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Characterization of Hot Mix Asphalt Using the Dynamic Modulus
and Wheel Tracking Testing
I. Hafeez1*, M.A. Kamal1 and M. Mahir2
1

Department of Civil Engineering, University of Engineering & Technology, Taxila, Pakistan
2
University of Engineering & Technology, Taxila, Pakistan
Abstract: Pavement engineers have been facing the challenges of rutting being the premature asphalt
pavement failure especially in hot climatic regions of Pakistan. Researchers have reported that the dynamic
modulus test best characterizes asphalt material and can be used as a good index to address asphalt failures.
This study is focused on investigating the rutting potential of asphalt concrete mixtures using the dynamic
modulus and wheel tracker testing. Two mixtures treated with hydrated lime at1.5% by the aggregate
weight and three mixtures without hydrated lime were designed. The neat (without hydrated lime) mixtures
contained three polymer modified asphalt binders, namely PG58-16, PG64-22 and PG70-22. Two mixtures
treated with hydrated lime were prepared using PG58-16 and PG64-22. Study reveals that polymer
modified asphalt mixtures yielded low rutting and high dynamic modulus values under extreme
temperature and load frequencies. Also, relationships exist between the rut depth factor and rutting factor.
Rutting factor better distinguishes the mixtures than |E*| alone.
Keywords: Asphalt, rutting, dynamic modulus, wheel tracker

1. INTRODUCTION
Complex shear modulus (E*) is a complex number
that defines the relationship between a stress and
strain for a linear viscoelastic asphaltic materials,
while dynamic modulus (|E*|) is the complex
shear modulus calculated by dividing the
maximum peak to peak stress by the recoverable
peak to peak axial strain for an asphaltic material
subjected to sinusoidal loading [1]. The dynamic
shear modulus (|E*|) has been known to
researchers since the 1960s [2]. Dynamic modulus
(|E*|) is the absolute value of the modulus from a
viscoelastic material like asphalt concrete. The
dynamic modulus of a viscoelastic test is a
response developed under sinusoidal loading
conditions [3]. Hot mix asphalt (HMA) mixture
susceptibility to resist permanent deformation
(rutting) can be characterized by using the
dynamic modulus test results at different
temperatures and loading frequencies. Two
parameters can be obtained from this test: the

dynamic modulus |E*| and the phase angle () [4].
The phase angle is an indicator of the viscous and
elastic properties of asphalt [5].
Witczak et al [6] conducted a detailed study on
rutting and fatigue performance of superpave
asphalt mixtures and found that volumetric
properties of mix, loading and temperature
conditions are the contributing parameters that
defined two kinds of distresses namely permanent
deformation and fatigue cracking in the asphalt
layer of road pavements. The rutting factor, a
parameter to measure rutting characteristics of
asphalt mixtures, is defined as |E*|/sinφ, where φ
indicates the phase angle at a particular frequency
and temperature [7].
According to Bahia et al [8] the theoretical
basis of using a rutting stiffness factor |E*| /sin
relates to the assumption that it gives better
protection against rutting at high temperatures than
the modulus alone. In the case of binder
specification, two binders can have the same
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modulus value, but one may be more rut resistant,
if it has a larger elastic component [9]. The
Superpave binder specification has a minimum
value for the |G*|/sin(δ) for rutting [10]. Hence, a
high complex modulus value and low phase angle
are both desirable [9]. For hot mix asphalt
mixtures to be rut resistant and exhibit higher
stiffness necessitates a higher dynamic modulus
value and a lower phase angle. Therefore, the |E*|
/sin() has been used as a rut indicator to evaluate
the mixture’s resistance to rutting at high
temperatures. Higher rutting factor value indicates
a mixture’s greater resistance to asphalt cement
permanent deformation [3].
The present work is an attempt to provide a
relationship of asphalt mix properties and its
performance by which various asphalt concrete
mixtures can be compared and their expected
performance can be assessed using the dynamic
modulus and wheel tracking test. Rutting potential
of asphalt mixtures using the wheel tracking
machine have been determined and results were
correlated with dynamic modulus test data.

following relationship developed by Bonaquist et
al [12]:

G*  1 
η=


10  sin  

4.8628

(1)

This model is known as the “WitczakBonaquist Model” and is capable of predicting
viscosity from shear modulus and phase angle.
Fig. 1a and 1b show the plot of complex shear
modulus and viscosity. It has been observed that
PG64-22 has higher shear modulus values at 25
and 40°C than PG 58-22, & PG 70-22, whereas
PG70-22 exhibits the higher shear modulus at
55°C. PG70-22 exhibits higher viscosity (η) values
at all temperatures compared to the other two
binders. A summary of comparison between shear
modulus and viscosity has been reported in Table
1. The viscosity calculated based on the above
model characterizes the asphalt binders better than
shear modulus alone, specifically for stiff binders.
This has been attributed to the fact that this model

2. EXPERIMENTAL WORK
The
experimental
work
comprises
of
characterizing the basic materials used in the
asphalt mixture followed by asphalt mixtures
design. Two kind of testing procedures have been
adopted to evaluate asphalt mixture performance
against rutting.
2.1. Asphalt Binder Characterization
Three performance grade (PG) asphalt binders, PG
58-16, PG64-22, and PG70-22 were used in this
study. The upper numbers (58, 64 & 70) indicate
that these binders qualify for average seven days
temperature determined on Dynamic Shear
Rheometer (DSR). The lower numbers (-16 & -22)
indicate that these binders qualify minimum
pavement design temperatures determined at
bending beam rheometer (BBR) under aged
conditions [11]. Applying DSR, the shear modulus
(G*) and phase angle of binders were determined
at an angular frequency of 10 radian/second and at
three temperatures i.e., 25, 40 and 55°C. The
viscosity (η) of the asphalt binders and its
variation with temperatures were computed using

Fig. 1a. Typical trends of complex shear modulus
with temperature.

Fig. 1b. Typical trends of viscosity with temperature.
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Table 1. Comparison of shear modulus and viscosity of asphalt binders.
Temperature
(oC)

Shear Modulus
(G*)
PG 58-16
PG 64-22

PG 70-22

Viscosity of asphalt binders
(η)
PG 58-16
PG 64-22
PG 70-22

25

562

1550

1175

115947

230095

331363

40

37.4

75

59.8

4107

9133

10292

55

3.21

6.55

8.42

324

699

1122

includes the phase angle which represents the
viscous behavior of the asphalt binder. According
to Huang and Zeng, [13], viscosity determined
from complex shear modulus and phase angle is an
indicator of visco-elastic properties of asphalt
binders that helps in predicting it’s rutting and
fatigue resistance. According to Bari and Witczak,
[14] viscosity determined from the above model
takes into account the loading frequency applied
on the binder while accurately predicting the
viscosity at a specific temperature.

hydrated lime were prepared using PG58-22 and
PG64-22. The mixture treated with hydrated lime
has lower asphalt binder content than untreated
mixes (Table 2). This has been attributed to the
fact that hydrated lime acts as the extender, which
in turn increases the binder film thickness.
Hydrated lime increases binder film thickness by
enhancing viscosity of the binder and improving
the binder cohesion. This leads the asphalt cement
to coat the aggregate particles with a thicker film
and results in a reduction of mixture segregation
[16].

2.2. Asphalt Mixture Design

Bari and Witczak [14] reported that hydrated
lime-modified HMA mixtures had a higher
dynamic modulus values than the unmodified
mixtures. The hydrated lime also improves the
stiffness characteristics and performance of HMA
mixtures besides serving as a good filler and antistripping agent. Atud et al. [17] evaluated the
laboratory performance-based properties (moisture
damage and rutting resistance) of lime modified
asphalt mixture in comparison to the polymer

Asphalt mixtures were designed in accordance
with Superpave method of Mix Design [15] using
a single aggregate gradation as shown in Fig. 2.
Five asphalt mixtures were prepared; three without
hydrated lime and two treated with hydrated lime
at 1.5% by weight of aggregate in Table 2. The
untreated mixtures contained three asphalt binders,
namely PG58-22, PG64-22 and PG70-22 (polymer
modified asphalt). The two mixtures treated with

Fig. 2. Typical trends of aggregate gradation.
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Table 2. Properties of asphalt concrete mixtures.
Sr.
No.

Mix
designation

Binder
type

Mix type

Asphalt
content
(%)

Voids in mineral
aggregates (%)

Voids filled
with
asphalt (%)

Dust/effective
bitumen
percentage

1

SPM58

PG58-16

Untreated

4.4

14

71

1.2

2

SPM64

PG64-22

Untreated

4.5

15

73

1.1

3

SPM70

PG70-22

Untreated

4.4

15

73

1.2

4

SPM58HL

PG58-16

Treated

4.0

12

66

1.6

5

SPM64HL

PG64-22

Treated

4.1

13

69

1.5

modified asphalt mixture. The results indicated
that hydrated lime significantly improved both the
moisture damage and rutting resistance of mixture,
whereas the polymer improved the rutting
resistance only. While comparing two different
methods of adding lime, the authors reported that
the application of hydrated lime directly in the
asphalt binder (wet process) was more effective
and economical method to improve the
performance of HMA mixture to resist moisture
damage and rutting. Kabir [18] evaluated the
laboratory performance of lime modified
Superpave mixtures and concluded that the
addition of hydrated lime generally brought higher
stiffness in HMA mixtures which in turn improved
the permanent deformation characteristics in
asphalt pavements and at low and intermediate
temperatures
it
increased
the
potential
susceptibility to fatigue.
2.3. Specimens
Conditions

Preparation

and

Testing

The Dynamic modulus testing requires a 150 mm
high by 100 mm diameter specimen, for a target
air void content in total mix of 7±0.5%, cored
from 170 mm high by 150 mm diameter specimen
[1]. This is typical of the air void percentage in
mixtures when they are placed in the field. A
sinusoidal compressive stress wave was applied to
test specimens at 25, 40 and 55°C with loading
frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz [1].
Roller compactor was used to compact square
slab specimens, 305x305mm of asphalt mixes.
Wheel tracking test was applied on slab specimens
for 18000 passes at 40°C and 55°C. Standard
conditions of 720N load were applied on
compacted confined slab specimens [19]. The
wheel tracking machine typically measures the rut,
created by repeated passage of a wheel over

prismatic asphalt concrete samples. It was used to
assess the resistance to rutting of the asphaltic
material, under standard defined conditions of load
and temperature. The rut resistance can be
quantified as the rate of rutting during the test or
the rut depth at the conclusion of the test,
measured with linear variable displacement
transducers (LVDT) [20].
3. RESULTS AND DISCUSSION
Results were computed from the data sheets of
dynamic modulus and wheel tracking test and
relationship have been established between the
mix parmeters and performance indicators.
3.1. Using |E*| as Asphalt Cement Rutting
Indicator
The rutting factor and |E*| were analyzed at high
temperatures as 40 and 55°C and frequency of 5Hz
& 0.5 Hz as shown in Fig. 3. These frequency
levels correspond to intermediate and low traffic
speeds, respectively [21]. Fig. 3 shows that the
dynamic modulus and rutting factor have similar
trends at 5Hz, but Fig. 4 shows that when
comparing the mixes on the basis of |E*| alone at
0.5 Hz, mix SPM64 has slightly higher |E*| than
SPM70, while the rutting factor of SPM70 has
higher value than SPM64. It can also be observed
that the SPM70 mixture showed more resistance to
rutting mainly due to the asphalt binder type
(PG70) which has the highest viscosity and G* at
55°C compared to the other asphalt binders in this
study. Both SPM58 and SPM58HL mixtures
exhibit the same |E*| values, but SPM58 showed
higher rutting factor than SPM58HL. It shows that
both the |E*| and rutting factor follow the same
trend, but exhibits different values of mixtures
under different conditions. It may be due to the
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fact that the rutting factor is phase angle
dependent.

Fig. 3. Typical trends of dynamic modulus and
rutting factor at 5Hz.

Fig. 4. Typical trends of dynamic modulus and
rutting Factor at 0.5Hz.

3.2. Performance Evaluation of Mixtures by
the Wheel Tracking Machine
The wheel tracking machine typically measures
the rut, created by repeated passage of a wheel
over prismatic asphalt concrete samples. Since the
rutting factor (|E*|/sin ) was determined at 40 and
55ºC,the mixtures were tested at this temperature
under the wheel tracker in order to find out
whether the performance of the mixtures would
follow a similar trend to that observed through the
rutting factor. Fig. 5 presents the rut depth of the
mixtures considered. It was worth mentioning here
that the general ranking by wheel tracker machine
and rutting factor were similar. Figure 5 shows
minimum influence of temperature on rut depth
development in mixture SPM70. Also, SPM60
mixture with and without hydrated lime produced
equal percentage change in rut depth with increase
in temperature. Mixture SPM 58 showed
minimum resistance to rut at 40 and 55oC.

Fig. 5. Typical trends of rut depth of mixes under
the wheel tracking machine.
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3.3. Correlation between Rutting Factor and
Rut Depth
Following correlation between the rut depth
measured from wheel tracker and the rutting factor
from the dynamic modulus test were determined at
40 and 55oC and at frequency of 5 and 0.5 Hz.
At 40oC & Rut Factor = -142.5
R2 =0.710
5 Hz
(rut depth)+3723
o
At 55 C & Rut Factor = -65.59
R2 =0.895
5 Hz
(rut depth)+1512
At 40oC & Rut Factor = -96.85
R2 =0.863
5 Hz
(rut depth)+1914
At 55oC & Rut Factor = -49.75
R2 =0.769
5 Hz
(rut depth)+1171
General trends of above correlations have been
shown in Fig. 6. Plots show that strong
relationship (R2 >0.7) exists between the rut depth
measured from the wheel tracking machine and
the rutting factor computed from the dynamic
modulus testing. Also, with increase in
temperature from 40 to 55oC, slope of best fit line
reduces gradually. This indicates low rutting factor
values at low frequency of 0.5 Hz and high
temperature of 55oC.

