu item whennfioenhation window is displayed.
You can also toggle the described window by pressire “Toggle info window

button T on the toolbar. Note, that information window d¢anviewable only if there

at least one element (QBD process actually) ekisise work area.

4.1.5 Help menu item

The last one item of the menu bar is “Help” sectwhich contains the following submenu

elements:

Hafp Foper
Hefp fndosr

Abewt BellyTeck..
Figure 18: Help menu section.

This menu section provides user with help topiosualuser interface, program functions

and context sensitive help and there are the falgveommands to perform the given

operations:

The "Help Topics menu command shows the index of all topics wlaoh exists in the
help system. After typing the necessary word indéarch text field and pressing the
"Show” button user will get an information aboupégd term, it's description and some
more useful information.

The "Help IndeX command consist of two parts. After selectingstmenu item from

A
main menu or pressing thélélp IndeX button 24 on the toolbar the user will see a
list of help topics grouped by subject. There aseruinterface description topics,
program function description topics, calculationtinoels overview topics and so on.

The second part of this command is so-called coisensitive help which allows to
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obtain a description of any element of user intsfalro perform this operation press

the "Help’ K? button on the toolbar — there the question sigrukhappear near your
mouse pointer — and select any of the user interédement for which you want to get
a help topic.

e ”"About BoDyTool.”. menu item provides user with information aboubgram,

version and copyrights.

About BoDyT ool il

Ahout the program
};‘;‘_i Thiz programs finds a kModified and Mormal
=

b atrix-G eometric Solution for a System of Finite
LBD Proceszes

About the author
The program wasz witten by Sergey 4. Boldyrey and
Denis & Dpakoy under the direction of Waler M aoumos

|Master Thesis Work, 2003 ac. year,

k. | wersion . Beta

Figure 19: About BoDyTool dialog window.

4.2 Main work area

Main work area is the most important user interfacea where all of application
operations with current task produce. The viewglalg of work area starts directly below
toolbar and ends at the beginning of the statusTibaare are two scrollbars implemented in
this area, therefore the physical dimensions ohmairking area can reach the resolution
up to 65535x65535 pixels totally which will be egbufor all type of tasks. The

functionality of main work area will be describedthe following sections.

4.2.1 Drawing a new QBD process

The main work area of application contains a carsexsitive set of context menus
and all of the operations are performing by ushgr. One of such operations is addition
of new QBD process to the system. To perform itudker should click right-button of
mouse once on any unused place of the work areafdllowing popup context menu will

appear.
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Add New QED |

Figure 20: Add new QBD context menu.

Select this menu item to add new QBD process teyaem and you’'ll see new

element of task shown at the following figure:

Figure 21: Adding new QBD process.

The start element withQBD level 0 description has fixed location, but end elemeithw
“QBD level ??? has not and can be moved with mouse movemener Atting mouse
pointer with QBD process end point clinging toatthe proper position press left mouse
button again. If operation of addition was not parfed successfully the user will see an
error window message with error description, otheewthe standard built-in Windows
“Open file..” dialog will appear where you should select tHe, fcontaining Quasi Birth
Death process information, i.e. matrixsB, C and QBD process length information (file
format description goes below) and press the “Ogmriton. If you don’t want to add this
information on current step it will be possibleadd it later. Finally the user will see the
following new QBD process with new number at thétdro (QBD process number 1 in

our case):

Figure 22: New QBD process after successful addition.

4.2.2 QBD process representation and it's operation s

As it was mentioned above, the typical QBD procesplemented in this
application should contain the following parametets lengthm, the inner transition

matrixesA, B,C and the boundary matrixes,,B,,C,, A,,B,,.C,, with a set of transition

rate matrixes, therefore the generator mafiXor one single QBD will be as follows:

Page 32 of 71



oy
-0 WP
o
o
o

>
o
o

B A .. .. O
T : |. All of these parameters (except mat@x have
0O 0 0 C B A 0

0 0 00C B A,
0O 0 0 0O O C, B

m

their representation in the program. This sectibthe paper will provide the information

about all such representations and available fanstior work with them.

The QBD process representation in the applicateonbe divided into three parts,

they are:

QBO

Zero-level boundary conditions which are represiite ™18 icon. The QBD
level O label means that in this part of Quasi Birth Deptocess representation the

matrixes Ay, B,,C, and all of the outer transitiond/(; andL; matrixes namely) to

another QBD processes are stored. Let call such @®Resentation element as
“Start node of QBD process” or simply “start nodAll of the functions which are

available for zero-level boundary conditions areeasible by clicking right mouse
button on the start node — the context menu wilbeap. If the user is not

satisfactory with current icon placement he cansgrthe left button on such
interface element and, holding the left mouse buticessed, move it to the new
position. After the appropriate position was reaghpressed button should be
released. There is information about start nodélabta also. It can be displayed
by pressing the left button on it — start node &DQprocess will become selected
and there short info will appear at the informatimmdow (see Information

window description for more details).

QED

LEVEL
mlevel boundary conditions which are represente 153 icon. The ‘QBD level
m”’ (30 in our case) label means that in this partQufasi Birth Death process

representation the matrixe%,,, B,,,C,, and all of the outer transition&( and K

matrixes namely) to another QBD processes are cstétarametem describes a
QBD length parameter. Let call such QBD represeniatlement as “End node of

QBD process” or simply “end node”. All of the opoas which are available for
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start node are available for end node too and teswiow to perform them are the
same as well, it means that, for example, to dysfila information aboutlevel
boundary conditions node the user should preskethlbutton on end node of QBD
process.

* Inner states which are represented by a straigéf tionnecting the start node with
end node of the given QBD process. In this usesrfate element the matrixes

A /B,Cand QBD length parameter are stored. As in previcages the context

menu and information about whole QBD process aadlaie by clicking right or
left mouse buttons on this straight line correspoglg. If user needs to change the
coordinates of the whole QBD process, i.e. chahgepbsition of start and end
nodes on the screen simultaneously, he should phesteft button on this user
interface element and, holding the left mouse buticessed, move it to the new
position. After the appropriate position was reakghpreviously pressed button
should be released.

4.2.3 Inner state matrixes addition to the QBD proc  ess

There are two ways to add the matrix8B,C and QBD length parameter to the

given QBD process: during Quasi Birth Death proa@sation and in any time after given
QBD process was successfully added to the taskseltveo methods are almost the same,
except one thing — if user wants to add the infaimnaduring creation process he does not
need to call the special “Open file...” dialog — itlvappear automatically, if user wants to
add such information later, he needs to call foDQ®ntext menu. Let’s discuss in details
the second case.

To add information about inner states to the Qiath Death process the user
should call for QBD context menu, as it was mergtsbabove (the description how to do it
is in the previous section).

Add &, B, C matrixes For QBED

Delete the QBED

Figure 23: QBD process context menu.

