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Refractive Index Investigation of PMMA/Ethyl Orange 
Thin Films Using Spectroscopic Ellipsometry 
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Abstract 
A spin-coated poly (methyl methacrylate) (PMMA) mixed with ethyl orange thin films have 

been analyzed using spectroscopic ellipsometry. It was used to determine thin films parameters 
such as film thickness and index of refraction.  Results have shown that the refractive index 
decrease down to 1.396 at wavelength of 700 nm.  For all films studied, the spectral dependence of 
the refractive index follows the Cauchy dispersion relation being, however, dependent on the film 
thickness. The depth profile was estimated via the experimental dependences of ellipsometric 
parameters. The refractive index was found to increase with increasing the ethyl orange 
concentration. This increase is attributed to more collection of azo-dyes molecules within the 
PMMA chain causing a structural change in PMMA after mixing. 

Keywords: PMMA polymer; Ethyl orange; Spectroscopic ellipsometry; Refractive 
index; Thin films. 

Introduction 

Azo dyes mixed polymers are one of the most important and versatile classes of 
synthetic organic compounds, with an enormous variety of applications [1, 2]. 
Knowledge of the properties of thin polymer films is crucial for the design of many 
industrial products including paints, adhesives, and photoresistors [3-5]. In fact, one 
common problem in preparing uniform high quality films is the propagation of the 
substrate roughness to the topmost film surface. The correlation of surface roughness 
with the substrate roughness is strongly damped, becoming undetectable for films thicker 
than 10 nm [6]. In azobenzene dyes mixed polymers, different effects such as the torque 
induced by the anisotropy of the optical permittivity enhanced by some dopants [7]; 
photoisomerization and reorientation of the dyes followed by the reorientation of liquid 
crystal [8]; photoadsorption of the dyes onto the surface of the sample [9]; and 
photorefractive like effect [10] may cause reorientation induced by polarized light.  The 
preparation of several kinds of dyes mixed polymers is important in order to obtain a 
certain trend of the refractive index and better thermal stability [11, 12]. 

In this paper, thin films of poly (methyl methacrylate) mixed with azobenzene ethyl 
orange are investigated in order to study and characterize refractive index using variable 
angle spectroscopic Ellipsometry. 

                                                           
© 2009 by Yarmouk University, Irbid, Jordan. 
1* Department of Physics, Faculty of Science, Al al-Bayt University, Mafraq- Jordan. 
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Experiment  

Ethyl orange (C16H18Na6O6; 390.35 g/mol) and Poly (methylmethacrylate) (PMMA: 
[―CH2C(CH3)(CO2CH3)―]n; molar mass of 15000 by GPC) were purchased from 
Sigma-Aldrich and used as received. Both were dissolved separately in 99% purity 
chloroform, and different solutions of ethyl orange and PMMA were prepared according 
to the composition ratios presented in Table 1. The solutions were then filtered using 0.5 
µm filters to remove any un-dissolved impurities and dust before use. Before film 
preparation, microscope glass slides as substrates were dipped in a saturated potassium 
dichromate solution in concentrated sulfuric acid, and then rinsed thoroughly with 
portions of distilled water followed with acetone [13].  A set of thin films was obtained 
using the spin coating method on glass substrates using a spin time of 40 sec and a spin 
frequency of 1500 rpm. All samples were prepared at room temperature and left to dry 
for 24 hours. 

Table 1:  Samples identification. 
 

Spinning speed 
(rpm) 

Ethyl orange to PMMA 
concentration (%) 

Sample 

1500 0.10 A1 
1500 0.25 A2 
1500 0.50 A3 
1500 1.00 A4 
1500 1.50 A5 

Ellipsometric data were acquired with a variable angle spectroscopic ellipsometry 
of the rotating analyzer type (VASE TM , J. A. Woollam Co.). All measurements were 
performed in air at room temperature with 50o angle of incidence, in the wavelength 
range of 400-700 nm in steps of 5 nm. 

Results and Discussion 
In this work, spectroscopic ellipsometry was used to study and characterize the 

changes in the optical constants in thin films composed of ethyl orange mixed with 
PMMA polymer using different concentrations.  

Spectroscopic ellipsometry measures two angles Ψ (the relative amplitude change) 
and ∆ (the relative phase change) of the electric field vector upon reflection, see 
equations (1) and (2). 

                                       )()( sisrpipr δδδδ −−−=∆                              (1) 
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where p and s represent the electromagnetic waves polarized parallel and perpendicular 
to the plane of incidence, respectively. A and R are the amplitudes before and after 
reflection, iδ  and rδ  are the phase of the incident and reflected light, respectively. 
These quantities are connected to the complex reflectance of the investigated sample 
through the expression: 

                                                                                                   (3)                             

where pr~  and sr~  are the complex reflectance of the surface for p and s polarized light, 
respectively.  

Since Ψ and ∆ values can only be converted to the searched parameters (refractive 
index, extinction coefficient, film thickness, etc) of the sample, usually a fitting 
procedure is used to determine them. First a model is built where the structure of the 
sample and some optical properties are assumed, whereupon, Ψ and ∆ values are 
generated. Then the model is changed by a fitting algorithm in order to minimize the 
difference between the generated and measured data. The difference is measured with 
the Mean Square Error (MSE), and is given by: 
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where  Ψi and ∆i are the measured Ψ and ∆ values at the ith wavelength, σ is the 
standard deviation, upper indices m and g denote the measured and generated data, 
respectively, while N and P represent the number of measured values and fitted 
parameters, respectively. 

Instead of Ψ and ∆ often the pseudo-refractive index n  and the pseudo-extinction 

coefficient k  are used.  n  and k  are the refractive indices and  extinction 
coefficients of an equivalent film, for which the same  Ψ  and ∆  values would have been 
measured. According to their definition n  and k  can be calculated from Ψ and ∆ 
with the Fresnel equations, and then they coincide with the real n and k values [14, 15]. 

The film thicknesses are plotted in Fig. 1 for five samples containing different ethyl 
orange concentrations. A semi linear increase in thickness with concentration is observed 
as the film thickness increases from 74.53 nm (for sample A1) to 498.37 nm (for sample 
A5) upon increasing the ethyl orange concentration up to 1.5%. The resulting values for 
all samples are presented in Table 2. This behavior may be attributed to the attraction of 
the polar methacrylate groups of PMMA to the glass substrate surface. As a result of this 
attraction, a denser layer might then be formed along the substrate during the film 
coating. Thinner films would have a greater average density, and they may show smaller 
fractional decrease in thickness. 
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Figure 1: Average PMMA/ethyl orange film thickness vs. initial concentration of ethyl 

orange. 

Table 2: Summary of results on film thicknesses and refractive indices of PMMA/ ethyl 
orange thin films at λ = 400, 500, 600 and 700 nm 

 

 
Sample 

 
Thickness (nm) 

Refractive index n at wavelength 
400 nm 500 nm 600 nm 700 nm 

   A1 74.53±2.9 1.425 1.396 1.391 1.391 
   A2 88.37±4.0 1.442 1.417 1.406 1.400 
   A3 137.25±8.0 1.462 1.438 1.427 1.421 
   A4 358.37±11.0 1.487 1.455 1.442 1.434 
   A5 498.37±12.5 1.496 1.459 1.446 1.442 

 

The model structure used to fit the spectroscopic ellipsometry data taken on all 
PMMA/ethyl orange thin films was glass substrate/PMMA mixed with ethyl orange 
layer/air. The optical constants of glass slide used in this work as substrates were 
modeled as in Ref. [13], and were not allowed to vary during the fitting process, while 
the thickness and optical constants of PMMA mixed with ethyl orange layers were 
parameterized using the Cauchy model [16, 17]. Using this model the experimental data 
are fitted in three trials. In the first, a simplest approach was homogeneity of film is 
assumed, to calculate the film thickness. Then, the second trial was made by using the 
Bruggeman Effective Medium Approximation (BEMA) layer [16]. This was made by 
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using the previously determined optical constants for both constituents PMMA and ethyl 
orange.  

For example in sample A1, and by using the above mentioned model the calculated 
MSE value was 11.25 as compared to 24.36 from the first trial.  In the third approach, an 
Effective Medium Approximation (EMA) layer was added in order to consider the 
surface roughness. It is worth mentioning that the WVASE 32 software allows to add 
such layer (50% BEMA layer plus 50% voids), assuming a glass substrate (1 mm, not 
fitted), PMMA/ethyl orange (69.5 nm for A1 sample, fitted) and finally an EMA layer of 
surface roughness (15 nm, fitted). This approach results in a MSE value of 2.53, which is 
the best fit between the model and the experimental data. Fig. 2 represents a schematic 
drawing of the structural model for PMMA/ethyl orange film on glass substrate used in 
fitting for sample A1. As a result of this approach, the measured spectroscopic 
ellipsometry data Ψ and ∆ of PMMA/ethyl orange thin film (sample A1) over the 
spectral range 400-700 nm at the angle of incidence, namely 50o is shown in Fig. 3. This 
angle was chosen to maximize the sensitivity near the Brewster angle of the glass 
substrates. The fitted Ψ and ∆ spectra, simulated with the best-fit model parameters, are 
shown by solid lines. The associated refractive profile based on the best-fit results is 
graphically illustrated in Fig. 4 for sample A1. The film refractive index being the 
highest at the film substrate interface, and the average index profile is constant over the 
thickness of the layer. This same procedure was applied to calculate the refractive index 
for all other samples, Fig. 5. 

 

Cauchy           69.50 nm 

Glass substrate     1 mm 

MSE = 24.36 

     (a) 

 

BEMA          69.50 nm 

Glass substrate      1mm   

MSE = 11.25 

       (b) 

Roughness         20 nm 

BEMA           74.53 nm 

Glass substrate     1 mm  

MSE = 2.53 

        (c) 
 
Figure 2:  Schematic drawing of structural model for PMMA/ ethyl orange film (sample 

A1) on glass substrate  (a) simple with no roughness  (b) with 
substrate/effective medium approximation and (c) substrate/effective medium 
approximation/roughness. 
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Figure 3: The experimental and calculated (solid lines) dependences of ellipsometrical 

parameters Ψ and ∆ as functions of wavelength for PMMA/ethyl orange thin 
film (sample A1) coated onto glass substrate at 50o angle of incidence. 
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Figure 4: Depth profile of sample A1 at  λ = 550 nm. 
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Figure 5: Spectra of refractive index of PMMA/ethyl orange film thickness vs. initial 
concentration of ethyl orange. 

A further investigation aiming to evaluate the relationship between the refractive 
index and dye concentration using ellipsometry at wavelength range 400-700 nm are 
listed in Table 2. The results of this investigation are shown in Fig. 5 and Fig. 6. It 
should be stated here that all samples are transparent in the wavelength range 400-700 
nm, and the refractive index versus wavelength, Fig. 5, of these samples must follow the 
normal dispersion relation. This means that dipoles give energy back to wave so the 
index of refraction decreases toward longer wavelengths. On the other hand, Fig. 6, the 
measured refractive index versus thickness at different wavelengths, clearly indicates 
that the variation in the refractive index does not have the same trend for the thin 
samples as it is for the relatively thicker samples. For samples A3, A4, A5 the refractive 
index decreases continuously with increasing the wavelength, however for samples A1 
and A2, this continuous decrease is not clearly observed. From these results, one also 
observes that the refractive index increases with increasing the ethyl orange 
concentration. To explain this increase it is convenient to use Lorimer equation [18] for 
refractive index of polymer solutions, equation 5,  

                                          n = n0 + µcp + acp                                                              (5) 

where n is the refractive index of mixed solution, n0 is the refractive index of 
solvent, α is the second order coefficient, µ is the incremental coefficient, and cp is the 
concentration of ethyl orange. According to this equation, one can predict an increase in 
the refractive index of the mixture after adding a dye to pure PMMA. In addition, the 
increase in refractive index may be attributed to more collection of azo-dyes molecules 
within the PMMA chain causing a structural change in PMMA after mixing. Azo-dyes 
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molecules contain benzene rings and two double azo bonds around which light can cause 
spatial rotation, thus allowing smaller free space, and therefore, the density of the 
polymer and the refractive index can increase. The refractive index calculated in this 
work is in accordance to published data in Ref. [19]. There are some discrepancies which 
are not surprising because reported values are for samples with different qualities and 
different used dyes. On the other hand one can expect, that the change in the refractive 
index in general is related to certain chemical and physical changes. 

 

Figure 6: Indices of refraction vs. film thickness of various values of wavelength. 

Conclusion  
In summary, it has been shown that spectroscopic Ellipsometry has many 

advantages of investigating the refractive index. It covers a wide spectral range and it 
can detect small changes in optical constant. The spectroscopic Ellipsometry data are 
extremely sensitive to the refractive index profile, as well as the layer thickness. The 
results also show that thin films can be produced easily by spin coating, which may 
compete effectively with other methods in terms of film quality. 

 

 

 

 

 



Refractive Index Investigation of PMMA/ Ethyl Orange Thin Films Using Spectroscopic Ellipsometry 

 
125

تحري معامل الإنكسار للأغشية الرقيقة المكونة من البولي ميثيل ميثاكريليت والايثيل 
  البرتقالي باستخدام مطيافية القطع الناقص

 

  حسام الناصر
 

  ملخص

في هذا البحث إجراء تحليل لأغشية رقيقة محضرة بطريقة الطلي بالبرم لبوليمر البولي ميثيل  تم
الاثيل البرتقالي، وقد تم ايجاد معاملات هذه الأغشية كسمك الغشاء المطعمة ب   (PMMA) ميثاكريليت

وكذلك بينت النتائج بأن معامل الانكسار يتناقص بالنسبة للطول الموجي ويصل الى .  ومعامل الانكسار
نانومتر، كما بينت النتائج بأن الاعتمادية الطيفية لمعامل الانكسار تتبع  ٧٠٠عند طول موجي  ١.٣٩٦قيمة 

بالاضافة الى ذلك فقد تم إجراء  تقييم للعمق السطحي للأغشية المحضرة بناء على . قة كوشي للتشتتعلا
أظهرت نتائج البحث بأن الزيادة في معامل الانكسار . النتائج التجريبية ومعاملات مطيافية القطع الناقص

ط بتشكل تجمعات من جزيئات الناجمة عن الزيادة في تركيز الايثيل البرتقالي مبنية على افتراض مرتب
 .صبغات الآزو ضمن سلسلة البوليمر مؤدية الى تغيرات بنيوية في البوليمر بعد عملية الخلط
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Abstract 
Cr substituted barium hexaferrite particles BaFe12-xCrxO19 with 0 ≤ x ≤ 0.6 have been 

prepared by the ball milling method. X-ray diffraction and scanning electron microscopy have 
been carried out to determine the particle's structure and morphology. Magnetic properties have 
been investigated using a vibrating sample magnetometer. The anisotropy field was estimated. It 
was found that Cr substitution leads to a decrease in lattice parameters of BaFe12-xCrxO19. Also it 
was found that Cr substitution increases the coercivity due to the increase in anisotropy field.  

Keywords:  Ball milling; Barium ferrite; Coercive field; Magnetization. 
 

Introduction 
Barium hexaferrite with its stoichiometric chemical formula BaFe12O19 briefly 

(BaM) is one of M-type hexaferrites. The magnetic properties of hexaferrites such as 
saturation magnetization, coercivity and anisotropy field are strongly dependent on its 
structure [1, 2]. Hexaferrites are well-known ferrimagnetic materials with strong uniaxial 
anisotropy. Anisotropy field can be controlled by the substitution of Fe3+ ions by 
paramagnetic and diamagnetic, cations or cations combination such as Co-Sn [3, 4], Zn-
Ti [5], Co-Ti [6,7], Mn-Ti [8] etc. Hexagonal barium ferrite and its substituted 
derivatives have attracted considerable interest due to their potential for different 
applications. These substitutions aim for the development of materials with improved 
characteristics, which make hexaferrites suitable for technological applications. It is also 
important to produce barium ferrite powders with a narrow particle size distribution less 
than 0.1µm, i.e., single domain particles. Several methods have been used to prepare 
barium ferrite particles including sol-gel method [9,10], glass-ceramic method [11], 
microwave-induced hydrothermal reaction [12], ammonium nitrate melt technique [13], 
reverse micelle technique [14], citrate–nitrate gel combustion method [15], hydrothermal 
technique [16] and Ball milling method [17, 18]. The preparation methods as well as the 
structural doping with Cr ions influence the magnetic properties of barium hexaferrite. 

This work presents the magnetic properties of BaM doped with increasing 
quantities of chromium. The synthesis of samples was performed by ball milling 
method, which is a technique that has been recently adapted to the preparation of barium 
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ferrite powders, due to its simplicity of operation and handy experimental apparatus. 
Also this method is useful for the production of powders composed of fine particles 
smaller than the single domain size. 

 

Experimental Procedures 

BaFe12-xCrxO19 powders with x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 were prepared by 
ball milling method. Oxides of Fe2O3, Cr2O3 and barium carbonate (BaCO3) were used 
as starting materials. Mechanical alloying was performed in a planetary ball-mill (Fritsch 
Pulverisette 7) using a ball to powder ratio of 8:1. Milling was carried out for 16 hours 
with an angular frequency of 250 rpm. After mechanical milling, the mixture was 
pressed at 5 tons/sq inch into disks, 1cm in diameter. These disks were annealed in air 
atmosphere at 1100°C for 10 hours. 

XRD analysis was carried out with Philips X'Pert PRO X-ray diffractometer 
(PW3040/60) with CuKα radiation (45 kV, 40 mA). XRD patterns for the samples 
examined were recorded in the region of 2θ = 15-75° with step scan of 0.017°. Powder 
diffraction software package which includes standard International Center for 
Diffraction Data (ICDD) was used to match the measured phases. The grain structure of 
the prepared samples was investigated using scanning electron microscope (SEM FEI 
Quanta 600) equipped with energy dispersive X-ray (EDX) facility for elemental 
analysis. The magnetic measurements were carried out using vibrating sample 
magnetometer (VSM MicroMag 3900, Princeton Measurements Corporation), with 
applied fields up to 10 kOe at room temperature. 