 The
rutting
factor
(E*/sin)
better
distinguished the mixtures than |E*| alone due
to viscous component and phase angle.
SPM70 mixtures with polymer modified bitumen
showed least influence of on rut depth with an
increase in temperature. Rut depth increased by
20% with an increase in temperature from 40 to
55oC.
5.
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PAPR Reduction in 4G Cellular Network: A SLM-based IFDMA
Uplink System
Imran Baig* and Varun Jeoti
Electrical and Electronic Engineering Department,
Universiti Teknologi PETRONAS, Tronoh, 31750, Perak, Malaysia
Abstract: This paper presents a selected-mapping (SLM) based peak-to-average power ratio (PAPR)
reduction technique for the interleaved single carrier frequency division multiple access (IFDMA) uplink
system. The SLM is a distortionless technique as it selects the transmit signal with low PAPR from a set of
alternative signals representing the same information. Extensive matlab simulations have been carried out
to validate the proposed idea. At the clip rate of
with user’s subcarriers
, system’s subcarriers
and dissimilar phase sequences
: the PAPR gain of the proposed SLM based IFDMA
system is 6.8 dB and 2.3 dB when compared with those of conventional interleaved OFDMA uplink
systems and the conventional IFDMA uplink systems respectively, for the QPSK modulation.
Keywords: Selected mapping (SLM); peak-to-average power reduction (PAPR); interleaved single carrier
frequency division multiple access (IFDMA)

1. INTRODUCTION
Single carrier frequency division multiple access
(SC-FDMA) has been adopted for the uplink
communications in release 8 LTE [1]. SC-FDMA
utilizes single carrier modulation with frequency
domain equalization (FDE) at the receiver. The
main advantage of using SC-FDMA over the
orthogonal frequency division multiple access
(OFDMA) is its low peak-to-average power ratio
(PAPR). However, the SC-FDMA uplink system
has still PAPR problem.
The literature is replicated with the selectedmapping (SLM) and its different variants for peakto-average power ratio (PAPR) reduction. SLM
based orthogonal frequency division multiplexing
(OFDM) [2], SLM based precoded OFDM [3],
SLM based OFDMA [4], SLM based precoded
OFDMA [5] and SLM based multicarrier code
division multiple access (MC-CDMA) [6]
respectively, are most popular. There is still room
for SLM implementations with the SC-FDMA
uplink systems to reduce the PAPR. Therefore, in
this paper we study the SLM based interleaved

SC-FDMA (IFDMA) uplink system with reduced
PAPR.
2. SINGLE CARRIER SYSTEM (SC-FDMA)
Fig. 1 illustrates the block diagram of SC-FDMA
uplink systems [7]. In SC-FDMA uplink systems,
the baseband modulated symbols are passed
through serial-to-parallel (S/P) converter which
generates complex vector of size M as X = [X0, X1,
X2… XM-1]T. After discrete Fourier transform (DFT)
precoding and N subcarrier mapping to the X, we
T
get
. The complex
baseband IFDMA uplink signal with M user
subcarriers and N system subcarriers can be
written as follows:=
(1)
where, j=
, n = 0,1,2...N-1,
is
modulated signal on subcarrier m for kth user and
users index
.
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where, N : System sub-carriers
M : User sub-carriers
Q : Sub-channels/Users (Q = N/L)

Fig.1. General Block diagram of Single Carrier
System [7].
3. PROPOSED MODEL
Fig. 2 shows the block diagram of the proposed
SLM-IFDMA uplink system. Suppose the
data stream after S/P conversion is
, and each data block is
multiplied by V dissimilar phase sequences, each
length equal to M,
v= 1, 2…V), which results in the altered data
blocks. Let us denote the altered data block for the
vth phase sequence is given by
,
where
.
Then, these altered data blocks are passed
through the DFT precoder, which transforms this
complex vector into new vector of same length L
that can be written as
and the
can be written as
follows:=

Fig. 2. Precoding based SLM-IFDMA uplink
system.

The kth subcarrier of each group is assigned to
the kth user with index set {(k), (Q+k) … ((M-1)
Q+k)}, where
. Suppose the
kth user is assigned to subchannel (k) then the
complex baseband SLM-IFDMA uplink signal for
kth user can be written as follows:=

(2)

where,
means DFT precoding matrix of mth
th
row and l column. Equation (2) represents the
DFT precoded constellations signal. Then the subcarrier mapping of this precoded signal is done in
interleaved-mode. Mathematically the sub-carrier
mapping in interleaved-mode for SLM-IFDMA
uplink systems can be done as follows:-

(3)

(4)
is modulated signal on sub-carrier
for
user. The complex passband signal of the
IFDMA uplink system in (4) after root-raisedcosine (RRC) pulse shaping can be written as
follows:=

(5)

where
pulse,

is carrier frequency,
is baseband
, is symbol duration is seconds.
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is compressed symbol duration after IFFT. The
RRC pulse shaping filter can be defined as
follows:-

(6)
0
≤ 1, where is rolloff factor. The PAPR of
IFDMA uplink signal in (5) with RRC pulse
shaping can be written as:(7)

The SLM technique needs
(dissimilar phase
sequences) IFFT operations and the information
bits required as side information for each data
block is
. SLM technique is applicable for
any number of sub-carriers and all types of
modulation techniques. The PAPR reduction for
SLM technique depends on the number of phase
sequences
and the output data with lowest
PAPR is selected by the transmitter for
transmissions.
4. SIMULATION RESULTS
Extensive simulations in MATLAB® version
7.6.0.324 (R2008a) have been carried out to
evaluate the performance of the proposed SLMIFDMA system. We evaluate the performance of
the proposed system for
. To show
the PAPR analysis of the proposed system, the
data is generated randomly then modulated by
QPSK or 16-QAM or 64-QAM respectively. We
evaluate the PAPR statistically by using
complementary cumulative distribution function
(CCDF). The CCDF of the PAPR for IFDMA
uplink signal is used to express the probability of
exceeding a given threshold PAPR0
We compare the simulation results of the
proposed system with the conventional interleaved
OFDMA uplink system, the conventional IFDMA
uplink system respectively. All the simulations
have been performed based on the 105 random
data blocks. Simulation parameters that we use
are given in the following Table 1 as:-

Table 1. System parameters.
Channel bandwidth
Oversampling factor

5 MHz
4

User sub-carriers

M = 16

System Sub-carriers

N = 512

Precoding

DFT

Modulation

QPSK, 16-QAM, 64-QAM

Data blocks/ dissimilar phase
sequences

V = 4, 8 and 16

Subcarrier mapping mode of
SC-FDMA

Interleaved

RRC Pulse shaping factor

Fig. 3 shows the CCDF comparisons of PAPR
for the conventional interleaved OFDMA uplink
system, the conventional IFDMA uplink system,
the SLM based IFDMA uplink system with
,
the SLM based IFDMA uplink system with
and the SLM based IFDMA uplink system with
respectively. At clip rate of
, the
PAPR of the conventional interleaved OFDMA
uplink system, the conventional IFDMA uplink
system, the SLM based IFDMA uplink system
with
, the SLM based IFDMA uplink system
with
and the SLM based IFDMA uplink
system with
is reduced to 9.9 dB, 5.4 dB,
4 dB, 3.5 dB and 3.1 dB respectively, for
and
using QPSK modulation.
Fig. 4 shows the CCDF comparisons of PAPR
for the conventional interleaved OFDMA uplink
system, the conventional IFDMA uplink system,
the SLM based IFDMA uplink system with
,
the SLM based IFDMA uplink system with
and the SLM based IFDMA uplink system with
respectively. At clip rate of
, the
PAPR of the conventional interleaved OFDMA
uplink system, the conventional IFDMA uplink
system, the SLM based IFDMA uplink system
with
, the SLM based IFDMA uplink system
with
and the SLM based IFDMA uplink
system with
is reduced to 9.9 dB, 5.4 dB,
4 dB, 3.5 dB and 3.1 dB respectively, for
and
using 16-QAM modulation.
Fig. 5 shows the CCDF comparisons of PAPR
for the conventional interleaved OFDMA uplink
system, the conventional IFDMA uplink system,
the SLM based IFDMA uplink system with
,
the SLM based IFDMA uplink system with
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Fig. 3. CCDF comparison of PAPR of the conventional Interleaved
OFDMA uplink system, the conventional IFDMA uplink system and the
SLM based IFDMA uplink system with V = 4,8,16 respectively using
QPSK modulation.

Fig. 4. CCDF comparison of PAPR of the conventional Interleaved
OFDMA uplink system, the conventional IFDMA uplink system and the
SLM based IFDMA uplink system with V = 4,8,16 respectively using 16QAM modulation.
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Fig. 5. CCDF comparison of PAPR of the conventional Interleaved
OFDMA uplink system, the conventional IFDMA uplink system and the
SLM based IFDMA uplink system with V = 4,8,16 respectively using 64QAM modulation.

and the SLM based IFDMA uplink system with
respectively. At clip rate of
, the
PAPR of the conventional interleaved OFDMA
uplink system, the conventional IFDMA uplink
system, the SLM based IFDMA uplink system
with
, the SLM based IFDMA uplink system
with
and the SLM based IFDMA uplink
system with
is reduced to 9.9 dB, 5.4 dB,
4 dB, 3.5 dB and 3.1 dB respectively, for
and
using 64-QAM modulation.
Table 2 summarizes the PAPR analysis of the
proposed SLM-IFDMA uplink systems, the
cconventional IFDMA uplink systems and the
conventional interleaved OFDMA uplink systems
,
respectively. At the clip rate of
it is obvious
from the Table II that the proposed uplink systems
have lower PAPR as compare to those the
conventional interleaved OFDMA uplink systems
and the conventional IFDMA uplink systems
respectively.

Table 2. At CCDF of 10-3, the PAPR comparisons
of the conventional interleaved OFDMA, the
conventional IFDMA, the SLM-IFDMA (V = 4),
the SLM-IFDMA (V = 8) And the SLM-IFDMA
(V = 16) with RRC Pulse-Shaping factor α = 0.22.
PAPR
Uplink Transmission
Scheme

Conventional
Interleaved OFDMA

QPSK

9.9 dB

16QAM
9.8 dB

64QAM
9.8 dB

Conventional IFDMA

5.4 dB

6.9 dB

6.9 dB

SLM-IFDMA (V=4)

4.0 dB

5.7 dB

6.0 dB

SLM-IFDMA (V=8)

3.5 dB

5.4 dB

6.0 dB

SLM-IFDMA (V=16)

3.1 dB

5.1 dB

5.7 dB
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5. CONCLUSIONS
In this paper, we present SLM based IFDMA
uplink system for PAPR reduction. It is obvious
from the Table II, that the proposed system has
lower PAPR than the conventional interleaved
OFDMA uplink systems and the conventional
IFDMA uplink systems respectively. The PAPR of
the proposed system can be further reduced if we
increase the size of but with the increase in size
of
increases the complexity of the proposed
system. So the values of
should be taken
carefully. Hence, it is concluded that the proposed
SLM based IFDMA uplink system is more
suitable for the upcoming 4G cellular standard
release 10 LTE-Advanced than the conventional
IFDMA uplink system which is implemented in
the release 8 LTE.
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Abstract: In this paper, a novel Hybrid Linear and Nonlinear (HLN) technique of modeling and control
design for two-time-scale nuclear power plant has been devised in LabVIEW environment. A higher order
linear model for two-time-scale nuclear power plant power control is developed based on DeterministicStochastic Subspace Identification via Principal Component Analysis (DSSIPCA) technique. The eighth
order linear model is identified using innovative time domain plant data. The eighth order model is
decoupled into two modes of dynamics using Nonlinear Recurrent Artificial Neural Network (NRANN).
The first reduced order model is a second order model capturing slow dynamics of plant while second
reduced order model is a sixth order model capturing fast dynamics of plant. The slow dynamics model is
so decoupled that it mimics the original higher order model of nuclear power plant. A sliding surface is
designed in state space for slow dynamics model and full order model. Based on sliding surface, a Robust
Discrete Nonlinear Controller (RDNC) is designed for decoupled two-time-scale nuclear power plant
model in Triangular Block Structure (TBS) form using Sliding Mode Control (SMC) technique. The
design, optimization, testing, validation and analysis work is carried out in most modern graphical
programming environment LabVIEW 7.0. The performance of proposed of HLN technique is tested in
reference tracking mode for an operating unit of pressurized heavy water reactor based nuclear power plant
in Pakistan and found satisfactory and within design limits.
Keywords: System identification, principal component analysis, recurrent neural network, sliding mode
control, nuclear power plant

1.

