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Abstract - At nanoscale dimensions (below 100nm) the behavioral characteristics of MOSFET change due to quantum mechanical
effect and deviate from the normal equations. In this paper we have proposed a simple Graphical user interface model-NANO
SIMULATOR . This simulator is based upon modified equations to predict the curves of nanoscale MOSFETS. It has been
developed to study the Current-Voltage characteristics and the model parameters i.e. threshold voltage,flat band voltage, mobility
of nanoscale MOSFETSs specifically at 90nm, 65nm, 45nm,32nm technology nodes(or CMOS Process). This GUI based NANO
SIMULATOR also helps in studying various types of leakage currents at 90nm, 65nm, 45nm, 32nm technology nodes.

Keywords - 1-V Curve, Leakage Current Curve, Pushbutton, popup menu, MatLab GUI

I. NOMENCLATURE

Vgs-
Vds-
Vth-

Gate to Source voltage

Drain to Source voltage

Threshold voltage

Vfb- Flat band voltage

Jtn- Direct gate tunneling in n-channel MOSFET current
density

Jsdn- Source Drain Extension tunneling current density
Jtpoly-Leakage current density due to poly gate

Jfn-  Fowler Nordheim Tunneling

Eox- Dielectric constant of gate oxide

EOT- Equivalent Oxide Thickness

Cox - Oxide capacitance

K - Mobility

I1. INTRODUCTION

As the transistor gate length drops to 45 nm and
below and the gate oxide thickness drops to 1 nm
physical limitations, such as off-state leakage current
and reduction in drive currents, make geometric
scaling an increasingly challenging task. Moreover, a
combined study of I-V Curves on the basis of channel
length scaling along with the leakage currents on the
basis of gate oxide thickness scaling at various
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technology nodes by a GUI-SIMULATOR has not been
reported yet in the existing literature. In this paper
,we present our GUI-SIMULATOR to study MOSFET
at 90nm,65nm and 45nm technology nodes. This
simulator is built upon MATLAB-Graphical user
interface and the curves which this simulator will provide are
also calculated by MATLAB Tool.

MatLab software environment with its own Graphical
User Interface (GUI). The GUI is used to analyze the I-V
characteristics of MOSFET at nanoscale and displays the
curves and parameters such that a user can visualize the
voltage and current variations as well as different type of
leakage currents. The user interface also plays a vital role in
controlling the application’s performance to suit the user’s
requirements. The objective of this work is to make
a easy understanding of MOSFET at nanoscale using a
simple simulator with simple MOSFET equations. This
simulator has the ability to take the input from user, and
generates the characteristic curve and corresponding
parameters. This paper is organized as follows. In section I,
NANOSIMULATOR’s structure is shown by flow diagram
in fig.1. Section IV describes nanoscale MOSFET modeling
quations. Section V, explains how we can install the
simulator. Section VI, explains modeling results for leakage
currents. Section VI, describes modeling results for input-
ouput characterstics. A summary and future work is
presented in section VIII.
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I1l. SOFTWARE STRUCTURE

The proposed simulator is built in MatLab software
environment with its own GUI. MatLab code here used is in
‘m-file’ at backend because it is more flexible and have
fewer limitations. User end code is in “.pfile”, so that our
original file can be saved from unwanted disturbances. The
GUI is a user friendly interface that can provide a user with
the access to perform |-V analysis of MOSFET. This
simulator can perform the following processing:

- 1d-Vds Curve

- 1d-Vgs Curve

- Jin-Vgs Curve

- Jsdn-Vgs Curve

- Jtpoly-Vgs Curve
- Jfn-Vgs Curve

- Jfn-Eox Curve

- Jin-EOT Curve

Fig. 1 shows the flowchart of the simulator , where the
code has been written using MatLab code to obtain the
results on the GUI.

[ Siraulate by MATLAE Prograra

I-W Curves Leakage Churrent Parameter
Curves Value

Fig. 1 Flowchart of the proposed simulator

p—

IV. NANOSCALE MOSFET MODEL

Here we are giving analytical MOSFET’s 1-V model for
circuit simulator. This approach is necessary for circuit
design. Analytical model is of two types[4],one is physically
based,the other is continuity between different operation
regions.Since Quantam Mechanical Effects have significant
influences on the threshold voltages[2],on gate capacitance
attenuation[3] due to finite inversion layer thickness.

Modified equation for Threshold voltage:

Initially the threshold voltage will be equation 1
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V_th=V_fb+phi_s_gm+sqrt(2*g*epsilon_si*N_a*phi_s_gm)
/C_ox; (@)}

Threshold voltage in linear region due to QME is given by
equation 2
V_th_qMiinea=V_fb+phi_s_gm+phi_cCiineartsqrt(2*g*epsilon_
Si*N_a*(phi_Cjinear+phi_s_gm))/C_ox; 2

Threshold voltage in saturation region due to QME is given
by equation3

V_th_gm_sat=
V_fb+phi_s_gm+phi_c_sat+sqrt(2*g*epsilon_si*N_a*(phi_
c_sat+phi_s_gm))/C_ox; 3)
Where

alpha_t=

((3*m_e*g"2*N_a*d_cl)/(2*epsilon_si*h_"2))(1/3);
phi_s = (q*N_a*(d_cl)"2)/(2*epsilon_si);

phi_s_gm =
(g*N_a*((d_cl+9/(4*alpha_t))"2))/(2*epsilon_si);

V_fb = -0.56-phi_b; Flat Band Voltage

Phi_Cjinear = (V_dsat)/2;

phi_c_sat=V_dsat/2;

Modified equation for mobility:

Due to QME and Short Channel Effects mobility equations
are different from classical mobility.

Mobility in linear region is given by equation 4

u_eff = u_o./(1+theta*(V_gs-V_th_qMmiinear)); (@)

Mobility in saturation region is given by equation 5
u_eff sat =u_o./(1+theta*(V_gs-V_th_gm_sat)); (5)

where
u_o = 0.06; low field surface electron mobility

E_crojinear = v_sat./Ju_o; Vertical electric field component in
linear region

E cro sat = v_sat/u eff sat; Vertical electric field
component in saturation region

theta = u_o/(2*t_ox*v_norm); %constant
v_norm = 2.2e7 ;v_sat = 1e5; %unit: m/s

v_sat is saturation velocity
Modified equation for Bulk Deplition region charge:
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Without QME and SCE the value of Qgo is given by
equation6
Q_dep=qg*N_a*d cl (6)

Without QME and SCE the value of Qgo is given by
equation?
Q_bo_gm=qg*N_a*(d_cl+(9/(4*alpha_t))) @)

Where
d_cl = sgrt((2*epsilon_si*2*phi_b)/(q*N_a))
alpha_t=((3*m_e*q"2*N_a*d_cl)/(2*epsilon_si*h_"2))*(1/3

)

h = 6.626e-34; %unit: J.s
h_ = h/(2*pi);

epsilon_o = 8.854e-12; %unit: F/m

epsilon_si = 11.80*epsilon_o;
epsilon_sio2 = 3.90*epsilon_o;

Modified equation for Ips and Vs

V_dsat = (L*E_Crolinear*((sqrt(1+(2*(v_gs'
V_th))/((L*E_Crojinear)*eta)))-1));

|_dst = (W*u_eff*C_t/L).*(1./1_2).*I_6;
|_dsat = ((W*u_eff2*C_t/L).*(1./1ss_1))*Is_6;

Where
eta = 1-((Q_bo_gm)/(2*phi_s_gm*C_ox))

C_t=(1/C_ox+1/C_inv)(-1)
C_inv is capacitance of inversion layer

Modified equation for Jtn and Vgs:

A = exp(-gamma*sqrt(q*E_b));

B = exp(gq*(phi_s-phi_b-E_g/2)/(k*T));
C = 1-exp(-g*V_gs/(k*T));

E = 1.+(gamma*k*T)./(2.*sqrt(g*E_b));
F = 4*pi*g*m_e*((k*T)"2)/(h"3);
J_t=(F.*E.*C.*B.*A)*1e-4;

Where

m_o0=9.11e-31 %unit; Kg
m_ox = 0.32*m_o;

m_e =0.19*m_o;

h = 6.63e-34 ; %unit: J-s
q=1.6e-19 ; %unit: C
phi_b = ((k*T)/g)*log(N_a/n_i);  %eV

gamma = (4*pi*t_ox*1e-9*sqrt(2*m_ox))/h;

N_a=4e24 ; %unit: m-3
n_i=1.45e16 ; %unit: m-3
k=1.38e-23 ; %unit: J/JK

T =300 ; %unit: K
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Modified equation for Jtpoly and Vgs:

A = exp(-gamma.*sqrt(q.*E_b));

B = exp((phi_s-phi_b-(E_g*q)/2)/(k*T));
C = 1-exp(-V_gs./(k*T));

E = 1+(gamma*k*T)./(2.*sqrt(q.*E_b));
G = (K*T)"2;

F = 4*pi*m_e*q"2/(h"3);

J_tpoly = F*G.*E.*C.*B.*A,;

Modified equation for Jfn and Vgs:

A =(g"3.*m_n.*El_ox."2)

B = 16*pi®2*m_o*h_*phi_ox

C = 4.*sqrt(2*m_e).*(phi_ox"\(3/2))
D = 3.*h_.*q.*El_ox

J_fn = ((A./B).*exp(-C./D)).*10"-4;

Where

phi_ox= g*3.1-del_phi;
m_o =9.11e-31;

m_e = 0.4*m_o;
m_n=0.19*m_o;

V_ox =(V_gs-V_fb)-phi_s;
El_ox=V_ox/(T_ox*1e-9);
Eg=1.12;

%unit: Kg

%unit: eV

V. HOW TO INSTAL NANOSIMULATOR

The display results are obtained using the proposed
MatLab GUI. Fig. 3 is the MatLab GUI window that shows
the input from the user, analysis of characteristic curves,
parameter analysis. Copy two files from the given CD
namely NanoSim.p and NanoSim.fig .Paste these files in a
particular directory and set the path of the MatLabDirectory.
Type “run NanoSim” on Command Window of MATLAB
Press ‘Enter’ and the simulator will be displayed as shown.

[ ==

Fig. 2 Nano Simulator
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VI .MODELING RESULTS FOR LEAKAGE CURRENTS

An analytical model for gate direct tunneling current
density is modeled using MATLAB codes, the results drawn
are being presented here.

A)Gate Direct Tunneling Current Density in n-MOSFET

) HamaSim EIE]
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1 Vs 2
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Fig 3.Tunneling Current Density Jt(A/cm2) versus Vgs (Volts) in n-
MOSFET at Various Oxide Thicknesses(i.e. tox=1.5nm)[6]

-MOSFET
Na=5e17cm-3
2 | T=300k

bx=2.5nm

Q 0.5
Vs (V)

Fig 4: Plot of fig3 is matching with ref[6]

B)Edge Direct Tunneling Current Density
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Fig 5.SDE Tunneling Currents in n-MOSFET at 2nm Oxide Thickness[6]
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Fig 6: Plot of fig5 is matching with ref[6]

VIl .MODELING RESULTS FOR 1/0 CHARACTERSTICS

Vth, Cox, W are the parameters which undergo a change
due to Short Channel Effects and so the conventional
equations are invalid at Nanoscale and we include Quantum
Mechanical effects[1]. And by the addition of QME effects
we got such input-output characterstic curves as shown in
Fig7&Fig8 at 90nm technology node.
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VIIl. CONCLUSION

A simulator for Leakage Current detection and
classification as well as 1-V characterstics using MatLab
program has been developed. At all technology nodes I-V
Curves were successfully visualized. The Leakage Current
detection, Input-Output characterstic results are displayed
to a user via MatLab graphical user interface (GUI). The
significant features of the developed GUI are the ability to
graphically display the results by taking inputs from user
side,hence this tool is user friendly. At backend we have
done calculation by considering short channel effects and
QME effects hence the developed simulator provides
accurate, efficient and reliable curves and parameter values
to study. In future this simulator will be available to our
users online with some special functions like online help and
also more curves can be studied by this (i.e.Doping and
Temperature effects on nanoscale mosfet).
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Abstract— In this paper, robust Fault Detection and Isolation (FDI) design in nonlinear uncertain dynamic system, with chemical
and thermodynamic phenomenon, is addressed. The methodology using a Bond Graph (BG) representation in linear fractional
transformation (LFT) form is shown to be a valuable tool for developing dynamic threshold generators and achieving robustness
against model uncertainty in combination with sensitivity to faults. The proposed FDI method is illustrated through an equilibrated
reaction occurred in a continuous reactor coupled with a heat exchanger. Simulations are given to support the theoretical
development and demonstrate the potential of the developed procedure.

Keywords - bond graph, chemical reactors, FDI design, dynamic threshold generators

|. INTRODUCTION

Due to the growing complexity of automatic control
systems, there is an increasing demand for fail-safe
operation, fault diagnosis (FD) and fault tolerance (FT).
The early detection of system malfunctions and faults as
well as the isolation of their origin have become an
important issue in advanced control system design. Much
attention has been paid to the design of robust fault
detection and isolation systems (see for instance [1]).

[nline supervision system

Recavery decision

Faulty component

| ]
| ]
| |
Set B i

point E u, X |
-—-—w®——-| Con%[!er H Actuator I—"| Plant H Sensors }_]_y i

T s ]

Cherical Process to be supervised

Figure 1. Supervision scheme in process engineering.

Supervision of chemical reactors is a difficult task (as
shown in Figure 1). This is due to several factors, such as
the transient operation conditions, the various uses of
these reactors and the evolution of the state variables
which is nonlinear. The evolution of some parameters (the
activation energy, pre-exponential factor, specific
enthalpy) is nonstationary, which changes according to
the condition variation inside the reactor [2]. It is this fact
that has motivated our research in this paper.

Furthermore, due to the strong nonlinearities and
parameters uncertainties in the chemical systems, their
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modeling is often complex and therefore less developed in
the literature. The graphical modeling such as the bond
graph tool becomes significant in this case, because it is
appropriate for multiphysics modeling of complex and
uncertain systems, as it is given in [3]. However, this tool
can be used for residuals generation and monitorability
analysis of uncertain systems [4].

The aim of presented paper is the design and analysis
of a robust diagnosis scheme for nonlinear chemical
processes taking into account the parameter uncertainties,
described by coupled pseudo Bond Graph models using
LFT form, when the secondary events (secondary
reaction, hazard event of thermal runaway...ect) appear in
chemical reaction. Thus, due to the energetic and multi
physical properties of the Bond Graph, the whole of
nonlinear model, structural analysis, residual with
adaptive thresholds generations, and residual sensitivity
analysis, can be synthesized using only one tool.

Section 2 gives a brief review of based element of
coupled Bond Graph. The third section presents uncertain
bond graph modeling and linear fractional transformations
using in the chemical processes. In the fourth section, the
bond graph LFT modeling of the chemical reaction in
presence of parameter uncertainties is given. This section
describes also the robust ARRs generation algorithm and
the residual analysis. The developed methodology is
applied for pseudo bond graph model based FDI of a
continuous reactor coupled with a heat exchanger in
section five. Finally some conclusions are drawn.

I1. BASIC ELEMENT OF COUPLED BOND GRAPH

Bond graph models are network type models which are
composed of multiport related by power bonds representing
the (acausal) identity between pair of conjugated variables
(named effort and flow) whose product is the instantaneous

ISSN: 1473-804x online, 1473-8031 print
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energy flow between the multiport elements. The multiport
elements represent storage (C-element) (as compliance for
instance or volume), inertia (I-element) (electrical
inductance and mechanical inertia), energy dissipation (R-
element) (electrical, mechanical or thermal friction), balance
and continuity equations (the 0- and 1-junctions) or inter-
domain coupling (the TF transformer and GY gyrator
elements). Finally to reproduce the architecture of the global
system to be modeled, bond graph elements (R, C, L,..) are
interconnected by a "0" junctions when they have a common
effort and by "1" junction if their flow 1s the same.

In process engineering processes, several phenomena
(chemical, thermal and fluidic) are coupled. In addition to
matter  transformation  phenomena, chemical and
electrochemical processes involve additional complexity in
the modeling task, since the mass that flows through the
process carries the internal energy which is stored in it, and
which 1s thus transported from one location to another 1 a
non-dissipative fashion. Power vaniables are thus in vectonal
form:

E=le,e e F=[£ 4 L] )
where ¢,, ¢, and e represent respectively the thermal effort
(specific enthalpy % or the temperature 7 ), the hydraulic
effort (the pressure P ), and the chemical effort (the
chemical potential xz , chemical affinity 4 or the
concentration ¢ ). f,, f and f represent respectively the

thermal (or entropy) flow (by conduction ¢ or by
comvection H ie. enthalpy flow), hydraulic flow (mass
flow s or volume flow ¥ ) and chemical flow {molar flow
7).

Consider a thermofluid process (Figure 2 (a)) which
consists of a pump (considered as a flow source) fulfilling a
heated tank where a bottom pressure is measured by the
sensor P, and the average temperature of the fluid 1s
indicated by 7. . The coupled bond graph model in integral
causality is given by Figure 2 (b). The two ports C,
represents the coupled thermal and hydraulic energy of the
stored fluid (considered here in under saturated state) is
decoupled into thermal and hydraulic capacity C, , and C, .
Sf 0, S m,, and Se : T, represent, respectively,
thermal flow source, inlet mass flow, and the temperature of
the incoming fluid (considered constant).

The coupling is modelled by the fictive R element in the
thermal bond.

Another complexity can be added taking into account
transformation of matter in chemical phenomena. The
corresponding bond graph model is given by Figure 3. The
mixture of mass flow s, 15 considered multicomponent
with  » with
1/ Mi [Kg.mole'lj as modulus used to transform massic

species. The =» transformers

flow s, tomolar flow 7, of * specie:
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Figure 3. Bond graph model with three coupled energies.

The state equatien form x= f{x, u) well suited for
control analysis, can be systematically deduced from a bond
graph in a linear or non linear form. The input vector  is
represented 1n a bond graph by the sources (Se and S/ ), the
measured variables are effort and flow detectors. The state
vector 18 composed by the energy variables stored by C
(general displacement) and 7 elements (impulse). The state
vector does not appear on the Bond Graph, but only its
derivative: The dimension of the state vector 1s equal to the
mumber of C and T elements in integral causality. In the
given dynamic model, there are »+2 state variables:
x=[m H, n,.n,|. They represent storage of number of

¢

mole for #+2 species, total mass m, and internal energy of

the mixture #, .
IIT. UNCERTAIN COUPLED BOND GRAPH

A.  Uncertain Bond Graph Interest

Various bond graph based qualitative and quantitative
[5], FDI approaches have been developed to detect and
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1solate faults in single or piece-wise single energy domains,
but none deal with FDI of coupled (energetic and
transformation phenomena) nonlinear systems.

Among recent works that deal with parameter
uncertainties modeling using bond graph approach, in [6],
the authors proposed to construct in a systematic manner a
bond graph from anocther bond graph using standard
interconnection form, which 1s called the associated
mcremental bond graph (IBG).

In [7] and [8], authors proposed two methods for
modeling uncertainties by using bond graph approach,
applied on Electromechanical and thermodynamic systems
(vehicle, test bench and steam generator) . The first method
13 based on describing parameter uncertainties as bond
graph elements, and the second method introduces the LFT
form for uncertainties modeling. Here, this problem is
addressed using the linear fractional transformation (LFT)
paradigm.

After the pioneering work of Oster and Perelson, it has
been mainly used for membrane processes some reaction
processes and some electrochemical processes [9], [10].
Bond graph modeling has been used for hydraulic and
thermal domain n chemical reactor but not for monitoring
and observing kinetic and thermodynamic evolution of
chemical mixture. Thus, uncertain bond graph modeling of
chemical reaction are not treated until now in literature and
diagnosis of chemical reaction is an open research work.