Analysis of XRD patterns and SEM photographs for 7 samples subject to different 
annealing temperatures from 800°C to 1200°C were performed. At 800°C the major 
phase of XRD pattern belongs to hematite (Fe2O3). At 900°C, barium ferrite phase along 
with an intermediate phase of BaFe2O4 was observed. At 1000°C, the intermediate phase 
disappeared and XRD pattern shows almost single-phase of BaFe12O19. At a temperature 
higher than 1100°C, SEM data showed that grain size increases in uncontrollable manner 
and agglomerate in different masses. Based on the above results, all samples examined 
in this work were annealed at 1100°C. 

 

Results and Discussion  
XRD patterns of some samples of BaFe12-xCrxO19 along with the standard pattern for 

hexagonal barium ferrite (BaFe12O19) with space group P63/mmc (JCPDS file no: 043-
0002) [19] are shown in Fig. 1. It can be seen from Fig. 1, that the XRD patterns for all 
samples exactly match the standard 043-0002 for hexagonal barium ferrite (BaFe12O19), 
including similar relative intensity profiles for the all observed peaks, except that peak at 
33.1° which represents a small amount of residual hematite (α-Fe2O3). Lattice 
parameters a, c and lattice volumes of BaFe12-xCrxO19 were calculated according to 
formulas 1 and 2 respectively [20], where d is interplanar distance and h, k, and l are 
Miller indices.  
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The lattice parameters and lattice volumes for all samples examined in this work 
were tabulated in Table 1. From these data we may propose that doping barium ferrite 
with Cr leads to a decrease in lattice parameters and lattice volumes. The reduction in 
lattice parameters and lattice volumes might be referred to replacement of Fe3+ (ionic 
radius 0.064 nm) by Cr3+ ions, which have a smaller ionic radius of 0.052 nm. 

Table 1: Lattice parameters, lattice volumes and average crystallite size of 
BaFe12-xCrxO19 calculated from XRD data using d-spacing for (114) 
and (107) peaks 

 

[ 

x a = b  (Å) 
±0.001 

c (Å) 
±0.00٣ V(Å3) Average crystallite 

size (D) nm 

0.0 ٢٣.١٩٤ ٥.٨٨٩ 696.75 76  ± ٣ 
0.1 ٢٣.١٧٦ ٥.٨٨٤ 695.05 58  ± 4 
0.2 ٢٣.١٧٢ ٥.٨٨٤ 694.81 56  ± 6 
0.3 ٢٣.١٧٦ ٥.٨٨٣ 694.75 56  ± ٣ 
0.4 ٢٣.١٦٠ ٥.٨٨٤ 694.55 55  ± ٣ 
0.5 ٢٣.١٦١ ٥.٨٨٢ 694.04 58  ± ٣ 
0.6 ٢٣.١٤١ ٥.٨٨٠ 692.97 52  ± 6 
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Figure 1: Standard JCPDS pattern for M-type hexagonal barium ferrite (file no: 043-

0002) and XRD patterns of BaFe12-xCrxO19 with different doping 
concentration. 
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Another confirmation of Cr3+ substitution for Fe3+ was made by a comparison of the 
initial doping level (atm.%) with the average levels inside individual particles measured 
by EDX, as shown in Fig. 2. The Cr content in BaFe12-xCrxO19 was close to that of the 
initial mixtures, which indicates that chromium ions enter the lattice of barium ferrite. 

 

Figure 2: Chromium content in BaFe12-xCrxO19 from initial doping and measured by EDX. 
 

The average crystallite size was determined using the well-known Scherrer formula 
[21] from the position of peaks (114), (217) and (220). The formula is given below: 

( )k λD = 3
β cosθ

 

where D is the crystallite size, k the Scherrer constant, λ the wavelength of radiation 
(1.54056 Å), β peak width at half maximum measured in radians and θ corresponds to 
the peak position; the results are shown in Table 1. From these data we may propose that 
doping of barium ferrite with Cr leads to a decrease in average crystallite size. This 
assumption was also confirmed by the direct observation via scanning electron 
microscopy. Fig. 3 shows a SEM photograph of BaFe12-xCrxO19 samples with doping 
concentration x = 0.0 and 0.6. As one might observe the average crystallite size for 
doped with Cr sample is smaller than for pure one, which agrees well with the XRD 
measurements. 
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Figure 3: SEM photograph of BaFe12-xCrxO19, 
a) x = 0.0,   b) x = 0.6. 

 

Measured hysteresis loops for BaFe12-xCrxO19 with x = 0.0 and 0.6 samples as a 
function of applied magnetic fields are shown on Fig. 4. The magnetization curve for the 
non-substituted sample belongs to hard magnetic material with coercive field strength of 
4.2 kOe. This value of the coercivity agrees well with previous reports such as sol-gel 
method [22], mechanical alloying method [23] and ball milling method [18] of preparing 

a 

b 
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barium ferrite. As one might observe doping barium ferrite with Cr leads to an increase 
in coercive field and a decrease in both remanent and saturation magnetization. Influence 
of Cr ions on the saturation magnetization and coercivity of BaFe12-xCrxO19 for all samples 
examined are shown in Fig. 5. The saturation value of magnetization was obtained by the 
extrapolation of magnetization to 1/H = 0. The saturation magnetization decreases with 
the increase of Cr concentration which is expected, since iron ions are replaced by an 
antiferromagnetic chromium ions. As a result of this replacement the superexchange 
interaction of Fe3+-O- Fe3+ might be weakened which leads to a decrease in the 
saturation magnetization. While the coercivity linearly increased from about 4200 Oe to 
5300 Oe as x increases from 0.0 to 0.6. This increase of the coercivity can be referred to 
the increase in anisotropy field (Ha), since it is will known that coercivity is proportional 
to magnetic anisotropy field [24]. The effective magnetic anisotropy field for each 
sample examined in this work is obtained from the maximum of the switching field 
distribution [25] using equation:  

]
2

max)(
aHH

r

dH
dmHf

=




=                                      (4) 

 

 
 

Figure 4: Hysteresis loops for BaFe12-xCrxO19, 
a) x = 0.0 and b) x = 0.6. 
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Figure 5: Saturation magnetization and coercivity of BaFe12-xCrxO19 as a function of the 
chromium concentration (x). 

 

Fig. 6 shows reduced IRM curves (mr) and the corresponding switching field 
distribution function f(H) for some of the concentration examined, and Fig. 7 shows the 
variation of magnetic anisotropy field with Cr concentration for all samples examined. It 
is clear that Ha increases with the increase of Cr substitution. Thus linear increase of 
coercivity -as a result of Cr substitution- might be referred to the increase of magnetic 
anisotropy field, which enhances the coercivity. 
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Figure 6:  Reduced IRM curves and switching field distribution for some of the 
concentration examined. 
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Figure 7: Anisotropy field of BaFe12-xCrxO19 as a function of the Cr concentration (x). 

 

Conclusions 
Fine particles of high quality of BaFe12-xCrxO19 have been prepared using a simple 

method of ball milling. It was found that doping of barium ferrite with Cr significantly 
increases of the coercive field due to increase of magnetic anisotropy field. 
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  المحضر بطريقة الطحن بالكرات  BaFe12-xCrxO19تحضير و دراسة مركب
  

  ابراهيم بصول

  

 ملخص

 x ≤ 0.6 ≥ 0بين   xبقيم  BaFe12-xCrxO19شاب بالكروم تم تحضير مركب الباريوم فرايت الم
تمت دراسة العينات بواسطة حيود الاشعة السينية و المجهر الالكتروني و ذلك . بطريقة الطحن بالكرات

تمت دراسة . لمعرفة الخصائص البنيوية للجسيمات المغناطيسية لمركب الباريوم فرايت المشاب بالكروم
. بواسطة المقياس المغاطيسي ذو العينة المهتزة و تم ايضا ايجاد مجال التباينالخصائص المغناطيسية 

تبين من خلال الدراسة ان اشابة مركب الباريوم فرايت بالكروم قد ادت الى نقصان في ابعاد الشبيكة 
  .البلورية و الى زيادة المجال القسري نتيجة لزيادة مجال التباين
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Abstract 
This article describes the procedure of calibrating Sr-90, which is used as a beta source for 

luminescence dating in faculty of Archaeology and Anthropology labs at Yarmouk University. 
The beta source is contained within a 770 beta irradiator manufactured by Daybreak Nuclear and 
Medical Inc. combined with automated Thermoluminescence reader system model 1100. The 
nominal activity of the source is 100 mCi (3.7×109 Bq) as reported by AEA Technology on June 
the 29th 2005. On the 22nd of December 2005, the dose rate for the high position of the elevator 
was determined as 0.0586 (Gy/s). On the 6th May 2008, the source was calibrated for the second 
time using fine grains of quartz as a thermoluminescence phosphor material with size 4-11µm 
extracted from pottery shreds taken from Bedieh site, Jordan. Co-60 gamma ray facility in Al-
Bashir hospital was used to deliver three doses to three different samples of quartz; 9, 6 and 3Gy 
to be used as a reference doses for the calibration process. The Additive Dose method is performed 
in order to determine the beta dose in unit of time and finally comparing between the gamma and 
the beta dose in order to define the beta dose rate in unit (Gy/s).  

Keywords:  Thermoluminescence; Additive dose; Dose rate; Sr-90; Co-60. 

Introduction 
Using Sr-90 as beta source in luminescence dating requires an accurate calibration 

for the dose rate. The accuracy of calibration process depends on defining the dose 
delivered from gamma facility to quarts. There are number of factors that should be 
considered during the irradiation with gamma beam. This has been discussed by Bell 
(1980) [2], where he introduced the interactions of gamma beam with matter and factors 
associated with it, while using gamma irradiation to deliver specified dose to quartz 
material do not induce directly thermoluminescence energy into the quartz material [1]. 
It is known that the interaction of gamma beam with matter occurs via three forms; the 
photoelectric effect, Pair Production and Compton Effect. These three interactions are 
responsible for producing energetic secondary electrons which in turns collide with 
atoms loosing part of its energy at each collision to be transferred to further secondary 
electrons released from the atoms. This process creates a large number of low energetic 
secondary electrons in the matter that have the probability of being captured by electron 
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traps inducing thermoluminescence energy. The creation of low energetic electrons take 
place in the matter gradually, as photon energy enters the matter and passes through it; a 
build up for the secondary electrons begins, after few millimeters the electron flux reach 
an equilibrium state “charge particle equilibrium”, in which the number of electron 
produced equals to the number of electron absorbed. The charge particle equilibrium 
attained after a distance from the surface in the range of the initial electron energy 
produced by the collision with gamma beam [1, 2, 7]. In this region the absorbed dose by 
the material is calculated and where the sample should be fixed to be used as 
thermoluminescence dosimetric material for calibration process. 

Finally calculating the dose delivered to quartz sample by gamma beam from Co-60 
depends on the geometry and the dimension of the quartz container and mass energy 
absorption coefficient (µen/ρ) that is used to describe the total reduction of gamma 
radiation in quartz [2]. In addition, it is important to consider that Co-60 facility is 
calibrated according to the dose absorbed by water or equivalent tissue that has similar 
composition to human tissue where water represents 75% of it, and so has the same mass 
energy absorption coefficient.   
 

Experiment 
Quartz grains with size 4-11µm were extracted by crushing pottery shreds and 

sieving via mesh of size 45 µm. The sieved material was cleaned by 7% of HCL 
overnight to remove calcites and 6% H2O2 overnight to remove organic materials. In 
each step of cleaning deionised water was used repetitively for washing and removing 
residues from the cleaning process. After that quartz was deposited for 20 minutes in    
50 cm tall cylinder tube, the suspended material represented quartz grains less than 
11µm were extracted, and the process was repeated for another 50 minutes to discard 
grains less than 4 µm that located in the first 5 cm of the tube.  At the end, the extracted 
quartz grains were within the size of four and 11µm, this size was chosen for calibrating 
beta source since it is the same size that is used for pottery dating with the TL reader. 
Quartz was annealed to 500oC for 3 hours to remove any TL signals in quartz crystals. 

Three samples were prepared for gamma irradiation, each sample composed of   
250 mg of quartz, each contained in a 4 mm quartz tube with inner radius of 4mm and 
wall thickness equals to 0.5 mm. The  quartz tubes were intended to be used  in order to 
ensure that the gamma beam will travel within the container medium and the dosimetric 
material that have the same mass energy absorption coefficient.  

To avoid the buildup region in the quartz sample and guarantee that it will be only 
within the charged particle equilibrium region; and by knowing that the electron 
equilibrium for Co-60 gamma ray (Ẽ = 1.25 MeV) occurs after 2 mm  [2], another quartz 
tube was used, with inner radius of 6 mm and wall thickness also equals to 0.5 mm to 
surround the original tube as shown in figure 1. The space between the two tubes is now 
1mm which is also filled with the same quartz material prepared for calibration. In this 
geometry the distance that the gamma beam will pass through to reach the inner tube is  
2 mm where the buildup of secondary electrons will take place. 
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Figure 1: A profile of the quartz sample container; the dashed lines represent the inner tube 
which hold the principle quartz that will be used in the calibration; the continues line 
represents the outer tube; the space between the two tubes is 1mm filled with quartz.  

 

The gamma irradiation was performed in Al-Bashir Hospital, Radio Therapy 
Department, Amman-Jordan, where Co-60 facility used as gamma beam source (Ẽ = 
1.25 MeV) to deliver 9, 6 and 3Gy to the samples, in order to specify the exact dose 
deposited in the sample; the same conditions that are used in calibrating the dose rate of 
Co-60 were applied in irradiating the quartz samples, the quartz tube was fixed at a 
distance 80cm from the source, and enclosed within an equivalent tissue used as an 
alternative of human tissue during calibrating and determining the dose rate of Co-60 
facility. Now the dose received by the quartz material is calculated using the mass 
energy absorption coefficient of water and quartz by the formula [3]; 

D = [(µen/ρ) quartz / (µen/ρ) water] * X, 

where D is the absorbed dose delivered to quartz, (µen/ρ)quartz and (µen/ρ)water , water are 
the mass absorption coefficients (cm2/g) for quartz and water and X is the exposure of 
gamma beam. 

For gamma ray (Ẽ = 1.25 MeV), the (µen/ρ)water is 2.965×10-02 (cm2/g) from NIST 
database and 2.66×10-2 (cm2/g) for quartz [4]. By considering these two factors and 
irradiating with 9, 6 and 3 Gy, the absorbed dose to the quartz is 8.074, 5.383 and 2.6914 
Gy respectively. 

Now each sample of the irradiated fine grains was suspended in ethanol and 
allowed to deposit over 20 aluminum discs of 0.4 mm thickness and 10 mm diameter to 
be loaded in the TL reader for reading TL signals.  

The Additive Dose method was performed to determine the dose delivered to quartz 
with Sr-90 in unit of time(s), the measurements were applied separately for each sample. 
For each sample the first four measurements represented the TL energy produced by the 
gamma irradiation of Co-60, the next group of measurements are taken after irradiating 
quartz with different doses by Sr-90, the irradiation time for the three samples are 136, 
273, 436 and 573 seconds for sample with dose 8.074 Gy. 85, 170, 255 and 341second 
for sample with dose 5.383 Gy and the last sample that carry 2.69 Gy was irradiated for 
51, 102, 153 and 205 seconds.  
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Results and Conclusions 
To obtain the beta dose deposited in quartz using Sr-90, a curve was plotted that 

represents the growth of TL energy with the increase of beta irradiation time for each 
5°C temperature intervals as illustrated in Figure 2. Interpolation of these curves to zero 
TL intensity (TL = 0) gives the equivalent beta irradiation time (Dβ). A plot of (Dβ) 
values versus temperature was created, as shown in figure 3; Dβ values rise from zero for 
temperatures below 200Co till it reach a plateau in the region of 350-370 , this represents 
the actual beta irradiation time Dβ that created electron traps in quartz crystal [1]. 

 

 
 

Figure 2: The growth of the TL energy with the increase in the irradiation time. 
 

The dose rate for the source is now determined by the comparison of the beta dose 
specified in unit of time and the gamma dose that corresponds to the beta dose by using 
the formula, 

Ď (Gy/s) = Dγ (Gy) / Dβ (s), 

where Ď represents the dose rate of the beta source, Dγ the gamma dose delivered to the 
sample by Co-60 and Dβ is the derived equivalent irradiation time(s) from the Daybraek 
TL reader using the additive dose method [5, 6]. The average dose rate is found to be Ď 
= 0.0532± 0.00583(Gy/s). Table 1 illustrates the results obtained by the comparison of 
the gamma dose and the beta irradiation time. 