INTRODUCTION

The Nuclear Power Plant (NPP) has a very
complex dynamics and control. The nuclear power
plant considered in this paper is a Pressurized
Heavy Water Reactor (PHWR) type which uses
compensator based complex hardwired distributed
control system. The reactor power is controlled by
manipulating the moderator control valve position
in a nuclear power plant which in turn changes the
moderator level in reactor core. So it approximates
to a Single Input Single Output (SISO) system.
Therefore, this SISO system uses Moderator Level
Control (MLC). The details of nuclear power plant

under consideration are available in [1, 2].
The nuclear power plant has many states. Some
of them are slowly varying and some are fastly
varying states. Hence, it posses two-time-scale
dynamics which is identified using system
identification tool based on ARX modeling
approach [2]. The dynamics of a research reactor
is modeled using Monte Carlo method in [3]. The
dynamics of primary side of Russian power
reactor is modeled based on first principle method
in [4]. The nonlinear dynamics of research and
power reactors have been identified by different
researchers using feedforward and recurrent neural
networks in [5, 6]. Different algorithms are

――――――――――――――――――――
Received, August 2011; Accepted, June 2012
*Corresponding author: Arshad H. Malik; Email: mastermind_arshad@yahoo.com

86

Arshad H. Malik et al

proposed in [7] for subspace system identification.
In this research work, a Deterministic-Stochastic
Subspace Identification via Principle Component
Analysis (DSSIPCA) has been adopted for
modeling the two-time-scale nuclear power plant
dynamics in state space form.
A singular perturbation theory based model
decomposition strategy has been adopted in [2] for
a nuclear power plant. Another quick and efficient
model decoupling strategy based on matrix
reducibility is presented in [8] for non-nuclear
applications. Therefore, in this research work, a
higher order model decoupling using Nonlinear
Recurrent Artificial Neural Network (NRANN)
has been attempted.
A fast output sampling and periodic output
feedback controllers have been designed for
special control of PHWR in [9, 10]. Different
linear optimal controllers have been designed for
nuclear power plant in LabVIEW environment in
[11]. A model predictive composite reactor power
controller and H∞ power controller are designed
for an operating nuclear power plant in Pakistan
[1] in [12, 13]. An output tracking sliding mode
controller is designed for thermionic converters of
space nuclear reactor in [14].
A sliding mode controller has been proposed
for rod control system for research reactor in
Pakistan using supper twisting algorithm in [15].
A recursive sliding mode and fuzzy adapted
sliding mode controllers have been designed for
turbine throttle pressure regulation for advanced
boiling water reactor in [16, 17]. A sliding mode
observer has been designed for spatial control of
PHWR in [18]. A discrete time output feedback
sliding mode controller has been proposed for
spatial control of PHWR in [19].
All these sliding mode controllers have been
designed based on single-time-scale consideration
while modeling and controller design for research
reactor, advanced boiling water reactor and
PHWR. Also, the concept of Liquid Zone
Controller (LZC) for spatial xenon control in
PHWR type nuclear power plant has been
considered in [9, 10]. But in this research work, an
attempt has been made to design a Novel Robust
Discrete Nonlinear Controller (NRDNC) based on
Discrete Sliding Mode for Two-Time-Scale Model
Decoupling (DSMTTSMD) in Triangular Block
Structure (TBS) form using Matrix Reducibility
Concept (MRC) optimized by NRANN. This

controller has been designed based on MLC
design concept which is different from LZC
design concept.
Hence in this research work, a new hybrid
technique is proposed based on mixed linear and
nonlinear technologies. This new closed loop
configuration is composed of DSSIPCA, NRANN
and NRDNC based on DSMTTSMD using MRC
for a different PHWR [1] with MLC design
concept.
2.

MATERIALS AND METHODS

2.1. Moderator Level Control System (MLCS)
Basically the reactor power control in PHWR is
accomplished by moderator level controller, rod
controller and chemical shim controller. The main
controller for large power excursions in an
operating PHWR in Pakistan is a moderator level
controller while rod controller is a regulating
controller for fine tuning of power. The shim
controller is used at the time of reactor start-up
only. In this research work, only moderator level
controller is considered for coarse power control
in PHWR. The change in moderator level is
accomplished by manipulating the moderator
control valve. This moderator level controller is
known as reactor power controller. The existing
controller is a compensator based controller with
hundreds
of
permissive
and
interlocks
implemented on seven programmable controllers
forming a distributed control system. This
controller is interfaced with real nuclear power
plant. Therefore, the main objective of this
research work is to formulate the dynamics of
plant in state space and synthesize a controller
based on identified model.
2.2. Deterministic-Stochastic Subspace
Modeling
2.2.1. Model Structure
In the safety analysis report of PHWR [1],
different data sets are reported with and without
measurement noise. In this research work, a huge
data set is considered with measurement noise.
Therefore, the deterministic-stochastic subspace
model structure is selected for the identification of
plant model. Subspace method uses Principle
Component Analysis (PCA) to estimate the model
parameters based on important modes of plant
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dynamics. This method does not require a zero
correlation between the input signal and output
noise. If a measured moderator level control valve
position is used as stimulus signal u (k ) and
measured reactor power is used as response
signal y(k ) then a recursive subspace identification
framework can be developed which is shown in
Fig. 1.
The subspace model structure can be described as:
x(k  1)  Ad x(k )  Bd u(k )  G ei

(1)

y(k )  Cd x(k )  Dd u(k )  ei

(2)

where Ad, Bd, Cd and Dd are matrices of
appropriate dimensions of the identified system in
discrete time and G is the Kalman gain.
If yP (k ) is the predicted reactor power output
signal and eP (k ) is the prediction error between
yP (k ) and y(k ) then the prediction error is given
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by:
eP (k ) 

1 k 2
 ei
k i 1

(3)

where ei  yi (k )  yPi (k )
A Virtual Instrument (VI) is designed in
LabVIEW 7.0 to identify the subspace model
using plant time domain data. The block diagram
design of this VI is shown in Fig. 2.
2.2.2.

Optimization Algorithm

2.2.2.1. Computation of State Space Matrices: All
state space matrices are computed based on least
square algorithm using parameter matrix, past
and future Hankel matrices and Sigular Value
Decomposition (SVD) as reported in [7].
The front panel design for the identification of
subspace model is shown in Fig. 3.

Fig. 1. Block diagram for deterministic-stochastic subspace identification of plant.

Fig. 2. Block diagram design for state space model from time domain plant data.
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Fig. 3. Front panel design for estimation algorithm using state space model.
2.2.2.2. Computation of Kalman Gain: Kalman
gain is computed based on least square
algorithm using first block column optimization
[7].

where Atd, Btd, Ctd and Dtd are matrices of
appropriate dimensions of the transformed plant
model in discrete time. The subscript td stands for
“transformed, discrete-time”.

2.2.2.3. Computation of Initial States: Initial
states of system are estimated based on least
square algorithm using Kalman gain, extended
model matrices composed of extended
observability matrix and Hankel matrices [7].

The transformed discrete time state space model
can be modeled as:
xt (k  1)  T 1 AT xt (k )  T 1B u(k )

(6)

yt (k )  CT xt (k )  D u(k )

(7)

Now, the problem is to compute the similarity
transformation matrix based on matrix reducibility
technique which is to be computed using recurrent
ANN.

2.3. Neural Decoupling
2.3.1. Recurrent Artificial Neural Network
The recurrent neural network uses the concept of
multidirectional information flow. It incorporates
the sense of time and memory of previous states
[5]. In this research work, a delta learning
algorithm is used for supervised learning of
recurrent artificial neural network. This neural
network is a globally recurrent neural network
utilizing the concept of time delay structure.
2.3.2. Decoupled Model Structure
If T is the similarity transformation matrix then the
transformed model can be represented as:
xt (k  1)  Atd xt (k )  Btd u(k )

(4)

yt (k )  Ctd xt (k )  Dtd u(k )

(5)

The purpose is to decouple the higher order
plant model into slow and fast dynamics models.
Using matrix reducibility technique [8], the
decoupled transformed slow and fast dynamics
models of two-time-scale nuclear power plant
model can be obtained.
The transformed slow dynamics model coupled
with fast dynamics model of two-time-scale
nuclear power plant model can be obtained as:
xts (k  1)  As xts (k )  Asf xtf (k )  Bs u(k )

(8)

yts (k )  Cs xts (k )  C f xtf (k )  Ds u(k )

(9)

where As, Asf, Bs, Cs , Cf and Ds are slow
subsystem, coupled slow-fast subsystem, slow
input subsystem, slow output subsystem, fast
output subsystem and slow direct transmission
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data matrices of the transformed slow plant model
in discrete time. The subscripts ts and tf stands for
“transformed, slow” and “transformed, fast”
respectively.

and es (k ) is the predicted mean square error
(MSE) between yP (k ) and ys (k ) then the MSE is
given by:

Since the slow-fast mode does not appear in
transformed discrete time state space model due to
decoupling. Therefore, the transformed fast
dynamics model coupled with slow dynamics
model of two-time-scale nuclear power plant
model can be obtained as:

es (k ) 

1 k 2
ej
k j 1

(14)

where e j  yPj (k )  ys j (k )

xtf (k  1)  Af xtf (k )  B f u(k )

(10)

The framework of obtaining decoupled twotime-scale system using globally recurrent neural
optimization is shown in Fig. 4.

ytf (k )  C f xtf (k )  D f u(k )

(11)

2.3.3 Neural Optimization Algorithm

where Af, Bf, Cf and Df are fast subsystem, fast
input subsystem, fast output subsystem and fast
direct transmission data matrices of the
transformed fast plant model in discrete time.
After some change in state variables,
manipulations and simplifications, the purely slow
dynamics of two-time-scale nuclear power plant
model can be arrived at [2]:
xs (k  1)  As xs (k )  [ Asf ( I f  Af ) 1 B f  Bs ] us (k )

(12)

ys (k )  Cs xs (k )  [C f ( I f  Af ) 1 B f  Ds ] us (k )

(13)

where If is a fast identity matrix of the transformed
decoupled plant model in discrete time.

Now, the objective is to compute the values of
As, Asf, Bs, Cs and Ds using similarity
transformation matrix (T). This similarity
transformation matrix (T) is estimated using
recurrent ANN which results in triangular block
structure.
If Q is the external input and N is the number of
neurons then u (k ) and ys (k ) are Q ×1 input vector
applied to recurrent ANN and N ×1 output vector
at discrete instant k respectively. The input vector
u (k ) and one step delayed output vector
ys (k ) forms an input layer of recurrent ANN. If W
is the recurrent ANN weight matrix then it can be
defined as the product of transformed triangular
block matrix and transformed slow-fast plant input
matrix:

If ys (k ) is the predicted slow dynamics model

Fig. 4. Block diagram for system decoupling using recurrent neural network.
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Fig. 5. Block diagram design for transformation matrix computation.

Fig. 6. Closed loop configuration of nonlinear control system.

 As Asf   Bs 
W 
 
0 A f   B f 

(15)

The weight change and weight update logics
are devised and computed successively using delta
learning algorithm [7].
Once the similarity transformation matrix is
obtained using recurrent ANN, transformed state
space model is obtained using a specially designed
new virtual instrument in LabVIEW 7.0 as shown
in Fig. 5.

sliding mode control utilizes attaining prescribed
plant dynamics by defining sliding surface on
which sliding mode occurs. The control system so
obtained becomes robust, insensitive to
uncertainties and disturbances. Since modern
control systems are implemented on digital
Programmable Logic Control (PLC) systems, so
the design of nonlinear sliding mode controller in
discrete domain is genuine. The closed loop
configuration of nonlinear control system design is
shown in Fig. 6.

2.4.1. Concept of Sliding Mode Control

2.4.1.1. Formulation of sliding surface for
decoupled Two-Time-Scale NPP Model: If n is the
order of original higher system model then the
sliding surface parameters for original higher order
can be defined as [18]:

Now-a-days sliding mode control has gained a
great popularity in nonlinear control design. The

Sliding surface parameters for original higher
order system model =

2.4. Synthesis of Robust Discrete Nonlinear
Controller
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Kn 
Sch  [ sc1 sc 2 sc3  sc n ]   
I n 

Similarly, if tn is the order of transformed
higher system model and rs is the order of slow
system model then sliding surface parameters for
transformed higher order and purely slow
dynamics models can be formulated as:
Sliding surface parameters for transformed higher
 Ktn 
order model = Scth  [ stc1 stc2 stc3  stcn ]   
 I tn 
Sliding surface parameters for purely slow system
 K srs 
model = Scps  [ ssc1 ssc2 ssc3  sscrs ]  

 I rs 
where Kn, Ktn and Ksrs are nonlinear sliding mode
controllers optimal gains for original higher order,
transformed higher order and purely slow
subsystem models respectively.
Now, the sliding surface for original higher order
system model can be defined as [16]:
T
sh (k )  Sch
x( k )

(16)

Similarly, the sliding surface for transformed
higher order model can be defined as:
T
sth (k )  Scth
xt (k )

17)

And, the sliding surface for purely slow dynamics
system model can be defined as:
ss (k )  ScsT xs (k )

T
T
u h (k)   [(Scth
Bd ) 1 (Scth
T 1 Bd ) ]x(k) 

 [K1 K 2 K3

K n ]x(k)

(21)

2.4.1.4 Formulation of closed loop reference
tracking nonlinear control system: If r(k) is the
reference signal then the closed loop reference
tracking control system based on slow controller
can be represented as:
T
T
us (k )   [(Scth
Bd ) 1 (Scth
T 1 B) ] x(k )  r (k )

(22)

Similarly, the closed loop reference tracking
control system based on higher order controller
can be represented as:
T
T
u h (k)   [(Scs
Bd )1{Scs
Asf

(If  Af )1 Bf  Bs }]x s (k)  r(k)

(23)

Since, after change of state variables and some
manipulations, we arrive at that the closed loop
dynamics of slow dynamics system model with
equation (20) depicts the similar closed loop
dynamics of original higher order system model
with equation (21). Therefore, ultimately, we arrive
at the following approximation without loss of
generalization:
us (k )  uh (k )  u(k )  K x(k )  r (k )

(24)

(18)
3.