After that “Add A, B, C matrixes for QBD” should lselected to open standard built-in
Windows ‘Open file..” dialog. In this dialog the user should selecagpropriate file with

required data in it and press the open button. Nbgg the default file extension for such
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type of files is “mqf, but it is possible to change this extension twther one. If
operation was not performed successfully the usiesee an error window, otherwise the
information about given QBD process in the Infonmatwindow will change. There is no
any way to delete once entered data for QBD prodbssuser can only reload it by
choosing the “Add A, B, C matrixes for QBD” menwent and processing already
described steps again or delete the whole Quati Bigath process at all by choosing the
“Delete the QBD” option from the same menu.

The file which contains the information about emtrQBD process inner states is a
plain text file and should have the following stwre (see an example of such file in the
appendixes section):

e “QBD PROCESS LENGTH = 30 string which describes the QBD length

parameter " from section 2), which equals to 30 in our caseteNthat the
minimal QBD length parameter equals to 3.

* “START MATRIX: A ” string which says to program that there datanfiatrix A
goes below this string.

* “1.1, Z string which contains the first row for matri Every element in matrid
row data string should be separated by commas &mother elements, integer and
decimal parts of number should be separated byrmd¢qoint. Every row should
be finished by linefeed symbol. All elements in maA should be nonnegative.

« “END MATRIX " prefix means that the data description for cutrneratrix was
finished

« “START MATRIX: B ” prefix which starts the data array for matBx

e “-2.1, 0 — first row with data for matriB. The rules of matrix description are the
same as in description of matri except one thing: the diagonal elements in
matrix B should be non-positive and each sum by row in esgivea C+B+ A
should be equal to zero.

« “END MATRIX ” prefix means that the data description for curmatrix (matrix
B in our case) was finished

« “START MATRIX: C ” as in the previous case it's a prefix which sgtafre data
array for matrixC

e« “0, O - first row with data for matrixC. The rules of matrix description are the

same as for matrik description

Page 35 of 71



* “END MATRIX ” prefix means that the data description for las enatrixC was
finished.
The dimensions of all these three matrixes shoeldhe same both by columns and
rows and each matrix should be square in ordegttthe conditions of the task correctly.
The maximal dimensions of each matrix and numbesigris after decimal point are
depends of implementation of MatrixDLL.dll Dynamiink Library, by default they are

32767x32767 elements and 16 signs after decimat pocuracy correspondingly.

4.2.4 Boundary condition matrixes addition to the Q BD process

Due of similarity of adding zero-level boundary ddrons matrixes anan-level
boundary conditions matrixes there is no need parsge this two processes description
into two section. In this section the zero-levelubdary conditions matrixes addition
procedure will be described and all insignias fotevel boundary matrixes addition
method will be noted in the square brackets.

Unlike in the inner state matrixes addition proagedthere is only one way to add
boundary conditions for start [end] node — by delgcthe “Add Boundary matrixes (AO,
BO, CO, ...) for QBD” [‘Add Boundary matrixes (AM, BMCM, ...) for QBD”] context

menu item.

#dd Boundary makrixes (A0, BO, C0, ... for QBD

Delete the QBED

Figure 24: QBD start node context menu.

After that the standard built-in Window®pen file..” dialog will be opened. In this
dialog the user should select an appropriate filh wequired boundary data in it and
default file extension mcf (this file extension can be easily changed totlaaioone,
however), and press the open button. As in prevsegsion if operation was not performed
successfully the user will see an error window wathor description, otherwise the

information about given QBD process boundary mafifA,, B,,C, [ A, B, C,,] with

transition rate matrixes in our case) in the Infation window will change as well as new
connections will be drawn. Also there is no any waylelete once entered data for QBD

process boundary, the user can only reload it lmpsing the described above menu item
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and processing already described steps again etedile whole QBD process at all by
choosing the “Delete the QBD” option from the samenu.

Important note do not add any of the boundary condition matrigas! all of the

QBD process will not be created; otherwise you lcaise some connection matrixes for

not yet existing QBD processes.

Important note 2unlike in section 2 here matrixeB,, A, and C, are the same

matrixes as in (2.1), i.e. matriR, shouldhave a top row of zeros. The same By - if

it's componentsES),Eg) have only zero values they sholle entered to the task as zero

row and columns correspondingly.
The file which contains the information about catr®BD process boundary
condition matrixes is a plain text file as well attbuld have the following structure (see

an example of such file in the appendixes section):
« “START MATRIX: A0 " [*START MATRIX: AM "] string which says to
program that there data for matri&,[ A, (note, that instead of AM-1 header

there is AM matrix header)] goes below this string.

* “0, 0, O string which contains the first row for matri&,[ A, ]. Every element in
matrix A,[ A,,] row data string should be separated by commas faoother

elements, integer and decimal parts of number shbel separated by decimal
point. Every row should be finished by linefeed &g All elements in matrix

A,[ A,;] should be nonnegative. The number of rows in ma#;[ A,_,] should
be equal to the number of rows in mati[ B] and the number of columns in
matrix A,[ A, ] should be equal to the number of column®ipB,,].

« “END MATRIX " prefix means that the data description for curneratrix was
finished.
« “START MATRIX: BO " [* START MATRIX: BM "] prefix which starts the data

array for matrixB,[ B,,]
“-1, 1, 0, 0 — first row with data for matrixB,[ B,,]. The rules of matrix description as
usual are the same as in description of maggk A, _,] except one thing: the diagonal

elements in matrix8,[ B,,] should be non-positive.
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The size of matrix B,[ B,,] should be (n+1)x(n+1) [nxn] if matrix Bhas

nxndimensions.

 “END MATRIX ” prefix means that the data description for curmeatrix (matrix

B,[ B,,] in our case) was finished

e “START MATRIX: CO " [* START MATRIX: CM "] this prefix starts an array of
data for matrixC,[ C,,] as in previous cases

e “0, 1, 3, 1 first row with data for matrixC,[ C,,]. The rules of matrix description
are totally the same as in description of ma#{ A, ]. The number of rows in
matrix C,[C,] should be equal to the number of rows in ma®ikB,] and the
number of columns in matriC,[C,] should be equal to the number of columns
in matrixB,[ B].

« “END MATRIX " prefix means that the data description for curmeratrix was
finished.

« “START CONNECTION” — this prefix means that the following informatio
describes the connection between current and stimee QBD process (additional
transition rate matrixes in other words).

« “IS CONNECTION ENDS AT START = 0” this string describes the connection
destination node: 1 means that connection endseastart node, 0 means that
connection ends at the end node of another QBDepso®; [N; ] or L; [K; ]
matrixes description correspondingly in terms aftis& 2). Note that the type of
node in the current Quasi Birth Death process fmhich connection outgoes
describes by the type of file, i.e. the currerd g for start node or for end node,

therefore it is possibly to define clearly the propair of matrixes M; andL; or
N; and K; .