The results of the three samples as represented in figure 4 show the effectiveness of 
the procedure followed in irradiating quartz with Co-60, using quartz tubes as containers 
and define the buildup region, and the area where TL energy will be created the 
interaction of gamma beam with matter helped in avoiding the miscomputation for the 
dose precipitated in the quartz sample that was used later in specifying the dose rate of 
Sr-90. 
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Figure 3: The plateau test of the irradiation time by Sr-90, the stability in the irradiation time 
values occurs between 350 and 470, the graphs a, b and c represent the results of 
the three samples that were irradiated with 3, 6, 9 Gy respectively. 
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Table 1: The dose rate of the three samples with different gamma doses 

Dγ (Gy) Temp.(oC)  Dβ (s) u(Dβ) Ď (Gy/s) 

8.074 370-420 151.7440986 0.0059 0.050208 

5.383 350-415 101.1651945 0.0063 0.05621 

2.6914 380-450 50.58100309 0.0053 0.0532097 

 

 

 

Figure 4: Dose rate results from Table1, and the average value. The error bars represent 
the uncertainty in the dose rate value. 
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  في عملية التأريخ بطريقة التألق الحراري Sr-90معايرة الجرعة الاشعاعية للعنصر 

 

  سحر الخصاونة
  

 ملخص

ذات  Sr-90يهدف هذا البحث الى عرض مقترح لمعايرة المصدر المشع لجسيمات بيتا، العنصر 
ملي كوري المستخدم في التأريخ بطريقة التألق الحراري في مختبرات كلية الاثار و  ١٠٠الشدة الاشعاعية 
 ، TL reader system model 1100 المصدر جزء من منظومة جهاز. جامعة اليرموك الانثروبولوجيا في

تمت معايرة المصدر المشع للمرة الاولى، و حددت الجرعة الأشعاعية بمعدل   ٢٠٠٥-١٢-٢٢تاريخ ب
تمت معايرة المصدر المشع للمرة الثانية باستخدام حبيبات  ٢٠٠٨أيار  ٦في  .ثانية/ جراي ٠.٠٥٨٦
. ميكرومير و المستخلصة من كسر فخارية تعود الى موقع البدّية، الاردن ١١بحجم اربعة الى  الكوارتز

الاردن من أجل اشعاع -المستخدم في العلاج الاشعاعي في مستشفى البشير Co-60استخدم العنصر المشع 
اب معدل جراي لتستخدم كجرعة مرجعية في حس ٩و  ٦، ٣عينة الكوارتز لثلاث عينات مختلفة بجرعات 

، و التي وجدت من خلال المقارنة بين الجرعة الاشعاعية )ثانية/ جراي( Sr-90الجرعة الاشعاعية للمصدر 
بوحدة جراي و الجرعة الاشعاعية اللازمة لايصال نفس القيمة من   Co-60التي تلقتها العينة من المصدر 

  ).الثانية(بوحدة الزمن  Sr-90المصدر المشع 
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Abstract 
The Interacting Boson Approximation (IBA) model of Arima and Iachello has been used to study 
the nuclear structures of W-186 isotope in frame-work of Interacting Boson Model (IBM). 
NPBOS computer program has been used for this investigation. The five parameters in the 
Interacting Boson Model Hamiltonian for W-186 isotope have been determined. Based on these 
values, it is found that these parameters are in a good agreement with the experimental energy 
spectrum.  

Keywords:  IBM; Arima and Iachello model. 

Introduction 
The Interacting Boson Approximation (IBA) model of Arima and Iachello has been 

used extensively in describing the low-lying collective states of several medium and 
heavy mass nuclei. Many studies have been carried out on the energy spectrum of 
different even-even nuclei within IBM framework. Nuclei that have been studied 
include W (Z = 74, 82 < N < 126). For all these nuclei a wide range of properties of 
collective states have been calculated and compared with experimental results. 
Moreover, a part from this quantitative agreement with experiment, the IBM-2 has two 
distinctive  advantages over the more conventional descriptions of collective states. First 
of all, it describes the IBM-Hamiltonian and secondly a clear relationship with 
microscopic theories has been established. Therefore, it seems that Interacting Boson 
Model-2 (IBM-2) is very successful in describing the collective low energy spectrum of 
many heavier nuclei [1-7].  

The Integrating Boson Model  

Using only a pairing force, the two body Hamiltonian in the IBM-2 formalism is 
expressed as [3, 8, 9]: 

vvv
d
vv

d VVQKQnnH ++⋅++= πππππ εε )2()2(  (1) 

Here the first two terms represent the single boson energies for proton (π) and neutron 
(ν), respectively, while εν and επ represent the energy difference between ( vdπ ) and 
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( vπδ ) bosons, and ( dnπ ) are ( d
vn ) are the numbers of proton and neutron, respectively, 

for d-boson. For simplicity it is assumed that επ = εν = ε. The third term represents the 
main part of the boson between neutron and proton boson with strength (K). To include a 
quadruple interaction, the quadruple operator is expressed as (p = π, v) [9]: 

)()()2( −++−++−+= ρρρρρρρρ ddXdSSdQ  (2) 

The significant effect of the parameter (XP), which determines the structure of the 
quadrapole operator, will be discussed below. The term ( vvVV +ππ ) represents the d-
boson conserving residual neutron-neutron and proton-proton interaction. 

vddddCV
l

,,)()([
2
1

4,2,0

)( πρλ ρρ
λ

ρρρρρ =⋅= −

=

+−+∑  (3) 

Such an interaction was found to be especially important near closed shell nuclei in 
the vibrational limit giving rise to the splitting of SU (5) two-phonon triplet. 

The )( vvVVππ  interaction is only important when one deals with a large number 
of active protons (neutrons) and a small number of active neutrons (protons) [7, 10]. 

)()()()(
3,1

)2()()[(2
l

vddl
vdd

l l

vdSdvSvdvSvSdMH

−−−+∑
=

+−−−⋅++−++=

ππξ

ρρπξ
 (4) 

Results and Discussion 
The results of calculations of this work for ground state energies band in W-186 

isotope are shown in Table 1. These results show a discrepancy between theory and 
experiment for energy levels. It is clear that in contrast to IBM the order of the +

20  and 
+3  is correctly predicted in W-186 isotope and the position of the +

22  relative to +
20  state 

is also improved. 

To the extent that the transition operator is one-body boson operator, the most 
general E2 operator can be expressed as:  

)2()2()2( QveQeET += π  (5) 

There is a large similarity of the structure of the quadrapole operator and the wave 
function in IBM-1 approaches. Therefore, it is expected that E2 selection rules in the 
present case are nearly the same as those in IBM-1 model in calculating absolute B(E2) 
values. Table-2 shows the results of this work that related to the electric transition 
probability for W-186 isotope.  
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In general, it is found that all calculations overestimate the strength of the 
( +→+

2220 ) transition and the predicted quadrapole moment of the state. On the other 
hand, the IBM predictions are in good agreement with the measurements. 

 

Table 1: Energy of ground state band in W-186 
 

 
Level 

Excited energy states 
IBM-2 (MeV) EXP (MeV) 

+
10  0.000 0.0000 

+
12  0.122 0.1226 

+
14  0.320 0.3968 

+
12  0.680 0.7370 

+
16  0.800 0.8080 

+
13  0.850 0.8618 

+
20  0.886 0.8820 

+
32  1.030 1.0070 

 

Table 2: Electric transition probability for W-186 isotope  ]);([ 22
2 beJJEB f ⋅→  

 

Transition IBM-2  
(e2 .b2)  

EXP  
 (e2 .b2) 

++ → 11 02  0.700 0.840 

++ → 12 02  0.039 0.034 

++ → 11 24  1.002 1.160 

++ → 12 22  0.060 0.057 

++ → 13 22  0.0039 0.0059 

++ → 12 24  0.038 __________ 

++ → 12 42  0.320 __________ 
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 Conclusion 
In this paper, the results of the calculations have been presented for various 

properties like energy level and transition probability of W-186 by using collective 
model and interacting boson approximation model of Arima and Iachello. In general, it 
is found that the agreement with the experimental data is quite good, especially where 
the energy levels and E2 transitions are concerned. It is also found that E2 selection rules 
from this work and from IBM-1 model in calculating absolute B(E2) values are close to 
each other. 

  

  الزوجية لنظير  -دراسة بعض الخواص النووية للنواة الزوجية
  (IBM)باستخدام أنموذج البوزونات المتفاعلة  W-186التنكستن 

  

  أكريم ممحمد قاسم الفخار  و  فوزي عبد الكري

 

  ملخص

لأرميا وأيتشلو أستخدم لدراسة بعض الخواص النووية لنظير  (IBA)التقريبية إنموذج البوزونات  
 (NPBOS)، وقد استخدم البرنامج الحسابي )IBM( المتفاعلة في إنموذج البوزونات W-186ستن التنك

  . لهذا الغرض

واستنادا على هذه القيم . W-186تم تعيين المتغيرات الخمسة للأنموذج هاملتون بالنسبة للنظير 
  .النظيرفقد وجدت النتائج قريبة جداً من النتائج التجريبية المتوفرة لطيف طاقة هذا 
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Abstract 
The Static Synchronous Series Compensator (SSSC) is effective to alter electric power 

system parameters in order to increase power transfer capability, stabilize system, help energy 
market resolve congestion-caused problems, and maximize economic value of transmission 
system. This paper investigates approximate modeling of SSSC and its impact on energy market 
dispatch outcomes, especially on resolving transmission congestion-related problems. The paper 
will show how SSSC may reduce out-of-merit generation costs associated and enables system 
regain uniformity of energy prices.  

Keywords:  Energy markets; FACTS; OPF; SSSC; Transmission congestion. 

Introduction 
As a result of the electric power industry restructuring [1], importance of 

transmission system and alleviating its constraints have been intensively emphasized in 
order to provide grown bulk power transfer capability, to withstand a wider range of 
possible generation patterns, and to facilitate a wide range of possible energy 
transactions.  

Constrained transmission network has negative consequences on market 
participants and harmful security and reliability impacts on the network itself. A 
congested transmission is accompanied by congestion costs, lower system utilization, 
higher energy prices due to resorting to out-of-merit order as expensive generating units 
are dispatched to alleviate congestion and a decrease in the degree of feasibility of 
preferred transactions Mitigating transmission constraints results in expensive or 
undesired alternatives [1]−[3]. Consequently, power system operations necessitate more 
power flow control needs as electric utilities are looking for more flexible operation of 
transmission system and for new mechanisms by which transmission constraints can be 
mitigated to replace or help the traditional transmission constraint mitigation methods 
that usually result in expensive or undesired options. 

To resolve congestion-caused and some other deregulation-related problems, an 
increased attention should be paid to new mechanisms that introduce more flexibility in 
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the way the transmission system is operated and to new lower-cost mechanisms by 
which transmission constraints can be mitigated. 

Utilizing the powerful Flexible AC Transmission System (FACTS) devices 
[3]−[14] may help interconnected systems have increased power transfer capability for 
the existing power transmission lines due to the constantly increasing loads the power 
networks are required to serve. The increased levels of risk and uncertainty associated 
with transmission operations and investment also have encouraged electric utilities to put 
these control devices in service.  

A SSSC as one of the most powerful Flexible AC Transmission System (FACTS) 
devices offers a fast series compensation and offers flexible power system control [4], 
[5], [15]−[18], therefore, it can be utilized to control line active and reactive power, 
achieve more power transfer capability, and to significantly improve power system 
reliability.  

As the SSSC is capable of controlling power system parameters, it may offer a 
mechanism that may replace or help conventional constraint mitigation methods, redirect 
or force power to flow along certain paths, help the system operate more securely by 
increasing the level of power transfer between specific areas, and in some cases may 
prevent generators to run out-of-merit or loads shedding or curtailment that would be 
required to maintain system security. As such, it is anticipated that putting SSSC device 
in service reduces the operational and investment costs of a power system, and improve 
system security. 

The paper reviews the structure of SSSC and derives an approximate pi-model of 
the SSSC-embedded transmission lines from which the injection-model using two-port 
networks is presented. The paper also presents a formulation of an Optimal Power Flow 
(OPF) including model of SSSC. The presented model is applied to a test system, where 
the results show how SSSC may reduce generation costs associated with out-of-merit 
order and show the beneficial consequences of putting SSSC in service on transmission 
congestion outcomes [1]−[3]. 

 

Structure and Modeling of SSSC 

The schematic diagram shown in Figure 1 represents a SSSC inserted in the line 
connecting buses i and j  [4], [5], [15]−[18]. Figure 2 shows the equivalent circuit of 
the SSSC-embedded transmission line connecting nodes i  and m . The equivalent 
circuit includes both the two-port steady-state model of the SSSC and the two-port pi-
model of the transmission line, connected in cascade. The converter is represented by a 
voltage source in series with an impedance, where 

sese jX=Z  is the impedance associated 
with the series converter. The complex voltage 

seV  is the controllable voltages inserted 
from the converter, and iV  and jV  are the complex voltages at nodes i  and j , 

respectively, where iii V θ∠=V ,   jjj V θ∠=V , and  δ∠=  seV   Vse . From the circuit of 
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Figure 2, with a little tedious mathematical manipulations, we can express iI  and 
jI  in 

terms of iV  , 
jV , and seV , in matrix form, as follows: 

se
j

i

j

i

jjji

ijii

j

i V 
b
b

V
V

yy
yy

I
I









+
















=








  ,                                                              (1) 

where   

 WjX cjiij /== yy                                                                                     (2) 

 0ij           // iLcii WjXWjX yyy +−=+−=                                                   (3) 

 0ji      )//1(  / jseccjj WXXjWjX yyy +−=++−=                                    (4) 

  WXXj cLi /)( −=b    ,     WjX cj /=b                                                    (5) 

  LsecsecL XXXXXXW −+=                                                                  (6) 

Note that we decomposed each of iiy  and jjy  into two parts, i.e., 

0ij       iii yyy +−=  and 0ij      jjj yyy +−= , 

 where 

WjX cij /=y , WjX Li / 0 =y and )//1(0 WXXj secj +=y . 

 For the following analysis, let 

WXBB cjiij /==  ,  WXB Lio /=   ,   WXXB secjo //1 +=               (7) 

 

 
 

Figure 1: Schematic diagram of the SSSC-inserted transmission line 

 

Bus j Bus i 

iiV θ∠ jjV θ∠ 

Series 
Transformer 

Converter 
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LjX Vse  m 

 i    j  
jI  

iV  
mV  

iI  mI  sejX

 cjX−              cjX−  jV  

−  + 

 
Figure 2: Representation of a  SSSC-embedded line. 

 

Load Flow Equations of Injection Pi-Model 

The real power injection π-model of the SSSC-embedded line is shown in Figure 3, 
where the real powers se

iP  at bus i  and se
jP  at bus j  represent the real power 

withdrawals at buses i  and j  due to SSSC in the line ji − , which can be expressed 
as: 

)sin( V } /){(})({Re * δθ −−== iseicLii
se

i VWXXalP seVbV                        (8) 

)sin(  }/{ })({Re * δθ −== jsejcsej
se
j VVWXalP VbV j                                  (9) 

The real power ijP and jiP  can be expressed as: 

)sin( )(Re )(Re jijiijjjiiij VVBalPalP θθ −−==−== *
ji

*
ij IVIV                  (10) 

 
ijjB

i0jB  j0jB  

ijI  

se
jP

jV  

se
iP

 i   
j  

jiI  
iV  

 
Figure 3: The π-model of the SSSC-embedded line. 

If NB  is the number of buses, and mℜ is the set of buses that are connected to bus 
m , then the load flow balance equations can be expressed as follows: 

 NB ..., 2, 1,  ;    )  sin(
 

=−−=− ∑
ℜ∈

mBVVPPP
mj

jmmjjm
se

m
D

m
G

m θθ              (11)  
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The constraints imposed by device limits include magnitude and phase angle of the 
series injected voltage, and real power exchange of the SSSC. For the SSSC, the active 
power exchange ( ex

seP ) via the dc link is the operating constraint of the SSSC, which is 
given by 0  } Re{ * =−= mse

ex
seP IV . The real powers developed by the series voltage source 

( ex
seP ) can be expressed as: 

)sin( }/  )sin( }/) jsejciseiLc
ex

se VVW{XVVWX-{(X P θδθδ −−−=                     (12) 

Under the assumption of flat profile of voltages, i.e., all voltages iV  are equal to 1.0 
p.u., we may simplify  (8)−(10 ) as follows: 

)sin(   }/){( δθ −−= isecL
se

i VWXXP                                                       (13) 

)sin(  /W)( δθ −= jsec
se
j V XP                                                                   (14) 

)sin( jiijjiij BPP θθ −−=−=                                                                    (15) 

As the difference ji θθ −  for adjacent buses is usually small, it has been a common 

practice to use the relation jiji θθθθ −≈− )sin( in load flow studies, therefore, we can 

express line flow ijP  by the following usually-used relation: 

)( jiijjiij BPP θθ −−=−=                                                                            (16) 
 

Optimal Power Flow Model Including Approximate Model of SSSC 

Based on the equations derived in this paper, a generalized formulation of an OPF 
including approximate model of SSSC is expressed as follows: 

Minimize     2

1 1
)()( G

ii
G

i

NG

i

NG

i
ii

G
ii PcPbaPC ++=∑ ∑

= =

                                       (17) 

Subject to 

Equality Constraints:  

 ∑
ℜ∈

+=−
mj

mj
se

m
D

m
G

m PPPP
 

                                                                          (18) 

0=ex
seP                                                                                                    (19) 

Inequality Constraints: 
maxmin   ||  ijijij PPP ≤≤                                                                              (20) 
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max,min, G
m

G
m

G
m PPP ≤≤                                                                                (21) 

 maxmin
sesese VVV ≤≤                                                                                  (22) 

maxmin      δδδ ≤≤                                                                                     (23) 

The objevtive function in (17) is the total generation cost, where )( G
ii PC  is 

production cost of iG  , and ia , ib and ic are the cost coefficients of iG . The flow ijP  in 
(22) is given by (15) or (16). 

Let iλ  represent the Lagrangian multiplier associated with the real power equality 
constraint at bus [1],[3].  At the optimal solution, the energy Locational Marginal Price 
(LMP) at bus i  is opt

iλ  that satisfies Kuhn-Tucker conditions of the Lagrangian function 
at the optimal point [1], [3]. The Total Congestion Charge (TCC) [1], [3], [15] which is a 
$/h value, represents the difference between what loads pay and what generators are 
paid.  
 

Test System 

Figure 4 represents a four-bus test system with three generators and two loads [3]. 
A SSSC is connected between buses 2 and 3 near bus 2. System data and results are 
based on a 100 MVA base. Line p.u. data is given in Table 1. In this table, ( 2/cB ) 

represents the half total line charging susceptance ( 2//1 CC BX = ). The loads DP3  

and DP4  are fixed at 0.5  50.1 j+  p.u., and 0.5  5.2 j+  p.u., respectively. For this 
test system, bus 1 is the reference bus with a voltage of 1.05 p.u., voltage magnitudes at 
other buses are assumed to have minimum and maximum voltage limits of 0.90 p.u, and 
1.1 p.u., respectively. Generator data are given in Table 2. The data for the SSSC are 

p.u.   0.10 ≤≤ seV , p.u.  1.001.0 jZse += , and  20 πδ ≤≤ se . In this section iG  

refers to generator at bus i .  

In order to verify the presented models and illustrate the impacts of UPFC we study 
the results of OPF for the following two cases for this test system: 

 Case 1: System with the SSSC is not utilized (base case). 