The S ch and Scth can be linked with following
relationship [19]:
Scth  [ I rs : 0]T 1Sch

(19)

2.4.1.2. Formulation of discrete nonlinear
controller for Purely Slow NPP Model: For the
given problem using equation (1), equation (12)
and equation (18), the discrete time sliding mode
control law described in [16] can be reformulated
for purely slow dynamics system model as:
T
us (k)   [(Scs
Bd )1{ScsT Asf (If  Af )1 Bf  Bs }]x s (k) 

 [KS1 KS2 KS3

(1), equation (6) and equation (17), the discrete
time sliding mode control law described in [16]
can be reformulated in terms of states of original
higher order system model as:

KSnr ]x s (k)

(20)

2.4.1.3. Formulation of discrete nonlinear
controller for Higher Order NPP Model:
Similarly, for the given problem using equation

RESULTS AND DISCUSSION

In this section, all important results related to
subspace modeling, neural decoupling and
nonlinear controller design are presented and
discussed.
3.1

Parameter Estimation of Subspace NPP
Model

The subspace model of nuclear power plant is
developed based on real time domain data. The
time domain data is fetched from an operating unit
of PHWR type nuclear power plant in Pakistan at
a sample time of 0.01 sec. This dataset is a noisy
measurement data. The dataset is divided into two
subsets, one containing 63900 patterns for the
identification while second containing 1000
patterns for the validation purposes. The state
space model of nuclear power plant is identified
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Fig. 7. Optimization of state space model prediction error.
using equations (1) through (3). The design
parameters for the identification and validation of
model are presented in Table 1. The optimization
of model prediction error is shown in Fig. 7. The
optimized prediction error is found to be 0.02.

 Ad 11 Ad 12 
 Bd 1 
x(k  1)  
 x( k )  
 u (k )
 Ad 21 Ad 22 
 Bd 2 

y(k )  Cd1 Cd 2  x(k )
where

Table 1. Design parameters for subspace model
identification and validation.
Design Parameter

Value

Sample Time for Fetching Real Time
Plant Data

0.01 sec

Number of Time Domain Patterns for
Identification

63900

Number of Time Domain Patterns for
Validation

1000

Optimal Prediction Error

0.02

The optimized Kalman gain matrix is given as:
 1.0139
0.3541


0.0774


0.0411

G
0.1995


1.2558 
0.0022


0.7337

The identified discrete time state space model can
be put in partitioned form as:

 0.6620  0.1935 0.0411
 0.1935 0.6922 0.0664
Ad 11  
 0.0411 0.0664  0.5804

 0.0240 0.0318 0.2069
 0.0279
 0.0279
Ad 12  
 0.1265

 0.5416


Ad 21  





Ad 22  




0.0015  0.0012
0.0014  0.0014
0.0264  0.0200
0.0624  0.0453

 0.0107 
 0.0318 
,
 0.2069

 0.2262
0.0003
0.0002
,
0.0009

0.0010 

0.0200  0.0279  0.1265  0.5416
0.0015  0.0015  0.0264 0.0624
,
0.0011  0.0011  0.0200 0.0453

0.0003  0.0004  0.0009 0.0010 
0.2147  0.0850 0.0626  0.0019
0.0850  0.4186  0.3573 0.1125
,
0.0626 0.3573 0.3821 0.1653

0.0019 0.1125  0.1653  0.2401

 0.4047
 0.1694
,
Bd 1  
 0.1067


 0.0568

Bd 2

 0.0486
 0.0032
,

 0.0026


 0.0002

Cd1  0.4047 0.1694  0.1067 0.0568,
Cd 2  0.0486  0.0032 0.0001  0.0002

Hybrid Linear and Nonlinear System
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Fig. 8. Comparison of measured and model predicted data.

Fig. 9. MSE optimization of recurrent neural network for decoupling.
3.2

Validation of Subspace NPP Model

In validation phase, 1000 patterns are used for
validation purpose. The reactor power can vary
from 0% to 100% under normal conditions while it
can vary from 0% to 120% under large power
excursions. But it can vary from 0% to 125%
under large power excursion with measurement
noise. Therefore, this reactor power varying from
0% to 125% is normalized between 0 1nd 1.25.
The comparison of measured and model predicted
normalized reactor power is shown in Fig. 8 which
shows excellent agreement between measured and
predicted results.

3.3. Training of Recurrent ANN for
Decoupled Subspace NPP Model
In the design of recurrent ANN, one external input
and 2 neurons are used. A (1×1) input vector

applied is to recurrent ANN and as a result a (2
×1) output vector progresses at each discrete
instant of time in 0.01 sec. The input vector
u (k ) and one step delayed output vector
ys (k ) forms an input layer of recurrent ANN. The
starting order of the original system model is n = 8
while the target of order slow dynamics and fast
dynamics models are rs = 2 and rf = 6 respectively.
The recurrent ANN is trained using delta learning
algorithm and the optimized network is obtained at
a learning rate of η = 0.019 against 45 epochs. The
optimal MSE value is found to be 0.005 which
proves that a highly efficient and fast recurrent
ANN has been designed. The designed recurrent
ANN parameters are presented in Table 2. The
MSE optimization of recurrent ANN for
decoupling is shown in Fig. 9.
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Table 2. Design parameters for recurrent ANN.
Design Parameters

Values

Discrete Time Step (k) for
Recurrent ANN

0.01 sec

Order of Original Higher Order
System (n)

8

Order of Target Slow System (rs)

2

Order of Target Fast System (rf)

6

Number of Neurons (N)

2

Number of External Inputs (Q)

1

Learning Rate (η)

0.019

Number of Epochs

45

Optimal MSE for Recurrent ANN
Design

3.4

0.005

signal r(k). The variation of control signal u(k) is
shown in Fig. 11 which starts appearing in 1.6 sec
and completes its control action quickly in next 1
sec. The variation of reference signal r(k) and
normalized reactor power y(k) is shown in Fig. 12.
Since it is required that control system for nuclear
power plant should be so designed that it must not
take any overshoot and oscillations. Therefore,
from the response shown in Fig. 12, it is proved
that a critically damped control system is designed
without any overshoot which tracks the reference
signal in excellent fashion.

Table 3. Sliding function parameters for slow
plant model.
Design Parameter

Value

ssc1

- 0.3271

ssc2

- 5.2861

Decoupled Slow NPP Model

After training the recurrent ANN, the decoupled
slow dynamics model is obtained using equations
(12-13) as follows:

Table 4. Optimal gains sequence for slow
nonlinear controller design.

0.06971  0.3107 
x s (k  1)  
x s (k)
0.5312 
 0
 0.2813

 u s (k)
 0.1557 

Design Parameter

Value

Ks1

0.9713

Ks2

2.249

ys (k )  0.4144 0.01173 xs (k )   0.0168us (k )
The comparison of open loop response of
original higher order model and decoupled slow
dynamics model is shown in Fig. 10 which proves
that a successful realization has been made.
3.5

Synthesis of Robust Discrete Nonlinear
Controller for NPP Model

The values of designed sliding surface parameters
are shown in Table 3. The values of optimal gain
sequence for slow discrete nonlinear controller are
computed using sliding surface and equation (20)
and are shown in Table 4. Similarly, the values of
optimal gain sequence for original higher system
is computed using equation (21) and are shown in
Table 5. The performance of closed loop nonlinear
control system is tested under step signal which is
introduced in the system through a reference

Table 5. Optimal gains sequence for full order
nonlinear controller design.
Design Parameter

Value

K1

0.97136

K2

2.28215

K3

0.77214

K4

0.43983

K5

0.05331

K6

0.01198

K7

0.00309

K8

0.00072

Hybrid Linear and Nonlinear System

Fig. 10. Comparison of open loop original and reduced order system response.

Fig. 11. Variation of control signal.

Fig. 12. Variation of normalized closed loop plant power output.
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CONCLUSION

A hybrid technique based on linear and nonlinear
technologies has been proposed for two-time-scale
nuclear power plant modeling and control
synthesis purposes. A subspace higher order
model has been identified for two-time-scale
nuclear power plant using deterministic-stochastic
method via Principal Component Analysis. The
higher order model is decomposed into two slow
and fast subsystems. The decoupling process is
optimized using recurrent neural network. A
robust discrete nonlinear controller is proposed for
decomposed two-time-scale nuclear power plant
model in triangular block structure form based on
sliding mode control design methodology. The
proposed hybrid design produces fast control
without any overshoot.
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Abstract: In this paper, a Novel Multi-Objective Mixed Stochastic Optimization (NMOMSO) based NeuroController (NC) is synthesized for Multi-Input Multi-Output (MIMO) Reactor Coolant Pressure Control System
(RCPCS) of Pressurized Heavy Water Reactor (PHWR)-type Nuclear Power Plant (NPP). In RCPCS, a new
MIMO Modified Particle Swarm Optimization Algorithm (MPSOA) based nonlinear Adaptive Feedforward
Neural Network (AFNN) model (MIMO MPSOA-AFNN) of the Reactor Coolant Pressure System (RCPS) is
developed mapping five inputs and two outputs. A highly intelligent NMOMSO based NC is designed using
AFNN and Mixed Stochastic Optimization Techniques (MSOT) in a MIMO framework. The NMOMSO is
comprised of five Multi-Input Single-Output (MISO) AFNN optimized by MSOT. Three different stochastic
techniques are used for the optimization of weight matrices of five MISO intelligent networks. A Modified
Particle Swarm Optimization Algorithm (MPSOA) is used for the optimization of two intelligent MISO networks
parameters for two feed valve positions. An Ant Colony Optimization Algorithm (ACOA) is implemented for the
optimization of two intelligent MISO networks for two bleed valve positions and a Bee Colony Optimization
Algorithm (BCOA) is used for the optimization of one intelligent MISO network for one spray valve position of
RCPCS. In the proposed NMOMSO based NC, a multi-objective problem is formulated based on five parallel
operating MISO intelligent networks using new configuration of reactor coolant and steam pressure signals. The
proposed MIMO MPSOA-AFNN model and NMOMSO based neuro-controller of RCPS is designed in
MATLAB and a Graphical User Interface (GUI) is developed for variables transfer and simulations in Visual C.
The performance of model based novel neuro-controller is compared with Conventional Coupled Controller
(CCC) using PID controlled reactor coolant pressure and ON-OFF controlled surge tank level and found
remarkable.
Keywords: Nonlinear modeling, artificial intelligence, stochastic optimization, multi-objective control, reactor
coolant pressure control system, nuclear power plant

1. INTRODUCTION
A Nuclear Power Plant (NPP) is basically a large
scale system consisting of about 250 systems.
Amongst various plant systems, Reactor Coolant
Pressure System (RCPS) is one of the most
important critical systems of a plant. The details of
plant dynamics and control are available in [1, 2].
A system identification based linear model of
Pressurized Heavy Water Reactor (PHWR) has
been developed in [2]. The dynamics of

Pressurized Water Reactor (PWR) and research
reactor have been captured using recurrent neural
network in [3]. A Multi-Input Multi-Output
(MIMO) nonlinear model of PHWR has been
identified in [4] using Adaptive Feedforward
Neural Network (AFNN). A fuzzy logic controller
has been designed for reactor coolant pressure
control of PHWR in [5]. A MIMO adaptive neurofuzzy intelligent control system has been recently
developed for reactor coolant pressure control
system of PHWR in [6] using existing signals of
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primary pressure control loop.
A neural network based predictive control has
been devised for mobile robot [7] using particle
swarm optimization (PSO). A fuzzy logic based
reactor power controller has been designed for
research reactor using PSO in [8]. A modified
PSO based algorithm has been proposed in [9]
using an adaptive inertial weight. A detailed
design of steel frames has been proposed in [10]
using ant colony optimization. A preliminary
design concept using bee optimization algorithm
has been introduced in [11]. A detailed application
has been proposed for control chart pattern
recognition using bee optimization algorithm in
[12].
In this research, a new highly nonlinear MIMO
neural model of RCPS is developed using hybrid
modified particle swarm optimization algorithm
and an adaptive feedforward neural network. A
new signal configuration is proposed based on
both primary and secondary loops of PHWR-type
nuclear power plant for better control of reactor
coolant pressure. Based on new signal
configuration, a novel MIMO neuro-controller is
proposed using multi-objective mixed stochastic
optimization design approach. The proposed
MIMO neuro-controller is a highly complex
design configured with one thousand fifty three
controller design parameters using hybrid
modified particle swarm optimization algorithm
and an adaptive feedforward neural network for
two feed valves position control, hybrid ant colony
optimization algorithm and an adaptive
feedforward neural network for two bleed valves
position control, and hybrid bee colony
optimization algorithm and an adaptive
feedforward neural network for spray valve
position control. This mixed stochastic multiobjective control problem is solved using hybrid
global and local optimization techniques.
2.

MATERIALS AND METHODS

( FV1 , FV2 ), two bleed valves ( BV1 , BV2 ) and one
spray valve ( SV ). The surge tank consists of three
heaters. The detail of RCPS is available in [6].
2.2. Conventional Coupled Controller for
RCPS
The reactor coolant pressure is controlled by a
conventional coupled controller consisting of a
PID controller for feed-bleed system and ON-OFF
controller for surge tank system. The PID
controller works on eP which is a reactor pressure
control error signal using PPset and P as the reactor
coolant pressure set-point and the measured
reactor coolant pressure respectively. Similarly,
the ON-OFF controller works on eL which is a
surge tank level control error signal using Lset and
L as surge tank level set-point and measured surge
tank level signal respectively. The closed loop
architecture of conventional coupled controller
based reactor coolant pressure control system
(RCPCS) is shown in Fig. 1.

Fig. 1. Closed loop architecture of CCC and
NMOMSO based RCPCS.