B. BG-LFT Form

The principle of the uncertainties representation using
LFT consists in building the uncertain system in the form of
a looping between the increased invariant system M, whose
parameters are defined perfectly, and a block of uncertainty,
noted A, gathering various uncertainties, Figure 4. Setting of
LFT form requires that the system must be reachable and
observable. These properties are necessary conditions for
the momnitoring ability of the system.

b ¥

| M

A

Figure 4. LFT representation.

The intercormection structure induces the following state
equations:
w=-Az
Xx=Ax+Bw+Bu
z=Cx+Dw+D.u
y=Cux+ D, w+Du

3

where xc R” the state vector, uc R™ the inputs vector,

ye R® the outputs vector. we R and ze R are
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gsespectively, the auxiliary input and output vectors.
n, m, let p are positive entireties. A, By, By, Cy, C,, Dy,
Dia, Dy, Dy, are appropriate ranks matrices.

Energy Storage Energy
Coln Dissipation Ry,
U
| Source Se, 5f I S Juriction Y Sensors
Structure 0, 1, I De, Df I
== TF, GY De*
Df*
" M
M3e, A

MSf

Figure 5. BG-LFT representation.

In LFT bond graph representation, parameters
uncertainties are represented under multiplicative form at
the level of bond graph component. The method consists in
replacing each uncertain element by its BG-LFT. BG-LFT
representation is shown in Figure 5.

The advantage of approach BG-LFT compared to an
approach of LFT state 1s summarized in two points:
complexity in the model construction and the uncertainties
structure on the model [4].

Modeling of bond graph elements ie {R,I,C, TF,GY}
m the LFT form consists in decoupling the nominal element
ie{R,.1,C, TF, GY | part from its uncertain part

8i e {&R,.01,.6,C, 0,0F 8,GY ] , with & is a
multiplicative uncertainty on the parameter i . In the
combined BG-LFT  representation, the parameter

uncertainties are explicitly represented under multiplicative
foom for each bond graph element. The additive
uncertainties of the parameters are related to their

Ai
multiplicative values by the following relations: & il

)

1

where Ai is the additive uncertainty values on the bond
graph element 7.

The principle of this modeling consists in representing
the influence of the parameter uncertainty, by a fictive effort
or flow input ( MSe:w, or MSf:w ), modulated by

8 (i) or &(i,f). Details on this modelling procedure

are given in [8].

In chemical processes, to explain the modelling in LFT
form using the bond graph, let us consider the Multiport O ,
we know that the R-elements dissipate power and that this
power comes out as heat. So including thermal effects, an
R-element becomes an irreversible and power conserving
structure. Tt is denoted as multiport 0 (see Figure 6 (a)). So
power can flow only as indicated by the half arrows, and not
backwards. In other words it cannot become negative. So,
when we are not interested in thermal effects, we speak of
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R-elements and multiport-R, otherwise of multiport-0 .
Regarding the multiport [ , it can have bonds with several
strands as shown on Figure 6 (b). With multiport 0 ,
irreversibility and energy conservation of multiport R are as
follows: with several strands, only the sum of the non
thermal bonds must be positive, but in single strands power
can become negative as long as it 18 more positive in others.
One can also say that power in the thermal bond must by
always positive.

T é
A

s r
L) =

1 Rt

()

L—
S

(a)
Figure 6. Element (a) and Multiport 0

In a chemical reaction, the product of chemical affinity
A by the global reaction rate T is a power. The thermal loss
(transformation of chemical to thermal energy) is modeled
by an active resistance Multiport 0 (a resistance which
generates entropy) [11]. The multiport absorbs chemical
power AxJ and product an equivalent quantity in thermal
power Tx§ . Thus, a RS-field is used as a link between the
mass and energy parts of the reactor vessel subsystem. Ttis a
two-port element connecting the molar and energy balances.
The characteristic law of Multiport 0 in resistance
causality with uncertainty can be written as follows:

S=@(0,.4)(L+8,;)
:q)( )+51!D(I)( ) )
=8 +8,_

The effort 4 1s known at the entry of the multiport O . S’n S
S

ine 2

&,, represent, respectively, the nominal value, the
multiplicative uncertainty. ® (0 ,, 4) is the global reaction

rate and 1s written as

o(0,.4)=r, {]—exp[RA;FrJJV

; -E 5
where the reaction r, =k, exp[RT“}HCK’ represents non

(5

linear term which depends on reactional temperature T, ,

according to Arrhenius equation, and concentrations

(CI.:% ). R is a universal gas constant, £, is the

activation energy of the reaction and %, is the pr-

exponential factor.
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Jﬁoﬁﬁ: T } T I 1 —El [l

{a) 0]

Figure 7. Multiport 0 in resistance causality using the LFT form(a)
Multiport 0 in conductance causality using the LFT form (b)

The characteristic law of 0 element in conductance
causality is given as follows:

S=®(0,.J)(1+6,)
—®(0,.7)+8,0(0,.7)
:S,g +Sxm
The flow J is known at the entry of the multiport O .

In the next section will be considered the use of coupled
bond graph for FDI design.

(6)

IV. TAULTINDICATCORS GENERATION FROM BOND GRAPH

In this paper, a bond graph methodology is used to
synthesis a robust FDI method for nonlinear system m
presence of parameter uncertainties, Figure 8.

Parametric uncertainties are explicitly appears on the BG,
one can automatically generate the robust ARRs for the
uncertain system by decoupling the nominal and the
uncertain parts; residuals correspond to the ARR nominal
part, while the residual thresholds represents the ARR
uncertain parts.

The main advantages of the bond graph model in LFT
form for robust diagnosis are given as follows:

- Introduction of the uncertainties on the nominal model,
does not affect the causality and the structural properties of
the BG elements;

- Representation of all uncertainties (i.e. structured and
unstructured),

- Uncertain part 1s perfectly separated from the nommal
part;

- Parameter uncertainties are easily evaluated.

This FDI method 1s summarized by the following steps:

1) Modeling of studied system using bond graph tool with
standard LFT form; 1ii) Generation of Analytical
Redundancy Relations (ARRs) from the uncertain model by
decoupling the nominal and the uncertain parts. Residuals
correspond to the ARR nominal part, while their adaptive
thresholds represent the ARR uncertain parts; 11) Residual”
sensitivity analysis is done by using the ARR uncertain part.
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| SUPERVISION

[

FDI Algorithms

Control

De, D

System

: Se, S
| Single Sources I_J";

Uncertain Bond Graph model

R ———

Figure 8. Representation of the robust FDI scheme using bond graph tool.

V. CASESTUDY: A CHEMICAL REACTOR
A.

Let us consider an adiabatic Continuous Stirred Tank
Reactor, where the exothermic reversible reaction 1is
occurred. This reaction 15 defined as follows:

nAA%%'@ n.C (7

where v, (for i=A, C) are the stoichiometric coefficients. In

Process Description

our case these coefficients are equal to one.

The technological diagram of reactor system 1s depicted in
Figure 9. The supply system (component A) consists of a
storage tank and a pump. The level regulation is guaranteed
by the means of a PT regulator acting on a centrifugal pump
which supplies continuously the tank.

Level requlation 1 Level regulation 2
Pl Pl

P &Y

Level regulation 3
TOR

&

Sensor
i Sensor2
Level
Sensar3

Valve 3
Walve 2

Figure 9. Technological diagram of the process.

The level controller in the reactor 1s ensured by a
regulator which acts on a valve at the reactor input. The tank
containing the components (C, A) is controlled in level by a
regulator which acts a self-closing valve on the outlet side
of the reactor.
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i The word bond graph model is presented in Figure 10.

11

B. Word Bond Graph model

The modelling hypotheses are, the reactor is perfectly
stirred so that temperature and concentrations of different
schemical species are homogenecus in all the reaction
Emixture, the reaction mixture is composed of one

considered, the volume of the liquid in the tanlk is constant.
EFor illustration of developed method and because of limited
! space, we consider only the main component of the system:

i This model is decomposed into several modules, linked by a
Epair of pseudo power variables (effort-flow). To simplify the
‘process modelling, we introduced bond graph model of
Ereactor vessel which 1s composed of several parts
! corresponding to multi-energy domains.

i The used pseude power variables (effort-flow) are:

ipressure-mass flow (P,m) , temperature-enthalpy flow
(T,H ) mn the case of convection, and temperature-thermal
flow (T,Q) in the case of conduction, chemical potential-

melar flow (ﬂn) , chemical affinity-reaction velocity

(4.7).

EA[ ma Ej = [ ok | (n ) 8
Pump T E + 518 Reactor : ;.[c T g
( H) Sivat Ly o (Z _) Valve 2 et 3| | T, §
l——l &
Figure 10. Word pseudo-bond graph of the chemical reactor.
. Pseudo Bond Graph model

The bond graph model is given (Figure 11). This part
mcludes chemical subsystem in reactor vessel. The bond
graph transformers 7F:1/v, and 7F:v., represent a

chemical transformation. Their modulus is  the
stoichiometric coefficients (the chemical affinity 4 represent
the driving force in reactor vessel).

In the chemical domain the O-junctions represent the
molar balance of each component (A, C). 1-junction 15 used
to represent the equality of the molar reaction flows of the
different substances involved.

Thus, a 0 -field 1s used as a link between the mass and
energy parts of the reactor vessel subsystem. It is a two-port
element connecting the molar and energy balances.

Modelling of bond graph elements ic {C,.C.} and
multiport {I] }in the LFT form consists in decoupling the

nominal element i, € {C el n}part from its uncertain
8@ (0,,4)}

multiplicative uncertainty on the parameter 7.

pBI't é;ln € {51CA,)27 <l

5,C

C.n>

with & is
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Chemical reaction

G e

.

nd
Biy ’:!.-\mr T4
0 lé
Sf R
glr
®

Tothe reactor

Figure 11. BG determinist model in preferred derivative causality of
chemical domain

The determinist and uncertain bond graph model of the
chemical domain are respectively given in Figures 11 and
12. The symbols De and Df correspond to virtual sensors.

They are used to distinguish the real measurements from the
fictive ones.

The storage of chemical energies is modelled by the bond
graph elements C:C, and C:C, . Then the following

equation is deduced from the junction O of the bond graph
determinist model in derivative causality:

v My~ Hy
ex

RT p{ RT ]ﬂA
.V He— 1

”cxp[ . C]ﬂc

RT RT
where 2! is standard chemical potential.

A

)

In general case, the previous equations becomes

diu
‘ 8
S (8)

where 7, is the reaction output’ molar flow. g is chemical

potential inside the reaction. C, represents the chemical

capacity of the reaction and can be expressed as follows:

_ 40
=2 Pl
RT RT

The relation between C

©)

Oand &, is given by the

following expression:
Cx = Cz,n + 5(:‘, Cx,n (] 0)

where C,, is the nominal value of C, .

The modulated input w; (i=2,3) in Figure 12 corresponds
to an effort variable deduced from §c and expressed by the

following equation:
du,
dt

W, 1s taken with a negative sign, because it is considered as

= 75{.‘ Cx,n

(11)

a fictive flow input’ source.
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Figure 12. BG-LFT uncertain model in preferred derivative causality.

D. Design of supervision systent

A method to derive ARR from bond graph models by
applying the causality inversion algorithm, have been
presented n Dijeziri, Merzouki, Ould Bouamama and
Dauphin Tanguy (2007), which use structural and causal
properties.

Determinist ARRs Generation

1

The ARRs are deduced from junctions O that contain
detectors on the nominal bond graph model of Figure 12.
The unknown variables f, and f, are eliminated using

covering causal paths from detectors to unknown variables.
From first junction O

n=hthi—fh-1£=0 (12)

de

Sﬁm’ fz = A72

with
Y dit

=8f =ny,. fi=

£l fendll L=y {l—exp[Ré{DV

where © (I:I 5 A) 1s given by the equation (5).
fy 18 calculated (eliminated) from the following causal
paths £, =@, —e, —)EeA g
The first ARR, r, is deduced from equation (12) and is
given as
i,
dt

A)=S§f,, —C

rl :}/}’Am +VA(D(D

(13)
g

= —A’”JrvA(I)R(nA,m,H)—m ;

2

=0

in
mé
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0
— Vexp[)u‘q'm )uA JﬂAm .
th=fo—fu—Jfz=0

with m = pl” = pSL (S sectional surface of the reactor)
RT,
From second junction 0
and from the constraint in equation (14), the second ARR,
r,, Is given by

(14)

dbe
h=rto—fu—fs :VCCD(D =A)*Sj;ur —Ce dtc

S — v, {1— exp{f:;}}V —1,=0

The fault in chemical domain (appearance of secondary
event: release of toxic or explosive material, ete.) related to
transformer phenomenon can be detected by using the first
and the second ARR.

(15)

= mour

2) Robust ARRs’ Generation
In this section, the ARRs are generated for nonlinear
systems, using bond graph approach in the LFT form. The
aim of the robust diagnosis for the presented chemical
reaction 1s to detect and isolate a chemical fault situation
(appearance of secondary reaction when the reaction takes
place; undesirable product and runway of the reaction) in
presence of parameter uncertainties. This fault corresponds
to the increase of the reaction velocity and chemical affinity,
which 18 distinguished from the parameter uncertainties.

The chemical reaction model in the LFT form with
derivative causality, after sensors dualization is given in

Figure 12. The fictive inputs w, (i =1,...,3) are related with
the fictive outputs z (i=1,...,3) and expressed in the
system of (16)

o .”A*.ui
dD d 14 d
W :75121;21 =n,=C, = =C, £y :72[ o ] Ha
dt dt RT dt
a g2
w, =—0,z,,z, =1, =C Z = M (o
2 Ay e 4 e o 5

w, = 53(I)(D ”,A)23;23 =e,=d,=v,H,

] Vd}

557 T +RTLog[

where &, and &, represent, respectively, multiplicative
uncertainties on the energy accumulation of reactant A and
product C (leads to uncertainties in heat-storage capacity).
&, is the multiplicative uncertainty on the reaction velocity

(leads to uncertainties in activation energy, pre-exponential
factor, enthalpy...).
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The two parts of the ARRs generated from chemical
reaction model with parameter uncertainties of Figure 12 are
given by equations (12) and (15) where # and r, represent
the ARRs nominal parts that describe the system operating.
a,and a, (the ARRs uncertain part) represent the intake

reduced by the parameter uncertainties such as flow or effort
which affect the residuals. Tt is described by the sum of
fictive input values and is used to calculate the normal
operating thresholds.

{al = wy| + v ms

Ak
a, = |w,| +|vow;|
Uncertain ARR part cannot be quantified perfectly, it is

evaluated to generate a normal operation’ threshold which

satisfies the following inequality:

—a<ARR<a (18)

E. Simulations results

The chemical system 1s mstrumented with the following
sensors. The mixture temperature inside the tank De : Tml,
the level inside the tank De : Lml, the flow sensor (Df :
Fml) is used to measure the amount of mixture leaving the
tank. The water flow in the cooling circuit can be measured
using the flow sensor (Df : Fm2). The output control signal
of each controller is considered as a known value.

Figure 13 show respectively the residuals r; and r, without
faults.

Fault scenario: Appearance of the secondary reaction: It 13
supposed now for example that the cooling system is never
failing and that the exits of the regulators and the sensors are
always correctly measured. A sudden appearance of
secondary product occurs between 30 and 60 min. Indeed, to
stop the evolution of the secondary reaction and to eliminate
these effects in real-time, it is necessary to add a reagent
able to eliminate the undesirable products. As can be seen in
Figure 14, the appearance of undesirable product is detected
perfectly by the residual evolution. The fault is detected
perfectly, as it is alarmed by two residuals # and r,, and

not by the other residuals. The thresholds of normal
operation are given with dot lines.

45

tifn e (fmin)

Figure 13. Residual evolutions of normal system.
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Figure 14. Residual evolutions of faulty system.

In order to explain the appearance of secondary reaction;
for example, appearance of undesirable product E which
modify reaction dynamics. Namely an unmodeled side
reaction, is added to the simulation model, in detail the
reaction scheme becomes:

nAA%B%”Ag@ 1n.C+ n,E (19)

and consequently the mass balance and the fault indicator
will be medified. The RRAs (# and # ) should add the term

vgHy ,, and cannot be equal to zero.

VL

In this paper, a robust FDI with respect to parameter
uncertainties is given using bond graph modelling approach
in the LFT configuration. The robust ARR are generated
directly from a bond graph model. This approach is study
for complex systems where numerical values of parameters
are not available. The obtained results are validated using
real process (continuous reactor). The proposed FDI method
witch can detect kinetic and thermodynamic drift of
chemical reactors due to appearance of secondary reaction.
The performances obtained are acceptable.

CONCLUSION
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Abstract —Web services have a potential to enhance Business to Business collaboration by exposing compatible services to a service
of higher dimension. Composition of web services essentially requires matching of their conversation protocols in addition to
service requirements. For modeling and matching of conversations, the usability of formal structure like Finite State Machine
(FSM) is well studied. However we are in opinion that for storing FSMs in graphs and retrieving them is not scalable for high cost
in terms of memory and time. As in near future, as millions of web services will be available this scalability problem is a challenge
to research communities. In order to cope up with this problem this paper proposes a relational model to store FSM models and

retrieve for service composition.

Keywords - webservice, RDBMS, matchmaking

l. INTRODUCTION

A confluence of Internet and computing technologies
have given rise to a new computing paradigm that host
several services for use by remote users over World Wide
Web(WWW). These services use SOA: Services Oriented
Architecture that not only lists the services offered on web
but also provides a mechanism for their interactions.
Interactions among services are necessary for making of a
service of higher granularity by making use of services of
lower granularity. This phenomena of service composition
on synthesizing services largely depends compatibility of
component services and this leads to B2B: Business to
Business collaboration. As in business domain collaboration
is largely welcome for greater benefits to collaborating
business houses as well as users, match making of services is
a problem of prime interest.

Service match making studies the composability of
component services and one major aspect of studying this
includes matching of conversational protocols of these
services. Ideally, a conversation is feasible if for a send (of a
message) by a service there is a receive at another service.
Then we say both the services are in compatible for the
conversation. The study of this conversation compatibility in
literature is termed as service matchmaking. There has been
considerable volume of research on this problem. The
various techniques include ontology based [2][3][4], Fuzzy
Logic based[5], Rough Set based[6] and Model based
matchmaking approaches.

Model based approach is found interesting for its
mathematical elegance as well as understanding. Models
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tried for analysis, orchestration and choreography of web
services include EPC [14][15], Pertinets[16][17], and
FSM[7][12]. On reviewing recent works on different
modeling approaches we observe that FSM is being studied
actively for modeling web services. Particularly for
choreography to ensure successful communication among
collaboration services. In [1] communication protocol of a
web service has been extracted as a FSM and each edge is
annotated with a message and its sender and receiver names.
In order to ensure the correctness of a protocol between two
web services, there must be well-defined FSM obtained due
to interconnection of two FSMs that model communication
of individual web services. A search of a compatible service
for a given service essentially looks for a such well-defined
FSMs from the searching and searched web services. Well-
defined means the correctness in sequence of message
transactions between two services i.e. for each send of a
message there has to be a receive and the matching of
sequence of sends with the sequence of receive of messages.
An implementation of the scheme needs storage of FSMs in
UDDI a repository of web services.

Because of wide spread usages of Internet there has been
increasing trends in offering services, business applications
on web giving rise to numerous web services. Maintaining
storage of FSMs as graphs is tedious and difficult to scale up.
Considering rise in number of web services available on
web, managing storage at UDDI and their retrieval have
become a challenge that needs an urgent attention. This
paper takes up the issue and proposes a relational model to
store FSMs and querying a system that matches to a given
service and leads to a composed service.
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1. SURVEY

FSM [7][12] has been used to model and match
conversation protocols. However, we are in an opinion that
storing, matchmaking and retrieving FSMs using graph
structure is not scalable for representing conversation
protocol for thousands of web services that will soon be
available on web. In order to cope up with the challenge we
propose relational model to store FSMs and a query system
to retrieve services that are matching to a given service.