 Case 2: System with the SSSC is inserted in the line 2-3. 

The results of the two cases are shown in Table 3 with power flows are given by 
(16). The base case (case 1), where line flow limits are considered, represents the case 
that is traditionally used in the dispatch optimization process. For this case, two of the 
lines (lines 1−3 and 2-3) carry their maximum MW limits, which indicates congestion 
situation. This congestion prevents more power to be taken from the cheapest generator 
(G2), therefore, it causes an out-of-merit operation of generators, where the more 
expensive generators (G1 and G4) are dispatched to give more than their outputs that 
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would be obtained if line limits were ignored or relaxed. The total cost of this dispatch is 
$5323.46/h which is more than the cost of merit-order dispatch that would be obtained if 
line limits were ignored. We notice from the results of this base case that the LMPs are 
considerably different, which is due to the existence of congestion. The TCC of this 
dispatch is $682.06/h. 

2.5 +j 0.5

1.5 +j 0.5

SSSC

G4

G1

1

2

3

4

G2

 
Figure 4:  Four-bus test system. 

 

For the case when the SSSC is utilized (Case 2), we notice that the congestion on 
lines 1−3 and 2−3 is mitigated because of the SSSC, which in turn makes it possible to 
take more power from the cheapest generator (G2) and the more expensive generators 
now are dispatched back to provide less output values compared to those obtained in the 
base case. For this case 38.592 =seP  MW and 38.593 −=seP  MW. The generator 
outputs of case 2 are very close to the generator outputs that would be obtained if line 
limits were ignored, which reflects two advantages of using the SSSC, which are 
operating generators, nearly, in the merit-order (preferred and most economical 
dispatch), and in the same time line limits are respected. The results also show that the 
LMPs are now gaining uniformity, this is why the TCC of this case is $0/h. We notice 
that the total generation cost (TC) and TCC are decreased considerably (eliminated) 
compared to those of case 1. This indicates that utilizing the SSSC in the system gives 
nearly similar results as those of the unconstrained case with all limits are respected. The 
unconstrained case is the most preferred for the system operator where a congestion-free 
situation is obtained and the cheapest generators are dispatched. The LMPs for the 
unconstrained case are similar. Any constrained dispatch that respects system limits and 
gives similar results to the unconstrained case would be preferred over other dispatches.  
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Table 1:  Line data of the test system 
 

Line No. From To r Xij BC / 2 Limit 
1 1 2 0.02 0.2 0.04 0.70 
2 1 3 0.02 0.2 0.04 1.00 
3 2 3 0.01 0.1 0.02 1.00 
4 2 4 0.02 0.2 0.04 1.50 
5 3 4 0.03 0.3 0.06 0.70 

 
Table 2: Generator data of the test system 

 

Gi ai bi ci 
min,G

iP  max,G
iP  min,G

iQ  max,G
iQ  

G1 230 11.0 0.007 0.50 4.00 -1.2 1.2 
G2 200 10.0 0.005 0.50 3.50 -1.2 1.2 
G4 240 12.0 0.009 0.50 3.50 -1.2 1.2 

 
Table 3: Results of the test system using approximate model 

 

 Case 1 Case 2  

12P  [MW] 50.509 20.818 

13P  [MW] 100.00 83.349 

23P  [MW] 100.00 62.781 

24P  [MW] 124.058 144.868 

34P  [MW] 50.00 55.514 

GP1  [MW] 150.509 104.166 

GP2  [MW] 173.549 245.834 

G
4P   [MW] 75.942 50.000 

LMP1 [$/MWh] 13.107 12.458 

LMP2 [$/MWh] 11.735 12.458 

LMP3 [$/MWh] 15.765 12.458 

LMP4 [$/MWh] 13.367 12.458 

TC       [$/h   ] 5323.46 5264.79 
TCC    [$/h   ] 682.06 0.000 
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For comparison purposes, the results of the same test system under study using the 
exact full ac load flow model of the SSSC and transmission system presented in [15] are 
calculated and summarized in Table 4. The slight differences in the results of Table 4 
compared to the results of the approximate model (Table 3) are firstly due to presence of 
resistances in the ac model of the transmission system and the SSSC, which are both 
being ignored in the present paper, secondly due to the assumption of flat profile of 
voltage in the approximate modeling as presented in this paper, and finally due to 
neglecting the coupling between active and reactive power equations which is usually 
considered in the exact model and neglected in approximate calculations. If the test 
system is a larger system than the current test system, which is the case of real power 
systems, these differences are expected to shrink. The most important issue in energy 
markets is the LMP values which are very close to the results obtained in this paper, 
especially many of the largest competitive electricity markets in the world use dc load 
flow formulation to determine LMP values. As can be noticed from LMP values in 
Tables 3 and 4, LMPs are similar to all buses in the case of approximate model, which is 
due to neglecting transmission losses, while in LMPs of exact model (Table 4) the slight 
differences are due to considering transmission losses.   

The advantages of using an approximate modeling of SSSC and other FACTS 
devices in energy market calculations can be summarized as follows: 

• Using approximate model gives robust and more reliable results of optimization 
problem, especially determination of LMP values, as the optimization problem 
has much lower number of nonlinear terms, becomes less sensitive to initial 
conditions and usually takes much less number of iterations to reach the solution 
compared to the full ac load flow model. Therefore, calculation time and storage 
space requirements for calculations in each iteration are much less than those of 
full ac load flow modeling.  

• The outcomes of this paper fit the traditionally adopted calculation methods in 
energy markets, which are approximate calculation methods and based on dc 
load flow modeling.    

• Distribution factors which are predominantly used in energy market calculations 
usually implement approximate (dc load flow) calculations, which require 
approximate modeling of transmission system and system components [3], [19]. 
Therefore, approximate modeling of FACTS devices can be used easily in the 
current calculation methods by slightly modifying these methods.    

 

Conclusion 
The SSSC can be utilized to achieve more power transfer capability for the existing 

power network and offers a mechanism that aids constraint mitigation methods and helps 
the system operate more securely. The paper has presented an approximate pi-model of 
the SSSC-embedded transmission lines from which the injection-model using two-port 
networks was derived. The equations derived in this paper were applied to an OPF of a 
small test system. The paper investigated benefits of SSSC in resolving transmission 
congestion-related problems, where we showed how generation costs associated with 
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out-of-merit order would be reduced when a SSSC was utilized. The paper also showed 
the impact of utilizing SSSC on regaining the uniformity of energy prices at system 
buses, which would in turn reduce transmission congestion charges. When the SSSC was 
utilized, generator outputs were very close to the preferred and most economical 
generator outputs 

 

Table 4: Results of the test system using exact model presented in [15] 
 

 Case 1 Case 2 

12P  [MW] 46.280 19.004 

13P  [MW] 96.050 86.100 

23P  [MW] 100.000 64.050 

24P  [MW] 119.786 150.000 

34P  [MW] 43.265 52.223 
GP1  [MW] 142.330 105.104 
GP2  [MW] 173.906 254.426 
G

4P   [MW] 90.422 47.777 

LMP1 [$/MWh] 12.993 12.368 
LMP2 [$/MWh] 11.739 12.466 
LMP3 [$/MWh] 15.163 12.744 
LMP4 [$/MWh] 13.628 13.129 
TC       [$/h   ] 5416.358 5350.00 
TCC    [$/h   ] 558.351 88.254 

 

List of Symbols and Abbreviations   

ia , ib , ic  constant, linear, and quadratic cost coefficients of generator at bus i , 
respectively 

seB                    susceptance associated with the series converter 

)( G
ii PC             production cost of iG  

FACTS               Flexible AC Transmission System 

iG                      generator at bus i  

iI                      net injected current at bus i  
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jI    net injected current at bus j  

ijI    current flows from bus i  to bus j  

jiI    current flows from bus j  to bus i  

LMP  Locational Marginal Prices  

NB   number of buses 

OPF   Optimal Power Flow 
se

iP    real power withdrawal at bus i  due to SSSC in the line ji −  

se
jP    real power withdrawal at bus j  due to SSSC in the line ji −  

ijP    real power flow from bus i  to bus j  in the line ji −  

jiP    real power flow from bus j  to bus i  in the line ji −  

min
ijP   minimum limit of real power flow of the line ji −   

max
ijP    maximum limit of real power flow of the line ji −  

mℜ    set of buses that are connected to bus m  

ex
seP   the real powers developed by the series voltage source  

G
iP   real power produced by iG  

G
mP    real power produced by generator at bus m  

min,G
mP   minimum limit of real power of generator at bus m  

max,G
mP   maximum limit of real power of generator at bus m  

SSSC   Static Synchronous Series Compensator 

TCC  Total Congestion Charge  

iV     complex voltage at node i   

jV     complex voltage at node j   
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seV    controllable complex voltage inserted from the converter 

seV   magnitude of the controllable complex voltage inserted from the 
converter  

min
seV   minimum limit of seV  

max
seV    maximum limit of seV  

seX   reactance associated with the series converter 

seY   admittance associated with the series converter 

seZ   impedance associated with the series converter 

δ     phase angle of the complex voltage inserted from the converter 

minδ    minimum limit of δ  

maxδ    maximum limit of δ  

iθ     phase angle of the complex voltage at node i  

jθ     phase angle of the complex voltage at node j   
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  نمذجة معوض التوالي المتزامن الساكن لحسابات أسواق الطاقة التقريبية
  

 موفق العموش

  

  ملخص

فعال لتعديل ثوابت منظومة القوى الكهربائية بهدف  ) SSSC(إن معوض التوالي المتزامن الساكن 
نقل القوى، زيادة استقرار النظام ومساعدة أسواق الطاقة في حل المشاكل الناتجة عن  زيادة إستطاعة

  .الإحتقان وزيادة القيمة الإقتصادية لنظام النقل

هذا البحث يدرس النمذجة التقريبية لمعوض التوالي المتزامن الساكن وتأثيره على مخرجات سوق 
  .تقانالطاقة وخصوصاً على حل المشاكل المتعلقة بالاح

سيبين هذا البحث كيف يستطيع المعوض تقليل تكلفة التوليد الذي يعمل خارج نطاق الجدارة 
  .وتمكين النظام من  إستعادة التماثل لأسعار الطاقة
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Abstract 
In this paper, an investigation was performed to examine the influence of the residual stress 

on the elastic-plastic fracture mechanics (EPFM) of ductile cast iron pipe (DCIP) having radial 
crack using analytical and finite element method (FEM). The neutron diffraction technique was 
used to measure the residual stresses. Crack initiation and growth behavior of DCIP was assessed 
using SINTAP–Procedure by drawing failure assessment diagram. As a result the residual stresses 
accelerated the radial crack growth in DCIP and increase the stress intensity factor values. For 
DCIP, there will be significant unstable crack growth before final fracture. 

Keywords:  Residual stresses; Stress intensity factor; Failure assessment diagram; 
FEM; Radial crack; Elastic-plastic fracture mechanics. 
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Nomenclature 
1R : Inner pipe radius. 

2R : Outer pipe radius. 

t : Pipe wall thickness. 
σy: Yield strength. 

uσ : Tensile strength. 
B: Strain – displacement matrix. 
σ : Stress vector. 

pF :  Pressure force vector. 

y)(x,Ni
: Element shape function. 

n :  Number of nodes. 
D:  Matrix of elastic constant. 

(e)K  : Element stiffness matrix. 

(e)P  : Element force vector. 

ne  : Number of elements. 
[U]:  Global displacement vector. 

mateJ −
: J-values for material. 

Jx , Jy:  Jacobian parameter in x and y 
       directions. 

pP : Pressure at interface between plastic 

and elastic zone. 
TK : Total stress intensity factor under 

mode I conditions. 
 A: Parameter. 

epD : Elastic-plastic D-matrix. 

mσ ,σ ,φ : Mean and invariant stresses. 
 H: Yielding surface. 
λ : Undetermined constant. 
 R: Force vector. 

uU : Unknown displacement vector. 

pU : Prescribed displacement vector. 

uP : Unknown force vector. 

pP : Prescribed force vector. 

FAC: Failure assessment curve. 
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Introduction 
Cast iron is classified as grey and white. In 1955 the ductile cast iron was 

introduced, when alloying elements were added to make iron less brittle. It was also 
called nodular cast iron since the shape of the graphite inclusion in the iron is changed to 
a nodular form. The nodular shape of the graphite inclusions decreases the risk of getting 
cracks in the material. In general ductile iron is the most commonly  used material for 
water pipes and petroleum pipelines since it is economical to produce and is able to 
withstand  the larger internal pressure. 

Most ductile cast iron pipes (DCIP) are manufactured in large dimensions because 
they are less complicated to manufacture and are less expensive. DCIP can be used 
aboveground or underground applications. The failure of DCIP is usually determined by 
the iteration between the defects with DCIP and the stresses to which it is exposed. The 
stresses are combination of those applied in service and those which remain in material 
in the absence of any external forces, namely residual stresses [1]. 

The nature of residual stresses in DCIP can arise by two ways: first, residual stress 
remain in DCIP after manufacturing and processing treatment (hot and cold working 
process). Second, residual stress induced in practical application, i.e., applying the 
external loading (pressure or thermal loading) that was sufficient to yield the pipe and 
localized plastic region, if the load is removed elastic occurs and leaving the residual 
stresses in material. 

Karsten M. [2] studied the ductile iron container under static and dynamic loading 
conditions to determine the material fracture toughness using three-point bent specimen. 
Komatsu S. et. al. [3] studied embrittlement in ductile iron material contact with water 
and effect in fracture toughness.  G. S. Schajer [4] developed a new method to calculate 
residual stress using finite element method. 

In this paper, a 2D elastic-plastic FEM and SINTAP (Structural Integrity 
Assessment Procedure for European Industry) Procedure employing residual stress are 
applied to evaluate the structural integrity of DCIP by drawing failure assessment 
diagram. The results obtained are compared with those obtained from experiment using 
neutron diffraction technique. As a result the residual stresses accelerated the radial 
crack growth in DCIP and increased the stress intensity factor values. 

 

DCIP Properties and Dimensions 

Fig.1 shows a ductile iron pipe photograph used for transmission of petrol, has the 
following dimensions and elastic properties [5]: 

Normally length =  216''  (5.48 m) 

 1R  = 19.15''  (486.41 mm) 

 2R =  18.64''     (473.456 mm)  

 t  =  0.51''      (12.954 mm)  
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2/169 mGNE = ,  2/414 mMNu =σ   

2/276 mMNy =σ ,  3/7100 mkg=ρ   

 29.0=ν  ,      m.MPa50KIC ≥  

 
Figure 1: DCIP used in petrol transmissions [5]. 

 

Residual Stresses Analysis 

Residual stresses may be determined by three methods: analytical (i.e., the local 
strain approach), computational with finite element method, and experimental (the most 
common used). 

Fig.2, shows DCIP having inner radius R1 and outer radius R2,  subjected  to  an 
internal pressure .801 MPaP = , to produce yielding of radius pR . The radial elastic stress 

(σRe) and hoop elastic stresses (σHe) in elastic zone as functions of the radial position 
according to [6]: 
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The plastic radial and hoop stresses in plastic zone were calculated using the following 
equations [6]: 






















−−= 2

2

2

15.0
R
R

R
RIn p

p
yRp σσ    (4) 






















−−+= 2

2

2

15.01
R
R

R
RIn p

p
yHp σσ   (5) 

 

 

 

 

 

 

 

 

 

Figure 2: Ductile iron pipe under pressure loading. 
 

According to pressure technology association code of practice the plastic zone 
extends to the geometrical mean radius   21RR  [7]. 
 

Neutron Diffraction Technique 

Neutrons subatomic particles found as part of the nucleus of almost all atoms. The 
helium atom has two neutrons and two protons in its nucleus; the carbon atom nucleus 
has six neutrons and six protons, while the iron atom has 36 neutrons and 20 protons [8]. 

Since neutrons penetrate readily into most materials, neutron diffraction has 
become a well established method for non-distractively measuring residual stresses in 
engineering component. This technique sends a beam of neutrons into a crystalline 
material. Fig.3 illustrates the basic principle of diffraction from single set of lattice 
plane. In neutron diffraction method a neutron beam of constant wavelength of the 
incident beam λ  is diffracted through a scatting angle θ2 . The spacing d between 
atomic planes in the lattice is then calculated according to Bragg's law [9]: 

θλ sin2d=    (6) 

Ri Ro Rp 

P1 
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The lattice residual strain is a functional change on the lattice spacing with 
reference to the stress free lattice spacing od , i.e., 

o

o

d
dd −

=ε    (7) 

The measurement arrangement shown in Fig.4 is used to take radial and 
circumferential residual strain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

 
 
 
 
 
 
 

Figure 4: Measurement of residual stresses using neutron diffraction method. 

 

Figure 3: Neutron diffraction.
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SINTAP-Procedure 

The SINTAP (structural integrity assessment procedure for European industry) 
Procedure offers a good approach to draw failure assessment diagram FAD, which is 
given as follows [10]: 

The basic equation of SINTAP-FAD route: 

)( rr LfK =    (8) 

 With rK  being  
.mat

T

K
K

 and rL  being the applied load normalized by the limit load. 

The function  )( rLf  is given as: 
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The Luders strain is estimated from an empirical correlation:  
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The strain-hardening exponent is determined on conservative empirical basis: 
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 The plastic collapse load is defined as: 
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The initial values of J-applied (Ji–material) can be calculated from the following 
relation: 

2
. )]([ −

−= rmatei LfJJ       (10) 
 

Stress Intensity Factor and Residual Stress   

The presence of crack in DCIP reduces the strength because the stresses and strains 
are highly magnified at the crack tip. The use of parameter to describe the local stresses 
and strains magnification at crack tip is important to evaluate structural integrity. This 
parameter is called stress intensity factor KI. KI defines the stress field near crack tip and 
provides fundamental information on how the crack is going to propagate. Residual 
stresses influence on the values of  KI. For linear elastic fracture mechanics TI KK = can 
be calculated without residual stresses effect, and then for elastic-plastic analysis the 
effect of residual stresses can be employed, i.e., TIres KK =  can be calculated  under 
pressure loading conditions [8]. 