2.1. Reactor Coolant Pressure System
The purpose of reactor coolant pressure system
(RCPS) is to maintain 1500 psig coolant pressure
in order to avoid boiling in reactor coolant.
Therefore, high coolant temperature can be
attained by maintaining this pressure. The RCPS
consists of a feed-bleed system and a surge tank.
The feed-bleed system consists of two feed valves

2.3. Adaptive Feedforward Neural Network
(AFNN)
Both RCPS model and its neuro-controller are
basically intelligent nonlinear structures
consisting of weights and biases matrices. These
weights and biases are known neural
parameters. The basic architecture of both

Mixed Stochastic Optimization

neural RCPS model and its neuro-controller is
an adaptive feedforward neural network
(AFNN). Therefore, using the algorithm of
AFNN [4], the objective function of AFNN can
be generalized for n number of patterns at k-th
iteration as:
J(k) 

1 n
 [f (WH (k), WI (k), U M (k),
2 k 1
BI (k), BH (k))  YM (k)]2

(1)

where f(.) is a nonlinear function and U M , YM ,

WH , WI , BH and BI are measured input vector,
measured output vector, weights matrix
associated with hidden layer, weights matrix
associated with input layer, biases vector
associated with hidden layer and biases vector
associated with input layer respectively. U M is
an input vector of five inputs as two feed valve
positions, two bleed valve positions and one spray
valve position respectively while YM is an output
vector of two outputs as reactor coolant pressure
signal and steam pressure signal respectively for
neural RCPS modeling. Similarly, U M is an input
vector of three inputs as reactor coolant pressure
error signal, reactor coolant pressure rate signal
and steam pressure rate signal while YM is an
output vector of five outputs as two feed valve
positions, two bleed valve positions and one spray
valve position respectively for neural RCPS
controller model.
2.4. Mixed Stochastic Optimization
Methodology
2.4.1. Stochastic Optimization Techniques
Now, the objective is to optimize parameters of
neuro-controller using stochastic techniques. In
this research work, a mixed stochastic
optimization approach has been adopted for the
computation of neuro-controller parameters.
The combination of three most recent and
popular stochastic optimization techniques are
selected for this design work. These stochastic
techniques are modified particle swarm
optimization, ant colony optimization and bee
colony optimization.
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2.4.2. Modified Particle Swarm Optimization
Algorithm (MPSOA)
In particle swarm optimization algorithm, each
solution is called a particle. In stochastic search,
a population size is defined which determines
the number of particles in a solution space. Each
particle acts like a point in N-dimensional
search space. All particles communicate with
one another. Each particle has its current
position, previous position, best attained
previous position and moving velocity
designated as X Ci , X Pi , X Bi and VMi respectively.
In discrete domain, the new velocity of each
particle seeking for best particle with dynamic
adaptation can be formulated using algorithm [9]
as:
VMi NEW  I W VMiCURRENT  1 (X Pi  XCi ) R1
 2 (X Bi  XCi ) R 2

(2)

where IW, µ1, µ2, R1 and R2 are adaptive inertial
weight, stochastic learning rate for cognitive
coefficient, stochastic learning rate for social
coefficient, random number sequence for cognitive
term and random number sequence for social term
respectively.
The new position of particle is given by:
XiNEW  XiCURRENT  VMiNEW

(3)

2.4.3. Ant Colony Optimization Algorithm (ACOA)
In ant colony optimization algorithm, each
solution is called an ant. In stochastic search, a
population size is defined which determines the
number of ants in a solution space. Each ant
moves greedily in an N-dimensional search
space for food point. All ants communicate with
one another so as to find the shortest distance
between nest and food point by depositing
pheromone trials. Each ant has ni (i= 1,2,…,N)
paths
to
travel
with
αi
pheromone
concentrations. In discrete domain, the
deposition
of
pheromone
concentration
associated with each path can be formulated
using algorithm [10] as:
iCURRENT  iPREVIOUS  i

(4)

where χ is a pheromone evaporation rate.
The change in pheromone concentration is given
by [10]:
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i    gi (.)
i 1 
0
N

if an ant chooses new path
otherwise

(5)

where β is called pheromone reward factor and gi
(.) is called a performance index.
The stochastic model of ant (Aant) is given by [10]:
A anti 

i a  hi b
N
a
b
  i   h i  n i

(6)

i 1

where a and b are nonlinear parameters and hi is
called preferred path selection factor.
2.4.4. Bee Colony Optimization Algorithm (BCOA)
In bee colony optimization algorithm, bees are
classified into three classes called scout bees,
employed bees and onlooker bees respectively.
In stochastic search, a population size is defined
which determines the number of scout bees in a
solution space. Each scout bee moves greedily
in an Nscout-dimensional search space for food
point. All scout bees communicate with one
another so as to find food sources close to their
hive. The scout bees search for food sources
randomly. The total search space for all bees is
N-dimensional. Food sources are basically the

good solutions in search space. The employed
bees are associated with specific food sources
while onlooker bees are closely watching the
movement of employed bees within the hive for
choosing food source. The locations of food
sources are basically the possible solutions
while amount of nectar is basically a fitness
function of an optimization problem. Details of
an algorithm are available in [11, 12]. If xF is the
location of food source and xFNEW is the new
location of food source searched by employed
bees then neighbour food source xFNEWi is given
by using algorithm [12] as:
x FNEWi  x Fi  R 3 (x Fi  x Ri )

(7)

where R3 and xRi are random sequence for
employed bees and randomly selected food
sources respectively.
The fitness function of neighbour food source is
given by [12]:
1


Fitness   1   (x F )
 1  abs( (x ))

F

if  (x F )  0

(8)

if  (x F )  0

where ψ(.) is an objective function value of
solution xF.
The stochastic model with which xF is selected by

Fig. 2. Structure of inputs and outputs of MIMO MPSOA-AFNN model of RCPS.

Mixed Stochastic Optimization

an onlooker bee (Oonlookerbee) is given by [12]:
Oonloo ker bee i 

Fitnessi
N
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2.6. Novel Multi-Objective Mixed Stochastic
Optimization Based Neuro-Controller

(9)

 Fitnessi

i 1

2.5. Development of MIMO Nerual Reactor
Pressure Coolant System Model
2.5.1. Selection of Inputs and Outputs for Neural
Model of RCPS
The inputs and outputs of conventional RCPCS
are shown in Fig. 1. There are five inputs and two
outputs of RCPS. The five inputs are two feed
valve positions, two bleed valve positions and one
spray valve position while the two outputs are
reactor coolant pressure signal and steam pressure
signal respectively. These inputs and outputs are
selected in such a way that the design, testing and
validation of MIMO neural model based MIMO
neuro-controller of RCPCS can be made.
2.5.2. Architecture of MIMO Neural Model of
RCPS
The MIMO neural model of RCPS is designed
based on two parallel operating MISO neural
models. These two MISO neural models, MISO1
and MISO2 are designed for predicting reactor
coolant pressure signal and steam pressure signal
respectively. The structure of inputs and outputs of
MIMO MPSOA-AFNN model of RCPS is shown
in Fig. 2. The parameters of MIMO neural model
of RCPS are optimized by MPSOA. The MPSOAAFNN model optimization setup for RCPS is
shown in Fig. 3.

2.6.1. Selection of New Inputs for Novel MIMO
Neuro-Controller for RCPS
The inputs of conventional coupled controller of
RCPCS are eP and eL that are dependent
on PPset , P , Lset and L . Both these signals are
acquired from primary loop of PHWR-type
nuclear power plant. In this research work, a new
configuration of signals is devised for the design
of novel multi-objective mixed stochastic
optimization (NMOMSO) based neruo-controller
(NC). One old signal and one new signal are
acquired from primary loop and one new signal is
acquired from secondary loop of plant. Thus, the
new input signals for NMOMSO based NC are
reactor coolant pressure error signal ( eP ), reactor
dP
coolant pressure rate signal (
) and steam
dt
dP
pressure rate signal ( S ). The steam pressure
dt
rate signal is acting like a feed forward signal for
this controller because this controller is meant for
primary side but one steam pressure rate signal is
being fed from secondary side of plant. This new
combination of signals is more powerful because
now it is an integration of primary and secondary
sides and thus more information is being utilized
in a better way.

Fig. 3. MPSOA-AFNN model optimization setup for RCPS model.
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Fig. 4. Structure of inputs and outputs for NMOMSO based RCPCS.

Fig. 5. Decoupling of MIMO NMOMSO based NC into MISO sub neuro-controllers.

2.6.2. Architecture of Novel MIMO NeuroController for RCPCS
The structure of inputs and outputs for NMOMSO
based RCPCS is shown in Fig. 4. NMOMSO
based RCPCS is a MIMO neuro-controller. The
MIMO NMOMSO based RCPCS is designed by
decomposing it into five parallel operating MISO
sub neuro-controllers. Five MISO sub neurocontrollers are designed for predicting two feed
valve positions, two bleed valve positions and one
spray valve position respectively. All five MISO
sub neuro-controllers are designed using hybrid
configuration
of
stochastic
optimization

techniques and AFNN. The parameters of five
MISO sub neuro-controllers are optimized using
MPSOA, ACOA and BCOA. Based on optimal
solutions obtained through each combination for
each control valve, the optimal hybrid
combinations of MPSOA-AFNN, ACOA-AFNN
and BCOA-AFNN are found best suited for
predicting two feed valve positions, two bleed
valve positions and one spray valve position
respectively. The decoupling of MIMO
NMOMSO based NC into five MISO sub neurocontrollers is shown in Fig. 5. The mixed
stochastic optimization based setup for the
selection of parameters of NC is shown in Fig. 6.

Mixed Stochastic Optimization

103

Fig. 6. Mixed stochastic optimization for parameters of MIMO NC.

Fig. 7. GUI for variables transfer and simulation in Visual C environment.
3. RESULTS AND DISCUSSION
The process of optimization of MIMO neural
model and MIMO neuro-controller parameters is
carried out in MATLAB. A graphical user
interface (GUI) is developed for variable transfer
and simulation of inputs and outputs of model and
controller in Visual C environment as shown in
Fig. 7.
3.1. Nonlinear Identification of MIMO MPSO
Based RCPS
Total 32766 patterns are acquired from an

operating PHWR-type nuclear power plant [1].
These patterns are acquired under plant transient
conditions. These patterns are classified into three
sets of data called training, testing and validation
datasets. The parameters of MIMO MPSOAAFNN RCPS model are set using equation (1)
and are optimized using equation (2) and equation
(3). The design parameters of MISO1 MPSOAAFNN and MISO2 MPSOA-AFNN for RCPS
model are presented in Table 1 and Table 2
respectively.

104

Arshad H. Malik et al

Table 1. Design parameters for MISO1 MPSOAAFNN model of RCPS.
Network Parameter

Value

Total Patterns (100%)
Number of Training Patterns (60%)
Number of Testing Patterns (20%)
Number of Validation Patterns (20%)
Number of Neurons in Input Layer of MISO1
MPSOA-AFNN

32766
16659
6553
6553
5

Number of Neurons in Hidden Layer of
MISO1 MPSOA-AFNN

39

Number of Neurons in Output Layer of
MISO1 MPSOA-AFNN

1

Number of Particles for MISO1MPSOAAFNN

274

Number of Runs for MISO1 MPSOA-AFNN

40

Stochastic Learning Rate for Cognitive
Coefficient of MISO1 MPSOA-AFNN

1.8

Stochastic Learning Rate for Social
Coefficient of MISO1 MPSOA-AFNN

1.5

First Value of Adaptive Inertial Weight of
MISO1 MPSOA-AFNN

1.3

Last Value of Adaptive Inertial Weight of
MISO1 MPSOA-AFNN

0.5

Maximum Particle Velocity for MISO1
MPSOA-AFNN

18

Number of Generation Cycles of MISO1
MPSOA-AFNN

3900

MSE of MISO1 MPSOA-AFNN

2.7321 × 10

3.2. Nonlinear Identification of NMOMSO
Based Neuro-Controller for RCPCS
Similarly, same number of patterns is obtained for
feed valve 1 and feed valve 2 positions and is
classified into datasets. The parameters of MISO1
and MISO2 MPSOA-AFNN sub neuro-controllers
for predicting feed valve 1 and feed valve 2
positions are set using equation (1) and are
optimized using equation (2) and equation (3). The
design parameters of MISO1 and MISO 2
MPSOA-AFNN sub neuro-controllers are
presented in Table 3 and Table 4, respectively.
Table 3. Design parameters of MISO1 MPSOAAFNN sub neuro-controller for feed valve 1.
Network Parameter
Total Patterns (100%)

32766

Number of Training Patterns (60%)

16659

Number of Testing Patterns (20%)

6553

Number of Validation Patterns (20%)

6553

Number of Neurons in Input Layer of MISO1
-4

Value

3

MPSOA-AFNN
Number of Neurons in Hidden Layer of

20

MISO1 MPSOA-AFNN

Table 2. Design parameters for MISO2 MPSOAAFNN model of RCPS.