*+ “CONNECTED TO QBD NUMBER = 2" - string which describes the destination
QBD process number, 2 in our case. As it was meetiabove the QBD process

number shows at the bottom side of each of nodeseny QBD, for example start

QRO

node for process number 1 will be showr i,
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 “START MATRIX: OUTGOING ” — this prefix starts a data array for current
transitional rate matrix.

e "1, 1, 0, O - first row with data for connection matrix. Theiles of matrix
description are the same as in previous casegvieey element in matrix row data
string should be separated by commas from anotaereats, integer and decimal
parts of number should be separated by decimalt.p&wery row should be
finished by linefeed symbol. All elements in theven matrix should be
nonnegative. The number of rows in connection matshould be equal to the
number of rows in matriXB of current QBD process and the number of columns in
the given connection matrix should be equal to tlwenber of columns in
matrix B of destination QBD process (QBD process numberduircase).

« “END MATRIX " - as usually this prefix finishes the data dgstoon array for
current matrix.

* “END CONNECTION™ — this prefix closes the connection description.

More connection description sections, if needed.

The information about number accuracy and maximuatrimmdimensions provided in
section 4.2.3 stays valid for this section too, il maximal dimensions of each matrix
and number of signs after decimal point are depehdsiplementation of MatrixDLL.dl|
Dynamic Link Library, by default they are 32767x8Z7elements and 16 signs after
decimal point accuracy correspondingly.

More detailed connection description will be praddn the next section of this paper.

4.2.5 Connection description

In this section the connection description in detaill provided.
As it was mentioned in this paper earlier the catioa is only a virtual term for
N

itV

indication a non-zero transition rate matrix betw&go QBD processes like dd
L; or K; . The aim of creating such term is only in simphfion of representation. All

another ways of representation does not alloweatera clearly understandable tasks with
simple representation, especially in case of tagkis cycles, for example task with two
QBD processes where start node of QBD process hected with end node of QBD
process number 2 and end node of QBD process nuinbennected with start node of

QBD process number 2 (here the word “connected’nsi¢hat, for example, at least one
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transition rate matrix from the start node of QBDgess 1 to end node of QBD process
number 2 or from end node of QBD process number &art node of QBD process 1 is
non-zero, in other case we consider that there isomnection, because both transition rate
matrixes are equal to zero). An implemented repitasien of the connection is a straight

line with white dots as it shown at figure 21.

QBED

e . 2 OBD
= LEWEL

-

15 ;

Figure 25: A typical task with 4 QBD processes and connectlmts/een them.

On figure 21 there are 7 connections which meahdhgeast seven transition rate
matrixes in this task are non-zero. There is naneepecify the full set of connections for
one QBD process to another QBD processes duringi@addf boundary conditions, it's
possibly to specify only nonzero transition matsixell other connection matrixes will be
set to zero matrixes with proper dimensions autmaily, like in case of pseudo-
connection between start node of QBD 1 and statée md QBD process 3.

As any of elements in work area each connectionolmas context menu with one
operation in it. To perform this operation the uskeould click right-button of mouse once
on any unused place of the work area. The folloypiogup context menu will appear.

Delete the Connection Makrixes

Figure 26: A connection context menu.

By selecting this menu item the user can zero twmection matrixes, for example if start
node of QBD process number one connected to stde af QBD process number 2 there
exist two transition matrixeM,, and M,,. As it was mentioned above one of them is non-
zero and another one is zero or non-zero too. Bysihg the Delete the Connection
Matrixes' menu item the user will zero both matrixes, there this pseudo-connection

with zero transition rate matrixes will not be repented at work area more. Also there is
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short information about given connection availalilean be displayed by pressing the left
button on it — the appropriate connection will b@eoselected and there short info will

appear at the information window (see Informationdew description for more details).

4.2.6 QBD correctness checking procedure.

After all of the parameters for given QBD processraventered, i.e. inner state
matrixes and boundary conditions the applicatioestto verify them for correctness by
checking the dimensions of all matrixes, checkimg values in whose matrixes and some
more. If any errors will be found the user will ss® error window with error description
otherwise the start and end nodes icons for givBD Qrocess will change their color to

blue (or red if current QBD process is selected).

Figure 27: A representation of correctly entered data for QBBcess.

Note, that the following warning window can appeara result of verifying data

process:

waningt x|

The diagonal elements of B matrix in JED # 1 had wrong walues.,
[ Those elements were recalculated to correct values,

Figure 28: QBD process warning message after verifying.

This message means, that some sum by row in m@tiixone or more rows are not equal
0, where

G=C+B+A (1.2)
The application fixed this incorrect row by incres or decreasing the appropriate
diagonal element of matrixB. This message in not an error message, but it is

recommended to check again the matrixe® and C. The same situation can be for
boundary conditions matrixeB, and B,, - there will be almost the same window with

proper specification of type of corrected matriheTrecommendation in this case is the

same as in previous case for maBix to check all of boundary matrixes.
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Note that at the start of calculation stage andchelging calculations there will be
some more verifying procedures, like as checking gmph connectivity and so on.
Therefore in case you have the properly enteredecordata for each QBD process
(meaning that every Quasi Birth Death Process iigect) it does not mean that all of the
task conditions are correct and in some casesslseid fix some more mistakes. Only

after fixing all of existing mistakes the calcutatiprocess will start.

4.3 Information window

The information window is a window there short imi@ation about any element in
work area will be represented. This interface el@meontains two parts — “Object
selected” field where the type and some informatbout the object will be represented

and “Object info” scrollable area where the projesrbf the given item will be displayed.

i x|

— Object zelected
I Current zelection iz QED #: 1.

— Object info

The data for thiz QBD 1= carrect.
[BD Length parameter iz equal to 100
The matri= A0 zize iz 362,
The matrx BO size 12 303,
The matrix CO zize iz 253,
The matrix & zize iz 262,
The matrix B zize iz 262,
The matrix C zize iz 262
The matnx Ab zize iz 262
The matrix B zize iz 262
The matris Ch size iz 262
Thiz OBD iz connected to the outer warld.
Thiz OBD Process iz selected.
LR L4
There iz ho any answer abtained 2o far.

Figure 29: An information window with QBD process informationit.

The information window either can be empty or holdrmation about three types of
main work area elements which could be selectatehaQBD process, QBD start or end
node and connection between QBDs. In this sectiemill describe all this three types of
information:

* In case of some node of QBD process selection thiéirde the following description

of this selected item in information window:
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0 At the “Object selected” field will be the followgnstring: ‘Current selection is

node numberm”, wheremis a number of selected node. Note that all noddisa

program have end to end numbering.

0 At the “Object info” will be the following propesrs displayed:

The type of node, i.e. start or end and the nunob&BD process to which
the selected node belongs, for exampldis is a Start node of QBD
process # 4.

Selected node X coordinate at the work area, famgte ‘Coordinate X of
node is: 613

Selected node Y coordinate at the work area, fampte ‘Coordinate Y of
node is: 232

The string with node selection status, for exarfipleis node is selected.

* When one of the existing connections will be sedcthe information window

provides the following information.

0 At the “Object selected” field will be the followgnstring: ‘Current selection is

QBD Connection #:m”, wheremis a number of selected connection. Note that all

connections which start from one QBD process nutedram 1, therefore in two

different QBD processes can exists two differenhnextions with the same

number, for example 1.

o0 At the “Object info” will be the following selectetbnnection properties displayed:

The string which represents the result of connaadti@ta checking procedure,
for example The data for this connection is correct.