The finite element method (FEM) simulation of a preloaded DCIP was chosen as a 
test case with the accuracy of various methods to determine the stress intensity factor 
with residual and without residual stress. Fig.5 shows finite element meshes by using 9-
nodes two dimensional isoperimetric element. The total number of elements is 400 
elements with 1194 nodes was used for analysis.  

The value of J-Integral in elastic portion for a pipe having radial crack and for plain 
strain condition is given by [11]:  

 2
I
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=   (11)  

The elastic-plastic J-Integral equation for two dimensional problems is: 
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Figure 5: Finite element division, 9-nodes element and integral path. 
 

Appendix contains procedure used in elastic-plastic analysis which is used to 
determine the residual stresses. 

 

Results and Discussion 
Fig.6 and Fig.7 show the tangential and radial residual stresses distribution 

calculated using analytical method, finite element method and neutron diffraction 
method. The results are plotted against radius. As illustrated the data obtained from 
analytical and FEM is a good agreement with the experiment data. The residual stresses 
have the same distribution in the two cases simulation and experiment. The tangential 
residual stresses show compressive and tensile stress region, the minimum at inner 
radius, and the increase through thickness. It is noted that the tensile radial residual stress 
is larger then the compressive one. The transition of compression to tension for radial 
and hoop residual stresses occurs at the same region. 

Fig.8 shows failure  assessment  diagram (FAD)  and  loading curve. The  (FAD) 
getting from drawing the values of (Kr), i.e., the stress intensity factor divided by 
fracture toughness of material and ( rL ), i.e., applied load divided by limit load. From 
this figure, two regions can be seen: stable region (safe) which is defined as the 
conditions of crack growth during which the applied value of (K) for linear elastic 
conditions equals the resistance of material to fracture; and unstable region (unsafe), 
which shows fracture condition to propagate until complete fracture occurs.  
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The point where intersects between failure assessment diagram and loading curve 
give the value of ( rL ) for crack initiation and from this crack initiation plastic pressure 

can be calculated from relation ( rL * Pp). In Fig.6, rL = 0.24  without residual stresses 

and the crack which initiate plastic pressure .88224.0*3675 kPa= , and rL = 0.22 
when taking residual stress and crack initiate plastic pressure is .5.80822.0*3675 kPa=  
From this we can see that the residual stress will reduce the plastic pressure which cause 
to crack initiates. 

Fig.9 shows the J-values in case elastic-plastic is obtained from FEM and SINTAP-
Procedure with and without residual stress. It is clear that the residual stresses will raise 
the values of J-values resulted from increasing stresses. Small difference may appear due 
to different types of calculation. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 6: Tangential residual stress distribution. 

-10

-8

-6

-4

-2

0

2

4

6

8

10

47 47.5 48 48.5 49
Radius (cm)

R
es

id
ua

l s
tre

ss
es

 (M
P

a.
)

Experimental
Analytical
FEM 



Jasim and Ali 

  
176

 

 

 

 

 

 

 

 

 

 

 

 

 

-5

5

15

25

35

45

55

65

47.2 47.8 48.4 49
Radius (cm)

R
es

id
ua

l s
tre

ss
es

 (M
P

a.
) FEM

Experiment
Analytical

Figure 7: Radial residual stress distribution. 

Figure 8: Failure assessment diagram 
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Figure 9: J-values obtained from FEM and SINTAP-Procedure. 
 

Conclusions 
Fracture mechanics is a useful tool for assessing the integrity of DCIP having crack. 

From the discussion above we can conclude the following remarks: 

1-  For the first time in the literature, cross sectional measurement were made of the 
residual stresses in DCIP subjected to pressure loading and the measurement 
compared with analytical and finite element model. 

2-  An increase in the crack length will cause to increase in the J-values,  results from 
increasing stresses on crack tip. 

3- The fracture of DCIP in general is accompanied by a large amount of plasticity result 
from instability crack extension during ductile fracture. 

4-  The relation between J-values and 
yσ

σ  is not linear. 

5-  The residual stress distribution in DCIP is non-linear and not uniform.  
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دنة لأنابيب حديد الزهر الل-على ميكانيكية الانكسار المرنة تأثير الاجهادات المتبقية
تحت تأثير أحمال الضغطالمطاوع   

  

  حيدر هادي جاسم و هيثم عباس علي
  

 ملخص

في هذا البحث، اعتمادا على  طريقة العناصر المحددة والطرق التحليلية تم تحليل ودراسة تأثير 
اللدنة لأنابيب حديد الزهر المطاوع التي تمتلك شقوق -لمرنةالاجهادات المتبقية  في ميكانيكية الانكسار ا

استخدمت طريقة انحراف النيوترونات لقياس الاجهادات المتبقية وتم مقارنة النتائج مع طريقة  .القطرية
المتضمن الاجهادات المتبقية لتقييم التركيب  SINTAPطبقت طريقة . العناصر المحددة والطرق التحليلية

وجد . بيب حديد الزهر المطاوع وتحديد بداية نمو الشق عن طريق رسم مخطط تقيم الفشلالكامل لأنا
نمو الشق يكون . من النتائج أن الاجهادات المتبقية تسرع نمو الشق وتزيد من قيمة معمل شدة الإجهاد

  .بصورة غير مستقرة قبل حصول الانكسار النهائي

شدة الإجهاد، مخطط تقييم الفشل، طريقة العناصر المحددة،  الاجهادات المتبقية، معامل: الكلمات الدالة
  .اللدنة-الشقوق القطرية، ميكانيكية الانكسار المرنة
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Appendix 
 

The procedure used can be simulated by using displacement method as follows   
[12, 13]: 
 

Step 1 

The generalized equilibrium equation for linear situation can be expressed as: 

σBt∫∫∫ Fdv =  (13) 

Step 2 

The whole domain is divided into finite elements, which are connected together by 
specific nodes. Then the displacement vector U  at point (x, y) can be expressed as 
follows: 

∑
=

=
n

1i
ii y)(x,Nuy)(x,U    (14) 

Step 3 

The relation between the applied force acting on the nodes and the nodal 
displacement can be expressed by using what is called element stiffness matrix as 
follows: 

 BdxdyDepep
tBK ∫∫=       (15) 

For elastic-plastic the D-matrix which relates plastic deformation, the increments of 
stress and strain can be expressed as follows: 
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The D-matrix for plain strain elastic is: 

( )( )


















−

−

+−
=

2
2100

01
01

121 ν
ν

νν

νν
ED  

 



Effect of Residual Stresses on Elastic-Plastic Fracture Mechanics of Ductile Cast Iron Pipe under 
Pressure Loading  

 
181

where, 
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Step 4 

The nodal stiffness and nodal loads for each of the elements sharing the same nodes 
are added to each other to obtain the net stiffness and the net load at the specific nodes, 
so the global matrix can be expressed as: 

)(e

ne

1e
KK ep+

=
∑=   (16) 

)(e

ne

1e

PP ep+
=
∑=   (17) 

Step 5 

In this case, a pressure force is assumed to act on n-nodes of surface element, then 
the general expression for pressure force at point ( ηζ , ) is: 

ξdJNPF xixi ∫−=
1

       (18) 

ξdJNPF yiyi ∫+=
1

  (19) 

Step 6 

The overall system of equation of the domain can be written as: 

[ K ]  [ U ]  =  [ F ]   (20) 
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In order to solve the above system of equations, the following boundary conditions are 
applied: 

1-  At loaded nodes the displacement is unknown and the applied force is known. 

2-  At supported nodes the load is unknown and the displacement is known. 
 

Step7 

After applying the two boundary conditions, the system of equations is reduced and 
can be partitioned as: 

upupuuu FUKUK =+     (21) 

ppppupu FUKUK =+         (22) 

 To solve Equations. 21 and 22, the Gauss-elimination solver can be used. 
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Abstract 
Parallel genetic algorithms are very common in the field of evolutionary computing. One of 

the methods for parallelizing genetic algorithms is global parallelization. In this paper we discuss 
how to develop a cost model that can be used for predicting the behavior of a parallel genetic 
algorithm using a structured top down approach. Other metrics such as speedup, efficiency, 
isoefficiency and cost-optimality are also developed.  The parallel genetic algorithm is used for 
solving a non trivial combinatorial problem (TSP) and actual measurements are taken. The cost 
model is used to generate expected performance measurements. The average performance 
prediction accuracy on a parallel machine is around 96.7% for all experiments.  

Keywords:  Parallel processing; Performance prediction; Cost models; Parallel genetic 
algorithms. 

Introduction 
Genetic algorithms (GA) are part of what is called biologically inspired computing 

and were developed by John Holland and his colleagues in 1975 [1]. They mimic natural 
selection and are used for solving search and optimization problems. As we already 
know, weak organisms within their environment can face extinction by natural selection. 
During the mating season the fit organisms can pass their genes to future generations. 
After several  generations, only the fit organisms will survive within an environment and 
they will dominate the entire population. It is possible to develop a computer algorithm 
that simulates natural selection by generating a random set of solutions, let them evolve 
in the hope that only the best (and possibly optimal) solution will dominate the entire 
population after several iterations of reproduction. However, to use a GA successfully it 
is important to find a suitable encoding of the problem parameters into GA strings and 
develop an accurate fitness function. Figure 1 illustrates the pseudo-code of a sequential 
GA. 

It is important to note that recent trends in GA are adding parallelism to the 
behavior of the sequential GA. Hopefully; this will produce better results due to the 
multiple processors in a parallel machine and reduce the total execution time of the 
sequential GA. The well known approaches for parallelizing GAs are [2, 3, 4]: 
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• Island-models: in this model several GAs are executed in parallel on several 
processors (called Islands) where the entire GA population is divided among the 
islands. The islands can have different connection topologies (such as ring, star, 
…etc). Other issues that are related to this model are: replacement strategy, where 
to send, what to send … etc. 

• Global parallelization: in this model a master node is responsible for sending the 
individuals to the workers in order to be evaluated in parallel. All other operations 
such as reproduction and mutation are done on the master node. 

However, parallelism adds an additional difficulty in predicting the behavior of the 
parallelized application. It is important to know whether a parallel version of the GA will 
run in a reasonable time or not. For example, in the global parallelization model, if the 
evaluation of a single individual is less expensive than sending it to a worker then there 
is no point in parallelism. Since GAs can be used for different problems it is expected to 
have different costs for evaluating every individual in the population. Therefore, it is 
important to develop cost models that can be used to give accurate prediction of the 
behavior of the parallel code.  

 
1)  Encode the problem parameters as GA strings  
2)  Develop a fitness functions that can be used to evaluate every string in the 

population  
3)  Select strings for reproduction using a parent selection technique 
4)  Apply crossover and mutation to the selected parents in order to generate 

a new population 
5)  Evaluate the new population and repeat steps 3-5 until a termination 

criteria has been reached 
6)  Decode strings back into problem parameters and report best result found 

Figure 1:  A sequential genetic algorithm. 
[ 

Hence, several approaches have been developed for performance prediction of 
parallel applications such as [5, 6]: analytical models, deterministic complexity analysis 
and probabilistic queuing analysis. Also, other researchers presented performance 
modeling languages such as PAMELA [6]. However, most of these approaches require 
mathematical background (which are sometimes difficult to develop) and considerable 
deviations are observed when compared to the actual measurements.   

The objective of this paper is to show how a cost model can be developed for a 
parallel genetic algorithm using a top down approach. The cost model for performance 
prediction is based on performance profiling [7]. It is important to note that no 
comparison is given to related work since the PGA developed is unique in its features 
and no other cost models for PGAs was found that are similar to the PGA under study. 
The rest of the paper is organized as follows: Section 2 describes the parallel genetic 
algorithm used in this study. The performance cost model is discussed in section 3. 
Section 4 presents and discusses the results. Finally section 5 represents conclusions and 
future works. 
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The Parallel Genetic Algorithm 

Global Parallelization is a widely used technique for parallelizing genetic 
algorithms. We are developing a cost model for a PGA [8] developed by the author of 
this paper. It consists  of  two  parts;  the  root  worker  and  the  secondary workers.  In 
the PGA we are using a modified version of the common process farm [9, 10]. Assume 
there are N nodes in the clusters numbered from 1 to N,  then node number 1 will be the 
root worker and the remaining nodes are secondary workers. The root and the secondary 
workers are described in the following subsections. 

The Root Worker 

Figure 2  illustrates  the  pseudo-code  for  the  root  worker  that  is  going  to  be 
executed only on the root node.  It is called root worker rather than master node as it not 
only controls the behaviour of the processing nodes but also performs work similar to the 
secondary workers.  It is possible for the root worker to process tasks since the common 
communication bottleneck in standard master slave paradigm has been reduced by the 
use of collective communication [11] rather than point to point sends and receives.  

 
R1.    Generate initial population randomly. 
R2.    Evaluate initial population. 
R3.   Apply parent selection operator and generate candidate parents. 
R4.   Divide the single population into equally-sized number of subpopulations. 
R5. Use a scatter operation in order to send to every worker its corresponding 

subpopulation. Keep one subpopulation for local processing. 
R6.    Select and apply crossover operator to the local subpopulation. 
R7.    Select and apply mutation operator to the local subpopulation. 
R8. Decode strings, apply problem-specific heuristics to the local subpopulation 

and encode    strings. 
R9.    Evaluate local subpopulation. 
R10. Use a gather operation in order to collect the new subpopulations from the 

slave workers. 
R11.  Apply an elitism operation on the gathered single population. 
R12.  Repeat steps 3 through 12 until convergence criteria are met. 
R13.  Broadcast Termination message to secondary workers 

Figure 2:  Pseudo-code for the root worker. 
 

The role of the root worker is to generate the initial population where all strings in 
the population are generated randomly according to the representation system used.  
Global parent selection is then carried out where parents are selected from the current 
population.  The parents are divided across all processors evenly.  Each processor 
(secondary worker) will get its corresponding piece of the population.  The root worker 
will then select and a crossover operator and a mutation and apply it to its local 
subpopulation.  After collecting the new subpopulations it will repeat the process until 
the PGA converges.  It is important to note that this framework preserves the behaviour 
of the canonical GA as it performs global selection only on the root worker. 
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The Secondary Workers 

Figure 3 illustrates the pseudo-code for the secondary workers.  This code will be 
executed on all processing nodes except the root node. The role of the secondary 
workers is to receive its corresponding piece of the big population then perform the 
required operators on the population.  The selected crossover and mutation operators will 
be applied to all strings of the worker’s subpopulation. Different workers will use 
different crossover and mutation operators.  Once the termination  message  is  received  
from  root  worker  all  secondary  workers  will stop. 

 
S1.   Receive subpopulation from root worker using a global scatter operation. 
S2.   Select and apply crossover operator to local subpopulation. 
S3.   Select and apply mutation operator to local subpopulation. 
S4. Decode Strings, apply problem-specific heuristic to local subpopulation and 

encode strings. 
S5.   Evaluate subpopulation. 
S6.   Send subpopulation to root worker using a global gather operation. 
S7.  Repeat steps 2 through 7 until a termination message is received from root 

worker. 

Figure 3:  Pseudo-code for the secondary workers. 

The Cost Model 

The cost model for the program needs to take into account the sequential and 
parallel versions. Therefore, a top-level model (similar to the work of [12] but we differ 
in estimating communication time using a different approach) has to be built first and it 
should define the components it comprises. This model is shown below: 









≥
=

=
2
1

PT
PT

T
PGA

SGA
GA

LLL

LLL
  (Eq. 1) 

The sequential version is straight forward. It is simply the computation time 
multiplied by population size (number of individuals) and number of iterations.  

A top level model for the sequential version is given below: 

compSGA TNSNGT **=
  (Eq. 2) 

where, 

• NG : Number of generations (iterations) 

• NS : Number of strings (population size) 

• compT : Execution time for the computation part of the program which include 
parent selection, crossover, mutation, evaluation and problem specific heuristics. 
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Root Worker Secondary Worker 

Tsetup + Tselect 

Tscatter

Tcomp Tcomp 

Tgather  Tgather 

Tscatter

Modeling the Execution Time of the Parallel Genetic Algorithm Code 

To derive a cost model for a parallel genetic algorithm, the PGA's performance 
must be broken down into its principal components [13] with respect to communication 
and computation times involved. Figure 4 shows the PGA components that are relevant 
to the performance model. The components are simply: the selection operation at root 
worker, a scatter operation, the workers and a gather operation. Combining the principal 
components yields a general performance model for the parallel genetic algorithm.  

 

 

 

 

 

Time  

 

 

 

 
 

Figure 4: Parallel genetic algorithm timing relationships. 
 

The PGA execution model is outlined below: 

)][*(* GatherCompScatterSelectSetupPGA TTMaxNSTTNGTT ++++=   (Eq. 3) 

where, 

• PGAT  : Execution time for the application (line R1 through R13 of the pseudo-code 
in Figure 2). 

• SetupT  : Execution time for the generation and evaluation of initial population (lines 
R1 and R2). This time is measured by inserting timing commands before and after 
the setup operation directly in the code. 

• SelectT   : Execution time for the selection operator at the root worker (line R3). 

• ScatterT  : Execution time for the scatter operation (line R5). 

• CompT : Is the computation time for all operators involved at the workers and it has 
to be the maximum computation time among all workers. 
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• kerWorT : Execution time for a worker (line S1 through S6 of the pseudo-code in 
Figure 3). Note that we take the maximum of all workers including the root worker.  

• GatherT  : Execution time for the gather operation (line R10). 
 

Modeling the PGA Computation Components 

To continue building the cost model for the PGA, it is important to look at the 
components that were identified in the previous step. The well known approach for 
estimating the computation time is to measure the time taken to compute one data 
element then multiply this time with the total number of elements. Therefore, the 
computation time can be defined below:  


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evalhhhhmutmutcrosscross
comp

    (Eq. 4) 

where, 

• Tcross the crossover time.  

• Tmut the mutation time.  

• Th1 is time needed to perform heuristic 1. 

• Th2 is the time needed to perform heuristic 2. 

• Teval is the evaluation time. 

• Pcross is the crossover probability. 

• Pmut is the mutation probability. 