Number of Neurons in Output Layer of

1

MISO1 MPSOA-AFNN
Network Parameter

Value

Total Patterns (100%)
Number of Training Patterns (60%)
Number of Testing Patterns (20%)
Number of Validation Patterns (20%)
Number of Neurons in Input Layer of MISO2
MPSOA-AFNN

32766
16659
6553
6553
5

Number of Neurons in Hidden Layer of MISO2
MPSOA-AFNN

39

Number of Neurons in Output Layer of MISO2
MPSOA-AFNN

1

Number of Particles for MISO2 MPSOA-AFNN

274

First Value of Adaptive Inertial Weight of

Number of Runs for MISO2 MPSOA-AFNN

40

MISO1 MPSOA-AFNN

Stochastic Learning Rate for Social Coefficient
of MISO2 MPSOA-AFNN

1.6

First Value of Adaptive Inertial Weight of
MISO2 MPSOA-AFNN

1.4

Last Value of Adaptive Inertial Weight of
MISO2 MPSOA-AFNN

0.4

Maximum Particle
MPSOA-AFNN

18

Number of Particles of MISO1 MPSOA-

Velocity

for

MISO2

Number of Generation Cycles of MISO2
MPSOA-AFNN
MSE of MISO2 MPSOA-AFNN

101

AFNN
Number of Runs for MISO1 MPSOA-AFNN

40

Stochastic Learning Rate for Cognitive

1.9

Coefficient of MISO1 MPSOA-AFNN
Stochastic Learning Rate for Social

1.5

Coefficient of MISO1 MPSOA-AFNN

Last Value of Adaptive Inertial Weight of

1.7

0.6

MISO1 MPSOA-AFNN
Maximum Particle Velocity for MISO1

5

MPSOA-AFNN

3967
1.4589 × 10-4

Number of Generation Cycles of MISO1

3500

MPSOA-AFNN
MSE of MISO1 MPSOA-AFNN

2.8891 × 10-4
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Table 4. Design parameters of MISO2 MPSOAAFNN sub neuro-controller for feed valve 2.
Network Parameter

Value

Table 5. Design parameters of MISO3 ACOAAFNN sub neuro-controller for bleed valve 1.
Network Parameters

Values

Total Patterns (100%)

32766

Total Patterns (100%)

32766

Number of Training Patterns (60%)

16659

Number of Training Patterns (60%)

16659

6553

Number of Testing Patterns (20%)

6553

Number of Testing Patterns (20%)

Number of Validation Patterns (20%)

6553

Number of Validation Patterns (20%)

6553

Number of Neurons in Input Layer of MISO2

3

MPSOA-AFNN
Number of Neurons in Hidden Layer of MISO2

20

MPSOA-AFNN
Number of Neurons in Output Layer of MISO2

1

MPSOA-AFNN
Number of Particles of MISO2 MPSOA-AFNN

101

Number of Runs for MISO2 MPSOA-AFNN

40

Stochastic Learning Rate for Cognitive

2.0

Coefficient of MISO2 MPSOA-AFNN
Stochastic Learning Rate for Social Coefficient of

1.6

MISO2 MPSOA-AFNN
First Value of Adaptive Inertial Weight of MISO2

0.7

5

3530

MPSOA-AFNN
MSE of MISO2 MPSOA-AFNN

20

Number of Neurons in Output Layer of
MISO3 ACOA-AFNN

1

Number of Ants for MISO2 ACOA-AFNN

101

Nonlinear Parameter1 for MISO3 ACOAAFNN

1.5

Nonlinear Parameter2 for MISO3 ACOAAFNN

2.7

Pheromone Evaporation Rate for MISO3
ACOA-AFNN

0.3

Pheromone Reward
ACOA-AFNN

MISO3

12

Number of Generation Cycles of MISO3
ACOA-AFNN

205

Factor

for

1.2 × 10-5

Table 6. Design parameters of MISO4 ACOAAFNN sub neuro-controller for bleed valve 2.
Network Parameters

AFNN
Number of Generation Cycles of MISO2

Number of Neurons in Hidden Layer of
MISO3 ACOA-AFNN

1.6

MPSOA-AFNN
Maximum Particle Velocity for MISO2 MPSOA-

3

MSE of MISO3 ACOA-AFNN

MPSOA-AFNN
Last Value of Adaptive Inertial Weight of MISO2

Number of Neurons in Input Layer of MISO3
ACOA-AFNN

3.7754 × 10-4

The parameters of MISO3 and MISO4 ACOAAFNN sub neuro-controllers for predicting bleed
valve 1 and bleed valve 2 positions are set using
equation (1) and are optimized using equation (4)
to equation (6). The design parameters of MISO3
and MISO 4 ACOA-AFNN sub neuro-controllers
are presented in Table 5 and Table 6 respectively.
The parameters of MISO5 BCOA-AFNN sub
neuro-controller for predicting spray valve
position are set using equation (1) and are
optimized using equation (7) to equation (9). The
design parameters of MISO1 and MISO 2
MPSOA-AFNN sub neuro-controllers are
presented in Table 7.

Values

Total Patterns (100%)

32766

Number of Training Patterns (60%)

16659

Number of Testing Patterns (20%)

6553

Number of Validation Patterns (20%)

6553

Number of Ants for MISO4 ACOA-AFNN

101

Number of Neurons in Input Layer of MISO4
ACOA-AFNN

3

Number of Neurons in Hidden Layer of
MISO4 ACOA-AFNN

20

Number of Neurons in Output Layer of
MISO4 ACOA-AFNN

1

Nonlinear Parameter1 for MISO4 ACOAAFNN

1.3

Nonlinear Parameter2 for MISO4 ACOAAFNN

2.9

Pheromone Evaporation Rate for MISO4
ACOA-AFNN

0.4

Pheromone Reward
ACOA-AFNN

MISO4

11

Number of Generation Cycles of MISO4
ACOA-AFNN

231

Factor

MSE of MISO4 ACOA-AFNN

for

1.5 × 10-5
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Fig. 8. Simulation of measured primary pressure rate signal for NMOMSO based NC.

Fig. 9. Simulation of measured steam pressure rate signal for NMOMSO based NC.

Fig. 10. Simulation of primary pressure error signal for NMOMSO based NC.

Mixed Stochastic Optimization

Fig. 11. Comparison of conventional coupled and NMOMSO
controllers for predicting feed valve 1 position.

Fig. 12. Comparison of conventional coupled and NMOMSO
controllers for predicting feed valve 2 position.

Fig. 13. Comparison of conventional coupled and NMOMSO
controllers for predicting bleed valve 1 position.
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Table 7. Design parameters of MISO5 BCOAAFNN sub neuro-controller for spray valve.
Network Parameter

Value

Total Patterns (100%)

32766

Number of Training Patterns (60%)

16659

Number of Testing Patterns (20%)

6553

Number of Validation Patterns (20%)

6553

Number of Neurons in Input Layer of MISO5
BCOA-AFNN

3

Number of Neurons in Hidden Layer of MISO5
BCOA-AFNN

20

Number of Neurons in Output Layer of MISO5
BCOA-AFNN

1

Total Number of Bees for MISO5 BCOAAFNN

101

Number of Groups of Bees for MISO5 BCOAAFNN

3

Number of Selected Sites for MISO5 BCOAAFNN

12

Number of Best Selected Sites for MISO5
BCOA-AFNN

4

Number of Scout Bees for MISO5 BCOAAFNN

56

Number of Employed Bees for Best Selected
Sites for MISO5 BCOA-AFNN

30

Number of Onlooker Bees for Remaining
Selected Sites for MISO5 BCOA-AFNN

15

Dimension of Weight Set for MISO5 BCOAAFNN

101

Limit Value for MISO5 BACOA-AFNN

10201

Number of Generation Cycles of MISO5
BCOA-AFNN

2800

MSE of MISO5 BCOA-AFNN

5.5 × 10-6

3.3. Validation of Proposed NMOMSO Based
Closed Loop Neuro-Control System for
RCPCS
The closed loop architecture of NMOMSO based
neuro-controller for RCPCS is shown in Fig. 1.
For closed loop performance analysis, three input
signals reactor coolant pressure (primary pressure)
rate signal, steam pressure rate signal and primary
pressure error signal are applied at the input of
proposed NMOMSO neuro-controller. The
simulation responses of these signals are shown in
Fig. 8-10. The comparison of conventional
coupled and NMOMSO based controllers output
for feed valve 1 is shown in Fig. 11. The
performance of MISO1 MPSOA-AFNN sub
neuro-controller is excellent both in transient and

steady state phases. The response of feed valve 1
controller is found much smooth as compared to
that of conventional controller in early phase of
transient and much lesser level of amplitude is
observed in highly fluctuating region. The
comparison of conventional coupled and
NMOMSO based controllers output for feed valve
2 is shown in Fig. 12. The response of MISO2
MPSOA-AFNN sub neuro-controller is perfectly
depicting the conventional controller throughout
the transient and much lesser level of amplitude is
observed in highly fluctuating region. The
comparison of conventional coupled and
NMOMSO based controllers output for bleed 1 is
shown in Fig. 13. The performance of MISO3
ACOA-AFNN sub neuro-controller is excellent
throughout the transient and found bit smoother as
compared to that of conventional controller and
much lesser level of amplitude is observed in
highly fluctuating region. The comparison of
conventional coupled and NMOMSO based
controllers output for bleed valve 2 is shown in
Fig. 14. The response of MISO4 ACOA-AFNN
sub neuro-controller is perfectly depicting the
conventional controller throughout the transient
and much lesser level of amplitude is observed in
highly fluctuating region. The comparison of
conventional coupled and NMOMSO based
controllers output for spray valve is shown in Fig.
15. The performance of MISO5 BCOA-AFNN sub
neuro-controller is excellent and much lesser level
of amplitude is observed in highly fluctuating
region. The robustness of MIMO MPSOA-AFNN
RCPS model is also validated through simulation
experiments. The comparison of conventional
coupled controller and NMOMSO based neurocontroller for predicting primary pressure is shown
in Fig. 16. The proposed model predicts real
dynamics of primary pressure and model predicts
bit faster output. The comparison of conventional
coupled and NMOMSO based neuro-controller for
predicting steam pressure is shown in Fig. 17. The
proposed model predicts real dynamics of steam
pressure and shown much smooth and faster
output. Hence, a successful neural realization has
been established for RCPCS.
4. CONCLUSIONS
A nonlinear MIMO neural model of reactor
coolant pressure system of PHWR-type nuclear
power has been developed using MPSOA-AFNN
technique. A robust NMOMSO neuro-controller

Mixed Stochastic Optimization

Fig. 14. Comparison of conventional coupled and NMOMSO
controllers for predicting bleed valve 2 position.

Fig. 15. Comparison of conventional coupled and NMOMSO
controllers for predicting spray valve position.

Fig. 16. Comparison of conventional coupled and NMOMSO
based controllers response for predicting primary pressure.
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Fig. 17. Comparison of conventional coupled and NMOMSO
based controllers response for predicting steam pressure.

has been designed using mixed stochastic
techniques. A robust NMOMSO neuro-controller
has been integrated using five MISO intelligent
sub controllers. Three stochastic techniques have
been attempted for reactor coolant pressure control
system. Amongst three techniques, modified
particle swarm optimization algorithm has been
found suitable for two feed valves positions, ant
colony optimization algorithm has been found best
for two bleed valves positions and bee algorithm
has been found excellent for spray valve position.
All training, testing and validation of proposed
nonlinear neural model and NMOMSO based NC
has been carried out in MATLAB. The
performance of proposed NMOMSO based NC is
validated by comparing it with conventional
coupled controller and found excellent in transient
and steady state conditions.
5.

6.
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The Bioactivity and Phycochemistry of Two Species of Cladophora
(Siphonocladophyceae) from Sindh
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Abstract: The coenocytic filaments of two green algae, Cladophora glomerata (Linnaeus) KÜtzing and C.
okamurai (Ueda) van den Hoek from freshwater habitats of Sindh Province of Pakistan and extracted in
methanol. Their crude extracts showed strong antimicrobial activity against 14 bacterial and 20 fungal
species including 7 human-, 5 plant- pathogens and 8 saprophytes, but their cytotoxic activity against brine
shrimp larvae was non-significant. Methanol extracts of the two species indicated the presence of 38
different fatty acids including 15 saturated and 23 unsaturated acids, while acids of both the categories were
in almost equal proportion (46.5-51.9 % saturated, 48.1-53.5 % unsaturated). Furthermore 4 sterols, 4
terpenes, 2 carbohydrates and 1 glycoside were also obtained from these extracts. Both the species differed
in the composition of their natural products.
Keywords: Algae, Chlorophycota, Cladophora, phycochemistry, fatty acids, sterols, terpenes,
carbohydrates

1. INTRODUCTION
Cladophora KÜtzing, nom. cons. is a thickwalked, coenocytic, partly siphonaceous and
branched green macroalga of the family
Cladohporaceae, (order Cladophorales, class
siphonocladophyceae, phylum chlorophycota; fide
[1, 2]). Its species are found in streams and lakes
worldwide. They occur both in the freshwater and
marine environments of Sindh [3]. Irrespective of
several studies made on the taxonomy of its
various species [4], only a few investigations were
made on their bioactivity and phycochemistry [5,
6]. Therefore, the present study was undertaken to
investigate two commonly occurring species of
Cladophora of this region for this purpose.
2. MATERIALS AND METHODS
Cladophora glomerata (Linnaeus) KÜtzing 1843:

266 is commonly found in slow running water and
water-falls being attached with stones, on walls,
grasses, aquatic plants and pieces of wood.
Specimens were collected at Jamshoro (Sindh,
Pakistan) from a pond (waste of Thermal Power
and Sandoze Industry). It was found showing
luxurious growth at the rocky bottom of the pond.
This species usually occurs throughout the year.
While the specimens of Cladophora okamurai
(Ueda 1932) van den Hock 1963 were collected
from bottom of the water ponds at Gadap and
Kotri, and brought to the laboratory for
investigation. The methods used for the extraction
of algal material and different tests conducted for
the bioactivity of crude extracts were the same as
described recently [7]. The procedure adopted for
the saponifacation, esterification and identification
of the fatty acids as well as the purification and
chemical elucidation of the isolated natural
products by GLC, GC-MS, (EI, FAB, FD & HR)MS and (1H & 13C)-NMR spectroscopic
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techniques from algal extracts have already been
mentioned earlier in detail [8].
3. RESULTS AND DISCUSSION
3.1. Biological Activities
The methanol extracts of the two species of
Cladophora showed a strong antibacterial activity
against all 14 tested bacterial organisms and
exhibited strong antifungal activity against all 20

tested fungal species including 7 human
pathogens, 5 plant pathogens and 8 saprophytes
(Table1). Therefore, their extracts presented very
promising results of antimicrobial activities, but
their cytotoxic activity against brine shrimp larvae
was non-significant (Table 1), and both the species
behaved similarly in this regards. A verity of
cytokinins, zeatins, isopentanyladenine derivatives, dihyfrozeations, benz The extracts of both
the species showed very promising results of
antimicrobial and cytotoxic ortho- and metatopolin derivatives have been detected in

Table 1. Antimicrobial activity in the methanol extracts of two investigated species of Clodophora.