The following strings which describes two QBD preses numbers between
which connection was established. The first stohgientioned set will be as
follows “This QBD Connection connects two following QBDS:

“The Start node of the QBD #: 4 — this string means that selected
connection starts at the start node of QBD pronassber four.

“with end node of the QBD #: 3 — this string means that selected
connection destination is at the end node of QBizgss number three.

“The Outgoing matrix goes from Start node of QBD #4" — this is the last
string of described above set of string which dessrthe start and end points

of selected connection and it means that so-catlatjoing matrix” (L,; in

terms of section 2) was described at the boundangitons file for start
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node of QBD process number four, therefore so-gdliecoming matrix”

was described as “outgoing matrixN¢,) in boundary conditions file for end

node of QBD process number three. The terms “ongjoand “incoming”
matrixes were created for more clearly represematif them, because if
boundary conditions file of one QBD process corgaome transition rate
matrix - this matrix will be outgoing transition tnia for given QBD process
but at the same time it will be incoming transiti@e matrix for destination
QBD process to which the given QBD connects. Theesfn case of two
connected Quasi Birth Death processes there witiMgetransition matrixes
and each of them can be “incoming” or “outgoing’tmaat the same time.
To prevent such situation and to define clearlytiiee of each of transition
matrixes the terms “incoming” and “outgoing” wenegented.
= The string which describes the dimensions of “oungb matrix (transition
matrix, described in the boundary conditions fitg &tart node of QBD
process number four in this example), for examlbe* Outgoing matrix
size ismxn”, wherem is number of rows and is number of columns of such
matrix.
= In case the “outgoing” matrix has only zero elersght following string will
be displayed The Outgoing matrix has only ZERO elements
= The string which describes the dimensions of “intagh matrix for QBD
process number four (this transition matrix wascdbsed in the boundary
conditions file for end node of QBD process numiheee in this example),
for example The Incoming matrix size ismxn”, wheremis number of rows
andn is number of columns of such matrix.
= |n case the “incoming” matrix has only zero elersetite following string
will be displayed The Incoming matrix has only ZERO element%
* The last one string keeps information about seladcstatus of connection, for
example This connection is selected
* The last one type of information, provided by imi@tion window is the description of
currently selected QBD process:
0 At the “Object selected” field will be the followgnstring: ‘Current selection is
QBD #: m”, wherem is a number of selected QBD process. Note thaQBID
processes in the task have non-intersecting nuioerat
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0 At the “Object info” will be the following informabn:

The string which represents the result of QBD psecelata checking
procedure, for examplérhe data for this QBD is NOT correct or full.”

The string which shows the QBD length parametesedécted QBD process,
for example QBD Length parameter is equal tom”, where m number
represents the described value.

The following nine string describes the dimensianfs inner transition
matrixesA, B,Cand the boundary matrixesA,,B,,C,, A,4,B,,.C,,, for
example The matrix AO size ismxn”, wherem is number of rows and is

number of columns of matrix, if it was already entered oif e matrix AO

is not specified yet otherwise.

The next string holds information about selectitaius of QBD process, for
example This QBD Process is selectéd

The last one set of strings contains the infornrma#ibout obtained or not yet
obtained calculation result for given QBD proceBBis set starts from the
separator string, looking like this:-=------ S>> <<<<L<L---
In case the calculations was not performed yestheg below separator will
be as follows: There is no any answer obtained so f&y otherwise starting
from this string the set of strings will be contampthe result information for
given QBD process in exactly the same format asltréige has during the
description of answer for one QBD, i.e. startingnir “X0 :” prefix and
finishing by “Xm :” prefix, wherem parameters equals to QBD length value

(see Calculations menu item description for moreits.

5. PROGRAM SPECIFICATION, FUNCTIONALITY AND
IMPLEMENTED ALGORITHMS.

Due of impossibility to attach the source codehis paper (the source code is simply

very large — it contains more that 500 kilobytesplain text or more than 250 A4 paper

sheets) it was decided to describe the implemesatdilation support classes as briefly as

it possibly, because without this information itllwie impossible to improve any of the
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calculation methods in future. However the soum@gecof application is still available in

electronic version.

In this chapter the description of program architex; functions and implemented
calculations algorithms will be given in detailshel application was developed by using
the Microsoft Visual C++ 6.0 Service Pack 5 devalept environment with using the
Microsoft Foundation Classes (MFC), therefore tlhar assumes, that the reader is
familiar with Visual C++ language and MFC classbtost of the components of the
program are implemented in DLL’s, consequently Basic knowledge about Dynamic

Link Libraries structure are also required.

5.1 Program architecture

Let’s start from the application architecture dgsan: there are four physical parts in
the given program, three of them are contains i@ Bynamic Link Library and
implements the calculation algorithms, the fountte @s executable file which implements
user interface and some internal functions. Suolctsire allows changing any needed
algorithm without rewriting the whole program -4stnecessary to rewrite the proper DLL
function or functions only. Even the whole calcidatmethod (for example, Naumov’s
method) can be changed to another one. The foltpfigure describes the dependencies

between implemented modules.
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BoDyTool.exe module file
Implements user interface functions, graph memagagement
functions and calculation process management pusesd

A A

QBDSolver.dll module file
Implement solution algorithms for normal and
improved calculation methods.

A A

A 4
QuadEqgSolver.dll module file
Implement solution algorithms for matrix
guadratic equations.

A

A 4

MatrixDLL.dIl module file
Implements CMatrix class and its methods for crgpéi matrix object

Figure 30: BoDyTool application architecture.

All of the implemented modules of application wile described in details in the

following sections.

5.2 BoDyTool.exe module file description

This part of application is a user interface mqstlyprovides the user with all of the
objects, which can be viewed, for example any safresror windows, dialog boxes and so
on. Also it holds all of the entered data abouktaad transfers it to the calculation

modules if needed. No any calculations, except dagzking procedures, perform inside

this componentTherefore there is no any necessity to describdthctions and classes

containing in this module in details, because thg only calls the appropriate methods
from other modules (DLL’s in this case), but does mllow to call any of methods
implemented in its own classes from outside. Ireptliords this part of program depends
from the functions implemented in other parts gblagation, but any of other parts is not
depends from BoDyTool.exe component. One can eds¥glop his own interface with
observance of calculation procedures restrictiasfscourse. There is a short list of

implemented operations given below:
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» User Interface functions (like as main menu supmortvork area data output
support)

» Data storage and memory management functions ample the functions for
correct work area elements placement into the mgiaad others)

» |nput/output to disk support (like as data saviogor data loading from file
procedures)

= Calculation process management functions (for exammuilti-threaded calculation
management procedures)

» Data checking procedures (for example functionshacking the QBD process for
correctness)

=  Some more internal functions.

5.3 MatrixDLL.dII module file description

MatrixDLL Dynamic Link Library is a primary componeof application. Every other
components use the implementation of CMatrix obpdass. This C++ class describes the
standard mathematical matrix object and its avhilafethods as addition of two matrixes
and so on (the implementation of this class baseR.cAllen code [13], but the most part
of this code was rewritten). In this section of @aphis program component will be
described in all details.