Another work [11] deals with the problem we address
here. The authors view composability of services in terms of
matching their input and output parameters. Two services
match when one’s output parameters match with input
parameters of the other. While matching, they have used
semantic similarity based in WordNet. Service input output
parameters are stored in databases. Being soft in semantic
matching, we may get several services matching with a given
service but at different degrees. The matching result is
represented in a directed graph. Where an edge connects two
matching services and the label of the edge notes the degree
of matching. Then the service composition problem is seen
as shortest path finding problem. Other than that QoS is also
considered in deciding weight of an edge. Shortest path
finding algorithm is modified to operate on relational
repository of service data.

Our work is distinct from [11] by taking message
transactions into consideration. We argue, for work-ability of
a composed service matching of their message
communications is important. In-spite of input output
matching, a composition will fail to match in case of their
mismatch in communication. While matching we consider
the sequence as well as importance of messages (defining
types like compulsory and optional). Alike [11] we have
used relational database to store communication details in
order to make the technique scalable. Message
communications of each service are recorded in databases
and matching of two services is performed by joining of two
tables. The join operation is relaxed to provide results of
kinds of matching Full Match, Partial Match and No Match.
We have also discussed possible implementation of the
proposed technique. We view our technique along with the
technique proposed in [11] will give precisely workable
service composition. In [13] authors proposed a method in
which, web services composition are computed in advance
and stored in tables. For web services composition searches,
they look up the pre-computed tables rather than actual web
services.

Rest of the paper is organized as follows. Section 2
illustrates FSM based approach for modeling service
communication and matching of compatible services for
service composition. Section 3 describes RDBMS schema to
store services and its communication protocol. Also this
section presents a new matching algorithm and explains it
with an example. Section 4 describes the way RDBMS is
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embedded into the currently available jUDDI architecture
and how it is used for matching of services to compose a
larger service. Section 5 concludes the paper.

I1l.  SERVICE COMPOSITION AND MATCHMAKING

A service has business logic driven by business
communication. In [7] we have shown how both can be
modeled by FSM. Here, we are only interested in modeling
business communications by FSM as shown in Figure 1.
Each node indicates a state and an edge for communication.
A label on edge follows a format sender#receiver#message
details. Figure 1 specifies two services name Book store and
Shipping and the chain of events follow from ordering of
book to shipping it are as follows:

Let us consider the example of Ordering a Book process
in an electronic book store. The chain of events will be as
follows:

1) Customer(c) Requests for a Book in e-Book store
(bs).

2) Book store sends availability confirmation to
customer if book is available else it says Unavailable to
customer.

3) Customer places an order for the book.

4) Book Store responds with make payment message.

5) Customer makes payment.

6) Book Store sends the payment confirmation.

7) bs interacts with shipping service provider (s) with a
reguest message.

8) The shipper replies to bs with availability
information if shipping is available to that particular
location.

9) Then bs puts a message to Deliver the book.

10) On receiving Delivered message bs chooses any
oneof the modes of payment (Credit Card) CCPaymentand
(Debit Card) DCPayment.

11) Shipper sends a payment confirmation message
onreceiving the payment.

12) Book Store sends Book Delivered message to
customer.

The aim of this paper is to identify service partners
whose message exchange sequence matches that of the
requesting service. From the figure we see that the Book
Store service communicates with consumer and shipper.
Here shipper is the service collaborator with whom Book
Store service collaborates. The states that are darkened
involve communication with that of shipper. Now the aim is
to find the shipper service whose message flow matches with
that of the Book Store service.

Figure 1 shows the AFSM representation of Ordering a
Book process. Here bs#c#Avail Conf, c#bs#Order Book, bs#
c#MakePayment, bs#c#PayConf and c#bs#BookDelivered
and c#bs#Payment are mandatory messages bs#s
#CCPayment and bs#s#DCPayment are optional messages.
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citbs#Req_Book

bs#c#UnAvail_Conf bs#te#Avail_Conf bs#s#Req_Shipping

cibs#Order_Book s#bs#Ship_avail

s#bs#Ship_UnAfvai

hs#c#Make_Payment
bs#s#Deliver_item

cHbs#Payment
s#bs#Delivered

be#c#Pay
bs#s#DCPayment

bs#s#CCPayinent sis#DCPayme
bs#s#Req_Shipping
sHbs#Ship_Pay_conf
s#bs#Ship_avail
bs#s#Deliver_item
bs - BookStore
s - Shipper
s#bs#Delivered ¢ - Consumer

be#s#CCPayment bs#s#DCPayment

s#bs#Ship_Pay_conf

bs#e#Book_Delivered

Figure 1. AFSM representation for "Book store” and ”Shipping” services

A match between two FSMs is said to have occurred if
and only if there exists a non-empty intersection between the
two corresponding FSMs. For non-empty intersection, first
we will do intersection operation on two FSMs, then we will
perform emptiness test on the resulted intersected FSM. If
emptiness test fails (i.e., FSM is accepting some string of
messages), then it indicates that there is a path from start
state to final state in that intersected FSM. So, we say that
two FSMs are matched. Drawback of FSM based
matchmaking is that storing, matching and retrieving FSMs
using graph structure is not scalable when there are huge
number of services that are available on the web. Hence, we
look for relational repository for this purpose.

V. A PROPOSED SCALABLE APPROACH

Relational databases have been successful in maintaining
and accessing large repository of information. For this
problem, we resort to the same technology to store FSMs for
each service and to perform matching required for service
composition.
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A. Service Repository

In the literature, a way of storing web service details and
its ontology’s using Relational Database was proposed [2]
[3]. But it had not taken the message flows into concern. So,
we have proposed an RDBMS schema for storing not only
messages but also the sequence of communications. Figure 2
shows the E-R diagram of the proposed schema. From the
figure, we can observe that a single BusinessEntity can
provide many BusinessServices and for every
BusinessServices there is a corresponding description about
its ServiceMessageFlow. We have also proposed the
RequestorMessageFlow table which specifies the format a
customer has to send his/her request.

BusinessEntity: A given instance of the BusinessEntity is
uniquely identified by a BusinessKey. Simple textual
information about the BusinessEntity is given by its name
and contacts like e-mail, WebURL.

BusinessServices: A given BusinessServices entity is
uniquely identified by its ServiceKey. The BusinessKey
attribute uniquely identifies the BusinessEntity which is the
provider of the BusinessService. Simple textual information
about the BusinessServices is given by its name and short
service description and its Category.

ServiceMessageFlow: A given  instance  of
ServiceMessageFlow is uniquely identified by its
ServiceKey, msg and followedByMsg. This table stores the
message flow of services. Type of message, optional or
mandatory, is specified by its type field. snd rcv field
specifies whether the message is a sent by customer or
received by customer.

—R‘P

o

ServiceMessage
Flaw

=08

Figure 2. E-R Diagram

Business Services

Hu simess Entity

é

RequestorMessageFlow: A given instance  of
RequestorMessageFlow structure is uniquely identified by its
msg and followedByMsg. The table has the message flow of
a requested service, which can be given externally or can be
generated from the ServiceMessageFlow table. Now, we can
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BusinessEntity (BusinessKey, BusinessName, Phone,
Fax, e-mail, URL)

Provides (BusinessKey, ServiceKey)
BusinessServices (ServiceKey, BusinessKey,
ServiceName, Description, Category)

Describes (ServiceKey, msg, followedByMsg)
ServiceMessageFlow(ServiceKey,msg,
followedByMsg, snd rcv, type, CPartner)
RequestorMessageFlow(msg, followedByMsg, snd

rcv, type)

Figure 3. Proposed RDBMS Schema Supporting AFSM details

TABLE I. SERVICE MESSAGE FLOW
sk msg followedByMsg  snd_rc = type Cpart
\Y
1 Req_Book NULL receive  man cust
1 Avail_Conf Req_Book send man cust
1 Order_Book Avail_Conf receive man cust
1 Make_Payment  Order_Book send man cust
1 Payment Make_Payment  receive = man cust
1 Pay_Conf Payment send man cust
1 Req_Shipping Pay_Conf send man shipper
1 Ship_Auvail Req_Shipping receive  man shipper
1 Deliver_ltem Ship_Auvail send man shipper
1 Delivered Deliver_ltem receive  man shipper
1 CCPayment Delivered send opt shipper
1 DCPayment Delivered send opt shipper
1 Ship_Pay_Conf = DCPayment receive  opt shipper
1 Ship_Pay_Conf  CCPayment receive  opt shipper
1 Book_Delivered  Ship_Pay_Conf  send man cust
2 Req_Shipping NULL receive  man cust
2 Ship_Avail_Req  Req_Shipping send man cust
2 Deliver_ltem Ship_Avail receive man cust
2 DCPayment Deliver_ltem receive  man cust
2 Ship_Pay_Conf  DCPayment send opt cust
3 Req_Shipping NULL receive  man cust
3 Ship_Auvail Req_Shipping send man cust
3 Deliver_ltem Ship_Auvail receive | man cust
3 Delivered Deliver_ltem send man cust
3 DCPayment Delivered receive  man cust
3 Ship_Pay_Conf = DCPayment send opt cust

summarize the tables in the proposed RDBMS schema as
described in the Figure3.

Considering the same example Ordering the book from
section 2. Fig. 1 shows the FSM with annotations and Table |
show the schema representation of the corresponding FSM
for Book Store with ServiceKey (SK) as 1. We propose 6
column table;Where msg is the message for communication,
followedByMsg is the previous message which was
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received, snd_rcv gives the detail if message is sent or
received,there are two types of messages 'mandatory’ (man)
and “optional’ (op), Communication Partner (CPartner) gives
the partner details with whom the service collaborates

Let us take a look at the first row. Here, followedByMsg
is NULL because there is no preceding message to Book
message. And rcv value is receive because BookStore(bs) is
receiving that message from customer(c) type is set to
mandatory. Similarly all the remaining rows in that table are
inserted. Number of rows in a table is equal to the number of
messages in FSM. Messages CCPayment and DCPayment
are entered into table as optional because, by default if
annotated FSM state has two or more messages emerging
from it, those messages are treated as optional.

B. Service Matching Algorithm and Analysis

By looking at the example given in section 3, we have
observed that a single services message flow spans over
multiple rows in a relational table. So, it is not possible for
any type of query in RDBMS to perform match operation
between two such multiple row spanned message flow
sequences. So, we have proposed an algorithm for
matchmaking of web services based on above defined tables.
This algorithm is also implemented as a stored procedure in
MySQL. After matching process is completed, a service falls
into one of the three categories namely Exact match, Partial
match and No match.

Algorithm IVl

Input: servicemessageflow table, ServiceKey(skey) and
reqg_caregory
Outpur: servicename and type of match
Algorithm
match()
2
3. Build_RequestMessageFlow Table
4 cnt — number of tuples mn bussinessservices
where category = req_category;
5. while cnt>0 do
6 sk
{For each service with umque sk}

Ji..'.‘u_‘n',?.'l SS55CT1NCEsS. SCTUICe II"{ .

create temporary table t1 where service message-

flow ServiceKev= sk:

8- create another temporary table t2 where msg and
followedByMsg of t1 and RequesterMessageFlow are
equal which 1s full outer jom table.

9 _."".'.”_ JiJr.f.r'f.'aJ.ll — )

10 ct — numbe r'n_,lﬂf.'fyrar sint2:
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')

mlfml srl vl m2 fm2,sr2, 02— t2(msgl,

Jollowedbymsgl,snd_revi, typel, msg2,

followedbymsg2,snd_rev2, npel):

while ct>>0 do
if ((sr1="send’” and sr2="receive’) or (sr1="receive’
and sr2="send’)) then
if (m1==m2 and( fm1==fm?2 or (fm1=NULL or
fm2=NULL)) then
if (tyl="man’ or tyl="op’) and (ty2="man’ or
v2="op’) then
full — 1:
end if
end if
else if (fm1=fm?2) then
if (m1 '= NULL and m2 = NULL) then
if (rvl="man" and ty2="opt’) then
partial — partial +1
else if (tyl="opt™ and ty2="opt’) then
full — 1
end if
end if
if (m1 = NULL and m2 !'= NULL) then
if (tv1="opt’ and ty2="man’) then
partial — partial +1

full — 0
else if (tyl="opt’ and ty2="opt’) then
full — 1
end if
end if
if (m1'=m2) and m1!=NULL and m2 !'=NULL)

then
if (tvl="man" or tv1="opt’) and
(ty2="man or ty2="opt’) then
partial — partial +1
full — 0
end if
end if
end if
if ((m1==m2) and (fm1'=fm?2)) then
partial — partial +1
full — 0
end if
if (m1=NULL and fm1=NULL) and (m2!=NULL
and fm2!=NULL) and (ty2="man’) then
full — 0
end if
if (m1'=NULL and fm1!=NULL) and (m2=NULL
and fm2=NULL) and (ty2="opt’) then
full — 0
end if
ct — ct -1
mcrement one tuple in t2
end while
if ( full=1 and partial =0) then
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54: Print ServiceName, “Exact Match™;

55:  else if { full=1 and partial>0) then

36: Prnt ServiceName, “Partial Match™

57 else

58: Print ServiceName, “No Match™;

59:  end if;

60: cnt «— cnt-1;

61:  increment one tuple in BussinessServices;

62: end while
63 }

In case of exact match, all the messages of both service
provider and requestor message flow sequence matches
totally (or) some optional messages of requestor message
flow sequence may not be present in message flow sequence
of service provider. In case of Partial match, some messages
of service provider message flow sequence don’t have
corresponding messages in requestor message flow
sequence. In case of no match, no messages of service
provider and requestor match (or) some mandatory messages
of requestor message flow sequence don’t have
corresponding messages in service provider message flow
sequence.

Let us take a look at the steps involved in the proposed
matching algorithm. Line numbers at the end of each step
refers to the part of the algorithm that is performing that
particular step.

o RequestMessageFlow table shown in Table Il is
created from ServiceMessageFlow table which has
the same ServiceKey as given input and whose
Cpartner is same as req_Category.

e Temporary table is created for a service from
ServiceMessageFlow that has matched Category
with requestor’s category. (Line 7,8)

e Another temporary table is created by doing a full
outer join operation on the above obtained table
and RequestMessageFlow table based on their msg
and followedByMsg.

e For each message (row or tuple), if for each send
type of message there is receive type of message
with the provider service or vice-versa then if the
attributes msg, followedByMsg of both (service
provider and requestor) in the above full outer join
table are equal and if that is the first message the
followed by messages would be null this check is
performed and full is set to 1. (Lines 13-15)

e For the messages whose previous messages match
different conditions are checked. (Line 19)

e If both message types are equal (or) if service
provider has mandatory message corresponding to
optional message of requestor then set full to 1.
(Lines 20-26)

o If there is no message in requestor for the
corresponding message in service provider then for
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mandatory msg of provider partial is incremented
else full is set to 1 (Lines 20-25)

e If there is no message in provider for a
corresponding message in requestor if the type of
requestor is mandatory partial is incremented and
full is set to 0.(Lines 27-29) It is given partial as
there is scope for negotiation. If type is optional
then full is set to 1.

e If there is mismatch in messages then the partial
value is incremented and full is set to 0.

e Now, if full is 1 and partial is O then the services are
"Exactly Matched’ else if full is 0 and partial >0
then they are ’Partially Matched’ else they are
’Not Matched’. (Lines 53-59)

o Repeat the above steps for all services that are
matched with requestor category. (Lines 5-60)

V. SIMULATION AND ANALYSIS

Let us again consider the same example of Ordering a
Book service. The following Table 1 and Table 2 shows two
tables: one is ServiceMessageFlow table containing three
services ( Assuming that only these three services are
available and all of them belongs to same category), and
other one is RequestorMessageFlow. Let us analyze the
matching process of service 2 message flow with requestor
message flow. Full outer join table of service 2 and
RequestorMessageFlow tables is shown in Table 111

TABLE II. REQUESTER MESSAGE FLOW
msg followedByMsg snd_rcv type
Req_Shipping Pay_Conf send man
Ship_Auvail Req_Shipping receive man
Deliver_ltem Ship_Auvail send man
Delivered Deliver_ltem receive man
DCPayment Delivered send man
Ship_Pay_Conf Payment receive man

Initially, full and partial are set to O. First three messages
(rows) of service 2 are exactly matched with that of requester
messages. line 14-18 of algorithm handles it. From the join
table shown in Table I1l, There is a mismatch in the fourth
message of service 2 and from the join table we can observe
that the followedByMsg’s are different where as the
messages are same. Since there is a skip in the message
exchange both the services can negotiate hence lines 41-42
will set the value of full to 0 and increment the partial value.
Again there is match in the fifth message hence full is set to
1 but partial value is 2 hence its a Partial Match. Few
messages that are specified in the provider service may not
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be present at the requester’s end, and both the requester and
provider can negotiate and agree upon the missing message.
In this way our matching algorithm performs matching of
each service in ServiceMessageFlow table with the
RequesterMessageFlow table. Similarly, according to the
above given algorithm, service 3 matches exactly with
requester’s one and service 2 has partial match with
requester’s one. Due to the space constraint we have not
represented all the cases. As we told earlier that we have
implemented the above algorithm as a stored procedure in
MySQL, the way of calling it is as follows: call match();

VI. A NEw FRAMEWORK

UDDI [8] uses WSDL [9] to describe interfaces to web
services. Some organizations have already implemented
UDDI depending on their requirements. One of them is
jUDDI[10], which is developed by Apache group and it is
open source. We have extended this jUDDI by means of
adding Service communication message flow Database and
Matching algorithm based on RDBMS as highlighted in
Figure 3. . As we told earlier, Service communication
message flow Database stores the message exchange
sequences of all services that are registered in UDDI. This
database is used by our newly proposed matching algorithm

A. JUDDI Extension

Now, the overall architecture of jUDDI can have the
following components.

Publish Service: Service Provider who is interested in
providing service will publish their service through this
module. They publishes their business information in Service
Database and service communication message flow details
in Service Communication Message flow Database as shown
in Figure 3

Query Service: Service Requestor who is interested in
consuming service sends his/her request through this
module. This request is processed by Matching Algorithm
based on RDBMS component. After the matched services are
returned, requestor will contact that particular service
provider by getting information from Service Database.

Matching Algorithm based on RDBMS: This
component receives request from requestor and performs
matching with each service in Service Database by means of
taking message flow of corresponding service from Service
Communication Message flow Database.

Service Database: It contains the database schema
required for storing information related to business service
like Name, email, URL, etc Service Communication

Message flow Database: It contains the database schema
required for storing the communication message flow
sequence of each service.

Three functionality’s are primarily provided by jUuDDI
namely a) Publish Service b) Query Service and c) Compose
service. Service Providers who want to provide their service
publishes their details into the Service Database and their
message flow sequences into Service Communication
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-message flow Database. The organization which requires a
service places a query by specifying the type of service it
wants. This query is handled by matching algorithm
component. The organization which requires service
composition sends its required message exchange sequence.

This is handled by matching algorithm component and
returns the resulted set of matched services by means of
interacting with both Service Database and Service
communication message flow Database components.