No.

Organism

C. glomerata

C. okamurai


Antibacterial Activity:
1.
Bacillus cereus
2.
Corynebacterium diphtheriae
3.
Escherichia coli
4
Klebsiella pneumoniae
5.
Listeria monocytogenes
6.
Proteus mirabilis
7.
Proteus valgaris
8.
Pseudomonas aeruginosa
9.
Salmonella typhi
10. Shigella boydii
11. Staphylococcus aureus
12. Streptococcus faecalis
13. Streptococcus pyogenes
14.
Vibrio choleriae

mm
22
17
09
06
14
22
13
17
24
19
22
14
21
15

mm
18
15
16
12
16
20
18
14
19
21
19
10
22
13

Antifungal Activity:
1.
Allescheria boydii
2.
Candida albicans
4.
Microsporum canis
5.
Trichophyton longifusus
6.
Trichophyton mentagrophyte s
7.
Trichophyton semii
8.
Fusarium oxysporm
9.
Macrophomina phaseolina
10. Pythium aphanidermatum
11. Pythium oedochilum
12. Rhizoclonia soloni
13. Aspergillus flevus
14. Drechslera rostrata
15. Gliocladium virens
16. Nigrospora oryzae
17. Paecilomyces lilacinus
18.
Stachybotrys atra
19. Trichoderma hamatum
20. Trichoderma harzianum

%
84.14
86.31
75.47
62.85
88.23
85.26
78.65
87.75
72.41
61.70
77.27
81.63
80.00
81.37
78.46
79.06
84.52
73.33
90.38

%
81.70
84.21
75.47
65.71
86.27
85.26
79.77
81.63
70.68
74.46
78.78
85.71
76.66
86.27
81.53
86.04
84.52
76.66
84.61

µg/mL
127

µg/mL
110

Cytotoxic Activity:
1.
Artemia salina
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cladophora[a]. Distribution of growth in marine
bactria was observed by the use of aqueous,
ethanol and dichloromethane extracts of
cladophora [10]. Its extracts were found helpful in
the retardation of cardiovascular diseases and
preservation of healthy cardiovascular function
[11] as well as for the treatment of diabetes and
diabetic complication [12]. The polysaccharides
extracted from cladophora were observed to
prevent dental plaque maturation and enhance
nonspecific biological response [13]. Autotoxin a
extracted from C. fracta was found to elicit an
increase in peroxidase and glutathione 5transferase activities in aquatic plants like lemna
minor indicating a sound phytotoxicity [14]. The
two investigated species presented several specific
differences in their FA-compositions. In C.
glomerata the UFAs were present in greater
amount (53.46 %) than the SFAs (46.5 %), while
C. okamurai contained SFAs in slightly grater
proportion (51.88 %) than the UFAs (48.07 %).
Type of MUFAs found in one species were not
present in the other species. Although,
polyunsaturated PUFAs up to 6 double bonds DBs
were present in C. glomerata, no such FA was
found in the other species. Similarly oleic acid was
found in a small proportion (2.71 %) in C.
okamurai, but could not be detected in other
species. The C 20:0 acid was found in the highest
amount (13.21 %) in C. okamurai, while the other
species contained C 16:0 and C16:3 acids in the
largest proportion (20.75-22.12 %). Similar results
were shown by the species of Cladophora
collected from estuarine and marine environments
(Orhan et al. 2003). Although C16:0 and C18:1
acids were found in high proportions in several
green seaweeds of Karachi (Shameel 1993),
palmitic acid was not detected in the highest
amount and was not common in C. uncinella [5].
Some observation have a different metabolic
pattern than culture algae, cladophora is a
coenocyte its marine as well as freshwater species
behave similarly.
3.2. Detection of Fatty Acids (FAs)
Two
fractions
obtained
from
column
chromatography of the extract of C. glomerata
were analysed for fatty acids, where fraction A
was eluted from column in n-hexane (100 %) and
fraction B in n-hexane:chloroform (95:05). They
were methylated by diazomethane and analyzed
initially by GLC and finally by GC-MS.
Identification of the individual fatty acids was
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carried out by matching their mass spectra with
NBS mass spectral library [15]. Wherefrom 22
different fatty acids were detected, including 10
saturated and 14 unsaturated acids. While among
four
fractions
obtained
from
column
chromatography of the extract of C. okamurai,
fraction A was eluted from column in pure nhexane (100), fraction B in n-hexane:chloroform
(95:05), fraction C in n-hexane: chloroform
(90:10) and fraction D in n-hexane:chloroform
(85:15). All of them were methylated and analysed
as above. Identification of the individual fatty
acids was carried out similarly which revealed 24
different fatty acids, including 10 saturated and 14
unsaturated acids (Table 2). Altogether 38
different FAs were detected including 15 saturated
and 23 unsaturated acids. The UFAs contained 11
mono, 4 di, 3 triunsaturated and 2 polyunsaturated
acids. The UFAs were present in (48.07-53.46%)
as compared to the SFAs (46.50-51.88%). This is
in agreement with the previous investigations on
green algae of Sindh [5,17,19]. The literature
citation on green algae, in general, also showed the
abundance of UFAs [20]. Palmitic acid (c16:0)
was detected in an appreciable proportion (4,3220.75%), this is also in agreement with the
previous studies on green algae of Sindh.
However, oleic acid (c18:1) was present only in
low proportion (2.71%), while it could not be
detected in C. glomerata. It was found as the
common UFA in the previous studies [6,22].
The SFAs showed a range between C7 and C24
chin lengths, with the exception of C10-C13 all
the acids of this range were detected. Arachidic
acid (c20:0) was not found in appreciable
proportion (13.21 %) in C.okamurai, it was not
detected in the previous studies [21,22]. This acid
is fairly widely distributed in green algae [19]. The
UFAs exhibited the range between c10 & c29
chain lengths with 1-6 degrees of unsaturation,
while c12 and c23-c28 acids were not observed
(Table 2). Members of the chlorophyta in general
have rather use of the c20:5 and slightly more of
the arachidonic acid (c20:4), and linoolenic acid
(c18:3) is more abundant [23-25], while these
acids were not observed in the present species.
3.3. Extraction of Sterols
Two sterols were identified from the fractions of
C.glomerata eluted from the silica gel column,
where compound 1 was eluted between in mixture
form in n-hexane: chloroform (80:20) from
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Table 2. Fatty acids detected in the methanol extracts of two investigated species of Cladophora.


Acid type Compounds

Relative Percentages
――――――――――――――――――――――
C. glomerata
C. okamurai


Saturated Fatty Acids:
C 7:0
2,3-Dimethoxy-n- propanoic
C 7:0
n-Heptanoic
C 8:0
n-Octanoic
C 9:0
n-Nonanoic
C 14:0
n-Tetradecanoic
C 15:0
n-Pentadecanoic
C 16:0
n-Hexadecanoic
C 17:0
n-Heptadecanoic
C 18:0
n-Octadecanoic
C 19:0
n-Nonadecanoic
C 20:0
n-Eicosanoic
C 21:0
n-Heneicosanoic
C 22:0
n-Docosanoic
C 23:0
n-Tricosanoic
C 24:0
n-Tetrecosanoic

46.50 %
--0.68
-1.99
1.76
20.75
1.65
13.70
3.37
1.31
0.46
-0.83

51.88 %
4.53
3.30
2.30
5.72
--4.32
6.03
--13.21
-3.43
5.02
4.02
--

Unsaturated Fatty Acids:
C 10:1
9-Decenoic
C 11:2
3,8-Dimethyl-2, 7-nonadienoic
C 11:3
Undecatrienoic
C 13:1
Tridecenoic
C 14:1
9-Tetradecenoic
C 14:3
Tetradecatrienoic
C 14:4
Tetradecatetraenoic
C 15:1
Pentadecenoic
C 15:2
Pentadecadienoic
C 15:3
3,7,11-Trimethyl-2, 6,10-dodecatrienoic
C 16:
9-Hexadecenoic
C 16:2
Hexadecadienoic
C 16:3
6,10,14-Hexadeca trienoic
C 17:1
Heptadecenoic
C 17:3
Heptadecatrienoic
C 18:1
9-Octadecenoic
C18:2
9,12-Octadecadienoic
C 19:1
Nonadecenoic
C 20:1
9-Eicosenoic
C 20:6
Eicosahexaenoic
C 21:1
Heneicosenpic
C 22:
11-Docosenoic
C 29:3
Nonacosatrienoic

53.46%
0.66
1.21
-2.85
2.44
4.72
2.36
-1.01
0.68
3.37
2.36
22.12
-6.42
-2.04
--1.22
----

48.07%
-6.48
1.42
1.63
1.67
--3.74
-3.85
---3.73
5.75
2.71
-1.78
2.97
-2.03
4.02
6.56


column. It was purified on preparative thick layer
silica gel glass plates in solvent system
n-hexane:chloroform (70:30). Its purity was
checked on TLC card in solvent system nhexane:chloroform (70:30) and by spraying with
Ce(SO4)2, which on heating produced a single
pink red spot. After using different spectroscopic
techniques it was identified as -sitosterol (Fig. 1
[2]). The Compound 2 was eluted in mixture form

in n-hexane:chloroform (60:40) from column and
purified on preparative thick layer silica gel glass
plates in solvent system n-hexane:chloroform
(1:1). Its purity was checked on TLC card in
solvent system n-hexane:chloroform (60:40) and
after spraying with Ce(SO4)2 a pure purple spot
was found, it was identified as ergosterol (Fig. 1
[1]). Two sterols were identified from the silica
gel column of C.
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Fig. 1. Natural products obtained from Cladophora glomerata : 1] = Ergosterol, [2] = β-Sitosterol, [3]
= Trans-phytol, [4] = 30-Nor-cyclopterospermol, [5] = Xylosmacin, [6] = β-Sitosteryl galactoside.

okamurai, where compound 1 was purified and
eluted from column in n-hexane:chloroform
(70:30). It was further purified on preparative
silica gel glass plates in solvent system of nhexane:chloroform (60:40). Its purity was checked
on TLC card in the above system and a purplish

spot was found after spraying with Ce(SO4)2, it
was identified as Decortinol (Fig. 2 [2]).
The compound 2 was eluted in mixed form in
solvent system n-hexane:chloroform (60:40) from
column and purified on preparative thick
layer silica gel glass plates in solvent system
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Fig. 2. Natural products isolated from Cladophora okamurai : [1] = 22-Dehydro-24-isopropyl
cholesterol, [2] = Decortinol, [3] = Trans-phytol, [4] = Dictintriol, [5] = Filican-3-one, [6] = Sucrose.

n-hexane:chloroform (1:1). Its purity was checked
on TLC card in the solvent system of nhexane:chloroform (60:40) and after spraying with
Ce(SO4)2 a pure pinkish red spot was found, it was
identified as 22-dehydro-24-isopropyl cholesterol
(Fig. 2 [1]). Some physical properties of the
indentified sterols are given in the Table 3.
Four sterols were isolated from methanol
extxacts of both the investigated algae, two from
one algae and two from the other (Table 3). Both

the species different from one another in the type
of sterols present. This further indicates that these
two species of cladophora are genetically
different. Although cholesterol was not extracted
in them which is the common sterol of green
macroalgae [27], but its 22-dehydro-24-isoprophyl
derivative was found in C.okamurai. -sitosterol
was present in c.glomerata, which appears to be a
common sterol of freshwater green algae of Sindh
as has been isolated from many species during
previous studies [18, 19].
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Table 3. Natural products extracted from methanol extracts of two investigated species of Cladophora.

1

Str.
No.

Common
Name

Molecular
Formula

2

Mol.
Wt.

3

Mel.
Pt.

[]d
(CHCl3)


Sterols:
1[1].
1[2].
2[1].

2[2].

Ergosterol
-Sitosterol
22-Dehydro-24isopropyl
cholesterol
Decortinol

Terpenes:
1[3].
Trans-phytol
1[4].
30-Nor-cyclopterspermol
2[4].
Dictintriol
2[5].
Filican-3-one
Carbohydrates:
1[5].
Xylosmacin
2[6].
Sucrose
Glycoside:
1[6].
-Sitosteryl
galactoside

C28H44O
C29H50O
C30H50O

396
414
426

C29H48O

428

C20H40O
C30H50O

296

C20H32O3
C30H50O

134.5

-40

320
426

248-249

-63.39
-25.4

C20H22O9
C12H22O11

406
342

149-151
185-187

-30
+66.5

C35H61O6

577

275-277

-63


1

Str. No. = Structure Number in Figs. 1 & 2, 2Mol. Wt. = Molecular Weight, 3Mel. Pt. = Melting Point.