Let start from definition of this class — it shoddd exactly like this:
class AFX_EXT_CLASS CMatrix : public CObject
Pay attention to prefix “AFX_EXT_CLASS” which meatigat this class can be exported
from this DLL by other program components.

The implementation of matrix object, like as memorgnagement, the number of signs in
matrix element (accuracy), the maximum dimensioored matrix and so on can be easily
redone by any third-part developer, but this ckssuld support the following methods:

= CMatrix(); - a default constructor for matrix object, whicheates an empty

matrix.

= CMatrix(const CMatrix &other); - so-called copy constructor, which creates a

matrix and copies the information fror@Matrix &other matrix object to newly

created matrix.
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CMatrix(int nCols, int nRows) ; - this constructor should create a zero-filled
matrix withnCols number of columns an@tRows number of rows in it.

CMatrix(int n, bool set_diagonal = true); - this constructor creates a square
matrix with nxn size filled with zeros, if parameteet_diagonalwill be equal to 1
the diagonal elements of such matrix should be lelgud, therefore the identity
matrix will be obtained.

virtual ~CMatrix(); - a destructor for CMatrix object which destroys iearl
created matrix.

CMatrix& operator=(const CMatrix &other) ; - this function should perform an
A = B operation, wheré& andB are matrixes

CMatrix operator+(const CMatrix &other) const ; - this is an implementation of
matrix addition operation, i.€C = A+ B

CMatrix operator-(const CMatrix &other) const ; - - this is an implementation
of matrix subtraction operation, i.€. = A-B

CMatrix operator*(const CMatrix &other) const ; - this function should
implement a matrix by matrix multiplication operatj i.e.C = A[B

void operator+=(const CMatrix &other) const ; - this function should implement
a special C++ operatiofF which means thaC =C + A

void operator-=(const CMatrix &other) const ; - this function should implement
a special C++ operatiosr which means thaC =C - A

void operator*=(const CMatrix &other) const ; - this is an implementation of
special C++ operatior=*which multiplies matrix by matrix, i.,eC =C[A

void operator*=(double a) ; -this is an implementation of special C++ operation
*=which multiplies matrix by constant, i.eC = Cl[a wherea is a constant

bool operator==(const CMatrix &other) const ; - it is an equality verifying
operator which checks iA=B or not. In first case this operator returns 1, in
second — value 0.

void Serialize(CArchive& archive) ; - this input/output function should store to
disk or load from disk the matrix object by usihg MFC objectrchive.

bool SetElement(int nCol, int nRow, double v) > this function should set new
valuev for matrix element which locates a€ol position by columns andRow

position by rows.
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double GetElement(int nCol, int nRow) ;- this function should return a value of
matrix element which locates a€ol position by columns andRow position by
rows.

inline int GetNumColumns() const; - this procedure returns number of columns
in the given matrix.

inline int GetNumRows() const; - this procedure returns number of rows in the
given matrix.

double SumColumn(int col) const ; -this function should return a sum of
elements in column numbeol of given matrix

double SumRow(int row) const ; -this function should return a sum of elements
in row numberow of given matrix

double GetDeterminant(void); -the result of proceeding this function will be a
determinant value of the given matrix. The standexdursive algorithm was
implemented in this procedure.

CMatrix GetTransposed() const ; function and void Transpose() ; simply
transposes the given matrix.

CMatrix Getlnverted() const ; andvoid Invert() ; functions looks for inverted
matrix for current matrix and contains two parte procedure which calculates a
normal inverted matrix and a procedure which calid a general inverse group in
case of determinant of source matrix equals to g@singular case). The first type
of algorithm is well known and there is no needdtscuss it in this paper, the
second one is not so commonly used. To implememtgéneral inverse group
calculation function the article [6] was used whtre method for obtainingb”®
was given.

CMatrix GetConcatinatedColumns(const CMatrix& other) const; and void
ConcatinateColumns(const CMatrix &other) ; procedures concatenate two
matrixes into one by column splicing, i.e. in cage have two matrixesA andB
with dimensionanxl and mxn the result matrixC dimensions will benx(1+n). It
can be drawn schematically as follovid= A0 B where operatiori] means
columns concatenation.

CMatrix GetConcatinatedRows(const CMatrix& other) const ; and void
ConcatinateRows(const CMatrix &other) ; functions makes the same operations

as functions described above but for matrix rows.
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CMatrix SolvelLinearSystem(const CMatrix &b); the most important function in
this class which solves the system of linear equatiby Gauss methodhis
method is quite slow, but it is suitable for sotyithe described QBD system tasks
due of the small amount of equations, however ahgranethod, like LU, can be
implemented in this function.

CMatrix ExtractSubMatrix(int cs, int rs, int csize, int rsize) const ;it is a
mostly used function in the program, it extractuireatrix from the given matrix.

The newly extracted submatrix will be as follows:

a a

rS,CS TS,cstcsize

A= : : where cs, rs, csize, rsizeare the incoming
a a

rs+rsizecs rs+rsizecstcsize

function parameters, which describes the start @h¢mosition and number of rows
and columns to extract from the source matrix.

double GetInfNorm(void); this function returns the calculated infinity noahthe

given matrix. The formula for calculating such nasas follows

n
| = m_aﬁz a
I =

CMatrix GetlInPow(int MatrixPow); andvoid InPow(int MatrixPow); functions

(5.1)

calculate the power of the current matrix, whstatrixPow parameter is needed
value of power. Due of much number of calls foistprocedures, the improved
algorithm of power calculations, offered by Val&gumov [10]was used:

Page 51 of 71



Start

i YES

Figure 31: Improved algorithm of power calculations repreagan.
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Herek parameter (in our case it is equalMatrixPow value) describes the value
of needed powelRR matrix is a source matrix ar¥l matrix is a result matrix, i.e.
X = R*.The described algorithm allows to decrease the tifrpower calculations
significantly, therefore the time, required for kasolution decrease significantly
too.

e int GetLastMatrixErrorCode(void); this function returns the last error code of
mistake, occurred during performed operation, st®f all error codes below.

* bool IsEmpty(void); the last one function in this class returns 1 isectne given
matrix is empty (there was no any kind of operagiomith this matrix yet),

otherwise this function returns 0.

There are some error codes implemented in this Ehey are:

e OPERATION_OK - operation was performed successfully, no emeae
found.

« WRONG_MATRIX_FILE_FORMAT - this error shows, that during
loading process the serialization function foundttimput file has wrong
format, therefore there is no any possibility tontboue matrix loading
procedure.

* MATRIX_IS_NOT_SQUARE error code appears during attempting to
apply some functions to non-square matrix, for exanaluring determinant
calculation procedure.

The interface module can use this error codesfeormuser about error occurred.

As it was mentioned above all of other applicatmmponents uses this class,
therefore any changes which will be done in thisw@wic Link Library will directly
affect on another parts of program. Due of thig fae developer, who modifies this

part of application, should be very careful.