• Ph1 is heuristic 1 probability. 

• Ph2 is heuristic 2 probability.  

All probabilities are set by the user and determine how often a given operation will 
be performed over the population strings. 

 

Modeling the PGA Communication Computation 

The last part needed in order to finalize the top-level model for the PGA is to model 
the communication part in the program. In traditional parallel programs it is common to 
use standard send and receive operations. The cost model for such kind of 
communication is simply: 

),(* jisendinitcomm TSizeOfDataTT +=   (Eq. 5) 

where, 
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• :commT Communication time for sending a data structure from one processor to 
another. 

• initT  : Initialization and startup costs due to sending a message. 

• SizeOfData : The total number of bytes in a given data structure. However, this 
requires a flattening operation and its cost to be added to equation 3. 

• ),( jisendT  : Time to send one byte from processor i to processor j. 

However, this is an old model and the PGA under discussion uses a new model for 
communication called collective communication [11] (scatter and gather operations). 
The cost model for the scatter and gather operations is as follows:  

        

lkxyjxixyhxgxyfxexdxycxbyaT

ylxkxyjxixyhxgxyfxexdxycxbyaT

yxgather

yxscatter

+++++++++++=

+++++++++++=
5443322

),(

55443322
),(  (Eq. 6) 

where, 

• Tscatter(x,y): the scatter time 

• Tgather(x,y) is the gather time where x and y stand for number of processors and 
number of genes (cities for TSP problem) in a string respectively.   

It is important to note that this model takes into account the number of processors 
and cities. The only difference between both equations is in the values of coefficients a, 
b … l and A, B ... L (shown in Appendix 1). Curve fitting technique (the lowest sum of 
squared absolute error) was used to generate both equations. Actual communication 
measurements were taken for scatter and gather for different number of processors and 
number of genes in a string (shown in Appendix 2). The results of the measurements 
were used to generate the equations shown previously by finding a curve that fits the 
data.  

Combining the Components 

To get the complete cost model for the PGA we need to substitute the equations for 
computation and communication (Eq. 4 and Eq. 6) in Eq. 3. Hence, 

)
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(Eq. 7) 

where, 

p:  is the number of processors. 

n: is number of genes in the string. 
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a ... l:     are the coefficients for the scatter operation and defined in Appendix 1.1 

A … L:    are the coefficients for the scatter operation and defined in Appendix 1.2 
 

Evaluation 

The parallel genetic algorithm is being tested by solving an NP-complete problem, 
the travelling salesman person (TSP).  The TSP is a well known combinatorial problem 
where a salesman must visit a number of cities exactly once. The aim is to visit all cities 
with the shortest possible tour in order to minimize travel time and cost. The TSP can be 
solved using GA but requires special representation (such as permutation encoding) and 
the fitness function is simply the tour length. However, permutation encoding requires 
specialized crossover and mutation operators.  

The following four  anti-symmetric  TSP instances:  ftv44, ry48p, ft53 and kro124 
were taken from TSPLIB [14] and used as input data to the PGA. The instances have 44, 
48, 53 and 100 cities respectively. For the experiments we ran the PGA for a fixed 
number of generations (5000 iterations) for both the sequential and parallel GA.  All 
experiments were conducted on a distributed memory parallel machine. The Linux boxes 
are connected by a myrinet network (bandwidth of 1 Gbps). Each node has 1 GB of 
RAM and CPU speed of 3GHz. 

Complexity (Asymptotic Analysis) 

The complexity analysis of the PGA can be estimated by finding the complexity of 
all steps involved (lines R3 till R11) in the pseudo-code shown in Figure 2. For brevity 
we do not show the complete code for the different operations used. The complexity of 
the PGA is the complexity of the maximum step among the following operations: 
selection, crossover, mutation, problem heuristics, collective communication and 
evaluation multiplied by number of generations (NG). The complexity of the maximum 
operation depends on the encoded problem and type of operators and heuristics used. In 
this paper, the PGA is used for solving the TSP. Looking at the execution time of the 
different operations used for the TSP (shown in Appendix 3) we can tell that heuristic 2 
has the maximum execution time per iteration. This operator is called the modified Or-
opt heuristic. The operator finds all possible subtours of length 1, 2 and 3 cities. The 
subtour is relocated into all different possible pairs of cities. If the modified tour results 
in a shorter tour then it is taken.  The complexity for this step is )*( 3NNSO  where N 
is number of cities and NS is number of strings. However, in the PGA, the complete 
population is divided among all processors evenly which would result in a complexity 
for the PGA (for useful work) of )*(

3

P
NNSO , where P is the number of processors.  

Also there is a complexity for overhead due to communication and synchronization 
(useless time)which is minimal in the PGA since we are using collective communication. 
From equation 7, the overhead complexity is )*( 5PKO , where K is a constant (very 
small value) and its value is defined in Appendix 1.2. However, for small to reasonable 
number of processors we can tell that the overhead complexity is )log( pO  since the 
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term 5* PK  is determined by the value of K for certain values of p.  Therefore, the 

overall complexity for the PGA is )log*(
3

p
P

NNSO + . 

Predicting Execution Time 
Table 1 shows the measured versus predicted execution time (in seconds). For each 

TSP instance, we report the measured and predicted execution time and the percentage 
error (ABS(measured time - predicted time)/measured time * 100). The predicted 
execution time was evaluated by measuring the execution time for the following 
components (many runs and calculating the average):  

 

T setup  , T select , T cross  ,T mut , Th1, Th2 and T eval  
 

and then substituting their values (shown in Appendix 3) in Eq. 7.  

The average error for ftv44, RY48P, ft53 and kro124 was about 4%, 3.6%, 4.7% 
and 1.8% respectively. This evaluation shows very good correspondence between the 
predicted and measured performance, with an overall average of 96.7% accuracy for all 
experiments. From the results, it is clear that as we double the number of cities in the 
TSP instance accuracy improves due to better prediction in computation costs compared 
with less accuracy in predicting communication costs. This means that for bigger 
number of cities the total execution times depends heavily on computation costs. 
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Predicting Speedup and Efficiency 
In order to predict program speedup (for p processors) we need the following: 

PGA

SGA
p T

TS =  (Eq. 8) 

and to predict efficiency we need the following: 

p
S

E p
p =

     (Eq. 9)  

Table 2 shows the predicted and measured speedup and efficiency. Since both 
performance metrics depend on predicting execution time the error is the same for the 
difference between predicted and measured (not shown for brevity in space). Further 
analysis is needed in order to understand how efficiency behaves as we increase the 
number of processors. This analysis is shown in the next section which is called 
scalability [15] of the PGA. 

Table 2: Actual and Predicted  Speedup and Efficiency of the PGA 
 

# Processors  
TSP Instance 

1 2 3 4 6 8 12 16 24 32 

 ftv44           

Speedup (Measured) 1 1.84 2.71 3.38 4.77 5.97 8.05 9.25 11.72 13.17 

Speedup (Predicted) 1 1.90 2.73 3.47 4.75 5.79 7.38 8.69 11.60 11.96 

Efficiency(Measured) 1 0.92 0.90 0.85 0.80 0.75 0.70 0.58 0.49 0.41 

Efficiency(Predicted) 1 0.95 0.91 0.87 0.79 0.72 0.61 0.54 0.48 0.37 

RY48P           

Speedup (Measured) 1 1.92 2.79 3.57 5.06 6.39 8.28 10.04 12.72 14.52 

Speedup (Predicted) 1 1.91 2.76 3.53 4.88 6.00 7.76 9.23 12.08 13.12 

Efficiency(Measured) 1 0.96 0.93 0.89 0.84 0.80 0.69 0.63 0.53 0.45 

Efficiency(Predicted) 1 0.96 0.92 0.89 0.81 0.75 0.65 0.58 0.50 0.41 

ft53           

Speedup (Measured) 1 1.95 2.71 3.66 5.20 6.54 8.73 10.89 13.97 16.54 

Speedup (Predicted) 1 1.93 2.80 3.61 5.06 6.31 8.35 10.07 13.10 15.03 

Efficiency(Measured) 1 0.97 0.91 0.91 0.87 0.82 0.73 0.68 0.58 0.52 

Efficiency(Predicted) 1 0.96 0.93 0.90 0.84 0.79 0.70 0.63 0.55 0.47 

kro124p           

Speedup (Measured) 1 2.00 3.00 4.00 5.86 7.76 11.36 14.82 21.08 26.48 

Speedup (Predicted) 1 1.99 2.97 3.94 5.85 7.71 11.33 14.80 20.93 28.14 

Efficiency(Measured) 1 1.0 1.0 1.0 0.98 0.97 0.95 0.93 0.88 0.83 

Efficiency(Predicted) 1 1.0 0.99 0.99 0.98 0.96 0.94 0.93 0.87 0.88 
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Isoefficiency Function and Cost-Optimality  
A parallel system can be called scalable [15] if increasing the number of processors 

improves speedup. However, in many parallel systems increasing number of processors 
increases communication overhead and thus efficiency decreases for the same problem 
size. To explain this issue, look at Table 3 that illustrates the relationship between 
efficiency, number of cities (problem size) and number of processors. For example, to 
maintain the same efficiency of 0.92 that we got for 2 processors on 16 processors, the 
number of cities has to increase from 44 cities to 100. To capture this relationship, we 
need to derive the isoefficiency function [16] for the PGA which is a function of p 
(number of processors) that specifies at what rate the problem size should increase in 
order to maintain a fixed efficiency as p increases. 

Table 3: Efficiency as a function of number of cities and number of processors. 
 

     # Processors / 

Problem Size 
(number of cities) 

1 2 3 4 6 8 12 16 24 32 

44 1 0.92 0.90 0.85 0.80 0.75 0.70 0.58 0.49 0.41 

48 1 0.96 0.93 0.89 0.84 0.80 0.69 0.63 0.53 0.45 

53 1 0.97 0.91 0.91 0.87 0.82 0.73 0.68 0.58 0.52 

100 1 1.0 1.0 1.0 0.98 0.97 0.95 0.93 0.88 0.83 
 

Therefore, let us call problem size W and we need to obtain it in terms of p. 
According to work of  Grama et al [16] we have: 

0KTW =         (Eq. 10) 

Where K is a constant and 0T  is overhead (extra synchronization and 
communication time) due to parallelism. As we found earlier in section 4.1 that overhead 
is )log( pO . By substituting this value for 0T  in the equation above we get 

pKW log= . Thus the PGA's isoefficiency is )log( pO . This means that if the 
number of processors increases from p1 to p2, then the problem size must increase by a 
factor of  2log p  / 1log p  to maintain the same efficiency.  For example, the 
efficiency for 44 cities on 2 processors is 0.92. To maintain the same efficiency (or very 
close to it) on 16 processors we need to increase the number of cities (approximately) by 
a factor of 16log  / 2log  at least.  From these findings it is easy to tell that the PGA 
is highly scalable due to the big increase in computational complexity as the number of 
cities increase.  Finally, since the PGA's overhead function 0T  is proportional to the 
problem size W ( 0TW ∝ ) then the PGA is cost-optimal. This means that both the 
overhead function and problem size are of same order of magnitude. 
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Conclusions and Future Work 
We have shown how to develop a cost model for a parallel genetic algorithm using 

a top down approach. The proposed cost model is build on the work of [12] but refines 
collective communication time (scatter and gather operations) using a statistical 
technique thus giving accurate results. The cost model can predict execution time, 
speedup and efficiency of the parallel GA. Also scalability analysis was performed on 
the PGA and the isoefficiency function of PGA was derived. The PGA was used for 
solving an NP-complete problem (TSP). The cost model managed in predicting the 
execution time of the PGA with a high degree of accuracy. This was shown by the 
comparison presented in the previous section where measured and predicted 
performance results were very close. 

The model can be used for predicting other instances of the PGA by profiling new 
operators then substituting their values in the PGA's cost model. For example, using a 
new crossover operator for TSP (such as heuristic crossover) we can profile the code to 
find the execution time then use this value for crossT  in equation 7. 

 In future work, it might be useful to use the PGA for solving other problems and 
then comparing the predicted and measured execution times. Also, the cost model can be 
generalized so that it can be instantiated with machine specific measurements in order to 
allow code and performance portability.  

                                    

    دراسة خاصة، تطوير نموذج كلفة رياضي لخوارزمية تطورية متوازية
  

  محمد حمدان
 

  ملخص
ــبة التطويريـــة    ــائعة جـــداً فـــي مجـــال الحوسـ ــة شـ ــة المتوازيـ أحـــد الطـــرق لعمـــل  . الخوارزميـــات التطوريـ

لـى  في هذا البحث نناقش كيفيـة تطـوير نمـوذج كلفـة قـادر ع     . خوارزميات متوازية هي التوازي العام والشامل
الكفـاءة  ، بالإضافة إلـى ذلـك تـم حسـاب التسـارع     . التنبؤ بالوقت اللازم لتنفيذ الخوارزميات التطورية المتوازية

تـــم اســـتخدام . و العلاقـــة بـــين حجـــم المـــدخلات و عـــدد الأجهـــزة الـــلازم اســـتعمالها لضـــمان ثبـــات الكفـــاءة  
جــول علــى المــدن وتــم اخــذ قياســات  الخوارزميــة التطوريــة المتوازيــة  لحــل مشــكلة معقــدة وهــي التــاجر المت 

كمـا انـه تـم اسـتخدام نمـوذج الكلفـة لأخـذ توقعـات تنفيـذ البرنـامج وتـم إجـراء مقارنـات بـين الفعلـي                .  زمنية
  .كانت النتائج جيدة جداً. والمتوقع
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Appendix 

1.1) Scatter Coefficients 

a = -2.5356980741152359E-03 
b = 3.5601934318949919E-05 
c = 2.1932016914937972E-03 
d = -2.3671410553041224E-05 
e = -5.0650550096365422E-04 
f = 6.0397373823080416E-06 
g = 4.3715156550506253E-05 
h = -5.5072624757863902E-07 
i = -1.5627180944908417E-06 
j = 2.0295379666027604E-08 
k = 1.9584336192415114E-08 
l = -2.5895496896198499E-10 

 

1.2) Gather Coefficients 

A = -5.2319102532543127E-03 
B = 1.0532617362743685E-04 
C = 1.2161969673944654E-03 
D = -7.6702342538823164E-06 
E = -2.2058125479655470E-04 
F = 2.2344587618615297E-06 
G = 2.1337874246005737E-05 
H = -2.4815030053933053E-07 
I = -9.6194183876231694E-07 
J = 1.2135860946673076E-08 
K = 1.4938238325674878E-08 
L = -1.9868119079954172E-10 
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2)  The actual measurements used for developing the equations for the scatter and 
gather communication. For each operation we have taken actual execution time for 
a different number of processors and cities.  

 Processors\Cities 48 100

 2 0.00055 0.000983

Scatter 4 0.000898 0.001274

 8 0.000438 0.001761

 16 0.000347 0.000649

 24 0.000368 0.000612

 32 0.000377 0.000833

    

 Processors\Cities 48 100

Gather 2 0.001136 0.006187

 4 0.001914 0.00698

 8 0.002804 0.008166

 16 0.00379 0.010301

 24 0.002342 0.013897

 32 0.003201 0.007117
 

3)  The actual measurements for 21,,,,, hhmutcrossselectsetup TTTTTT  and  evalT   in 
seconds for kro124p are (in the evaluation of the model the measurements had to be 
taken for every single TSP instance): 

setupT   = 0.03048026 

selectT   = 0.00696298 

crossT   = 0.000020863  

mutT    = 0.00000270851 

1hT     = 0.00000455932 

2hT     = 0.036798219 

evalT    = 0.0000014233 
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Abstract 
The paper illustrates an improved approach for passage information retrieval with Arabic text 

collection based on overlapping window passages which divides the documents into a fixed 
number of words (window size) starts from the first term in the document to a number of passages. 
To solve the content splitting into more than one passage problem, we have used the half-
overlapping technique which divides the documents into passages of n words (window size) every 
n/2 word. Series of experiments have been conducted to evaluate the proposed approach. The tests 
show that significant retrieval results with half-overlapping window than the overlapping window 
in different window sizes. Also it gave superior results than the conventional retrieval.  

Keywords: Arabic Language; Passages; Passage retrieval; Overlapping; Half-
overlapping. 

Introduction 
We have seen a tremendous growth in the volume of online text documents 

available on the Internet, digital libraries, news sources and company-wide intranets. It 
has been forecasted that these documents along with other unstructured data will become 
the predominant data type stored online [10]. Textual format is an especially flexible 
way to describe and store different kinds of information; huge amounts of information 
are stored and spread as text. Furthermore, the amount of reachable textual data has been 
increasing quickly. Such data is likely to contain a great amount of knowledge. On the 
other hand, analyzing vast amounts of textual data needs a tremendous amount of work 
in reading all of the text and arranging the content. Therefore, the growth in accessible 
textual data has caused an information flood in spite of hope of becoming 
knowledgeable about different topics.  

There is a growing need today for systems that are capable of locating information 
in texts not running into the gigabytes but which should show very high precision and 
recall and which should furthermore allow arbitrarily phrased questions. Moreover they 
should be able to cope with documents written in syntactically unrestricted natural 
language whereas the domain of the texts is normally quite restricted [1]. The use of 
document passages like a basic unit of information, to calculate the relevance of a 
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document to a question, improves the results of the information retrieval (IR) systems 
sensibly. However, IR community has not arrived to consent about how to define those 
text passages so that the system can improve the efficiency [7]. To reduce the work in 
handling huge amounts of textual data, various technologies have been developed, and 
the features of some document-handling technologies are classified in Table 1 [9]. 

 

Table 1: Comparison of document-handling technologies 
 

Function Purpose Technology 
Data 

Representation 
 

Natural 
Language 
Processing 

Output 

Search 
documents 

Focus on data 
related to some 
specific topics 

Information 
retrieval 

Character 
strings, 
keywords 

 

Keyword 
extraction 
(conversio
n to base 
 forms) 

A set of 
 documents 

Organize 
documents 

 

Overview of 
 topics 

Clustering, 
classification 

 

Set of keywords 
(Vector Space 
 Model) 

Analysis of 
keyword 
distribution 

Sets 
(clusters) of 
documents 

Discover 
knowledge 

Extract 
interesting 
information 
from content 

NLP, data 
 mining, 
visualization 

Semantic 
concepts 

Semantic 
analysis, 
intention 
analysis 

Digested 
information 
(trend 
patterns, 
association 
rules, etc.) 