TABLE III. FULL OUTER JOIN TABLE FOR SERVICE 2
Skey msg followedByMsg snd_rcv type msg followedByMsg snd_rcv type
2 Req_Shipping NULL receive man Req_Shipping Pay_Conf send man
2 Ship_Auvail Req_Shipping send man Ship_Auvail Req_Shipping receive man
2 Deliver_ltem Ship_Auvail receive man Deliver_ltem Ship_Auvail send man
2 Delivered Deliver_ltem send man Delivered Deliver_ltem receive man
2 DCPayment Delivered receive man DCPayment Delivered send man
2 Ship_Pay_Conf DCPayment send man Ship_Pay_Conf DCPayment receive opt
2 NULL NULL NULL NULL CCPayment Delivered send opt
2 NULL NULL NULL NULL Ship_Pay_Conf DCPayment receive opt
establish the practicality of the proposed technique. This
work also proposes usages of established technology in
Publish Query Compose developing web services and making this available on
Service Service Service Internet to potential users.
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Abstract — There is ongoing discussion whether the cellular or mobile phone usage causes any health effects. The aim of this
research is to investigate the effects of mobile phone usage on human brainwaves using electroencephalograph (EEG). The
brainwave signals were analyzed using Statistical Package for the Social Sciences (SPSS). Thirty samples were interviewed prior to
EEG recording. Then, the EEG recordings were performed for three sessions; before, during and after the phone calls. The
findings show that alpha is dominant compared to the other frequency bands. In addition, value for the left brainwaves always
higher than the right for all frequency bands which means that the samples were left brain dominant. The overall correlation
between left and right brainwaves signal for all bands shows decrement for during and after phone calls, thus reducing brainwaves
balancing. Therefore, there is evidence that the usage of mobile phones affect the brainwaves.

Keywords - EEG, Brainwaves, Radiofrequency

I. INTRODUCTION to 12 Hz and significantly present when the person is in a
relaxed condition or reflecting with closed eyes [7-8].
Mobile or cellular phones are now an integral part of During this state, a person is still awake yet resting.
modern telecommunications. In many countries, over half Slightly higher from alpha, beta wave’s frequency, ranges
the population use mobile phones and the market is from 12 to 30 Hz. Beta wave is indicative of active, busy
growing rapidly [1]. Given the large number of mobile or anxious thinking and active concentration [7]. Thus,
phone users, it is important to investigate, understand and related to the alert or working state. Delta wave is the
monitor any potential public health impact [1-2]. lowest frequency range starting from almost zero and can
Mobile phones communicate by transmitting ultra- be only up to 4 Hz. It is higher during sleeping mode,
high-frequency radio waves through a network of fixed whereas Theta ranges from 4 to 7 Hz. It is dominant when
antennas called base stations. Radiated power from an someone is feeling tired and depressive [7-8].
antenna is approximately up to 125mW [3]. Antennas EEG is the recording of electrical activity along the
within phones emit the waves while the strength tails off scalp produced by the firing of neurons within the brain.
quickly as distance from the antenna increases, a sizable In clinical contexts, EEG refers to the recording of the
chunk of it is emitted through the brain [4]. With a brain's spontaneous electrical activity over a certain
distance of within 2cm from a user’s head, mobile phones period of time [7-8]. EEG test is harmless and painless
can radiate radiofrequency (RF) signals in the range of and can be repeated [9]. Electrodes are placed on specific
450 to 2500 MHz [5]. RF waves are electromagnetic sites on the scalp to detect and record the electric signal
fields, and unlike ionizing radiation such as X-rays or impulses within the brain. EEG electrodes transform ionic
gamma rays, cannot break chemical bonds or cause current from cerebral tissues into electrical current used in
ionization in the human body [1]. EEG preamplifier [9]. This device will detects and

amplifies the electrical signals and record them
onto software in the computer. Some
applications of EEG are as diagnostics tools for
the case of epilepsy, coma and brain death [9-

II. LITERATURE REVIEW

A. Brainwaves and EEG

10].
The brainwave is defined as arrhythmic of electric
potential between brain cells called neurons and B. Mobile Phone Exposure
proficiently captured by EEG equipment [6]. Brainwave
signals are grouped into four types which are Alpha, Beta, During operation, mobile phones emit energy in the
Theta, and Delta. The frequency of alpha wave is from 8 form of electromagnetic fields known as radio waves. A
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GSM mobile phone can emit waves with a peak power of
2 watts and parts of these waves are absorbed by the
user’s head [3] as well as the human’s body [11-13].
Tissue heating is the principal mechanism of interaction
between radiofrequency energy and the human body. At
the frequencies used by mobile phones, most of the
energy is absorbed by the skin and other superficial
tissues, resulting in negligible temperature rise in the
brain or any other organs of the body [1].

Usage of mobile phones particularly for a long period
of time is known to have some effects on the users [1-5].
Some users complained that the usage of mobile phone
indicate certain negative effects on their bodies especially
in the heads. Thus, several investigations to observe
biological effects of mobile phone exposures have
encompassed the investigation of potential connections to
cancer, cell division, blood pressure alteration, induction
of epilepsy, depression, effects on the eyes, and human
cognitive alteration [14-15].

Another study suggested that mobile phone users had
a 30% increased risk of brain tumors which occurred
close to the ear used for mobile phone listening [2-3].
Furthermore, previous studies had shown that growth of
leukemia cells could be increased dramatically after
exposure to mobile phone radiation [2]. Therefore,
various studies have been going on to investigate the
effects of these conditions on the human body [1-5, 14-
15]. However; it is presently unclear whether this
electromagnetic energy can really cause biological
consequences or adverse health effects [11, 15].

III. PROPOSED NEW IDEAS

To date, it is assessed that there are over 1.7 billion
mobile phone users world-wide. Thus, if there were to be
adverse health consequences due to contacts from mobile
phones, the effects could be pervasive amongst huge
populations. Therefore, it is essential to examine and to
resolve the possibilities of biological effects due to mobile
phone radiated fields [15-20]. Thus far, scientific
evidence on the effect of mobile phone radiation exposure
to the brainwave signals using EEG  is not conclusive
[11, 15]. Hence, this research will identify and investigate
the human brainwave patterns due to the usage of mobile
phone using EEG. In addition, the difference between the
left hemisphere and the right hemisphere of the
brainwaves will be observed and correlated to investigate
the brainwave balancing condition [21-22]. Furthermore,
interview sessions will be carried out to investigate the
usage trend of mobile phone to be more comprehensive in
the data collection and data analysis.

IV. METHODOLOGY
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Experiments were performed at the Biomedical
Research and Development Laboratory for Human
Potential, Faculty of Electrical Engineering, Universiti
Teknologi MARA, Malaysia. This laboratory has been
recognized by the Malaysia Book of Record as the first
research and development laboratory for human potential
in Malaysia.

30 participants were recruited from undergraduate
students of the Faculty of Electrical Engineering,
Universiti Teknologi MARA, Malaysia. All participants
were in healthy conditions and also not consuming any
medicine or drug prior to the test. A combination method
consisting of interviews and EEG analysis has been used
for this project to be more comprehensive in gathering the
information to analyze the effects of mobile phone usage.
A. Interviews

Before recording the EEG measurements, all samples
were interviewed concerning their usage of mobile phone.
Samples have to answer 11 questions such as number of
call that they normally have per day, duration per call and
the effects that they experience when using mobile phone
for a long period of time. The results were analyzed to
observe the trend of mobile phone usage among samples.
B. EEG Experiment

The EEG signals were recorded under three
conditions which are before, during and after call using
mobile phone. Figure 1 shows the flowchart of the
experiment.

30 samples

v

Perform Interview

EEG Recording

| B—

During using
Mobile Phone

v

Analyze the EEG
Recordings Data

H

After using
Mobile Phone

Before using
Mobile Phone

Figure 1: Flow Chart of the Experiment

Table 1: Time Frame Protocol of the Experiment

5-10min 5 min Imin 5 min Imin 5 min
> > | > <+ Lt <>
Before During After
call call call
Interview Closed Closed Closed eyes
. eyes | Rest eyes Rest
session Relax
Relax Relax EEG
EEG EEG .
. . recording
recording recording
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Table 1 shows the time frame protocol of the
experiment, involving three stages which were before,
during and after usage of mobile phone. Initially, samples
will undergo the interview sessions to answer 11 item
questionnaires related to their usage of hand phones. The
interview session is normally conducted between five to
ten minutes. The EEG recording duration was five
minutes for each stage with one minute rest period in
between, giving a total of approximately 22 to 27 minutes
for each sample. During EEG recordings, samples were
asked to close their eyes, relax (but not sleep), not
allowed to talk, thus to minimize artifacts in the EEG
signal.

The phone is strapped to the right ear while the phone
is in active session. Although the line is open to another
party, no conversation took place between them.
Observation of brainwave was conducted for both brain
hemispheres, though only the right ear is engaged with the
phone. In future, the research can be extended by placing
the phone to the other ear to observe the effect.

sOl[+C

)| ref (}J

4 - - |
thoA || ch.B ||ch.c | |ch.D |C'S“ bt

Figure 2: Electrodes and WaveRider Connection

EEG data acquisitions were carried out using EEG
equipment (WaveRider Mind Peak model P-0609-5E022)
as shown in Figure 2. A bipolar connection is employed
using four electrodes, 2 channels and in accordance to
International Standard 10-20 electrode placement system.
Sampling frequency is 128 Hz with electrode impedance
maintained below 5 kQ. Simultaneously, EEG raw data
were transmitted to the processing device. The same
processing device was used throughout the signal analysis
to maintain consistency.

Electrode from channel A positive was connected to
the right forehead and channel B positive to the left
forehead. Electrodes from channel A and B negative were
connected to the right ear lobe. Finally, electrode from the
reference port of the Wave Rider was also connected to
the left earlobe.

Figure 3 shows a sample undergoing EEG
experiment. In the picture, the sample is in the second
stage where the brainwaves are captured during usage of
the mobile phone. The phone is activated by making a call
to another party; however both parties remain quite for
five minutes which means there is no conversation.

DOI 10.5013/1JSSST.a.12.05.04

25

Figure 3: A sample is undergoing the EEG measurement

V. RESULTS AND DISCUSSION

The analysis is divided into two parts which are the
interview results and the EEG analysis.

A. Analysis of the Interview

Figure 4 shows the percentage of the samples that
have dialed or received calls per day. From the interview
session, the result shows that 54% of the samples have
less than two calls in a single day. On the other hand, only
10% of the samples dialed or received calls 5 to 6 times
daily.

The percentage of duration per call is depicted in
Figure 5. Only 3% of the samples having the highest
period of call which is more than 1 hour per call. 40% of
the samples spend less than 5 minutes per call. The
majority spend five to twenty minutes per call.

The interview session also gave the percentage of
samples that have dizziness after having a conversation
for a long period of time as shown in Figure 6. It indicates
that 60% of samples having dizziness and depression
symptom if they use the phone for more than one hour.
While the rest, (12 samples) did not feel dizziness. The
findings support previous results, which reported that
people exposed to mobile phone showed increased levels
of exhaustion and depression [16].

Call per day for 30 Samples (%)

Figure 4: Number of calls per day dialed or received by samples
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Duration per Call for 30 Samples (%)

20 min - >1 hour
1hour 3%
10% -

<5 min
40%
5-20min
7%

Figure 5: Duration per call

Feel Dizzy after using the Phone for a Long Period

Mo
40%

Yes
60%

Figure 6: Feel dizzy effects experienced by samples after using the
phone for more than 1 hour.

B. Analysis of the EEG Signals

The EEG signals analysis is divided into three stages:

before call, during call and after call. The analysis was
performed using statistical tools, SPSS version 17.0. The
analysis of the data from EEG test focused on the
comparison between the three stages and also the
correlation between left and right brainwaves for each
band individually as well as for overall.
Figure 7 clearly depicts that the alpha level of the right
side decreases significantly during call and further
decreases within the period of five minutes after call.
However, the alpha level of the left side remains
consistent throughout the experiment. It also shows that
the waves for alpha left almost overlap for all stages.

Figure 8 shows the graph for beta right and beta left
brainwaves. For beta right, the mean amplitude levels
almost overlap in all stages for before, during and after
call with 1.87% increment during mobile phone usage and
0.46% decrement after the exposure. Compared to beta
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left, the mean amplitude levels increases from 11.94% to
13.65% in between the activities.

AlphaRight
40
330
520
0
210
0 | B A S N AL N S B (R L N % B R I SN 0% B A N SN WS N AU I N S |
1 4 7 10 13 16 19 22 25 28
Samples
Alpha Left
40
3:30 N
:20 e N
% . A
E10_0 ¢
0 rrrrrrrrrrrrrrrrrrrrrrrrr1r1r 1rT11
1 4 7 10 13 16 19 22 25 28
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Before ===--- During — — After

Figure 7: Comparison of alpha right and alpha left for before, during and

after call
i Beta Right
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Figure 8: Comparison of beta right and beta left for before, during and
after call
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Figure 9 depicts the delta level of all stages for the
laboratory experiment. There are no significant changes
of the brainwaves due to the effects of exposure for both
sides of the right and the left brain. The brainwaves
pattern is also similar with theta waves as shown in Figure
10. Overall, delta and theta bands show slightly higher
levels during and after calls for both left and right
brainwaves. This observation agree with previous results
which found that after 20-40 seconds exposure to mobile
phone, a slow wave activity (2.5-6 Hz) appeared in the
contra lateral frontal and temporal areas and suggested
that mobile phones may affect the human brain [23]. It is
concluded that mobile phones may reversibly influence
the human brain, inducing abnormal slow waves in EEG
of an awaken person [23].

40 Delta Right
30
2 20 A - |
ﬁlﬂ'ifé\z'MwM““*‘
S 0 e
1 4 7 10 13 16 19 22 25 28
Samples
10 Delta Left
30
= 20
c 10
(]
g 0 rrrrrrrrrrrrrrrrrrrrrrrrrrrrril
1 4 7 10 13 1‘3 19 22 25 28
Samples
Before ====- During After

Figure 9: Comparison of delta right and delta left for before, during and

after call
20 Theta Right
15 _ _
210 —LoA __.,\_'___'_'__
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I
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20 Theta Left
. 15
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=10
&
&5
2 9
amples
Before =----- During After

Figure 10: Comparison of theta right and theta left for before, during and
after call
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Table 2: Brainwaves mean value between stages

Band | Right Brainwaves (uV) | Left Brainwaves (1V)
Before| During After | Before| During After
Alpha | 967 | 681 | 576 | 11.18| 11.71| 124
Beta 4.28 436 | 434 | 687 | 7.69 | 874
Theta 7.96 8.05 | 9.62 | 10.92| 11.93| 13.7
Delta | 11.77 | 12.39| 14.58| 14.92| 16.11| 18.58

Table 2 shows the mean values of left and right
brainwaves. It is known that alpha wave increase during
relax and closed eyes. The left alpha brainwave increases
slightly from 11.18 micro volts (before call) to 11.71
micro volts (during call) and further increases to 12.35
micro volts (after call). Thus, the increment of alpha left
in the result shows samples are more relaxed [17].

In contrast, significant result shows that mean values
for alpha right decreases during call, from 9.67 micro
volts to 6.81 micro volts and further decreases to 5.76
micro volts after call. This decrement could be due to the
effect of radiation from the mobile phone attached to the
right ear during call. This observation is in line with
findings from [18] which concluded that in the case of a
person using a mobile phone, most of the heating effect
will occur in the surface of the head, causing its
temperature to increase by a fraction of a degree. Once the
temperature is back to normal, there will be no radiation
effects. Scientist have shown that this radiation might
cause human biological damage through heating effects
since human body is made up of approximately 65-70%
water, electrolytes and ions [19].

Further analysis using paired T-test was carried out to
compare between right and left brainwaves for each stage
to deduce the correlation and brainwave balancing as
shown in Figure 11. Correlation values for all frequency
bands decreases during calls and further decreases five
minutes after calls. The most significant results occur in
alpha wave. The results agree with another research which
found that EEG spectral power was influenced in some
bins of the alpha band [20]. This effect was greater when
the Electromagnetics Field (EMF) was on during the EEG
recording session than before it [20]. It follows that the
correlation between the left and the right alpha
brainwaves signal decreases significantly from 0.983
(before call) to 0.824 (during call) and further decreases
to 0.741 within the period of five minutes after call as
shown in Figure 11. Initially, the alpha brainwaves were
highly balanced before call. However, due to usage of
mobile phone on the right side, the brainwaves became
left dominant.
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Correlation for Left and Right Brainwaves
(Correlation vs Frequency Band)
1
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Figure 11: Correlation for left and right brainwaves

Box Plot for Brainwaves Difference between After and
Before Stages
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Figure 12: Box plot for brainwaves difference between after and before
stages

Figure 12 shows the box plot for brainwaves difference
between after and before call stages taking the left
brainwaves and subtracting the right brainwaves. Results
are consistent for alpha, beta, delta and theta in terms of
domain data. The contributions of the outliers were
insignificant; therefore, we decided not to remove the
outliers from the analysis. The means of each box is
above zero indicating that left brainwaves is dominant
compared to the right for all frequency bands.

VI. CONCLUSION

By conducting this research, the effects of mobile
phone usage on human brainwaves were studied using
EEG. It was found that the alpha level of the right side
(where the phone is attached) decreases significantly

DOI 10.5013/1JSSST.a.12.05.04

28

during the calls and further decreases within the period of
five minutes after the calls were ended. However, the
alpha level of the left side remains consistent throughout
the experiment. The result from this research somewhat
agrees with findings from [10-11], that is alpha wave
decreases while exposure to radiation. Whereas, other
frequency bands of the brain signals increased for both
left and right side. It follows that the overall correlation
between left and right brainwaves signal for all frequency
bands decreases significantly during the calls and further
decreases within the period of five minutes after calls.
Therefore it reduces brainwaves balance. There is
evidence that the usage of mobile phones affect the
brainwaves.

In future, this research could be expanded to observe
whether usage of mobile phones has some effects on other
physiological variables such as heart beat, heart condition
and lung condition. In addition, the observation can also
be extended by attaching the phone to the left ears.
Another interesting experiment is to compare the effect on
the brainwaves due to different types of mobile phone
(2G, 3G, iPhones, Samsung, Nokia etc.).
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Abstract—In this paper, an Artificial Neural Network (ANN) algorithm for classifying the EEG spectrogram images in brainwave
is presented. Gray Level Co-occurrence Matrix (GLCM) texture feature from the EEG spectrogram images have been used as
input to the system. The GLCM texture feature produced large dimension of feature, therefore the Principal Component Analysis
(PCA) is used to reduce the feature dimension. The result shows that the proposed model is able to classify EEG spectrogram
images with 77% to 84% accuracy for three classes of brainwave balancing application with an optimized ANN model in training

by varying the neurons in the hidden layer, epoch, momentum rate and learning rate.

Keywords — EEG, spectrogram image, GLCM, PCA, ANN

I. INTRODUCTION

Artificial neural network (ANN) is inspired from the
human brain by mimicking the action of neurons in the
brain. ANN is a popular and powerful algorithm in data
mining. The best performance can be achieved by varying
the weights during training process. The feed forward
training algorithm is normally used for the ANN in
Electroencephalogram (EEG) analysis and has been proven
by many researchers to be a great tool for classification,
recognition and prediction in the EEG application [1-3].
According to these research findings, it denotes a promising
result in the biomedical field. Nevertheless, the use of ANN
as a classifier in balancing the brainwave never has been
reported via literature. However, this paper will introduce an
application of ANN for the balance brainwave application.
Brainwaves are grouped into four bands identified as Delta,
Theta, Alpha and Beta frequency bands[4]. Delta is the
lowest frequency band with the highest amplitude while
Beta is the highest frequency band with the lowest
amplitude. Human brain is divided into two main regions
which are the right and left hemisphere. The right
hemisphere is superior in thinking, remembering, perceiving,
understanding and emoting whereas the left hemisphere is
dominant in activities involving analysis, arithmetic,
language and speech [5, 6]. Balance brainwave is using both
the right and left hemisphere of brain simultaneously.
Balanced thinking that simultaneously uses both right and
left will lead to a balanced life and lead to better health [6,
7].
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II.  RELATED WORK

EEG is an example of biosignal and other biosignal are
electrocardiogram (ECG), electromyogram (EMG) and
magnetoencephalogram (MEG). The EEG signals are
characterized by the amplitude (voltage) and frequency. The
frequency varies in each band, the Delta ranges within 0.5 to
4 Hz, Theta ranges from 4 to 8 Hz, Alpha ranges from & to
13 Hz and Beta ranges from 13 to 32 Hz [8]. However, the
raw EEG signals need to be analysed in order to extract
useful information for specific research.