5.4 QuadEqgSolver.dll module file description

QuadEqgSolver application part is a special librampich solves different types of
matrix quadratic equations by using iteration md&dhis Dynamic Link Library uses the
CMatrix object implemented in MatrixDLL.dIl compomeand used by QBDSolver.dll
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module. This DLL is also so-called extensional Dahd implements a class which
performs the described functions. This class carexygorted by any external program

components.

As in the previous section, let start from defmtiof the class implemented in this
library— it should be exactly like this:
class AFX_EXT_CLASS CQuadraticEquationSolver
Pay attention to prefix “AFX_EXT_CLASS” which meanghat the class
CQuadraticEquationSolver can be exported from this DLL by other program
components.
The destinations of this class are to manage meifoorinput parameters and obtained
results and for supporting quadratic equation smuprocedures. One can redone any of
implemented algorithms, but this class should stipgpe following C++ methods:

e CQuadraticEquationSolver(); - a default constructor which constructs the
implemented into library class and initializes\altiables to proper default values.

» virtual ~CQuadraticEquationSolver(); - a default destructor, which destroys an
existing object and releases memory.

* void SetMatrixA(CMatrix NewMatrixA); - this implemented method sets the
elements in matrbA to be equal to input parameter mathbewMatrixA for a
further task solution.

« void SetMatrixB(CMatrix NewMatrixB); - the same as in the previous case, but
for matrix B

* void SetMatrixC(CMatrix NewMatrixC); - the same as in the previous case, but
for matrixC

« void SetTaskType(int NewTaskType); <his function sets the type of the task to
be solved. The description of available task tygess below.

e CMatrix SolveTask(void); - the most important function in this class. This
procedure solves a task, with type and input parersspecified earlier.

Here the description of all task types and implet@ealgorithms will be given:

There are three types of tasks supported by giweralic Link Library, they are:
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A+RB+R’*[C=0 (5.2)
This is a standard matrix quadratic equation, wibatenown matrix iR, lets
define this task as “Left type task”.

A+B[R+CIR*=0 (5.3)
This equation is close to (5.®)e difference is only in location of unknown matri
R .Lets define this task as “Right type task”.

V =—(B+AVC)™ (5.4)

W =-(B+CWA™ (5.5)
This is a special type of tasks, needed for impiowalculations method
implementation (Naumov’s algorithm for single QBEbgess in this case [5]). The
equations (5.4and (5.5) solves simultaneously in one iteratiggoathm, because
there is no need to separate these two quadratiatieqs into two independent
tasks.

It is easy to see that the left type and righetigsks can be solved by using
the same method, because (%a&k can be obtained from (5.3) task by transposing
all of summands.

The algorithm for solving (5.2 a Logarithmic Reduction algorithm [11]
which can be represented as follows:

S—=B
V=A
T=C
W =B
do
X —5-1¥
b - S-iT
A Vi
4! W+ Z
S S+Z+TX
|5 VX
T TY
while (||Z|x = )
R——AW1
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where matrixesA,B,C is an input parameters for the described abovie aasl

matrix R is a result matrix.

For solving av = -(B+ AVCO) ™ andW = —(B+CWA™ tasks a little bit modified

method was used, however it is very similar togrevious one.

N=B

L=A

M=C

do
X=-N"'[L
Y=N'IM
Z=LIlY
T=MI[X

if (||, < &)and([T|_ < &)FINISH

V=V+Z
W=W+T
N=N+Z+T
L=Z[X
Z=MIY
M=Z
while not FINISH
V=V+B
W=W+B
V=-v™
wW=-w"

where matrixesA,B,C is an input parameters and matkkxand W are result
matrixes. As it was mentioned above the resultefdolution equations (5.4nd
(5.5)can be obtained in one iteration method simultaskou

Also in each method the maximum iteration constea implemented. This
constant allows to avoid cases, when a too highuracy value was set and
programs tries to reach this high accuracy solubgnncreasing the used cycles

number, therefore answer obtaining procedure takles of time. By default this
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maximum iteration count constant equals to 1000is-far enough for solving the
most part of tasks.

After the solution was obtained it will be retudnky given function in case
of right or left type tasks; however obtainédndW values should be returned by
calling theGetResultVW function.

* void GetResultVW(CMatrix &MatrixV,CMatrix &MatrixW) ; - this function
returns the answers of (5.dnd (5.5asks after they were obtained.

* int GetLastError(void); - this method returns the code of last error occurred
during solving a task. See a list of available ecades below.

* void SetAccuracyConstant(double NewAccuracyConst); this procedure sets a
new accuracy constant for all calculations meth(s® £ value in SolveTask

function).

There are a list of available error codes were @manted in this library, they are:

e OPERATION_OK - operation was performed successfully, no emeae
found.

e MATRIX_B_HAS DET_0- this error can appear during calculation
process in case if on some step the determinantnatfixes S or N
correspondingly to two described algorithms willdzpial to zero, therefore
it is impossible to calculate the inverted maiar N.

« MAX_ITERATION_NUMBER_REACHED error code appears in case
of reaching the maximum number of iterations incdégd algorithms
without obtaining any solution.

Though these errors theoretically can appear tvaseno any case of such kind of
errors in practice during development process, hewdt is better to call the
GetLastError function after calculations were finished and chéuk error code

always.

5.5 QBDSolver.dll module file description

The last one application component which shouldiégcribed is QBDSolver.dll file.
This file is also a special library which perforiige task solution process by using the

input data and returns an obtained result. ThisaDbyno Link Library uses the CMatrix
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object implemented in MatrixDLL.dIl component andQ@adraticEquationSolver
component for solution some matrix quadratic equti which allocated in
QuadEqgSolver.dll module. This DLL is also so-caleedensional DLL and implements a
class which performs the described functions, foesethis class can be exported by

program interface.

As always, let start from definition of the clagspiemented in this library— it should
be exactly like this:
class AFX_EXT _CLASS CQBDTaskSolver — this means that the class
CQBDTaskSolvercan be exported by external objects (BoDyTool.e@ieation in our
case). There are no any classes for external usadbes library, but there exist two special
structures for transferring the data about each QBixess and each QBD connection,
which are also should be accessed outside.
The destinations of this class are to manage merfwrynputted from user interface
module data, to control the process of task salutmd to return a result after all
calculations were finished. As in previous cases can redone any of implemented
algorithms and functions, but this class shoulgsupthe following C++ methods:

« void SetMatrixQForNormalMethod(CMatrix NewMatrixQ); - this function sets
the matrixQ for solving a task by using a normal method. Ndot@t matrixQ
generates by user interface, because this opeidies not require any calculations
and there is no any improvements there.