 

Information retrieval technology is probably the most common technology to use 
when faced with a very large number of documents. The term “text mining” (or “text 
data mining”) is sometimes used to indicate this technology because it detects and 
extracts documents that are wanted from mountains of documents, and it allows to select 
data related to some specific topics that we are interested in so that the amount of data 
we have to handle is reduced without losing the information we want. However, we have 
to specify what we want in the form of a query in order to use this technology. Thus, the 
use of this technology is limited when we do not have a clear intention about what to 
search for and knowledge of what can be retrieved from the database we are searching. 
Moreover, even when we have some specific topics to search for and successfully make 
some queries, the output we obtain is a list of documents that we still have to read to find 
the information, unless we are simply interested in such data as the number of 
documents that contain specific keywords or character strings. Document organization 
technology can give us an overview of a document archive, either by classifying 
documents into predefined classes or by clustering documents with similar contents, 
where similarity is defined by the system. By using this technology, we can find out 
what kind of topics is contained in the document archive and the sizes of the classes or 
clusters for each topic. The term “text mining” is also used to indicate this technology, 
because it may break up and organize mountains of documents. Yet we still have to read 
each document in the class or the cluster that we want to analyze for details [9]. Much 
information can be found in online stores of unstructured text, and little effort has been 
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done to deal with the crisis of finding attractive and relevant information from these 
stores of data. Application of information retrieval on large unstructured data is to realize 
or extract relevant documents from this data. 

The paper illustrates an improved approach for passage information retrieval with 
Arabic text collection based on overlapping window passages which divides the 
documents into a fixed number of words (window size) starts from the first term in the 
document to a number of passages. We use the half-overlapping technique which divides 
the documents into passages of n words (window size) every n/2 word, to solve the 
problem of content splitting into more than one passage. Series of experiments have been 
conducted to evaluate the proposed approach.  
 

Previous Studies 

In terms of knowledge extraction, many kinds of knowledge can be extracted from 
textual data, such as linguistic knowledge for Natural in a new approach that applies the 
concept of a passage to web text mining. In this approach a single web text document is 
considered as several passages, instead of a single text. To investigate the effectiveness 
of the approach, web documents taken from the internet are used. As a preliminary 
experiment, the influence of using passages on the construction of association rules by 
comparing with a version that does not use passages [12]. IR-n, an information retrieval 
system based on the selection of passages of variable size as a basic unit of information, 
in the monolingual (Spanish) and bilingual (Spanish-English) tasks at CLEF-2001 [7]. 
As the results demonstrate, use of groups of sentences like basic text unit for the measure 
of the similarity between questions and documents in the environment of a IR systems, 
has been revealed as a very effective technique. Nevertheless it is possible that the 
selection of the appropriate size of passage depends on the type of documents collected. 
In bilingual task (La Times) a considerable improvement was obtained when using the 
Passage Retrieval techniques, but this improvement is small when working with the 
document collection in monolingual task [7]. 

Manually constructed dictionaries of words with stemming information are in 
surprisingly wide use.  Al-Karachi and Evens worked with small text collections, for 
which they manually built dictionaries of roots and stems for each word to be indexed. 
Tim Buckwalter developed a set of lexicons of Arabic stems, prefixes, and suffixes, with 
truth tables indicating legal combinations. The BBN group used this table-based 
stemmer in TREC-2001 [6]. Several morphological analyzers have been developed for 
Arabic but few have received a standard IR evaluation.  Such analyzers find the root, or 
any number of possible roots for each word.  In addition, some attempt a more complete 
grammatical analysis of the word.  A morphological analyzer developed by Kareem 
Darwish was used by some of the TREC participants in 2001. Published comparisons of 
stems vs. roots for information retrieval have  claimed  that  roots  are  superior  to  
stems,  based  on  small, non-standard  test  sets. Recent work at TREC found no 
consistent differences between roots and stems [6]. 
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Light Stemming (LS) is considered a non-aggressive stemmer. This approach is 
mainly based on suffix and prefix removal and normalization. The LS algorithm 
significantly outperforms the root algorithm. An 87.4% and 24.1% increase in average 
precision over the Arabic surface form and root algorithm, respectively was noticed. The 
root algorithm stems the surface form to a base form from which the word variants are 
derived. Many word variants with different semantics interpretation are based on an 
identical root. Therefore, the over-stemming of the root algorithm resulted in a 
deterioration of the retrieval performance as compared to the LS algorithm [2]. In [13] 
for passage retrieval they found that using a fixed window size of 50 gave the best 
results for the TREC 5 and 6 test collection. This yielded a significant improvement of 
24% compared to using the whole document retrieval score. However, combining the 
retrieval score for this window size and the whole-document retrieval score did not yield 
a retrieval improvement. Identifying the highest window score for each document (for 
windows varying from 50 to 400 words), and adopting it as the document retrieval score 
yielded a retrieval improvement of about 5% compared with using the fixed window size 
of 50 words. It was observed that different window sizes worked best for different 
queries. If we could select the best window size for each query, the maximum retrieval 
improvement that could be obtained over the baseline (taking the whole-document 
retrieval score) was 42%. However, we have not found an effective way of predicting 
which window size would give the best results for each query [13].  
 

Proposed System Methodology 

A ranked IR system returns documents in order of their relevance to a query. Such a 
system may be viewed as consisting of three components: text normalization, indexing 
and matching. Text normalization includes the usual operations of processing any 
markup and removing punctuation, to result in a stream of words, which is further 
processed via the operations of stopping and stemming. Stopping involves deleting those 
words in the query or document which are viewed as playing no semantic role. Such 
words include function words and words that commonly prefix queries (e.g., “what”, 
“find”). Stemming involves mapping related words to a common root form by 
automatically stripping off affixes. Although morphological decomposition methods 
may be used for this operation, consistently good results have been obtained by using 
simple, rule-based approaches, such as the commonly used Porter stemming algorithm 
for suffix stripping (Porter 1980). After these operations, we may regard the document as 
having been processed into a stream of indexing terms. Efficient algorithms and data 
structures may be used to index a document collection, to enable rapid retrieval of 
documents containing query words. The key data structure for this operation is an 
inverted or index file; computationally efficient compression schemes, such as variable-
byte coding of integers, may be used to compress inverted files while still enabling 
random access. The objective of a ranked IR system is to order a document collection by 
the probability of relevance to the query. Evaluation may be carried out in terms of 
precision and recall, relative to the relevance assessments made by the user who 
submitted the query. A recall-precision curve can be generated, which may be 
summarized into a single average precision value which is approximately the area under 
this curve [11]. 
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Stop Words Removal and Stemming 

Stop words are words found in every text, but have no relevant meaning (i.e. 
whether we remove or keep these words does not affect the general meaning of the text). 
However, in information retrieval operations the presence of these words leads to 
slowing down the program and giving inaccurate results, because they will be treated as 
complete words, therefore these words must first be removed from the document then 
the program can be run. In this research, stop words are removed from all documents and 
queries alike using the stemming algorithm presented in [15]. The most important 
benefit against elimination of stop words is that, it reduces the size of storage needed to 
store the index term structure dramatically. In fact, it is typical to obtain a compression 
in the size of the indexing structure of 40% or more solely with the elimination of stop 
words; elimination of stop words might reduce recall [3]. It was interesting that 
removing stop words had a significantly positive effect for stemmed Arabic, but not for 
unstemmed Arabic [6,14]. Stemming is one of several tools used in information retrieval 
to stand against the lexical mismatch trouble, in which query words do not match 
document words.  Stemmers match or mismatch certain alternative forms of the same 
word, for example similar to (book, books) and (work, works, worked, working…).  In 
Arabic, English and many other languages, stemming is principally a process of affix 
(prefix and postfix) removal. Such stemmers do not distinguish between irregular forms 
like (go, went) and (drink, drank). Stemming is used to get a better performance in 
information retrieval application, usually by a slight degree and is considered to support 
recall more than precision. 

Stemmers are generally tailored for each specific language.  Their  design  requires  
some  linguistic  expertise  in  the  language  and  an understanding  of  the  needs  of  
information  retrieval.    Stemmers  have  been  developed  for  a  wide  range  of  
languages  including Malay, Latin, Indonesian, Swedish, Dutch, German,  French, 
Slovene and Turkish. The effectiveness of stemming across languages is varied and 
influenced by many factors.  A reasonable summary is that stemming doesn’t  hurt  
retrieval;  it  either  makes  little  difference  or  it  improves   performance  by  a  small  
amount. Stemming appears to improve effectiveness more for highly inflected languages 
and when queries and/or documents are short [6]. The basis of the light stemmer consists 
of several rounds that attempt to locate and strip out the most frequent prefixes and 
suffixes. The light stemming algorithm mainly processes the affixes of inflectional 
morphology that are typically associated with the syntax, and have relatively little 
influence on the word senses. 

 

Passages Definition 

The basic idea of a passage is that the document is divided into a number of 
paragraphs. These paragraphs are different in terms of number and length of words; the 
documents also contain a different number of paragraphs each with a different length. 
Documents sometimes talk about more than one subject, and the size of the document 
usually varies and is very large, therefore in the search process the search for a specific 
subject is carried out, in this case the related document retrieved, containing the desired 
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topic, is sometimes very large. However what if the wanted topic is contained in a 
document that also has within it a number of other topics and the desired topic is at the 
end of the document? In this case the user usually reads the beginning of the document 
and takes the document as non relevant even though it is relevant. 

A passage is a chunk of contiguous text belonging to a larger text. Passages are 
usually sentences, or sequences or sentences identified by punctuation marks, such as 
full stop, or semi colons. As another approach, they may be represented by windows of a 
fixed number of words. The passage helps us avoid the difficulties due to biasing 
documents of different lengths (i.e., document-length normalization problem), and 
enables identification of short blocks of relevant material amongst otherwise irrelevant 
text [12]. Passage retrieval techniques have been extensively used in standard IR 
settings, and have proven effective for document retrieval when documents are long or 
when there are topic changes within a document, thus making it an appealing candidate 
for the present work. Second, from an IR system user’s standpoint, it may be more 
desirable that the relevant section of a document is presented to the user than the entire 
document [14]. 

The proposal of systems of IR that value the relevance of the documents in function 
of the relevance of the fragments or passages that forms them, where each passage is a 
group of contiguous text inside the document. This approach denominated passage 
retrieval, (PR), allows that the calculation of similarity is not affected excessively by the 
size of the document and can determine with more precision the part of the document 
that is more relevant to the question (It’s very important when the document has a great 
size) [7]. Unlike traditional text documents, web documents are varied in their content, 
and even within a single document (or a web page) there may be several topics involved. 
Therefore, as done in previous works, treating a document as a single unit may not be 
suitable. To solve this problem, the concept of a so-called passage is useful. In the past, 
the importance of a passage was organized by researchers who worked on text analysis, 
including information retrieval. In this field, when the stored document texts are long, 
the retrieval of complete documents may not be in the users’ best interest. In such 
circumstances, efficient and effective retrieval results may be obtained by using passage 
retrieval strategies designed to retrieve text excerpts of varying size in response to 
statement of user interest. It is intuitively meaningful if a single long Web document is 
viewed as several passages, instead of treating the document as a single document 
because the document may be heterogeneous in its content. There is still a problem that a 
document, especially a web document, may not include a single topic and can be viewed 
as a sequence of different contents, called passages. In the area of information retrieval, 
this problem is solved by utilizing the concept of passage [12]. 

Sometimes the techniques of IR are also used to retrieve individual passages of 
documents (one or more sentences, paragraphs). In such cases the number of search 
terms found in a given sentence, together with their density (in terms of closeness in a 
sentence), is used to find relevant sentences [1]. Systems that use technical of PR are 
more complex than systems of traditional IR. First, because they require store a more 
quantity of information for each one of the terms in the document (usually the position 
that occupies in the document) and in second place, that the number necessary 
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calculations to evaluate the relevance of each one of the passages of the document is 
higher. Nevertheless, evaluations carried out in other works reflect that the increment of 
complexity is rewarded with better results [7]. 
 

Passage Overlapping  

This research investigated whether information retrieval can be improved if 
documents are divided into smaller subdocuments or passages, and the retrieval score for 
these passages incorporated in the final retrieval score for the whole document. The 
approach taken was to segment the passages by extracting a fixed number of contiguous 
words from the whole document. The process can be viewed as using a window of a 
certain size (i.e., number of words) that slides through the whole document. Each time 
the window stops, it displays or extracts a certain number of contiguous words in the 
document. A retrieval score was calculated for each of the passages extracted, and the 
highest score obtained by a passage of that size was taken as the document’s “window 
score” for that window size. A range of window sizes were tried. For a particular query, 
a set of retrieval scores were calculated for each document: the whole-document retrieval 
score and one score for each window size.  

In the experiments with passage retrieval, each document was segmented into 
overlapping passages of a fixed number of words by “sliding” a window of a particular 
size across the document. We shall refer to these passages as “window passages”. 
Adjacent window passages overlap by 50%, i.e., the middle of the current window 
becomes the origin of the next window. For each passage extracted from the document, a 
retrieval score was calculated for the passage using the same method as that used for 
calculating the whole-document retrieval score. A vector was thus constructed to 
represent the passage. For a particular window size, the window passage with the highest 
retrieval score in the document was taken as the document’s passage-level score for that 
window size. 

Window passages discourse and semantic passages are based on the assumption 
that there is a single “good” organization of the information in a document. The 
difference between the two approaches is whether the writer is trusted to reveal that 
organization. However, what if there is no single division of a document into passages 
that is appropriate for all queries? Passages based on fixed-length windows appear 
initially to have even more problems, because they impose a single division of text into 
passages, and because they are more likely to divide relevant text among different 
passages. However, both of these problems are solved easily. The solution adopted for 
INQUERY was to begin the first passage in a document at the first term matching the 
query, creating new passages of length n every n/2 words [5]. The choice of passage size 
and type is somewhat problematic. Documents may be divided into three types of 
passage: discourse, window, or semantic. Discourse passages are those defined by the 
author (e.g. sentences, paragraphs, and sections). 
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Passage Size  

Both discourse passages and window passages were tested, as it was not apparent in 
advance which type would perform better. Only one discourse passage index was 
created, as paragraphs are the only discourse passages that occur consistently in CSTR 
documents. Simple bounding heuristics were used in order to reduce the variation in 
paragraph size. Short paragraphs (<50 words) were appended onto the start of the 
following paragraph. Originally, it was also intended to divide large paragraphs. In 
practice this was found to slightly worsen search results, presumably because the 
paragraphs were divided arbitrarily, rather than by content. Since very large paragraphs 
are not common in the CSTR, the heuristic for paragraph splitting was removed.  

Window passages are more flexible than discourse passages, in that they can be of 
any size, and they can be overlapped in order to reduce the likelihood of relevant text 
being split by a passage boundary. In fact, if a good window size is chosen, window 
passages may perform far better than discourse passages. The difficulty lies in choosing 
a window size that will work well with the collection. Only a few window sizes could be 
tested in this experiment; the process of manually assessing the results for recall and 
precision proved too time-consuming to permit a larger number of indexes to be 
thoroughly tested. 

A possible contributing factor to the unusual index performance results lies in the 
term weighting methodology used (the tf*idf function to assign term weights). During 
the indexing process, the term weights were assigned after the documents were 
partitioned into passages; in other words, passages were treated as if they were separate 
documents in determining the term weights. The effect of this may be to reduce the 
resolving power of certain terms (the degree to which the terms may distinguish relevant 
from irrelevant documents). For instance, consider two terms i and j, of which there are 
50 instances of each in the collection. Term i appears in only one document, but there are 
numerous instances of i in the document. Term j appears in a number of documents, but 
there are only one or two instances of j per document. Term i will then have a much 
higher resolving power than j. However, if the collection is broken up into small 
passages before term weights are applied, it is likely that there will be only one or two 
instances of term i per passage. Since the indexing system treats the passages as separate 
entities, it will regard terms i and j as essentially similar in resolving power; both occur 
once or twice in roughly the same number of passages. As the most highly-weighted 
terms will be those that occur repeatedly within particular documents, then the effect of 
passage-level indexing will be to distribute these terms throughout multiple passages, 
consequently reducing their weight. The effect of this tendency towards homogenization 
of the term weights is likely to have been deterimental to the performance of the 
passage-level indexes. 
 

Passage Calculations 

The similarity measures used by the proposed system differs from traditional 
information retrieval systems, so the system calculates the similarity between a passage 
P and the user query Q in the following way: 



Improved Approach for Passage Retrieval Based on Half-overlapping Window Applied to Arabic 
Documents  

 
209

sim (Q, P) = ∑tЄQ^P (wQ, t. wP, t) 

where, 

wQ, t = freqq,t . loge(N-freqt / freqt) 

wP,t = 1 + loge(1 + loge(freqp,t + 1)), 

and where freqY,t is the number of frequency of term t in the passage or in the question 
Y, N is the total number of documents in the collection, and freqt is the number of 
different documents that contain term t, loge(x) is the natural log of the term x. 

The system calculates the similarity measures of the document based on the best 
passage similarity measure in the following way: 

sim(Q, D) = maxpiЄD  sim(Q, Pi) 

In this paper, we used large Arabic text files (about 60 files); every one of these 
files contains a number of passages. These documents talk about several subjects such as 
politics, economics, computer, etc. We encountered many problems in obtaining these 
files from different domains. Our major problem was that we couldn’t find an 
appropriate corpus on which to run our program, so we had to endure the annoying and 
time consuming task of creating our own corpus, coupled also with our limited 
knowledge of standard corpus rules. 