Generally, the EEG signals are processed using the signal
processing approach which extracted based on the time and
frequency. The EEG signal is collected in time based and to
transform this signal into frequency based, the Fourier
Transform (FT) will be employed in this signal. The EEG
signal also can be processed using image processing
approach via the time-frequency based. The Short Time
Fourier Transform (STFT) is one of the popular techniques
to process signal through time-frequency based. The STFT
is to perform an FT on the signal, then mapping the signal
into a two-dimensional function of frequency and time.

There are a few researches using image processing
technique in biosignal. However, there is an example of
using image processing technique in analysing the ECG
signal. The spectrogram image was produced using STFT in
order to recognize heart abnormalities in the ECG waveform
[9]. Next, the spectrogram images need to be further
analysed, for example by using texture analysis. Gray Level
Co-occurrence Matrix (GLCM) is a popular technique in
various applications such as wood, satellite and ultrasound.
There is a study that uses the GLCM as a texture analysis to

ISSN: 1473-804x online, 1473-8031 print



MAHFUZAH MUSTAFA et al: CLASSIFICATION OF EEG SPECTROGRAM IMAGE . ...

detect sleep disorder breathing in the ECG signal [10].
Usually, the Principal Component Analysis (PCA) is used
for data reduction, classification and regression and it has
been reported elsewhere. There is a study that uses the PCA
for data reduction [11]. The PCA chooses three components
out of the eight components from the GLCM texture feature.
The result demonstrates that the three components give
better accuracy than the eight components.

ANN history begins in the year 1940’s and was initiated
by McCulloch and Pitts’. However, it was popular in the
1980s [12]. ANN is actually a mathematical model to solve
a variety of problems in control, prediction, pattern
recognition, and optimization. There are several issues in
the ANN design, including the number of training samples,
activation function, learning parameters, and network model
and size. Nevertheless, there is no general guideline to
choose the best ANN architecture for a particular size of the
training. Training unconstrained networks using standard
performance measures such as the mean squared error may
produce an unsatisfying result [13]. ANN is highly suited to
process feature rich data [12-16]. There are studies using the
extracted EEG signal features to be fed into the ANN in
various applications. For example, the ANN is employed to
analyzed the epileptic seizure [14], Parkinson disease [15]
and brain-computer interface [16].

III. EEG SPECTROGRAM IMAGE AND GLCM ANALYSIS

An inspiration using time-frequency based is based on
research in acoustic signal [17], sound [18], heart rate from
ECG [19]. There is a study using time-frequency based
approach in analyzing EEG signal in Brain Computer
Interface (BCI) application [16]. Based on this research,
time-frequency based have the same meaning as time-
frequency representation, spectrogram image and lofargram
but in this paper uses the term EEG spectrogram image. In
this paper, uses a STFT to generate EEG spectrogram image
for balanced brain application. After produced an EEG
spectrogram image, GLCM 1is used to extract features.
GLCM is a second order texture analysis in image
processing. The GLCM is used comprehensively in
analyzing images texture in applications such as satellite
[20], acoustic signal [17], ultrasound [21], and as well as
wood recognition [22]. This paper is improvement from the
previous paper [23]. The previous paper emphasizes training
process in ANN, meanwhile this paper employ ANN for
training and testing process. In addition, number of training
to testing ratio is evaluated at 70 to 30 and 80 to 20 to find
the best model. In this paper, the EEG signal is processed by
using image processing technique and confirmed by the
brain dominance questionnaire. Next section will be
described implementing the proposed method in the
experiment.
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IV. METHODS

A. Subjects

The data collections were performed at Biomedical
Research and Development Laboratory for Human
Potential, Faculty of Electrical Engineering, Universiti
Teknologi MARA Malaysia. The EEG signals were
collected from 51 volunteers. The volunteers comprised of
28 males and 23 females with the mean age of 21.7. All
volunteers were in healthy condition and did not consume
any medication prior to the test. This study was approved by
the ethics committee from Universiti Teknologi MARA.

B. EEG Measurement

The EEG data were collected with 2-channel electrodes
Fpl and Fp2 and reference to earlobes Al, A2 and Fz .The
electrodes using gold disc with 256Hz sampling rate and the
connections are in accordance to 10-20 International system.
The EEG signal was recorded for five minutes using the
g.MOBIlab, with wireless EEG equipment. The setup of
EEG measurement is shown in Fig. 1. The impedance was
maintained below 5kQ using Z-checker equipment. Prior to
the EEG recording, volunteers have to answer the eleven
items Brain Dominance Questionaire [24]. Once the
questionaire is completed, the score is calculated to
determine the index of each sample. This index is produced
from the previous experiment [25]. Table I shows the sample
per index. Index 3 is for moderately balanced brain, Index 4
is for balanced brain and Index 5 is for highly balanced
brain. Data for Index 1 and Index 2, corresponding to the
unbalanced brain and less balanced brain, respectively are
not available.The data was collected and processed by using

the MATLAB program.

Wireless
connection

-— 0

Human forehead g-MOBIlab Computer
Figure 1. EEG measurement set up.
TABLE 1. DATA SAMPEL PER INDEX.

Index Description Samples
Index 3 Moderately balanced brain 9
Index 4 Balanced brain 37
Index 5 Highly balanced brain 5

C. EEG Signal Pre-processing

Fig. 2 denotes the flow diagram for the EEG signal analysis
from EEG signal collection up to process classification
using the ANN. EEG signal pre-processing includes the
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artifact removal and band pass filter. Artifacts occur when
the volunteers blink his or her eyes. This artifacts were
removed by the means of a program designed using
MATLAB tools by setting a threshold value. The threshold
was set to eliminate data when the values are less than -
100uV and more than 100uV. The band pass filter was set
for the frequency from 0.5Hz to 30Hz using Hamming
window with 50% overlapping.

EEG Signal

L

Artifact removal

L

Band pass filter

L

EEG spectrogram image for
(8-band, 6-band, o-band, B-band)

L

GLCM

L

Texture feature

L

PCA

L

ANN

Figure 2. Flow diagram for EEG signal analysis.

D. Short Time Fourier Transform (STFT)

The STFT has produced spectrogram images for both Fpl
and Fp2 channels with image size 436 x 342. In STFT
programming, each frequency band is set. The Beta band is
set from 13Hz to 30Hz, Alpha band is set from 8Hz to
13Hz, Theta band is set from 4Hz to 8Hz and Delta band is
set from 0.5Hz to 4Hz. The STFT is done by multiplying
the Fourier Transform (FT) of the EEG signal by window
function.

E. Gray Level Co-occurrence Matrix (GLCM)

There are parameters need to be set in GLCM, including the
grey level, orientation and displacement. In [26] proposed
grey level less than 64 and greater than 24 because grey
level greater than 64 will produce an expensive
computational cost whereas grey level below 24 will
produce low accuracy. Most researchers employ all the four
orientations (0°, 45°, 90°and 135°) in their experiments [26,
27].The displacement, d=1 chosen by many researchers
[27]. In this experiment, the grey level is set with 32, all
four orientations (0°, 45°, 90° and 135" and displacement,
d=1. Subsequently, the texture features were extracted for
each GLCM. In this research, the texture feature is the
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combination of Haralick [27], Soh [28] and Clausi [26]
technique. The 20 texture features are the Inverse difference
normalized, Inverse difference moment normalized,
Information of correlation 1, Information of correlation 2,
Different variance, Different entropy, Sum average, Sum
variance, Sum entropy, Maximum probability, Variance,
Entropy, Homogeneity, Dissimilarity, Energy, Cluster
prominence, Cluster shade, Autocorrelation, Contrast and
Correlation.

F. Principal Component Analysis (PCA)

Output from the GLCM texture feature generates big
matrices. In order to reduce big matrices, the PCA was
employed to find optimum features. The optimum features
will reduce the execution time for the classification process.
The first principal components contain most of the useful
information, and the last principal components contain
mostly noise. Therefore, these last principal components can
be removed without significantly affecting the information
content of the GLCM texture feature.

G. Atrtificial Neural Network (ANN)

A feed-forward ANN was used to analysis the EEG
spectrogram image and was trained using Levenberg-
Marquardt algorithm [2, 14]. The system has an § inputs and
1 output. The best ANN model can be obtained by
optimizing four parameters, namely the number of neurons
in the hidden layer, epoch, momentum rate and learning rate
[14] . The optimum parameters can be achieved by finding
the highest accuracy and the lowest mean square error
(MSE) [29]. Many studies refer to MSE as the error goal
[29, 30]. In this experiment, the sigmoid was selected for the
ANN activation function. The parameters to be optimized
vary while the three parameters were fixed. Next, accuracy
and MSE were observed and collected. Finally, the best
model for the experiment was selected for the final
application. This experiment uses two sets of data. The first
set uses 70% of the data for training ANN and 30% of data
for testing the ANN model. The second set using the ratio
80:20 for training and testing the ANN model.

V. RESULT AND DISCUSSION

Spectrogram images produced using the STFT are as
shown in Figs. 3 (a)-(h). These figures illustrate the Delta
band, Theta band, Alpha band and Beta band for both the
Fpl and Fp2 channels. Based on these figures, the
spectrogram is texture shaped and each frequency band
produces different texture. Each EEG sample will produce
eight images for both channels Fpl and Fp2. The number of
spectrogram generated is shown in Table II.
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(€9 (b)

Figure 3. Spectrogram images for (a) Delta band from Fp1 channel
(b) Delta band from Fp2 channel (c) Theta band from Fp1 channel (d)
Theta band from Fp2 channel (e) Alpha band from Fp1 channel (f)
Alpha band from Fp2 channel (g) Beta band from Fp1 channel (h)

components. The graph shows that the percentage gradually
decreases until the last components. The first components
show the highest percent, with 70% eigenvalue of covariance
from original data. Some components have been chosen for
the purpose of classification based on the results of PCA, and
8 principal components were selected because they produced
a high percentage of eigenvalue.

70

= m @

=1 =] =
T T

L L L

w
&
T
L

Mo. of components

20+ q

. . . . L L
0 10 20 30 40 50 60 70 80
eigenvalue of covariance(%)

Figure 4. Graph of eigenvalue in percent

Performance of optimization of the ANN is presented in
Figs. 5 to 8 for data ratio 70:30. In the figures, legend
‘solid’ line and ‘dot’ line represents mean squared error and
accuracy percentage. Fig. 5 illustrates the result for
optimizing the number of neurons in the hidden layer size.
In the figure, the ‘solid’ line shows a decreasing trend with
respect to the number of neurons, while the ‘dot’ line shows
an increasing line with respect to the number of neurons. It
was found that the hidden layer 24, 22, 20, 18, 13, and 10
may produce good prediction outcome. In this experiment,
the network with hidden layer size 10 with accuracy rate
88.5% with MSE 0.0598 was selected.

Beta band from Fp2 channel

TABLE II. NUMBER OF EEG SPECTROGRAM IMAGE.
Index Samples EEG spectrogram image
Index 3 9 72
Index 4 37 296
Index 5 5 40
TOTAL 51 408

0.15

01

mse

0051

100

mse
accuracy(%)

accuracy(%)

The GLCM was generated for grey level=32, matrix
orientations for 0°, 45°, 90° and 135°, with displacement=1
for each spectrogram image and then texture feature from the
combination of Haralick , Soh and Clausi were extracted.
Eighty GLCM texture features were extracted and PCA is
used to reduce this data dimension. Fig. 4 shows the
percentage of eigenvalue produced by 80 principal
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No. of neurons in the hidden layer

Figure 5. Training performance and prediction accuracy with varying

hidden layer size
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Fig. 6 shows the result of the finding of the optimum
epoch. From this figure, it was found that the epoch value of
10000 and 50000 may produced good outcome. The epoch
10000 was found to be optimum with an accuracy of
88.81% with MSE 0.0937.

0.24
0.22

02
0.18

osfflE

mse
accuracy(%)

0.14

Mo. of epoch x10*

Figure 6. Training performance and prediction accuracy with varying
epoch.

Fig. 7 illustrates the result of the finding of the
momentum rate. From the figure, ‘solid’ line shows a
decreasing trend until it reaches 0.3 momentum rate, at this
point the trend started to increase gradually. The ‘dot’ line
gradually decreases until it reaches 0.9 momentum rate. The
figure shows a learning rate of 0.2 and 1 may produce a
good prediction outcome. The momentum rate of 0.2 was
found to be the optimum accuracy 89.5% with MSE 0.0586.
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0.055
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Figure 7. Training performance and prediction accuracy with varying
momentum rate

Fig. 8 shows the result of the finding of the optimum
learning rate. From this figure, it was found that the learning
rate values of 0.2 and 0.6 may produce a good outcome with
a lower point of MSE. The learning rate of 0.8 was found to
be the optimum accuracy 89.2% with MSE 0.0606. Finally,
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the best network defined by the 10 hidden neurons, 10000
epoch, 0.2 momentum rate and learning rate of 0.6.

0.075

0.07

mse
aceuracy (%)

0065}

0.06 L L I L I
01 0.2 03 04 05 06 07 08 09 1

Learning rate

Figure 8. Training performance and prediction accuracy with varying
learning rate

Table III illustrates the confusion matrix for the EEG
spectrogram classification after testing using the ANN with
optimized parameters. From the figure, legend 13, 14 and 15
represent Index 3, Index 4 and Index 5. From this table,
accuracy for the EEG spectrogram according to the Index 3
to Index 5 is 77%.

TABLE IIL CONFUSION MATRIX FOR ANN TESTING RESULT FOR
DATA RATIO 70:30.
Index 3 | Index4 | Index 5
Index 3 17 6 1
Index 4 9 68 5
Index 5 0 7 9

Performance of optimization of the ANN is presented in
Figs. 9 to 12 for data ratio 80:20. Again, the legend ‘solid’
line and ‘dot’ line represent the mean squared error and
accuracy percentage. Fig. 9 illustrates the result for the
optimizing number of neurons in the hidden layer. In the
figure, it was found that the hidden layer 15, 22, 24 and 25
may produce a good prediction outcome. In the experiment,
the network with hidden layer 22 with an accuracy rate of
94.21% with 0.0421 MSE was selected.
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Figure 9. Training performance and prediction accuracy with varying
hidden layer size

Fig. 10 shows the result for the finding optimum epoch.
From this figure, it was found that epoch value of 3000,
30000 and 100000 may produce a good prediction outcome.
The epoch of 3000 was found to be optimum with an
accuracy of 78.5% with MSE 0.1379.
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Figure 10. Training performance and prediction accuracy with varying
epoch

Fig. 11 illustrates the result for the finding optimum
momentum. From the figure, ‘solid’ line gradually decreases
until reaches 0.5 momentum rates, at this point the trend
started to increase. The ‘dot’ line reaches highest peak at
point 0.5 momentum rate. In the figure shows momentum
rate of 0.3 and 0.5 may produce a good prediction outcome.
The momentum rate of 0.5 was found to be optimum
accuracy 85.06% with MSE 0.1109.
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Figure 11. Training performance and prediction accuracy with varying
momentum rate

Fig. 12 presents the result of finding the optimum
learning rate. From the figure, it shows that the learning
rates 0.6 and 0.9 may produce a good prediction outcome.
The learning rate of 0.9 was found to be optimum accuracy
84.15% with MSE 0.1185. Eventually, the best network
defined by 22 hidden neurons, 3000 epoch , 0.5 momentum
rate and learning rate of 0.9.

accuracy(%)

0.1 I L L L L
01 0.2 0.3 04 05 0.6 07 0.8 09 1

Leaming rate

Figure 12. Training performance and prediction accuracy with varying
learning rate

Table IV illustrates the confusion matrix for the EEG
spectrogram classification after testing using the ANN with
optimized parameters. Again, the legend I3, 14 and I5
represent Index 3, Index 4 and Index 5. From this table, the
accuracy for the EEG spectrogram according to the Index 3
to Index 5 is 84%. Based on Table 2 and Table 3, the 80:20
ratio data give a higher percentage of accuracy than the
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70:30 ratio data. It is therefore accepted that the training set
should be larger than the testing set to obtain a higher
percentage of accuracy.

TABLE IV. CONFUSION MATRIX FOR ANN TESTING RESULT FOR
DATA RATIO 80:20.

Index 3 | Index 4 | Index 5

Index 3 16 0 0
Index 4 4 44 8
Index 5 0 1 7

VI. CONCLUSION

In this paper, the classification using the ANN algorithm is
presented with the aim to classify the EEG spectrogram as a
moderate balanced brain, balanced brain and high balance
brain. In order to achieve good result, the ANN model were
optimized in training phase by varying the neurons in the
hidden layer, epoch, momentum rate and learning rate. The
accuracy rate is between 77% to 84%. The experimental
result also shows that the PCA is able to reduce the original
GLCM texture feature data.
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Abstract — The method of Bond Graph based Analytical Redundancy Relations in Fault Detection and Isolation is explicitly
associated with components faults, this is due to architectural and functional aspect of the Bond Graph tool. This allows using the
reliability of each component to improve the decision-making step. The purpose of this paper is the improvement of the classical
binary method of decision-making, so that it can treat unknown and identical signatures of failures. This approach consists of
associating the measured residuals and the components reliability data to build a Hybrid Bayesian Network. This network is used
to determine the posterior probabilities of the failures. The developed methodology is applied to a real steam generator pilot

process.

Keywords — component, Bond Graph, diagnosis, Bayesian Networks, decision-making, reliability

1. INTRODUCTION

In a Model Based Diagnosis (MBD) approach, the
methods of Fault Detection and Isolation (FDI) are based
explicitly or implicitly on the generation of Analytic
Redundancy Relations (ARR). The problem of FDI using
ARR received a growing attention during the last years due
to the persistent development of the power of computers.
The generation of ARRs is based on two main approaches.
The first one is direct; it consists in the elimination of all
unknown variables keeping input-output relations involving
only observable variables. Among these methods, one will
find those of observers [31] and parity space [14]. The
second approach is indirect; it estimates the states, outputs
or parameters, in order to generate signals as difference
between the variables and their estimates [17].

Graphical methods are based essentially on structural
models, where the nodes of the graph are the system
variables and system behavior equations, and links connect
variable nodes to the equation nodes in which they appear,
are well-suited for qualitative approaches to the diagnosis
task. Typically these graph structures are independent of the
numerical values of the system parameters. Furthermore, the
graphical model structure is general, and accommodates
relations that can be linear, non linear, or even expressed in
table or rule format. The properties of the system model
graph can be used to establish monitorability (i.e., which
part of the system can be monitored) by studying the graph
connectedness.

The main kinds of graphical tools can be cited: digraphs,
bipartite graphs, signed directed graphs (SDG) and bond
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graphs. Comparing with other graphical methods, bond
graph is also a graph G(N,4) but the nodes N consists of
generic physical elements and junctions and A4 is the
interchanged power between them.