« void SolveTaskWithNormalMethod(void); - this procedure solves a task with
using normal method (Gauss method for solving #esyof linear equations) for
transferred earlier matri®Q. The equation, which will be solved by this methed
as follows:

pQ=0 (5.6)
where matrixQ is a generator matrix for the whole system pislunknown vector
which should satisfy to the normalizing condition

pe=1 (5.7)
After obtaining a solution it can be transferre@lblay usingGetResultmethod in
case of error absence. Note, that this methodlaofiso is not optimized and takes

a long time to receive any result, so it is nobremended to use it for solving big
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tasks with high QBD length parameter — for sucletgptasks it is better to use an
improved solution method.

void SetQBDChainLength(unsigned int NewQBDChainLenth); - this function
starts a new calculation process and should rel@seemory, used for previous
solution, as well, as to allocate a memory for @2BD processes data. The number
of such QBD processes transferdNiewQBDChainLength parameter.

void SetNewQBDParameters(CQBDDataTransferStruct Ne@BDData); - this
functions transfers the data for some QBD process using special
CQBDDataTransferStruct structure to the calculation component from user
interface. The transferred data should be storednremory by proper procedures
in this method. Also it is possible to perform sopmecalculations in this function,
for example, the default version of this procedpesforms step 1 of algorithm,
described in section 2, by using t@®uadraticEquationSolver classstored in
QuadEqgSolver.dll

void SetConnectionChainLength(unsigned int NewConraionChainLength); -
this function is similar t&etQBDChainLengthmethod, i.e. it also should free any
previously used memory for QBD connections data shduld allocate a new
portion of memory for storing the properties of QBDnnections which will be
transferred later. The number of such QBD connestiois in input
NewConnectionChainLengthparameter.

void SetNewConnectionParameters(CConnectionDataTrasferStruct
NewConnectionData); -this function, as in case dbetNewQBDParameters
function stores a transferred from user interfa@DQ@onnection data by using a
special CConnectionDataTransferStruct structure, which fills by external
application component, into memory. Also it is pbks to perform some
precalculations in this method, if needed.

void SolveTaskWithimprovedMethod(void); This is a heart of described
component, i.e. this function solves the given tagtk previously set parameters
by using the improved method. The procedures, wpeaforms here are steps 2) —
8) of the algorithm, described in section 2.

int GetLastError(void); - this function returns an error code of last errccwred
during solution process or during memory allocatfmocedures. See a list of

available error codes below.
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CMatrix GetResult(void); function returns a result of calculations (steathtes
probability vector) in form of vector. The resulectors for both implemented
methods of solution, i.e. normal and improved mé#hahould be the same.

void SetAccuracyConst(double NewAccuracyConstynethod sets new accuracy
constant for solution process. This constant wdl bsed by all stages of
calculations, therefore this value should be tramefl to another computation
modules by calling the appropriate functions.

There are a list of available error codes were amgnted in this library, they are:

« OPERATION_OK - operation was performed successfully, no emense
found.

¢ NO_MORE_MEMORY- this error appears in case of application was
unable to receive a required amount of memory. Géleulations should be
stopped after this error.

« WRONG_TASKMATRIX_DIM — this is an error code for debugging
purposes mostly, it shows that during solution psscsome matrix had
wrong dimensions; therefore the solution can’'t beamed.

« ABORTED_BY_USER - in some stages of calculations the user activity
can be required (for example a notification aborang QBD process data
and so on), this error code is a notification tarmaser interface that user
aborted calculations.

Note, that it is necessary to call tletLastError function after each operation
performed, because of memory allocation procedexesence.

As it can be easily seen this module manages amfbrpes whole solution

procedures or calls for them another componengetbre during a new method
development process it is possible to create sodagi@n libraries with some

required functions implemented in them. For exampile QuadEqSolver.dll
module can be easily separated to two independempaenents with special

equation type solution procedure in each.
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5.6 Dynamic Link Libraries description

Only main things about DLLs will be presented hdi@s section does not give an
answer to the question like “how to create a DLL{®t, more information consult the
documentation of the language that you are usidg\®DN website [12].

An MFC extension DLL is a DLL that typically implents reusable classes
derived from existing Microsoft Foundation Clas$rary classes. Extension DLLs are
built using the dynamic-link library version of MA@Iso known as the shared version
of MFC). Only MFC executables (either applicatiasregular DLLS) that are built
with the shared version of MFC can use an extenBib. With an extension DLL,
you can derive new custom classes from MFC and dffen this “extended” version of
MFC to applications that call your DLL.

Extension DLLs can also be used for passing MF@+dérobjects between the
application and the DLL. The member functions asded with the passed object exist
in the module where the object was created. Siheset functions are properly
exported when using the shared DLL version of MgQy can freely pass MFC or
MFC-derived object pointers between an applicasind the extension DLLs it loads.

The main reason to use the extension DLLs in theyBo@ol was to implement a
reusable class, which describes matrices and mapexations. The definition of the
CMatrix class looks aslass AFX_EXT_CLASS CMatrix : public CObject
Therefore to create a new class for descriptionmaitrices you should add the
AFX_EXT_CLASS prefix to the class definition.

Note that you should not change the functions nartes functions arguments, the
functions return values and the class members tyres names, because these
statements are used throughout the program, andremnges can lead to undesirable

consequences.

6. PRACTICAL ASSIGMENT.

In this section we will describe the results ob¢dimuring testing procedures and compare
the accuracy and calculation speed with XTelpack tod two implemented methods

between each other.
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As it was mentioned above no one of the existingiegtions can perform full set of the
available task type’s solutions, but anyway allsath applications are able to solve any
task for single QBD process. Although such taskeatcallow to demonstrate a developed
application availabilities in full details, theyl@lv to compare the accuracy and solution
time for the same job, at least.

Due of XTelpack is an application which works owvesty powerful server the time, needed
for performing calculations is very low and approgiely equals to zero independently
from task, on the other hand the BoDyTool applaratis a stand-alone program which
works on a single user computer, therefore it wasdid to compare the time required for
solution obtaining for two implemented algorithmss. normal solution method and
improved solution method (Valery Naumov’s “Modifidhtrix Geometric Algorithm” [5]

in this case).

All of the tests were performed on a typical Ifeeintium 111 450 MHz computer with 256
MB of Random Access Memory and Windows XP SP1 dmeraystem installed.

A single QBD process with variable QBD length paeten and 2x2 internal dimension
(the dimension of matriB is 2x2) was taken as a test task for measuringracg and
speed of calculations.

The time, needed for solution obtaining is représgion the next figure:

Solution Time
90
80 /
70
60
250
[
o
(&)
% 40 - —e— Improved Solution Time
—=— Normal Solution Time
30
20
10 ///
0 "/ . 2 ¢ ¢ —
50 100 150 200 250
QBD length parameter

Figure 32: Time, required for solution obtaining in case ioigge QBD process task.
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Such results are very predictable, because nomhatian algorithm requires the matr@@
for the whole system generation (and in case of Q&igth parameter equal to 250 the
dimensions of such matrix will be 502x502 elemenss) well as solution of system of
linear equations where the amount of equationgugleo matrixQ dimensions (i.e. 502 in
our case). Therefore such method is suitable oatytésks with small QBD length
parameter; otherwise the solution process will mega huge amount of memory and a lot
of CPU cycles. The improved method does not requeix Q for solution, therefore the
amount of required memory is low, but number of amuns (and a solution time,
therefore) depends greatly from internal dimensparameter and number of QBD
processes in the task. Anyway improved algorithrasented an excellent result by
calculation speed — in case of QBD length paramegerals to 250 Naumov’s method
obtained a solution in 16 times faster than noralgbrithm.