 

Experimental Results and Discussion 
We have implemented an approach called passage information retrieval based on 

half-overlapping window using Arabic documents along with some of the simple tests, 
we have  measured its usefulness; we also found that the using of index term stem 
increases the power of retrieval. It appears that all stemmers index term significantly 
perform better than no stemming at all. This come from the fact that Arabic is a highly 
inflected language; thus, the stemming will group the huge variety of word forms into 
smaller conflation classes. The standard measures of recall and precision for standard IR 
systems are based on experts’ relevant judgment concerning the relevance of entire 
documents. 

Series of experiments have been conducted to evaluate the proposed approach. 
Standard Arabic test collection is used in the experiments to facilitate the comparison 
between results. The tests show that significant retrieval results with half-overlapping 
window than the overlapping window and conventional retrieval system in different 
window sizes. For window size 10, it can be seen that the precision and recall 
measurement of the half-overlapping window show better performance compared with 
full-overlapping window (Fig.1). For a window size of 20, it can be seen that the 
precision and recall measurement of the half-overlapping window show small difference 
in performance compared with full-overlapping (Fig.2). However, for a window size of 
30, it can be seen that the precision and recall measurement of the half-overlapping 
window show almost the same performance compared with full-overlapping (Fig.3). For 



Ghwanmeh 

  
210

all experiments, the results showed significant difference in performance for half-
overlapping and full overlapping compared with the conventional retrieval system. 
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Figure 1: Comparison between half-overlapping and overlapping passage retrieval for 

window size 10. 
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Figure 2: Comparison between half-overlapping and overlapping passage retrieval for 

window size 20. 
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Window Size 30
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Figure 3: Comparison between half-overlapping and overlapping passage retrieval for 

window size 30. 
 

Conclusion 
An enhanced scheme for passage information retrieval with Arabic text collection 

based on overlapping window passages has been presented. The proposed scheme 
divides the documents into a fixed number of words (window size) starts from the first 
term in the document to a number of passages. To solve the content splitting into more 
than one passage problem, we used the half-overlapping technique which divides the 
documents into passages of n words (window size) every n/2 word. Series of 
experiments have been conducted to evaluate the proposed approach. The tests show that 
significant retrieval results with half-overlapping window than the overlapping window 
in different window sizes. In conclusion, the results showed significant difference in 
performance for half-overlapping and full overlapping compared with the conventional 
retrieval system. 



Ghwanmeh 

  
212

 :النصفي- تقاطعللتنقيب عن النص باستخدام الشباك الم ةمتطور ةطريق

  ةالعربي ةعلى اللغخوارزمية تطبيق ب
  

  سامح غوانمه

  

 ملخص

تعتمد . النصفي - باستخدام الشباك المتقاطع ةالعربي ةللتقيب عن النص باللغ ةجديد ةيقدم البحث آلي
من الجزء الاول في  اًبدء) مقاس الشباك(على تقسيم النص الى عدد محدد من الكلمات  ةالجديد ةالالي
من الفقرات، تم توظيف  ةولحل مشكلة تقسيم النص الى مجموع. بكل فقرات النص الكامل ص وانتهاءًالن

 ةتم فحص الالي. الى فقرات كل منها بمقاس ن ةالية التقاطع النصفي والتي من خلالها يتم تقسيم الوثيق
النصفي -المتقاطعلشباك بكفائة ا اًواضح اًوالتي بينت فرق ةمن التجارب العملي ةمن خلال سلسل ةالجديد
في  ةالتقليدي ةمع الشباك المتقاطع الكلي وبينت النتائج كذلك ان كلا الطريقتين افضل من الطريق مقارنة
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Abstract 
Encryption is the process of translating data into a secret code. This paper is intended to 

introduce a new approach for encryption that uses DUAL languages; Arabic and English. It uses 
all the Arabic characters for encrypting English messages and vice versa. A pseudo random 
generator is used to generate unique integer numbers to represent each character in Arabic. The 
same numbers are used again, after sorting them, to represent the English characters in such a 
away that each character in Arabic will match another in English. The conclusions indicate the 
efficiency of this system according to security and time performance.  

Keywords:  Pseudo random generator; Encryption; Decryption; Arabic characters; 
RSA; Sorting algorithm. 

Introduction 
"Computer security" refers to techniques employed to ensure that the stored data 

cannot be accessed or compromised except by authorized individuals. Most security 
measures involve data encryption and passwords. Data encryption is the translation of 
data into a form that is intelligible only through a specific deciphering mechanism. 
Encryption is the most effective way to achieve data security [1, 2, 3]. 

Cryptography is the art of protecting information by transforming (encrypting) it 
into an unreadable format called ciphertext. Only those who possess a secret "key" can 
decipher (or decrypt) the message into a plain text. Although modern cryptography 
techniques are virtually unbreakable; encrypted messages can still be broken by 
cryptanalysis (referred to as codebreaking).  As the Internet and other forms of electronic 
communication became more prevalent, electronic security has become increasingly 
important [1, 2, 3, 4]. 

DUAL language encryption system (shortly DUAL encryption system) encrypts 
any English message using Arabic characters and their diacritics and vice versa. Each 
Arabic character is associated with an integer number produced by pseudo random 
generator which has four factors: a, b, m, and x0. Each English character is assigned to 
one of these numbers after sorting them using an efficient sorting algorithm. After this 
phase, each number produced by the generator is assigned, in some way, twice: one for 
an Arabic character and another for an English one. This means that each number will 
associate between two characters; the first one in Arabic and the other in English. In the 
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encryption process of an English message, for example, each English character in the 
message is encrypted into an Arabic character according to the integer number 
associated with it. The decryption process is performed in the same way. 

Literature Review  

To improve the security level, some researchers worked on improving the 
encryption algorithms, others implemented new ones, while a third group studied and 
compared different encryption algorithms to select the most efficient one. Some of the 
previous studies that show and analyze new methodologies and improve old ones in 
different fields and applications are discussed below. But it is important to note that 
these studies similar with ours in trying to improve the security level of encryption 
process but they differ from our system in methodology and analysis. 

• Kwok-Wo Wong, Sun-Wah Ho, and Ching-Ki Yung modified the chaotic 
cryptographic scheme so as to reduce the length of the ciphertext to a size slightly 
longer than that of the original message. Moreover, they introduced a session key in 
the cryptographic scheme so that the length of the ciphertext for a given message is 
not fixed [5]. 

• Kwok-Wo Wong extended the chaotic cryptographic scheme so that it can perform 
both encryption and hashing to produce the ciphertext as well as the hash value for 
a given message. He analyzed the collision resistance of the proposed hashing 
approach [6]. 

• H. S. Kwok and Wallace K. S. Tang proposed a fast chaos-based image encryption 
system with a stream cipher structure. The proposed keystream generator did not 
only achieve a very fast throughput, but also passed the statistical tests of an up-to-
date test suite even under quantization [7]. 

• Jun Wei, Xiaofeng Liao, Kwok-wo Wong, and Tao Xiang proposed a new chaotic 
cryptosystem. Instead of simply mixing the chaotic signal of the proposed chaotic 
cryptosystem with the ciphertext, a noise-like variable is utilized to govern the 
encryption and decryption processes. This adds a statistical sense to the new 
cryptosystem [8]. 

• Rastislav Lukac and Konstantinos N. Plataniotis introduced and analyzed a new 
secret sharing scheme capable of protecting image data coded with B bits per pixel. 
The proposed input-agnostic encryption solution generates B-bit shares by 
combining bit -level decomposition / stacking with a {k, n} -threshold sharing 
strategy. They achieved perfect reconstruction by performing decryption through 
simple logical operations at the decomposed bit-levels without the need for any 
postprocessing operations [9]. 

• Chang-Doo Lee, Bong-Jun Choi, and Kyoo-Seok Park proposed a block encryption 
algorithm which is designed for each encryption key value to be applied to each 
round block with a different value. This algorithm needs a short processing time in 
encryption and decryption, has a high intensity, and can apply to electronic 
commerce and various applications of data protection [10]. 
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• Timothy E. Lindquist, Mohamed Diarra, and Bruce R. Millard presented an 
implementation of a One-Time Pad as a Java Cryptography Architecture (JCA) 
service provider, and demonstrated its usefulness on Palm devices [3]. 

• Kaoru Kurosawa and Yvo Desmedt show that a key encapsulation mechanism 
(KEM) does not have to be IND-CCA secure in the construction of hybrid 
encryption schemes, as was previously believed. They present a more efficient 
hybrid encryption scheme than Shoup by using a KEM which is not necessarily 
IND-CCA secure. Nevertheless, their scheme is secure in the sense of IND-CCA 
under the DDH assumption in the standard model [1].  

• Mark G. Simkin discusses five encryption techniques: transposition ciphers, cyclic 
substitution ciphers, Vigenere ciphers, exclusive OR ciphers, and permutation 
ciphers. Accompanying these discussions are explanations of how instructors can 
demonstrate these techniques with spreadsheet models [11]. 

• K. Verma, Mayank Dave and R. C. Joshi presented a cryptanalysis method based 
on Genetic Algorithm and Tabu Search to break a Mono-Alphabetic Substitution 
Cipher in Adhoc networks. They have also compared and analyzed the 
performance of these algorithms in automated attacks on Mono-alphabetic 
Substitution Cipher. As a result they concluded that the use of Tabu search is 
largely an unexplored area in the field of Cryptanalysis and a generalized version of 
these algorithms can be used for attacking other ciphers as well [12]. 

Dual Language Encryption System 

DUAL encryption system introduces new methodology in encryption and 
decryption. This methodology is summarized in the following steps: 

1. A set of all Arabic characters and their diacritics are encoded alphabetically in 
array using pseudo random generator. In this step, each Arabic character is 
assigned a unique number. 

2. Each English character is assigned to one of the numbers generated in step 1 after 
sorting them using any efficient sorting algorithm. The English characters and their 
corresponding numbers are stored alphabetically in array. 

3. As a result of constructing the Arabic and English arrays, each number produced by 
the pseudo random generator is assigned to two characters: one character in the 
Arabic array and the other character in the English array. These two characters, that 
have the same number, are the encryption forms to each other. 

4. Any message written in English can be encrypted using Arabic characters by 
dividing the message into characters and then matching and substituting each 
character in the message with its corresponding character in the Arabic array that 
has the same number, or vice versa. 

5. The encrypted message and the encrypted factors of the pseudo random generator 
are sent to the receiver. 
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6. The Arabic and English arrays are built again by the receiver using the same 
pseudo random generator factors (after decrypting them). According to these two 
ordered arrays, the receiver decrypts the message in the same way in which it was 
encrypted. 

Pseudo Random Generator 

Pseudo random generator has four factors that determine the set of numbers 
produced by it. These factors are a, b, m, and x0. The most popular recursion formula for 
the pseudo random generator is [13]: 

Xn+1 = aXn + b (mod m), for n > = 0 

where a, b, and m are fixed integer constants and x0, which is called the seed, represents 
the first integer number in the series. So, starting from x0, the formula gives rise to a 
sequence of integers between 0 and m-1. The maximum number of different integers that 
could be produced by a pseudo random generator is m. For example, suppose x0 = 89,    
a = 1573, b = 19, and m = 103, then: 

X1 = 1573 * 89 +19 (mod 103) = 16, and 

X2 = 1573 * 16 +19 (mod 103) = 187, and so on. 

It is very important to note that using the same factors (a, b, m, and x0) generates 
the same set (X1, X2, …, Xn). The operation of division by m is most efficiently done if 
m = rk for some positive integer k. For most computers, this entails setting m = 2k, where 
k is selected so that m is large and the numbers involved are within the accuracy of the 
machine. The pseudo random generator can produce no more than m different numbers 
before the cycle repeats itself again and again. 

To obtain maximum cycle length m, the following relations must hold: 

1. b and m have no common factors other than 1. 

2. (a – 1) is a multiple of every prime number that divides m. 

3. (a – 1) is a multiple of 4 if m is a multiple of 4. 

These relations are satisfied if m = 2k, a = 4c + 1, b odd, and c, b, and k positive 
integers.[13]. 

Constructing the Arabic Array 

In this phase, the pseudo random generator is used to generate a set of random 
numbers and then assign each random number produced to one of the Arabic characters.  

In the Arabic array, all shapes of the Arabic letters and diacritics are used and 
stored in alphabetical order. Storing the Arabic characters in alphabetical order is very 
important in the decryption process as will be explained in section 10. For each Arabic 
letter, three shapes are used: the shape of the letter at the beginning of the word, the 
shape of the letter in the middle of the word, and the shape of the letter at the end of the 
word. For example, the Arabic letter ع, has three shapes: عـ at the beginning of the word, 
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 at the end of the word. All kinds of diacritics are used ع in the middle of the word, and ــعـ

also ( ٍ  ُ  ْ  ً َ   ٌ  ).  
Each Arabic character is assigned a unique random number produced by pseudo 

random generator. Table 1 shows a subset of the Arabic array. 
 

Table 1: Arabic array 
 

ج ث ت ة ب ا … ز ر ذ د خ ح … س
… 21 56 45 32 5 8 29 48 53 24 13 0 37 …

Because the number of characters in Arabic language is differ than the number of 
characters in English language, we have used addition characters in other language like 
Chinese to make the number of characters in the two languages equivalent. This was 
accomplished by a build-in function in C sharp. 

Constructing The English Array 

In this phase, the numbers that are produced by the pseudo random generator for 
building the Arabic array are sorted in ascending order using any efficient sorting 
algorithm. Then, they are assigned to the ordered English characters. The English 
characters and the numbers assigned to them are stored alphabetically in an array.    
Table 2 shows a subset of the English array. 

 

Table 2: English array 
 

A B C D E F G H I J K L M … 
0 5 8 13 21 24 29 32 37 45 48 53 56 … 

 

The Encryption Process 

Any message written in either language (English or Arabic) can be encrypted using 
other language characters by dividing the message into characters then matching and 
substituting each character in the message with its corresponding character in the other 
array that is holding the same number, or vice versa. 

Now, after the construction of Arabic and English arrays, any English text could be 
encrypted into Arabic characters by matching between the English character and the 
Arabic character that has the same number. The encryption of any English character is 
the Arabic one that has the same number associated with that character. The reverse is 
also possible; any Arabic text could be encrypted into English characters by dividing the 
text into characters and matching each Arabic character and English character that has 
the same number. The encryption of any Arabic character is the English one that holds 
the same number associated with that character. 
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Example 

For example, according to figures 1 and 2, the Arabic message خرجت is encrypted 
by DUAL system to KDCH, because the Arabic letter خ is associated with the random 
number 48 in the Arabic array which is, in turn, associated with the letter K in the 
English array. The Arabic letter ر is associated with the random number 13 in the Arabic 
array which is, in turn, associated with the letter D in the English array. Also the Arabic 
letter ج is associated with the random number 8 in the Arabic array which is, in turn, 
associated with the letter C in the English array. Finally, the Arabic letter ت is associated 
with the random number 32 in the Arabic array which is, in turn, associated with the 
letter H in the English array. However, as it was previously explained, the reverse is 
possible. For example, the English message CHILD is encrypted by DUAL system to  ج

ر ت س  because the English letter C is associated with the random number 8 in the 
English array which is, in turn, associated with the letter ج in the Arabic array. The 
English letter H is associated with the random number 32 in the English array which is, 
in turn, associated with the letter ت in the Arabic array. Also the English letter I is 
associated with the random number 37 in the English array which is, in turn, associated 
with the letter س in the Arabic array. Finally, the English letter D is associated with the 
random number 13 in the English array which is, in turn, associated with the letter ر  in 
the Arabic array. 

The Sending Process 

In this phase, the sender sends the encrypted message, English or Arabic, to the 
receiver. He also sends the pseudo random generator factors: a, b, and m to the receiver 
after encrypting them using RSA algorithm [2, 14]. The last factor of pseudo random 
generator, the seed x0, could be arranged by an agreement between the parties to increase 
the security of DUAL system. 

Since the three factors a, b, and m could be attacked by a brute force method, the 
seed x0 must remain a secret between the parties. As such, it is very difficult to be 
attacked. Some examples on agreement between the parties are: x0 is the birthday of the 
sender’s mother, x0 the time of the nuclear bombing of Hiroshima and Nagasaki, or any 
other agreement. 

Encrypting only three pseudo random generator factors by RSA takes very little 
time compared with encrypting and decrypting the entire message by RSA. This 
increases the performance of DUAL system and reduces the encryption and decryption 
time. 
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Fig. 1 shows the system flow diagram for phase 1; encryption phase.  

 
 

 
Figure 1:  System Flow Diagram-Phase 1 (Encryption Phase). 

The Decryption Process 

In this phase, the receiver receives only the encrypted message and the encrypted 
three pseudo random generator factors: a, b, and m. The seed x0 is known to the receiver 
by an agreement between him and the sender.  

The steps of the decryption process are as follows:      

1. The three factors: a, b, and m are decrypted by RSA algorithm and then used 
with the seed x0 to rebuild the Arabic array by using the same generator to 
produce the same numbers that were produced in the encryption process.  
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2. The Arabic characters are stored in alphabetical order in the Arabic array before 
assigning them the random numbers. This is very important to ensure building 
the same Arabic array in the encryption process. 

3. The random numbers are sequentially assigned to the Arabic characters that are 
stored in the ordered Arabic array. 

4. The receiver sorts the numbers that are produced by the pseudo random 
generator and assigns them to the ordered English characters to ensure building 
the same English array in the encryption process. 

5. Finally, the receiver retrieves the random numbers associated with each 
character in the encrypted message in one of the arrays (according to the 
language of the original message) and matches them with the same numbers in 
the other array. The characters associated with these numbers in the other array 
are the decryption of the encrypted message characters. 

There remains only one problem regarding how the receiver could know the 
language of the encrypted message that has been received, especially if the message is a 
mix of Arabic and English characters. To solve this problem, the receiver must check the 
language for every encrypted character in the cipher text, if it is Arabic then the original 
character in the plain text is English and he must match this character with a character in 
the English array. But, if it is English then the original character in the plain text is 
Arabic and he must match this character with another character in the Arabic array. 
However, special characters that are common between English and Arabic are 
considered English if they occur between English characters, and considered Arabic if 
they occur between Arabic characters.  

The receiver can check the language of any character by checking its ASCII code. 