The Bond Graph (BG) tool invented in 1961 by Paynter
[32], is a graph of structured bonds that facilitates the access
to the modeling, the analysis and the simulation of physical
systems. It is known as a multidisciplinary graphical
language that permits the representation of the power
transfers within a system [27]. From 1990, the graphical
aspect of the bond graph has been initially exploited for
control analysis (structural controllability and observability)
[10]. Thereafter, it is widely used for the design of fault
detection and isolation procedures using qualitative and
causal analysis approaches [6] and quantitative approach to
generate ARRs [36]. Specific software was developed for
the generation of failure signature matrix (FSM) [30].

The step of ARRs generation is followed by the
evaluation of the residuals and decision-making for robust
fault detection and isolation. The decision rule may be
based on a geometric method such as a simple threshold test
on the instantaneous residual values or moving averages of
the residuals, adaptive thresholds [37], interval models [4],
or on cumulative sums [5] of residuals. Some decision rules
are based on statistical methods, e.g. generalized likelihood
ratio test or sequential probability ratio test [39].

The end result of analysis by the classic decision-making
from the FSM is often binary (component is faulty or
healthy). When the signature is unknown due to
measurement noises and uncertainty of the model, the
decision may not be feasible. Recently, in [12] the authors
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applied robust FDI with respect to parameter uncertainties
of the BG model. This last allows representing explicitly
parameter uncertainties under multiplicative form for each
bond graph element. But in real industrial process
components can be degraded and this is a situation between
the two states which can be associated to a continuous value
in the interval [0, 1]. This value can be only the posterior
value of the component reliability.

ARRs generated from bond graph models are explicitly
associated with components faults. This is due to the
architectural and functional aspect of the BG tool. When
designing a supervision strategy, this allows an easy
matching with the reliability of each component as an
additional data for the diagnosis model. With the
development of FDI algorithms, the decision of the
diagnosis module should be more significant than a boolean
one. When it becomes continuous in the interval [0, 1]
(extreme values of a binary decision), the supervision
module can treat some problems such as unknown
signatures, or residuals corresponding to the signature of
more than one fault. The efficiency of the FDI decision
module is then ameliorated without increasing the number
of sensors.

In this field, several papers have been published. The use
of reliability data in FDI is introduced by [40] who
proposed the improvement of decision making in ARR
based approaches by using reliability data and Bayesian
Networks (BN) [33]. The authors proposed a Dynamic
Bayesian Network (DBN) with two kind of nodes; ones
associated to the residuals and others to the failure of the
components which have exponential probability distribution
functions (PDF). By such method and for large systems, one
will have a fastidious representation of the model. The
approach supposes that ARRs are already generated, and it
is not proposed for a specific generation method.

The DBN approach is also used for health monitoring in
[18]-[35]. The structure of the BN is deduced from the
Temporal Causal Graph (TCG) [25], which is a
representation deduced from the BG model. Also by the
same TCG representation, it is possible to perform
qualitative reasoning for ARRs [6]. In cited papers the
qualitative approaches did not take into account the
uncertainties and did not reflect the real degradation of the
component and cannot incorporate statistics and historical
data because of its kind of model.

The innovative interest of presented paper consists of
developing a methodology that extends the ARR BG model
based approach to support reliability data to build an
intelligent supervision strategy. The first FDI step (alarm
generation) is performed by the BG model because of its
causal and structural properties and the second step
(decision procedure) is improved by introducing the
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reliability of each component to be monitored (associated
with a BG element). The improvement of the decision-
making step for the diagnosis module is realized through a
Hybrid Bayesian Network (HBN) model that permits to
calculate, by a hybrid inference procedure, the posterior
probabilities of the components faults. This network is used
in two distinct inference procedures: one for the continuous
part and the other for the discrete part. The continuous
nodes of the network are the prior probabilities of the
components failures, which are used by the inference
procedure on the discrete part to compute the posterior
probabilities of the failures.

The paper is organized as follows: first, an overview on
ARR based FDI approaches is given. The second section is
devoted to the developed methodology where is presented
briefly the BG approach and the Bayesian formulation for
the decision-making. The fourth section is dedicated to an
application on a steam generator pilot process. Fifth part
concludes the paper.

II. STATE OF THE ART

A. Bond Graph methodology for FDI design

The key of bond graph modeling is the representation (by
a bond) of power as the product of efforts (intensive
variable) and flows (derivative of extensive variable) with
elements acting between these variables and junction
structures to put the system together. As shown on the Fig.
1, the bond graph symbol gives us four informations: the
existence of physical link between two systems by the bond,
the type of power (electric, mechanical...) by the power
variables, the power direction by the half arrow and the
causality by the stroke.

There exists a physical link

Between systems A and B The power is equal to e.f

,\/v

OREBENG

k-

p—

A supplies power to B
fis input for B and e output

Fig. 1. Bond Graph representation

In bond graph methodology, physical phenomena and
components are modeled by graphical symbols in a unified
way for all the physical domains. R elements are used for
passive energy dissipation phenomena, and C and [
elements for passive energy storage ones. The junction
elements 0, 1, TF, GY are used for connecting the passive
elements; they compose the model structure and are power
conservative. Sources of effort (Se) and sources of flow (Sf)

ISSN: 1473-804x online, 1473-8031 print



ABDELAZIZ ZAIDI et al: IMPROVEMENT OF BOND GRAPH MODEL BASED DIAGNOSIS WITH . ...

represent sources of energy. Sensors are represented by
effort (De) and flow detectors (Df). The passive elements
are described by generic constitutive equations: dissipative
R-elements (electrical resistor, hydraulic friction ...) are
described by algebraic relationship £, (e, £)=0, potential

storage energy C-element (capacitor, tank, spring) are
modeled by an integral equation linking effort and integral

of flow FC(e,j f(¢)dr) and kinetic storage energy and /-

element (mechanical inertia, electric coil...) is quantified by
integral equation between integral of effort and flow
F (/. [e(t)dr).

Although the method based on ARRs widely used, is one
of the most important methods in model based FDI, this
approach can inherit some problems, especially in the phase
of conception. However, one can have identical signatures
for different failures and it would be difficult or expensive
to place a supplementary sensor to improve the isolation
performance. Besides, it would also reduce the global
reliability of the system. To overcome the problem of
monitorability (ability to detect and isolate faults) of the
sensors and the sources of control in BG based ARR
approach, some methods are proposed in literature. The first
method is based on material redundancy; it is based on the
evaluation of the parameters and therefore it requires two
sensors (one for flow and another for effort) for every
component to supervise. The second is based on the notion
of bicausal BG that permits to use the rest of the model to
determine the values of effort and flow, without using the
characteristic of the component [13]. Reference [12]
proposed a FDI BG model for generation of robust ARRs.
The method is based on unknown variables elimination
using covering causal paths through the graph. However,
the decision procedure is based on structural residuals in the
Boolean Fault Signature Matrix (FSM).

In [8] an algorithm is presented to derive automatically
temporal information in FSM for the set of possible
conflicts to improve the isolation capabilities of BG based
ARR approach. The approach uses Temporal Causal Graph
(TCG) as an intermediate structure to generate the set of
possible conflicts.

B. Bayesian Networks, Bond Graph and FDI

In the last decade, there is a growing common area
between BN and FDI. A BN is a pair N=<(V,E),P>, where
(V,E) are the nodes (vertices) and arcs (edges) of a directed
acyclic graph (DAG) and P is a probability distribution on V
[33]. Each node contains a random variable, and the
directed edges between them define conditional dependence
scales. Finally, in the last layer, BNs are used to describe
the conditional dependence between faulty domains and
fault signatures.
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or independence among the random variables. In [24] a
method was proposed for sensor fault detection and
identification. It consists of using multi-stage BN to detect
different sensor fault types (bias, drift and noise). This
paper presents a method that reduces the size of required
conditional probability data. Improving decision making in
ARR based approaches using BN and reliability data is
treated in [40]. The authors proposed a DBN (BN with two
time slices; (/) and (f)) incorporating nodes with
exponential failure distributions for the components to
facilitate the expression of passing from slice (z-7) to slice
(1). The approach supposes that ARRs are already
generated, and it is not proposed for a specific generation
method. The given approach is applied only for components
whose distribution of failure is exponential. The structure of
the network becomes more complex if the number of
components increases since we need two time slices for
every component.

Reference [18] have elicited the Dynamic Bayesians
Networks for monitoring dynamic systems. It is pointed out
that Hidden Markov Model (HMM) processes and Kalman
filters are particular cases of DBN. The structure of the BN
is deduced from the Temporal Causal Graph (TCG), which
is a representation deduced from the BG model. Reference
[2] studied the comparison between different filtering
algorithms with DBN and noted the interest of particles
filtering approach with a proposal distribution generated by
an Unscented Kalman Filter (UKF) for networks with large
size. In [35] a Bayesian approach is proposed for the
monitoring of model parameters deviations. The elicited
FDI architecture is an observer based on a DBN modeling
the nominal operation of the system. The structure of the
network is also deduced from the BG model. The inference
algorithm is the Extended Kalman Filter (EKF) to treat the
non linearities of the system. The authors used a qualitative
reasoning from the TCG to generate the possible hypotheses
of the failure. To achieve the isolation, a DBN incorporating
discrete nodes is used to indicate the possible failures of the
continuous parameters. Reference [41] addresses FDI in
complex plants by using a hierarchical strategy involving
different modeling approaches. The BG tool is proposed as
a first physical domain layer. Thereafter, the principle
component analysis (PCA) is used to reduce the data
dimension and a discrete wavelet transform (DWT) is
applied to abstract the dynamics of the plant at different
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III. BOND GRAPH AND BAYESIAN NETWORKS
FOR RELIABLE METHODOLOGY

A. Introduction

The growing interest to model based methods in FDI is
essentially due to the fact that this kind of approaches does
not require learning the model contrary to non-model based
ones. Furthermore, because of its graphical, structural and
causal properties BG tool is used for modeling and fault
indicators generation based on covering causal path for
unknown variables elimination (for more detail see [36]).
To improve the efficiency of decision-making step in Bond
Graph ARR based FDI approach, the measured residuals are
associated to a Bayesian model that incorporates data on the
reliability of the components. Associating reliability data to
the diagnosis scheme will not only improve decision-
making step but also some other tasks related to the
intelligent supervision strategy:

e Programming preventive maintenance,

o Analysis of the failure cost by using utility nodes,

e Risk based reconfiguration of the faulty system by
controlling its global or partial reliability (prognosis
tasks).

B. Formulation of the bond graph based FDI system
1) Structural analysis

A system, S; may be described by a set of constraints, F
(which represents the system model); a set of variables, Z;
and a set of parameters @. Each variable may be known, or
unknown: S=S(F,Z, ©). Let s be a binary relation between F’
and Z; s(f, z) =1 means that constraints f, € Z (s=0

otherwise). The structure leads to a bipartite graph [7]
whose binary incidence matrix represents the links between
the known and the unknown variables, and the constraints.
Reference [11] has shown that only over-constrained sub-
systems can be monitorable and can provide ARRs. This
subsystem contains more constraints F than unknown
variables X and it is the only one to exhibit some
redundancy which can be expressed as an ARR. Thus, an
ARR is a relationship between a set of known variables of
the form f{K)=0, where K is the set of known variables. In a
bond graph based approach, the known variables are the
sources (Se and Sf), the modulated sources (MSe and MSf),
the measurements from sensors (De and Df), the model
parameters () and the controller outputs (). An ARR is
then written as

ARR: f(De,Df,Se,Sf, MSe, MSf ,u,0) =0. (1)

The bond graph model of the monitored process is
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generated by using preferred derivative causality. The
integral causality is recommended for engineering
simulation in order to avoid the numerical problems arising
out of differentiation. However, the derivative causality is
more suitable in ARR expression to avoid influence of the
initial conditions. As initial conditions are unknown in real
processes, these relations are directly generated from BG
model in derivative causality. The ARR generation
algorithm is a recursive elimination technique [36]. The
main idea is to eliminate all unknown variables of this
equation using a covering causal path from each unknown
variable to known one [38]. This leads to an oriented graph.
This algorithm has been developed and implemented by the
coauthor in dedicated software [30].

The ARR generation is the first step in a global diagnosis
system design. The second step consists in alarm evaluation
to avoid false alarm and non detection.

2) Classical approach for decision making

The procedure of decision-making is based on the
evaluation of residuals. A residual, r, is the evaluation of an
ARR when faults occur in the process, in the controllers or
in the sensors or actuators:

r = Eval[ f (K)]. 2

The residuals will be coherent with the model of the
system. The coherence of each residual is tested. The
procedure of test can vary from a residual to another. The

elements, ¢;(i=1..n) of the binary coherence vector ~

=[¢,,¢,,...,c,] are determined from one or more decision

procedures, 191 These procedures generate the alarm
conditions. Hence, 7 =[4(r),%(r,),....84,(,)]. A

simple test procedure consists of comparing the residual
with a threshold ¢; fixed a priori. Therefore, each component
¢; of 7’is obtained using the following rule

Lif|r[>e; 3)
0, otherwise.

C,-=3(r,-)={

For modeling uncertainties, process and measurement
noises, adaptive thresholds can be used [37]-[12].The final
step in decision making is to compare the coherence vector
to the Fault Signature Matrix (FSM) to find the
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corresponding fault signature. The FSM noted as matrix .~/
describes the structural sensitivity of each residual to
various faults in physical devices, sensors, actuators and
controllers. The elements of matrix .~are determined from
the following analysis:

1,if the j" residual is sensitive to fault in the i" component;
7|0, otherwise. )

@r. Somponan
."'JS _[ [
4
mponent .
r @ 51
Th—
L
] cengonent B
(a) S8tF;

Fig. 2. Hydraulic system (a), BG model in integral causality (b), BG
model in derivative causality after dualizing sensors (c)

3) Illustration example

Consider the simple hydraulic system (Fig. 2 (a)) with
two sensors: an effort sensor (S) permitting to measure the
pressure (linked to the mass stored in the tank C;) and a
flow sensor (F,) measuring the flow in the valve R;. The
source F represents the flow delivered by the pump. The
model in integral causality is used for simulation (Fig. 2
(b)), the second model in derivative causality (Fig. 2 (c))
provides ARRs. This last is made by dualizing effort (or
flow) sensors into a signal source SSe=De (or SSf=Df)
modulated by the measured value.

In laminar regime, the BG model is linear. The equations
deduced from junctions are:

O—Junction:fl—fz—f3=0:rl=E—L.S1—Cl.ﬁa (%)
R dt
1—Junction:e;—e, =0=r, =R.F, - S,. (6)

The residuals »; and 7, ((5) and (6)) are determined by
eliminating the unknown variables using causal covering
paths (from unknown to known variables). This leads to the
well known oriented graphs. The FSM can be then deduced
(Table 1.). The row M indicates the detectability index (M;
=1 if it exists at least one residual sensible to the i”
component fault). The row 7 indicates the isolability index
(I; =1 if the boolean signature vector of i component fault
is different from others). Note that F; and C; have identical
failures signatures [1,0], as well as S; and R; [1,1].
Therefore, there is a problem of isolability of failures. To
overcome this problem, we can insert additional sensors,
what will need also the monitoring and isolation of the new
sensors faults. As can be observed in Table I, a false alarm
or a non detection can cause the same binary coherence
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TABLE I
FAULT SIGNATURE MATRIX OF THE HYDRAULIC EXAMPLE
F; S; C R, F,
r 1 1 1 1 0
rs 0 1 0 1 1
M 1 1 1 1 1
I 0 0 0 0 1

vector for most of the components.

C. Introducing reliability with Bayesian thinking

The equations of junctions deduced from a BG model are
based on conservative laws. Suppose a leakage in the tank
(Fig. 2(a)), this fault can be modeled by a flow source with
a negative value connected to the 0-junction (Fig. 2(b)). The
first candidate ARR (5), which is generated from the
conservative mass law at this junction, will be no more
conserved if any fault may affect the component. Note that
this is one of the advantages to use a BG model for
monitoring compared to classical approaches (parity space,
observer...) [1]. In Bayesian thinking, the leakage is a cause
to not satisfying the conservative law and consequently to
modify the corresponding residual value. The event of
leakage itself is related to the reliability of the tank in the
normal operating scheme. In the same example, sensor S
and valve R; have the same signature fault. If one knows
that R; was repaired lastly or one have statistical data
informing that this valve is unreliable compared to the effort
sensor, it will be thought that the most probable cause of the
fault signature [1,1], could be the valve failure.

In conclusion, the introduction of a Bayesian model
associating the reliability of components and the measured
residuals in the supervision module can improve the
efficiency of the decision-making in diagnosis.

D. Hierarchical Bayesian modeling

1) Introduction

Hierarchical Bayesian modeling is another aspect of
DAG describing the influence of the parameters to the
global function of them. Let us suppose that one has » i.i.d.

samples representing the data set D=(x...,x, from a

density f; , with the unknown vector of parameters

0=(01,05,...,0,), the associated likelihood function is
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Fig. 3. (@) Hierarchical model of reliability with uncertain Weibull

parameters, (b) The proposed Bayesian decision-making model
(continuous part (b1), discrete part (b2))

This quantity represents the fundamental entity for the
analysis of observation data about & through D and the
Bayesian inference will be based on this function. The
posterior distribution of the parameter 8 is given by the
relation

L(0| D)z(0)

(3
— 77 < L@ 0
j L(0| D)z (6)d6 LO1D)(6),

p@|D)=

n(0) is the prior distribution of the parameter 6. The
denominator is a normalizing constant. Generally, this
integral does not have a close form, and therefore it is
necessary to use approximate inference such as Markov
Chain Monte Carlo (MCMC) algorithms [3]. The use of a
two-level hierarchical model is the most current in the
literature, but a model with higher number of levels is
possible to construct.

2) Hierarchical Bayesian model of the Weibull distribution
The Weibull distribution of the failure, with its two
parameters (shape and scale) permits the modeling of
different regions of the bathtub curve in the lifecycle of a
great number of components. The probability distribution
function (PDF) of the Weibull distribution is defined by

f(t|a,b) =%[é)m expl:—(li}u},tzo, 9

a is the parameter of shape, b is the parameter of scale
and ¢ is time. When these parameters are uncertain and we
have a set of Data failures times or tests of the component,
the hierarchical model of the Fig. 3(a) permits the
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TABLE I
FALSE ALARM AND NON DETECTION PROBABILITIES

i

G D (Detected) ND (Not Detected)
F (Faulty) 1-P,gy Pray
S (Safe) Pray 1-Ppaij

determination of the component’s reliability. Let (z;,...,1),
the time failures of / identical components so that
t, ~Weibull(a,b), i=0,...,1. (10)

The likelihood function is the product of the Weibull
distributions for every failure time ¢

o3 ] 1]

For the inference of this hierarchical model, it is
necessary to sample from the prior distributions of (@, b)
then the Weibull(a, b) distribution. Since (a, b) are positive,
it is common to use Gamma prior distribution as conjugated
of the Weibull one [16]. The Gamma Distribution is defined
by:

(In

—yx

e
I'a)’

f(xla,y)=x""p" x>0. (12)

The two parameters are sampled separately:

a ~Gamma(g,,1,),
b ~ Gamma(S,,1m,),

with &, and 7, the shape hyperparameters and &, and 7,
the scale hyperparameters. The inference on the global
hierarchical model can be performed by using adaptive
rejection sampling [15] and Gibbs sampling [9].

E. The Decision-making method
1) The decision module

Suppose our system composed of n components C = {C;;
1<i<n} with Weibull distributions of failures. The Bayesian
model of decision contains random variables associated to
the residuals r = {r;; 1<j<p}, to the components as well as
the Bayesian reliability model of these components. The
proposed Bayesian decision-making model is displayed in
Fig. 3(b). An arc that joins node C; to node 7; (we really
join associated random variables) indicates that 7, is
sensitive to the failure of the component C;. For a residual 7;
there are two states {D(Detected), ND(Not Detected)}, we
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have also two states {F(Faulty), S(safe)}for a component
C.. Every component C; is associated with its reliability R;.