During the accuracy of solution tests the defaaliusacy parameter from the XTelpack
tool was used as a required precision value fan boplemented methods and was equal
to 1le-8. Due of QBD length parameter affects gyeatl solution process and, therefore
allows to check the result precision dependencynftbe number of performed cycles, it
was decided to perform the same set of teststheeQBD length parameter was varied
from 50 to 250 for single QBD task. The results evas follows: the difference between
answers in normal method, improved method and isolubbtained by XTelpack tool
(Logarithmic Reduction method was used in this)tesis not greater than le-7. Such
results allow to say that the accuracy of consiienethods is almost the same, therefore

two implemented algorithms are suitable for resk$asolution.
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/. CONCLUSIONS

In this paper a description of developed applicatior solving a Quasi Birth Death
processes system was given. This program doesawa any known andvailable for
public useanalogues in the world, therefore it is possildesay that this application is
unique. How it was mentioned above this applicatibows to solve a special set of tasks
needed for communications system analysis, for @k@rfor analyzing a packet delays
across GPRS/GSM networks. Due of the implementddry&laumov’s “Modified Matrix
Geometric Algorithm”, the calculation speed wasaligt increased against a normal
calculation method. The accuracy of the descrilbggroved method was nearly the same

as in normal calculation process.

A fully tested application which performs all oetklescribed operations was developed by
using Visual C++ 6.0 language and this program detmated very good results

comparing to another applications, which allowsdtve some of the cognate tasks.

The fully detailed description of the program amime of input and output data files

examples was provided.

The application architecture description in detailth each component specification was
given. All of the implemented algorithms with sometes about their modifications or
improvements were described also. Due of this are dhange any part of calculation
process in order to increase speed or accuracgrapgtations or even to implement his

own calculation method.
Due of application unique it can be applied ineli#nt domains of communication system

tasks and due of component-based architecture ometidomain of tasks for the given

program can be easily expanded by implementatiorewafalgorithms.
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8. FUTURE WORK

The further work is to use this application duringmputations of a set of special
communication systems tasks at the Laboratory cbenmunications. Also it is planning
to extend some previously implemented algorithnsraethods of solution in order to get
a really multifunctional tool which will be able &olve a wide range of tasks. One more
thing which might be needed in future is a someetgritical source code implementation
by using another more fast code execution langufagesxample Microsoft Assembler.
The next possible step of application improvementa port the program to another

platform, like as Unix/Linux systems.
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APPENDIX 1. An example of input file with data for ~ one

QBD process.

%This is an example of QBD matrixes input file
QBD PROCESS LENGTH = 50 %This parameter describe€dBD gueue length

START MATRIX: A0 %A0 matrix header

0,0
1,1
2,1
END MATRIX

START MATRIX:

-3,1,2
2,-4,1
1,4,-8
END MATRIX

START MATRIX:

0,2,0
0,1,3
END MATRIX

START MATRIX:

0,1
2,1
END MATRIX

START MATRIX:

2,3
4, -1
END MATRIX

START MATRIX:

%End of matrix AO

B0 %B0 matrix header

%End of matrix BO

CO0 %CO0 matrix header

%End of matrix CO

A %A matrix header

%End of matrix A

B %B matrix header

%End of matrix B

C %C matrix header

2,0

1,3

END MATRIX %End of matrix C
START MATRIX: AM %AM matrix header
0,1

2,1

END MATRIX %End of matrix AM
START MATRIX: BM %BM matrix header
4,2

4, -8

END MATRIX %End of matrix BM
START MATRIX: CM %CM matrix header
2,0

2,3

END MATRIX %End of matrix CM
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APPENDIX 2. An example of input file with boundary  data
for one QBD process.

%This is an example file, which contains the exantjw to create a boundary conditions matrix
file
%This file is for AM BM CM Boundary conditions

TART MATRIX: AM %AM matrix header
, 1

e

[

1
1
1,
1

N

S
1
1
1
1
E

=k PF

ATRIX %End of matrix AM

START MATRIX: BM %BM matrix header
-20,1,1,1

1,-20,1,1

1,1,-20,1

1,1, 1, -20

END MATRIX %End of matrix BM

START MATRIX: CM %CM matrix header
1,1,1,1

1,1, 1,
1
1
E

1

1 1
,1,1,1
,1,1,1
ND MATRIX %End of matrix CM

START CONNECTION %Starting to describe the outgdiragsaction matrixes

IS CONNECTION ENDS AT START = 1 %This transactiamds at BO of another QBD Process
CONNECTED TO QBD NUMBER = 2 %This transaction eatlQBD #2

START MATRIX: OUTGOING %Transaction Matrix startete

1,1,1

1,1,1
1,1,1
1,1,1

END MATRIX %Transaction Matrix ends here

END CONNECTION %Transaction (Connection) descriptamds here

START CONNECTION %Starting to describe the outgdiramsaction matrixes
IS CONNECTION ENDS AT START = 0 %This transactiamds at BM of another QBD Process
CONNECTED TO QBD NUMBER = 4 %This transaction eatQBD #4
START MATRIX: OUTGOING %Transaction Matrix startete

1

1

1

1

END MATRIX %Transaction Matrix ends here

END CONNECTION %Transaction (Connection) descriptmds here

%End of all file
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APPENDIX 3. An example of output file with solution
result.

%This is a file, which contains the results of taalculations.
%The QBD number described the QBD the answer bsltng
%The Xi describes the probabilities to be in theegicondition.

The probability, that system is in idle condition:
0.01082

--------- >>>> <<<<<
The following results is for QBD # 1.
The mean length of queue:
0.260205

X0 :

0.006392999999999999
0.009675999999999999

X1:

0.008033

0.009160999999999999

X2

0.009556

0.011764

X3:

0.016424

0.020023

--------- >>>> <<<<<
The following results is for QBD # 2:
The mean length of queue:
1.41047

X0 :

0.031641

0.023795

0.024315

X1:

0.021575

0.035023

0.028508

X2:

0.022935

0.037289

0.030237

X3:

0.024556

0.039963

0.031297

X4

0.029564

0.037339

0.034269
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--------- >>>> <<<<<
The following results is for QBD # 3:
The mean length of queue:
1.08032
X0 :
0.009058
0.007623
0.006544
0.005905
X1:
0.008956
0.008956
0.008956
0.008956
X2:
0.01063
0.01063
0.01063
0.01063
X3:
0.012303
0.012303
0.012303
0.012303
X4
0.013977
0.013977
0.013977
0.013977
X5:
0.023059
0.01979
0.009875
0.009875

--------- >>>> <<<<
The following results is for QBD # 4:
The mean length of queue:
0.513022

X0:

0.046637

X1:

0.036062

X2:

0.027837

X3:

0.02144

X4

0.016465

X5:

0.012595

X6 :

0.009585
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