As can be observed, this structure is hybrid; there are
discrete and continuous nodes. A hybrid BN represents a
probability distribution over a set of random variables
where some are discrete and others are continuous. In
literature, the most widely used subclass of hybrid BNs is
the conditional linear Gaussian (CLG) model [21]. This
model is discrete parents and continuous leaves model.
Many kinds of inference algorithms are stated in literature;
exact inference [22], approximate inference [19], dynamic
discretisation [20], mixtures of truncated exponential [26].
In [23], a new inference algorithm has been provided for
the filtering in HBN in order to supervise and diagnose
hybrid dynamic systems.

This network can be treated as being an association of a
Discrete BN and a Continuous BN (CBN). The CBN
permits to prepare the prior information on the failure of the
component. So when a residual is detected at instant ¢, the
component C; has the prior probabilities;
P(C=Faulty)=F(t)=1-R(f) (The function F; designates the
cumulative distribution function (CDF)).

The discrete part possesses a structure that depends on
the failures signatures; when a residual r; is not sensitive to
the failure of a component C; no arc is pulled from node C;
toward node r;. The inference of the two parts can be
performed separately. After the detection of residuals, the
posterior probabilities of the failures p(Ci|r;,...,r,) can be
determined by inference on the discrete part of the network.

2) Inference on the continuous part

At this stage, we have to estimate the reliability of each
component using the posterior density of parameters. The
expected value for a specified operating time 7 is
determined by the formula

E[R(T | Data)] = jR(T) p(6| Data)do. (13)

With  MCMC simulations, one can easily assess
characteristics such as mean, median and quantiles. The
credible limit (CL) is defined for the two sided reliability
interval [R,R,]. Generally, there are two choices for the
value of CL. For example, for the ball-bearing industry, the
tradition is to specify (CL=0.9) [34]. Another choice is
possible which is the value that corresponds to the median
(CL=0.5). This value is more stable than the mean one.
Therefore, the prior probabilities of failures can be written
as follows

P(Ci=Faulty)=1-R;q5(T), (14)
P(Ci=Safe)=R;q.5(T). (15)
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3) Prior probabilities of false alarm and non detection

Before starting the inference on the discrete part, it is
clear we need to determine the prior probabilities of false
alarm and non detection. In the case of a residual 7;
sensitive to failure of C; and the probabilities of false alarm
Py, and non detection of the residual P, the conditional
probability table (CPT) is defined according to Table II. In
the absence of prior knowledge on these probabilities, the
method using statistics and tests [40] can be applied.

The conditional probabilities p(#|C,,...,C,) are
determined according to the Bayes rule :

p(C,,C,,...,.C, ‘V})P(V/) (16)
p(C,,C,,...,C)

We suppose the events joined to the different failures
are independent. When the marginal distributions p(r;) of
the residuals are unknown, one can take the prior
conditional probabilities p(#|Cj,...,C,) as being the product
of the conditional priors

p(r1C,C,,...,C) =

p(l"j =ND|C1,C2,...,C”) (17)
=p(C |rj. =ND)p(C, \rj =ND)...p(C, |rj. = ND),
and

p(r,=D|C,,C,,...C,)=1-p(r,=ND|C,,C,,...,.C,). (18)

For example, for a residual #; sensitive to the failures of
two components C; and C,, we have

pr;=ND|C,=F,C,=8)=F,,,,(1-P,,),
p(r;=D|C =F,C,=8)=1-F,,,,(1-P,, ).
4) Inference on the discrete part with observations

For inference on discrete BNs, one can use the exact
method or the approximate (or stochastic) one. Indeed, the
choice of the method depends on the size of the network;
for small networks one can perform exact inference. The
most important methods are variable elimination and
junction tree [33]. On the other hand, if the size of the
network is important and the exact inference is not tractable,
one can use Markov Chain Monte Carlo (MCMC)
algorithms. In the BN formalism, the joint probability of the
network is the product of the conditional probabilities

P Crutivnr) =T ] (| Pare D[ [ p(C). (19

J=1

After the observation of the residuals r;, the inference is
achieved and these observations are considered as evidence
in the BN theory. The algorithm of inference permits to
calculate the probability of the failure of component C;
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conditionally to these observations p(Ci|r;,...,7,).

Fig. 4. Overview of the steam generator installation

IV. APPLICATION

A. System to be monitored

The application system is a steam generator pilot process
installation (Fig. 4). This plant represents a reduced scale of
a power station. The whole installation is constituted of four
principle subsystems: a receiver with the feed water supply
system, a boiler heated by a 55 kW thermal resistor, a steam
flow system, and a complex condenser coupled with a heat
exchanger. As can be seen in Fig. 5(b), the heated boiler is
fed by water via a tank, a redundant pump and a pipe. To
simplify the size of the graphical Bayesian decision model,
our study is focused on only these latest parts (Fig. 5(b)).
The steam generator is a thermo-fluid process involving
both convection and conduction heat transfer. For
sufficiently low velocities, the kinetic energy is negligible

and the convected energy H is calculated from the mass
flow 71 and the specific thermal capacity c,, as follows:

H =nth=re,T, (20)

h is the specific enthalpy and T is the temperature. Thus

the pseudo-bond graph vector power variables (e and f) for
thermo-fluid systems are chosen as

e=[e, ¢)=[P TLr=[f, fl=[m H]

where P is the pressure. The word BG of the monitored
plant is represented in Fig. 5(a). There are five principle
components (tank, pump, pipe, boiler, heater) associated to
some sensors to perform control and diagnosis of the
application.

The remainder of the paragraph is organized as follows;

DOI 10.5013/1JSSST.a.12.05.06

first we introduce all the necessary physical knowledge
about the plant, also the used hypothesis. Thereafter, it is
required to present the failure rates of the components.
Finally the developed theory is applied to the process to be
monitored.

B. Bond graph model of the process
1) Introduction

Before starting to explain the functionality of each
component let us see the BG model in Fig. 6. One of the
most important properties of the BG language is that every
element of the representation graph is associated with a
physical component of the process. Such a property is
interesting when we aim to associate to the BG model the
reliability of each component. Our innovative interest is to
combine BG modeling with a Bayesian reliability model to
improve the decision making task in FDI. The BG model of
the process (Fig. 6) is given in derivative causality because
the initial conditions are unknown and the model will
be used for diagnosis. We must note here that all effort (or
flow) sensors are dualized into a signal source SSe=De (or
SSf=Df) and when it is not possible there is a physical
redundant component.

2) BG model of the tank
The tank in the steam generator is considered as a
coupled

Fr Fe Fes
Ty g 3 ey "
Tank Pump Pipe Boiler
Ir Tr Tr
Hy Hy Hp
Jo
(a}
Heater

To the expansion
sysfem

Fig. 5. Application system (b) and its word BG (a)

thermo-fluid storage device. The coupled and stored
thermo-fluid energy in the tank is modeled by the two port
C-element (Cj: hydraulic, C;: thermal) and the two derived
state variables correspond to the stored mass and total
enthalpy.
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When thermodynamic regime in the tank is saturated, the
thermal element C: C, is modulated by hydraulic effort
power variable, where the internal energy depends on the
stored mass this is because the two state variables (thermal
and hydraulic) are coupled. The tank is assumed to be
initially full and the input volumetric flow Sf : 7, is

assumed equal to zero. The following equation is deduced
from junction 0y,
R 1)
dt

where i, = ity = 1ty is the outlet volumetric flow from the

mout - >

ne

tank, expressed in (m’/s), C:C, represents the hydraulic
capacity of the tank and De: P;=Pr is the measured fluid
pressure inside the tank. By considering that the studied
tank is cylindrical, the hydraulic capacity C, can be
expressed as follows:

C,=4:(pr ’g)71 > (22)

where A, describes the section of the tank, or is the fluid

density and g is the gravity acceleration.

The enthalpy flow at the output of the C.C; element is
given by the following equation:

Hy=-T,c, i (23)
where ¢, is the fluid specific heat capacity at constant
pressure and T, is the sensor measurement of the fluid

out?

(kiAP+kz) s &

[}
E

temperature inside the tank.

3) BG model of the pump

The pump is a redundant component. The mass flow rate
from tank to the boiler is a function of the pressure head
across the pump. From bond graph point of view, the pump
is a non-linear resistance R:R, modulated by the expression
(24), which describes the relation between the pressure
AP =P, — P, and the volumetric flow z;, generated by the

pump.

i, = (k. AP +k,).mO,, (24)
where k; and k, are the characteristics of the pump and mO,
is a binary signal from the output of the controller (boiler
level controller).

4) BG model of the pipe

The parameter R:R, depends on the tubing characteristics
and the supply valve; it is calculated with the relation:

(25)

R - 8oL,

z PR
zr,
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: | E
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Fig. 6. BG model of the system to be monitored in derivative causality
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TABLE III
FAILURE SIGNATURE MATRIX OF THE APPLICATION SYSTEM

L .k L P 0 L

Fra Onli On2 Tk Pmp  Ppe Blr Hir Va

1
1 1

with L, being the pipe length and r,, its radius.
The volumetric flow s, is calculated using Bernoulli

law as follows:

. 1 .
my; = R*\/‘Pm —E7‘.Slgn(P]4 —B;)m0,.

5) BG model of the boiler

The storage of hydraulic and thermal energies is modeled
by the two-port graph C-element C: Cj,. During boiling, it is
assumed that the water and the steam are saturated and are
in thermal equilibrium. The studied boiler system is
instrumented with two redundant sensors of temperature
(De: Ts and De: Tj), two redundant volume sensors (De: Lg
and De: Ly), a pressure sensor (De: P;), and a volumetric
flow sensor at the output of the boiler (Df: Fy).

The volumetric flow stored by the boiler depends on the
variation of the steam-liquid mass, and is expressed as
follows:

(26)

d
the, =PV 4P V,), (27)

. d
He = E(p/ Vb +p,. Vb, —P, V),

where p 1.V, and p k¥, are respectively, the density,

the specific enthalpy and the volume of the water and the
steam inside the boiler. Pp is the measured boiler pressure
given by the detector De: P; and Vjp is the volume of the
boiler. All the variables p i, p and j are functions of the
pressure De: P; and can be identified or measured as
follows:
o Water volume V; is given by the volume detector De:
Ly
e Steam volume V,=V3-V; is equal to the difference
between the total volume of the accumulator V3 and
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the water volume V.
* p,h,p, and p are calculated using a polynomial

interpolation algorithm.

The outlet enthalpy flow from the boiler to the expansion
system can be calculated as follows:

(28)

where ¢, is the specific heat capacity at constant volume, 755
and 7 L0 A€ taken from the temperature detector De: Tsand

H, =Ty.c,my,,

the volumetric flow sensor Df: F.
Consequently, the outlet enthalpy flow A =H,,

depends on the measurement values of F;y and P; via the
thermodynamic function h,

Hso =Fy.h,(P). (29)
6) BG model of the heater

The heating process is a thermal resistor modeled by
R:RS element. The power provided from this resistor is
measured with a flow sensor Df:Q,. The heating energy is
controlled by On-Off1 according to P; ref.

The dissipation of the heat flow ( via the boiler wall

(30), which we neglected the correspondent C-element, can
be determined using the thermal conductivity A, the
thickness ep, the temperature difference (73-T,) (7, is the
ambient temperature) between the wall sides and the section
Ap of the boiler wall:

Q‘=ﬂ?@—n).

B

(30)
The heat transfer from boiler to the environment is

described by p - py = 2 Ay |
eB
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i
my, — -
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: = 3 D -
58P, I F=Cud Pt Joht: = ARR,
fi-fo-fs

SSFF; s »

Fig. 7. Oriented graph for deduction of ARR,

C. ARRs generation

The first candidate ARR is generated from the junction
0}, 1
q)jOhl :fl_.fz_.fézoﬂ G
/1, f> and f; are unknown variables; they will be eliminated
using covering causal paths from unknown to known ones.

fi:Sf:Ihin:O;

f> will be eliminated from the following path :
[, =>0(C:C)—>e, —SSe: R,
where ©(C: C,) is the constitution equation of C-element,
dP,
—c 4.
Si=G dt
Jf3 is calculated from the causal path: £, — f, — SSf: F},

thus, f5=F;. Finally the first ARR is deduced by substituting
the unknown variables in candidate ARR, this yields to:

ARR :—C, %—F} +1it, =0. (32)
t
The cited covering causal paths can be summarized in an
oriented graph (Fig. 7).
ARR; comes from the junction /,, connected to the flow
sensor Fj:

(Djth 1€y 65 =€y = 0. (33)
The expression of the outlet volumetric flow f;,:
A, (d
fu= 1, :_i[ﬁ], (34)
pr-g\ dt

This is also the flow through the pump; it has the following
transfer expression:

S = 1s =k (e —e) +k,).mO,, (33)
Then e;, is determined using the equality of (34) and (35)

with the condition that mO,=1 (the dynamic of the system is
hybrid):

0, =— (&j—ﬁw (36)
prgldt) k
Using the same methodology for ARR; and knowing that:
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TABLE IV
FAILURE RATES OF THE APPLICATION COMPONENTS
Component  Symbol FaiIL_Jre rgte MTTE
(Fail./10° op. (Hrs)
Hrs)
Tank Tk 0.01 10°
Pump Pmp 17.56 56947
Pipe Ppe 0.56 1785714
Boiler Blr 0.05 2x 10’
Heater Htr 0.02 5x107
Valve Vy 1.25 8x10°
Sensors 0. 0.3 3,33x 10°
F; 133 7518
Fi 186 5376
L, 77 12987
Lg 108 9260
P; 39 25641
T, 6.6 1.5x10°
Ts 9.3 1.07x10°
Controllers Onl, On2 10 10°
e;=Fhie; =R Fie, =D,
ARR); can be written as:
ARR, :—R_F, - A (dpl)—kug—a:o. (37
kprg\ dt k,

Writing the equation around 0y, leads to ARR;.

(DjOhZ Ji _f38 _f40 =0, (33)

) d
i =Es o = Fos s =1, = E(,@Vz +p,V,) (see (27)).

d
ARR : F=— (o, + pV,) = Fy =0. (39)

ARR, can be expressed from equation of junction 0,;:

(Djml:ﬁt_fs_fs:()~ (40)
fo=m,e, T, =0;fo=Tc,F; f; 2%(Ct€5),With

in~ p~in
C =mc,=C,ec, (m is the mass of liquid) ;

) :pTng;eS :Tza thus fs=4pr |:Tz%+l,l%:l

By substituting the unknown variables in @ this yields

jort?
to:

d dT,
ARR,:=T,c Fy— A p; I:szl:-kLl 7;:'20- (41)
ARR; can be expressed from equation of junction 0,,:

®j012:.ﬁ8+.f27_.f25_.f‘28_f;13:0' (42)
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The expressions of flows are:
Sis = F;CpTz;fN =RS.Q,; s =Ra(T;-T,);

fis=He, =P+ p, V. = Py (see @D

f43 = H43 = Fe, T
ARR; can be deduced:

d
ARR5 : F;CpTz +RS.Q4 —E(pl.Vl.h, +,DV.VV.hV —P7.VB) (43)

~ Ra(T, ~Ta)~ Fye,T, =0.
The equation of heating control yields to

ARRy: 0, -W,.mO, =0, (44)

W, is the power of the heater.
ARR; and ARRg are deduced from the equation of OnOff
controllers:

(45)
(46)

ARR, :mO, - OnOff (P, ., P,)=0.
ARR,:mO, ~OnOff AL, ;L) =0.

ref 2
Using the thermodynamic function Ps2Ts(.) [29] to
calculate saturated steam temperature from known pressure
yields to ARR:

ARR, : T, — Ps2Ts(P,) = 0. (47)
ARR is deduced by writing the equation of junction /;;:
(48)

D3ty — ey Ty =0.

e =Fe, =Fey= \/‘P7 —F.|.sign(F, - F).mU,,

P, is the pressure at the exit of the exhaust valve and mUj is
a manual operating control. The constraint related to the
component R: R, (valve V;) permits to deduce ARR y:

ARR,, 1 F,, —(D;f,o (P-P)=0. (49)
Finally, ARR; can be written as:
ARRo : Fy =V, 44| —F. sign(P, = F).mU, =0, (50)

with Vj .4 the discharge coefficient of valve V).

The theoretical FSM is presented at Table III. The
symbols used are described in Table IV. As the application
is well instrumented, all faults are isolable only faults
arising from the pump and the pipe. A fault in both of these
components has a direct effect on the residual r,
correspondent to ARR,.

D. Reliability data for the components

After establishing the FSM and observing the problem of
isolation of the pump and the pipe failures, now we aim to
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apply the incorporation of reliability data to improve the
decision task in diagnosis. In the absence of historical
reliability data of the plant, we used a reliability Handbook
to estimate the failure rates.

1) Reliability failure rates of the pump and the pipe

As the pump used in the steam generator is centrifugal, its
failure rate can be estimated using (51) [28]:

2p= Aset Asgt Apet AcaT(Arp.Crir.Cps.Ce) (€2Y)
where

Asg : Total failure rate for all pump seals (Failures/million
operating hours),

Asw » Total failure rate for the pump shaft,

A : Total failure rate for all pump bearings,

Aca : Total failure rate for all pump casing,

Arp @ Total failure rate for all pump fluid driver,

Crr: Thrust load multiplying factor,

Cps : Operating speed multiplying factor,

Cc¢ : Contaminant multiplying factor.
Using the basic value of the failure rate (when missing
informations), we estimated these failure rates and
multiplying factors to:
/lSE:2'4; /ISHZS, /IBEIIO,' /ICAZO.OOI,'
Cps=0.74; C~1.1.

Arp=0.2; Cp=1;

The global failure rate of the pump is 4,=17.56 Fail./ 10° op.
hours.

The pipe is a part of fluid conductors in the plant. It is
important to note that most failures of fluid conductor
systems occur at or within the interconnection points such
as fittings and flanges. Since the failure rate of a piping
assembly usually depends primarily on the connection
joints, the basic failure rate of a piping assembly can be
estimated at 0.47 Fail./10® op hours per connection and the
failure rate of the pipe assembly can be estimated with the
following equation [28]:

/lee: Ap5.Ck (52)
App : Base failure rate of pipe assembly estimated to 0.47
(Fail./10° op. hours), C; : Environmental factor. Taking Cp
=1.2 yields to Ap,, =0.56 Fail./10° op. hours.

2) Reliability of the rest of components

The failure rates of the application components are given
in Table IV (Estimated according to the same handbook
[28]). We assume that all failure distributions are
exponential. Note that this can be considered as prior
information about reliability, and this data can be refined to
Weibull or any other PDF models of reliability when it is
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learned with new experimental and historical failures data
(see equation (8)). So we do not discuss, in the analyses
presented here, the uncertainty of the failure rates.

E. Application of the proposed methodology for diagnosis

To build the Bayesian decision model, we supposed the
parameters associated to false alarm and non detection P
(i is the index of the component and ; the index of the
residual) and P,y identical for all components. These
parameters are deduced from tests on the plant (P;=0.04,
P,~0.02).

For the inference of the discrete part of the decision
module, we used the free software GeNie 2.0
(http://genie.sis.pitt.edu) after introducing the prior
probabilities which are calculated using (17) and (18). Since

we assume certain failure rates, the prior probabilities of
failures deduced from the continuous part of the model are
calculated by the CDF:

F(T)=1-R(T)=1-exp(-4T), (53)

with /; the failure rate of the component (Failure/10°

operating hours). To test the decision model, we will
simulate three scenarios.

1) Scenario 1
After an operating time of 20000 hours (Hrs), we
detected the coherence vector © =[9(r,), 4(r,),..., 3(7;,)]

[0,1,0...0] that corresponds to the failure of both the
pump (Pmp) and the pipe (Ppe) (see Table III). Fig. 8(a)

Fouty 0% Fauly 0%
Sate 100%| |Sate 100%
L On2 s
[Fauly  0%] [Fauty 0| Fauky  O%|
[Sate 100%| I [Sote100% [ Sate 100%]
ont Tk
[Fauty 0% Fauty 0%||
[Sate 100%) sate_100% |

[Safe 100%|

E

Trus.

§

=

Trug 100%]
False 0%

A\
onz | La
Fauky 0% Pty T3%
sate 100% ate TT%
I T
|
[sate 100%)
L]
True o) [Trus 100%] |Tnen To0%]
|Esise 100% Fase 0% Faise  0%|
¥ Eas S
I =
Trus O] [True 100% True 0%
100%) Fasa 0% |Enize 100%)

(b)

Fig. 8. Results of analysis : scenario 1 (a), scenario 2 (b)
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summarizes the result of analysis; the cause of the failure is
68% the pump whereas it is 3% the pipe. By the classic
method of diagnosis, which gives the same chance for both
of failures as can be seen in FSM (Table III), the decision
module cannot make a final decision. Given this result, the
supervision module can deduce that the pump is the most
probable faulty component in this situation.

2) Scenario 2

In this case, we will suppose to have unknown residuals,
which is a frequent situation in FDI by ARR approach
caused by noise and uncertainty of the parameters of the
bond graph model. Let us assume that after 20000 Hrs we
have detected three active residuals (r37,75). As can be
observed in Table III, the failure signature
[0,0,1,1,1,0,0,0,0,0] is not matched to any component, but
there are some close signatures associated to the
components :75, Ls, F;p and Blr. Also by the classic method
it is not possible to decide the origin of failure. The
inference shows (Fig. 8(b)) the posterior probabilities of
failures: 77% for F';9, 49% for T,, 23% for Lg, 4% for F;and
0% for Blr.

Given the Mean Time To Failure (MTTF) (Table IV) of
temperature sensor 7, and flow sensor F, (respectively
1.5x10° and 5376), one can deduce that the component F/,
is probably defective for this analysis.

3) Scenario 3

For this scenario, we will suppose that before the process
arrives to an operating time of 20000 Hrs, even that no
residuals are detected we checked the prior probabilities of
failures. Consider, for instance, the case in which the
analysis is made after an operating time of 10000 Hrs with
no residuals detected. Fig. 9 resumes prior and posterior
probabilities of failures for each component. Clearly, most
of sensors begin to be in a critical situation. Even though Ly
is a redundant component, F’; and F';, need certainly some
preventive maintenance actions.

g -

= Prioe
- Postarios
g
e
g
w_l___;_ o000
Tok Pmp Ppe B Hr W0 Q4 F3 FW0 L1 8 PT Tz TE Ont On2

Fig. 9. Prior and posterior probabilities of failures with no residuals
detected and after an operating time of 10000

As stated before, the improvement of decision making
aims to not only take a decision in the case of non isolable
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failures or unknown signatures but also to be a part of a
prognosis module to prevent undesired outcomes. Here we
raise the issue about the need of such module in the
intelligent supervision strategy which can be classified in
risk based supervision.

V. CONCLUSIONS

In this paper it is shown how the bond graph as an
integrated tool design and the Bayesian networks can be
used as an intelligent framework to decision-making in
model based diagnosis. We presented an issue to the
problems revealed by the classical binary decision-making
step in ARR model based FDI. We focused on the BG
method because of its functional aspect by associating a
physical component to each graphical element. The
proposed methodology provides continuous decision
variables in the form of posterior probabilities of failures so
that the model permits to represent the degradation of the
components. These variables can be used for further
intelligent supervision tasks; programming preventive
maintenance, analysis of the failure cost by using utility
nodes, risk based reconfiguration of the faulty system by
controlling its global or partial reliability (prognosis tasks).
The proposed method can be applied to large systems with
components having all types of failures distributions. The
response time of the decision model depends on the
efficiency of the inference algorithms. The precision of
results is influenced by the reliability Data. Although we
used certain exponential parameters in the given application
example, we have highlighted how to deal with uncertain
parameters and the use of Weibull distributions. The results
of application on a steam generator pilot process are
satisfactory.
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Abstract— In a heterogeneous parallel computer system, the computational power of each of the processors differs from one
another. Furthermore, with distributed memory, the capacity of the memory, which is distributed to each of the processors, differs
from one another. Using queuing system to describe a distributed memory heterogeneous parallel computer system, each of the
heterogeneous processors will have its own heterogeneous queue. The variation of a performance metric of heterogeneous parallel
computer system with distributed memory needs to be modeled because it will help designers of parallel computer system to
determine the extent of variation of a performance metric. It will also help users to know when to realize minimum variation of a
performance metric. This paper models the variation of a performance metric of distributed memory heterogeneous parallel
computer system using analytic and recursive models.

Keywords - heterogeneous parallel computer, distributed memory, parallel computer system, queuing network, variation, recursive
model, analytic models

I. INTRODUCTION <

A heterogeneous parallel computer system is one in
which the computational power of each of the processors Cpu queue ‘ >
differs from one another. With distributed memory, it \ 4
means that each of the heterogeneous processors has its
own memory. Describing the system using queuing ‘
network, each of the processors has its own queue. With a
round robin scheduling algorithm, processes can be >
scheduled to the various parallel processors, whenever a
process needs to perform an /O operation, it joins the CPu queue
appropriate 1/0 queue. Therefore, the queuing network of i P
a heterogeneous parallel computer system consists of COU qUele "
parallel processors, parallel processor queues, 1/O pug *‘O”
processors and 1/0 queues. Suppose there are n different v
parallel processor queuing systems and k different 1/0
queuing systems. A queuing system in this context is
defined as a processor, together with its own queue. We
also assume that the various queues are finite [1, 2, 3, 4]
i.e. there is a limit to the number of jobs that can be
admitted into the queues, and negligible communication
overhead. Suppose Xj, Xz, X3, ... , Xn, Xne, Xnszs Xnaz,
.., Xnsk are the maximum number of processes that can
be admitted into the respective queues. We assume that
processes arrive at the various queues according to Poisson

A
y Parallel
1V ¥4 Pocessors

cpu queue

1/0 queue ——

1/0 queue ——

I/0 queue A—T

distribution, and they are serviced according to I/CY processc’s

exponential distribution [5, 6]. Figure 1 illustrates a model

of the queuing network of a heterogeneous parallel Figure 1: Queuing network of a heterogeneous parallel computer system
computer system with distributed memory. with distributed memory.
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Il. STATEMENT OF THE PROBLEM

Though analytic queuing method can be used to model
the performance of a heterogeneous parallel computer
system with distributed memory, however, it may not be
possible to model some performance metrics of
heterogeneous parallel computer, like variation of a
performance metric. The reason is because the analytic
method cannot determine the exact convergence of some
mathematical series that are used in modeling the variation
of a performance metric of a heterogeneous parallel
computer system. Therefore, there is the need for the use
of another model, rather than analytic model. The use of
efficient linear recursive model [9] can efficiently model
the variation of a performance metric of a distributed
memory heterogeneous parallel computer system, because
recursive models can be used to determine the exact
convergence of any series used in modeling the variation
of a performance metric of distributed memory parallel
computer system.

I1l. LITERATURE REVIEW

Queuing approach has been used extensively in the
literature to model the performance of computer systems.
However, this has been done in different ways and for
different models of computer systems. In [20], the authors
used a recursive computation approach to solve the steady
state equations, thereby leading to the modeling of the
various performance metrics of a multi-terminal system
that is subject to breakdown. Furthermore, the author in
[24] used a rigorous approach to model the performance of
heterogeneous  parallel  computer  system  without
introducing any constraint on the kind of interconnection
between the heterogeneous nodes. Furthermore, in [24],
systems with the same interconnection speed were
considered when modeling the performance of
heterogeneous parallel computer system. The authors in
[25] looked at alternative ways of measuring the
performance of heterogeneous parallel computer system,
by modeling linear speed and linear efficiency using
simulation-modeling techniques. In [26], the author
showed that Little’s formulae could be universally
applicable, if properly interpreted to take account of state-
varying entrance rates, batch arrivals, and multiple
customer classes. In [27], the author confirmed that Little's
formula could be applied to very general queuing systems
(not just M/M/1), even whole networks! The authors in
[28] considered a new performance metric, variation of the
computing power as a unique performance metric that is
ideal for a heterogeneous network of workstations, though
an approach different from queuing approach was used to
do this. In [29], analytic models were used to model the
performance of computer intensive applications of parallel
computers, while [30] used recursive models only to
evaluate the performance of compute intensive application
of a parallel computer system. In [31], recursive models
were used to evaluate the performance of heterogeneous
parallel computer system with distributed memory.
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IV. METHODOLOGY

This paper models the variation of a performance metric
of distributed memory heterogeneous parallel computer
system. A queuing approach, with finite queues has been
used to achieve the above aim, with parallel processors
depicting parallel servers. The statistical method of
probability density function and other probability theory
concepts have used [15, 23]. A novel method of deriving
the recursive model that determines the xth terms and the
convergence of important mathematical series has been
used to develop the recursive models. The simulation of
the models on the computer has been done using Java
programming language and the statistical regression/trend
line analysis has been used to analyze the results of the
simulation [11].

V. DEVELOPING THE MODELS

As a result of the use of the above methodologies, the
following models have been developed for one queuing
system and for all the queuing systems of the queuing
network.

A. Models Based on a Queuing System

The following models have been developed for one
queuing system

e Probability Density Function of the Number of

Processes in a Queue.

Let X; denotes the maximum number of processes that
can be in the ith finite queuing system at any time [12, 13,
14]. Suppose the arrival rate, A, when Xx; processes are in
the ith queuing system of the queuing network be
described as:

A, x=0123..X, -1
xi = 1)

0, otherwise
Since the various processors are heterogeneous,

therefore, it implies that the departure rate will vary, which
can be described as:
x=1,2,3,4,., X

u _ His
X 0, otherwise
Using the steady state probability as stated in [7, 16] the

probability that x; processes will be in the ith queuing
system is

i @

JPy o, X< X,
Pxi — pl 0i i (3)
0, otherwise

The utilization factor for the ith queuing system, p; is
defined as:

i. To obtain the value of Pg; in equation (3), we sum all
H

the probabilities for the ith queuing system and equate it to
1. This implies that:
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Xi
> P =1 @)

From equations (3) and (4), it implies that:
PoitpiPortpiPoi + pi*Pai + pi'Poi + ... + piiPoi = 1. ®)
Factorizing equation (5), it implies that

Poi (L+pi+pl+pi+...+p7)=1 (6)
Analytically, the series in equation (6) converges to:

X;+1
1-p; . -
—, provided that p; # 1, otherwise it

1-p;
converges to X;+ 1.
X;+1
o 1-p
It implies that Po; | =™ | =1, when p; = 1 and
1-p
Poi(Xi + 1) = 1, when p; = 1. Solving for Py;, we have that:
1-p;
v pi#l
P . 1— P Xij+1
oi 1
' i _1
X +1 7
()
Using equation (7) in equation (3), we have the following:
%

A A-p)

— xa P #],  x=0123..X;
p,= 1A

Xi
1 ©))
X +1

Equation (8) is the probability density function that models
the probability that x; processes will be admitted in the ith
queuing system.

e Average Number of Processes in One Queuing
System.

Furthermore, the average number of processes in the

ith queuing system (i.e the queue and the processor) can be

described statistically as expectation of X;, where X; is

the random variable that denotes the number of processes
in the ith queuing system This can be written as

E(X,) = Zx, . )

Using equation (8) |n equation (9), we obtain the
following'

Ex)= Z

%=1
Equation (10) can be simplified as:

%4 (=n)

14 0 xa A #], >§=0123-->§

(10)
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HX)= n‘“ L2043 +4a +. X" )(11)

A recursive model has been used in [30,31] to determine
the convergence of the series in equation (11). The

recursive model is called Sumz2;(X;, p;), and it is given

as:
(1, Xi=1

(12)

kTermZi(Xi)*termli(Xi-l, p) +SUM2i(X;-1, p;), Xi # 1

Term2;(X;) and are given as:
1, X=1

Term2;(X;) =<
13)
1+ term2i(Xi-1), Xi#1
and termZ;(X;, Pi) is defined below as:
(1,Xi=0
TermLi(X;, p;) < (14)

p; *TermLi(X-1, p;), Xi # 0
\
Therefore, using equation (12) in equation (11), we obtain:

1-p
E(x,) = [%in Sumzi(X;, p;)
1-p™

(15)

B. Models Based on The Whole Queuing Network.

Having developed the models for the performance
metrics of one queuing system, these models can be
extended to the whole queuing systems of the queuing
network of a heterogeneous parallel computer system. It is

necessary to define di as the probability that a process

will join the ith queue after each cpu burst, and J, as the

probability that the execution of a process has been
completed. Arrival of processes into the various parallel
processor queues can come from the outside world or from
the various 1/0 queues or from the particular parallel
processor, at the expiration of the time quantum for that

process. Let A, be the rate of arrival of processes into the

ith queuing system, and A , the rate of arrival of processes
from the outside world.. Under the steady state, when we
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consider the queuing network, the overall utilization factor
has been defined in [31] as:

% I =0
. = (’;‘5 (16)
. i=123,..,n+k
L Ol

e Variation of Average Number of Processes in all
the Queuing Systems of the Queuing Network

Suppose X; is the random variable that denotes the

number of processes in the ith queuing system. Therefore,
another random variable, Y, can denote the average
number of processes in the queuing systems of the queuing
network, as:

n+k
2%
Y — i=1
n+k
Therefore, the variation of the average number of
processes in all the queuing systems of the queuing
network can be defined statistically as:

(29)

n+k

Sx

VAR (Y) = VAR S (26)
n+k

Using one of probability theory laws in [23], we obtain:
n+k
VAR(Y) = e 1 ZVAR(X )

From [23], the variance can be defined statistically as:

@7)

VAR(x,) = E(x,") - (E(x,))’ (28)
Simplifying equation (28) further, we obtain:
E(Xiz)zzxizpixi (29)

Using equation (8) in equation (29), we obtain:

E(?) = Z (Lﬂm) 0

Simplifying equation (30), we obtain:

E(X)(

Simplifying equation (31) further, we obtain:
Ex’)= { K+l}1,q+4,q +95°+167" +.. +x.,q‘)
—Q

Factorising equation (32), we obtain:

}ngrZZ,q 3+ . X ')(31)

(32)
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E(x%) ( Jp(1+4p 1902 +169° +.+ X%
-p" (33)

The convergence of the series may be difficult or
impossible to obtain analytically; therefore we seek for its
convergence using recursive models. The same approach
used earlier can be used to determine the convergence of
the series,

(1+4,oi +9pi2+16pi3+...+X2ipiX'_l). The

series can be considered as two sequences, which are:

sequencel = 1, 4, 9, 16, ..., X? while the other sequence
. 2 3 Xi-1

is: sequence2 = (1, LirPi v Py e P

The recursive model that can be used to determine the xth
terms of sequencel can be obtained by adding 2X-1,
which is the common difference between the xth term and
the (x-1)th term to the (x-1)th term of the sequence. The
recursive model can be represented as shown below in
equation (34), as:

(1, X;=1

Term3;(X;) =4 (34)

\(Z*Xi-l) + Term3i(Xi-1), Xi#1

The recursive model that determines the xth terms of
sequence2 has been developed in equation (14).Therefore,
combining equation (30) and equation (14), the series in
equation (33) converges to this recursive model, called

Sum3;(X;, p;), which is shown below as:
r1L,Xi=1

(35)

NTermLi(Xi-1, o; )*Term3i(X;) + Sum3i(X;-1, o;) X # 1
Therefore, using equation (35) in equation (33), we obtain:

E(x") =(1_—€‘_+1}pi8um3(xi . 0:)
1-p™

(36)

Using equations (15) and (36) in equation (28), we obtain:
2
All=p hSunB(X;. p)) | | Aall—p NSUN(X;, )| (37
VAF‘(Xi)z( ( (]{p_x,q )]_( ( l)fp-x'ﬁ )J ( )
Therefore, using equation (37) in equation (27), we obtain:

1 [f( aabsumx.g)) (al-alsux.q) e
VAm_(”*")zg([p ﬁ—n”) ’ Hﬁ lﬁl—n“) ’ JD
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Equation (38) models the variation of the average number
of processes in all the queuing systems of the queuing
network by combining analytic and recursive models.

VI. RESULTS OF THE SIMULATION

The result of the simulation was analyzed to determine
how variation of the performance metric under
consideration changes as a particular parameter varies,
while other parameters remain constant [10]. Figure 2
shows the result of the simulation, if the probability of a
process leaving the system is known to be 0.2 and the
probabilities that a process will join the first and second
queues are 0.775 and 0.025, respectively. Suppose the first
processor is a high-speed processor with high departure
rate of 30, while the second processor is a low speed
processor with a low departure rate of 10. Suppose the
arrival rate in the system from the outside world is 4 and
maximum number of processes to be allowed into first
queue is 20, while maximum number of processes to be
allowed into the second queue is 5. The experimental trials
were carried out several times, in each trial, the arrival rate
was changed, and the corresponding variation was
obtained as the result of the simulation.

Variation Against Arrival Rate
5.
45 V'S
4
c 35
Qo 3
T 25
= 2
c <
> 154
14
0.5 4
0 & . = :
0 1 2 4 5 6 7 8
Arrival Rate

Figure 2: Variation Against Arrival Rate

The result shows that for non-compute intensive
application, where the overall utilization factor of each of
the processors is less than 1, increasing the departure rate
will lead to a corresponding increase in the variation of
the performance metric of the heterogeneous parallel
computer.

Furthermore, figure 3 shows the simulation result when
as we keep the following input parameters constant, the
probability that a process will leave the network is 0.2, the
probabilities that a process will join queue 1 and 2 are
0.775 and 0.025, respectively. The departure rates for
processor 1 and 2 are 30 and 10, respectively, while the
maximum number of processes in queue 1 and 2 (degree
of multiprogramming for the two queues) are 20 and 5,
respectively, and the arrival rate from the outside world is
4. By varying the degree of multiprogramming
(maximum number of processes in the system) for the two
queues of a two-processor parallel computer system, we
obtain the corresponding variation shown in figure 3.
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Variation Against Degree of Multiprogramming

0.25
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Degree of Multiprogramming

Figure 3: Variation Against the Degree of Multiprogramming

The interpretation of the result is that for non-compute
intensive applications, where the overall utilization factor
for each of the queues is less than 1, increasing the
maximum number of processes that can be in each of the
gueues (the degree of multiprogramming) will lead to
corresponding increase in the variation of the performance
metric.

Variation Against Departure Rate
12
1 .
08
c
2
g06
g
04 >
0.2 (3
0 T T T T T |
0 10 20 30 40 50 60
Departure Rate

Figure 4 Variation Against Total Departure Rate

In a similar manner, as we keep the following input
parameters constant, probability of a process leaving the
network is 0.2, while the probability of a process going to
queue 1 and 2 is 0.4. The maximum number of processes
that can be in queue 1 and 2 are 15 and 14, respectively.
By changing the departure rates of the two processors, we
obtain the corresponding variation of the performance
metric, as shown in figure 4. The result shows that for non-
compute intensive application, increasing the speed of the
various processors will lead to a corresponding decrease in
the variation of the performance metric under
consideration.

VII. SUMMARY AND CONCLUSION

This paper has been able to model the variation of a
performance metric of heterogeneous parallel computer
system with distributed memory by combining analytic
and recursive models, using queuing approach. The
models have been simulated on the computer and the
results of the simulation have been analyzed in order to
determine when to realize minimum variation.
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