3.4. Isolation of Terpenes
A diterpene was purified and eluted from column
of C. glomerata in n-hexane:chloroform (70:30). It
was further purified on preparative silica gel glass
plates in solvent system of n-hexane:chloroform
(60:40). Its purity was checked on TLC card in the
solvent system of n-hexane:chloroform (60:40)
and a purplish spot was found after spraying with
Ce(SO4)2, it was identified as 3,7,11,15tetramethyl-hexane-2-en-1-ol (trans-phytol) (Fig.
1 [3]. Two diterpenes were identified from the
fractions eluted from the silica gel column of
C.okamurai, compound 1 was purified and eluted
from column in n-hexane:chloroform (70:30). It
was further purified on preparative silica gel glass
plates in solvent system of n-hexane:chloroform
(60:40). Its purity was checked on TLC card in the
solvent system of n-hexane:chloroform (60:40)
and a purplish spot was observed by spraying with
Ce(SO4)2, it was identified as Dictintriol (Fig. 2
[4]). The compound 2 was eluted in mixture from
n-hexane:chloroform (70:30) from column and
purified on thick layer silica gel glass plates in

solvent system n-hexane:chloroform (60:40). Its
purity was checked on TLC card in the solvent
system of n-hexane:chloroform (60:40) and after
spraying with Ce(SO4)2 a pure purple spot was
found, it was also identified as trans-phytol (Fig. 2
[3]). A triterpene was purified and eluted from
column of C. g lomerata in n-hexane: chloroform
(10:90). It was further purified on preparative
silica gel glass plates in solvent system of pure
chloroform. Its purity was checked on TLC card in
the solvent system of chloroform: methanol
(9.5:0.5) and a purplish spot was found after
spraying with Ce(SO4)2, it was identified as 30nor-cyclopterspermol (22-methylene-29-nor-cycloartan-3-ol Fig. 1 [4]). Another triterpene was
purified and eluted from column of C.okamurai in
n-hexane: chloroform (30:70). It was further
purified on preparative silica gel glass plates in
solvent system of n-hexane: chloroform (20:80).
Its purity was checked on TLC card in the solvent
system of n-hexane: chloroform (20:80) and by
spraying with Ce(SO4)2 a pure purple spot was
observed, it was identified as filican-3-one (Fig.
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2[5]. Some physical properties of the identified
terpenes are given in the Table 3.
Four terpenes were extracted from both the
investigated species, including two diterpenes and
two triterpenes (Table 3). Among tham transphytol was the only common compound, while
both the species differed from one another in the
type of terpenes present in them. This terpene,
which is 3,7,11,15-terramethyl hexane-2-en-1-ol,
appears to be of common occurrence in the green
algae, as it was detected in several species of
freshwater algae od Sindh [18, 19]. It is a noncyclic diterpene.
3.5. Extraction of Glycoside and
Carbohydrates
The residue from pooled fractions eluted with
chloroform:methanol (90:10), was crystallized and
recrystallized from methanol to afford fine white
needle like crystals. Purity was then checked on
TLC
card
in
solvent
system
chloroform:methanol:water (4:6:0.5) and then by
spraying with Ce(SO4)2. On heating it produced a
single dark purple spot. After using different
spectroscopic techniques it was identified as
xylosmacin (Fig.1 [5]). The residue from pooled
fractions of C. okamuari eluted with
chloroform:methanol (95:5), was crystallized and
recrystallized from methanol to afford fine white
needles. Purity was then checked on TLC card in
solvent
system
chloroform:methanol:water
(4:6:0.5) and by spraying with Ce(SO4)2. On
heating it produced a single dark purple spot, it
was identified as sucrose (Fig. 2 [6]). A glycoside
was eluted from column of C. glomerata in
chloroform:methanol (95:5). It was further
purified on preparative silica gel glass plates in
solvent system of chloroform:methanol (90:10). Its
purity was checked on TLC card in the solvent
system of chloroform:methanol (90:10) and after
spraying with Ce(SO4)2 a pinkish red spot was
found, it was identified as -sitosteryl galactoside
(Fig 1[6]). Some of the identified carbohydrates
and glycosides physical properties are given in the
Table 3.
Cladophora appears to be rich in secondary
metabolites. It is interesting to note that all of the
isolated natural products (except trans-phytol)
were present in one species and absent in other.
This confirms that the two species under
investigation are genetically different from one

another, and hence differ in their general
metabolism. It was further observed that the same
species growing in the estuarine environment
indicates that biosynthesis of their natural products
is genetically controlled, which is not influenced
by aquatic environments. A variety of crystalline
cellulose and proteins have been isolated from
cladophora [27]. The most majority amoun
aminoacods which composed these proteins were
glutamine and aspastic acids, alamine, lencine and
phenylalamine [28]. A new class of peptides
related to rapid replication has been detected in
cladophora [29].
4.
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Taxonomy of the Genus Colpomenia (Laminarophyceae,
Phaeophycota) from the Coast of Karachi
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Abstract: Four globular, convoluted, hollow species of brown algal genus Colpomenia (Endlicher) Derbès
et Solier were collected from different coastal areas of Karachi (Pakistan) at northern Arabian Sea and
taxonomically investigated in detail. They included one new species, C. hasanainii Aisha et Shameel,
which differed from all the existing species. Most of these species are reported and taxonomically
described for the first time from the coast of Pakistan.
Keywords: Algae, Phaeophycota, Colpomenia, taxonomy, morphology, anatomy, reproduction

1. INTRODUCTION
The genus Colpomenia is of common occurrence
at the north Arabian Sea coast of Pakistan. The
species C. sinuosa was reported to occur at the
coast of Karachi [1, 2], which was later on
taxonomically described by several workers [3,6].
Although some other species were also observed
to grow in this area, but no composit information
was available about the growth of this genus at the
seashore of Pakistan. Therefore, a long survey was
made to collect brown algae from various coastal
areas of Karachi and taxonomically investigated.
As a result of that four species of Colpomenia
were found to grow in this area, which are being
described here.

2. MATERIALS AND METHODS
Algal thalli were detached from the rocks at mid
and lower littoral zones from the coast of Karachi,
Pakistan. They were brought to the laboratory and
preserved in 4% formaldehyde. Different parts of
thalli were cut into thin slices with the help of
shaving blade by free hand section cutting
technique. Sections were stained in 1 % aniline
blue for 5-10 minutes, one or two drops of 1M
hydrochloric acid were added for 30 seconds and
―――――――――――――――――
Received, November 2011; Accepted, June 2012
*E-mail: dr_aisha32@yahoo.com

washed with seawater. The sections were then
mounted in a solution of 75 % glycerin with
aniline blue (75 mL Gly + 20 mL aniline blue + 5
mL distilled water). Finally, the slides were sealed
with the sealing material (Cutex) and observed
under microscope (Nikon, Japan).
3. RESULTS AND DISCUSSION
Colpomenia (Endlicher) Derbès et Solier 1851:95
is a brown alga of the family Scytosiphonaceae
(order Scytosiphonales, class Laminarophyceae,
Phylum Phaeophycota; fide [7, 8]). Taxonomic
examination of the collected specimens from
various coastal areas of Karachi (Pakistan)
revealed the following characters of this genus.
Thallus globose, globular, hollow, lobed,
convoluted, yellow to dark brown in colour, thick,
membranous or thin; attached to the substratum
with its lower surface; 5-7 layers thickened,
peripheral layer consists of small squarish cells;
outer cortex polygonal in shape, whereas inner
cortex with irregular large thin-walled cells;
phaeoplasts discoid, many, physodes formed;
phaeophycotean hairs present, single or in group in
cavities; growth intercalary or trichothallic;
plurilocular sporangia cylindrical, club-shaped,
uniseriate; paraphyses present, globose to oblong,
club-shaped; sporangia in sori, sori scattered all
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over the thallus surface. Its four species were
found to occur at Karachi Coast, which are
distinguishable as follows:
1.

Phaeophycotean hairs absent in cavities also
in sori-------------------------------------------2
Phaeophycotean hairs present in cavities ---3

2.

Thallus showing globose appearence----------------------------Colpomenia ecuticulata (1)
Thallus showing tubular appearance------------------------------Colpomenia hasanainii (2)

3.

Sori without cuticle and diffusely
spreading----------Colpomenia peregrine (3)
Sori covered by cuticle and surround central
hair tuft--------------Colpomenia sinuosa (4)

3.1. Colpomenia ecuticulata Parsons 1982:297
References: Parsons 1982: 297, Womersely
1987:298, Begum & Khatoon 1988: 300, 1992:
24, Shameel & Tanaka 1992: 40, Silva et al 1996:
626 [4, 9-13].
Morphological characters: Thallus globular,
sometime very much lobed, thick, 8-10 cm in
diameter; yellowish brown in colour; attached to
rocks by its lower surface; sometime epiphytic on
Sargassum sp. and Cystoseira indica (Thivy et
Doshi) Mairh.
Cytological features: Thallus composed of six to
seven layers of cells; single layer of small squarish
assimilatory cells at periphery, 6-9 μm in length
and 6-9 (-12) μm in breadth; outer two layers of
cortical cells rectangular to polygonal in shape,
towards the medullary part or inner cortical cells
increased in size and irregular in shape, 9-16 μm
long and 12-41 μm broad; phaeoplasts dense in
peripheral layer, by moving towards the inner
cortical cells become few in number until the
innermost cortical cells without any phaeoplast.
Reproductive structures: It reproduces by
plurilocular sporangia, which are cylindrical,
mostly uniseriate but sometimes biseriate, 9-19 μm
in length and 3-6 μm in breadth; sori not covered
by a cuticle, reticulate surface pattern formed by
the sori; unilocular sporangia were not observed;
paraphyses found in between sori, club-shaped, 12 (-3) celled, 31-43 μm in long and 9-12 μm
broad.
Growth: The growth is diffuse.

Type locality: Takatu Peninsula, North Island,
New Zealand.
Habitat ecology: It was found growing epilithic
on the rocks at littoral region. The vegetation of
this species was so massive that it formed mats on
the rocks of the coast.
Local distribution: Manora (Leg. Aisha 29-121990); Sandspit (Leg. Aisha 28-1-1991); Buleji
(Leg. Aisha 23-1-90; 29-12-1990).
Geographical distribution:
Zealand and Pakistan.

Australia,

New

Remarks: The specimens collected during this
survey were identified as Colpomenia ecuticulata
on the basis of three characters i.e. absence of
soral cuticle; presence of globose paraphyses and
the reticulate surface pattern formed by the sori [9,
10, 14], which differ from all other species of
Colpomenia found along the coast of Karachi.
3.2. Colpomenia hasanainii Aisha et Shameel,
sp. nov.
Diagnosis: Thallus dimidio convolvulatus et
dimidio tuberculatus, sporangia plurilocularis
uniseriatis et cylindriceae sine cuticula, pilis
phaeophycoteanis carens et oblongus paraphyses.
Morphological characters: Thallus epilithic on
rocks, 5-7 cm in diameter, light brown in colour,
thin, irregularly lobed; attached to substratum by
large lower surface; half part of the thallus
convoluted and half with tuberculae which appear
like Iyengaria.
Cytological features: Thallus composed of 3-4
layers of cells; cells of single peripheral layer
small, squarish, densely filled with granular
phaeoplasts, 6-9 μm in length, 6-12 μm in
breadth; cortical region consists of two parts, outer
part having single layer of small cells, which are
angular, 9-15 μm high, 15-27 μm wide, inner part
having large cells with no definite shape, filled
with less number of phaeoplasts, 12-18 (-37) μm
long and 21-58 (-61) μm broad; phaeophycotean
hairs were not recorded.
Reproductive structures: It reproduces by
plurilocular sporangia, which are cylindrical,
usually uniseriate, 19-31 μm long and 6 μm broad;
cuticle absent; unilocular sporangia were not
recorded; paraphyses oblong in shape, 2-3 celled,
16-19 μm in length and 6 μm in breadth.
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Fig. 1. Colpomenia ecuticulata Parsons: a. Transverse section of thallus showing uniseriate plurilocular
sporangia, b. transverse section with uniseriate plurilocular sporangia, paraphyses and tuft of
phaeophycotean hairs,c. Colpomenia ecuticulata Parsons: Herbarium specimen.

Fig. 2. Colpomenia hasanainii Aisha et Shameel: a. Transverse section of thallus with cortical and
peripheral cells, b. transverse section showing uniseriate plurilocular sporangia, c. transverse section of
thallus with uniseriate plurilocular sporangia and paraphyses, d. Colpomenia hasnainii Aisha et Shameel:
Type specimen.
Growth: The growth is diffuse.
Type locality: Buleji, Karachi, Pakistan.
Habitat ecology: It was found epilithic on the
rocks of the Karachi Coast which were exposed to
mostly low tides.
Local distribution:
1990).

Buleji (Leg. Aisha 29-12-

Remarks: These specimens were characterised by
a thallus half convoluted and half with tuberculae,
uniseriate and cylindrical plurilocular sporangia
without cuticle, phaeophycotean hairs absent and
paraphyses oblong. In these characters they
differed from all the other known species
described previously. Therefore they have been
considered as a new species Colpomenia
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hasanainii, which is named in the memory of late
Prof. Dr. Syed Zulfiqar Hasanain, the pioneering
professor of Botany at University of Karachi.
3.3. Colpomenia peregrina Sauvageau 1927: 321
Refrences:
Sauvageau
1927:321,
Hamel
1937:201, Rosenvinge & Lund 1947:37, Blacker
1967:5, Womersley 1967:244, 1987:298, Parsons
1982:295, Shameel et al. 1996:227, 2000:85, Silva
et al. 1996:627, Shameel 2000:52, [9,10, 13, 1521].
Morphological characters: Thalli epilithic
yellowish brown in colour, fertile parts dark brown
in colour, less convoluted, thin and globular, 5-10
cm in diameter.
Cytological features: Thallus composed of five to
seven layers of cells, single peripheral layer of
squarish cells, 9 - 16 μm in length and 9 - 16 μm
in breadth, densely filled with phaeoplasts; cortical
portion may be divided into two parts, outer cortex
consists of small polygonal cells, (9-) 12 - 25 μm
long and (12-) 16 - 37 μm broad, less number of
phaeoplasts within the cells; inner cortex with
large irregular cells, 46 - 62 (-108) μm long and 53
– 108 (-142) μm wide, without any phaeoplast or
physode; phaeophycotean hairs present mostly in
groups and originate from outer cortical cells, 77 –
87 μm long and 6 – 9 (-12) μm broad.
Reproductive structures: Phaeophycotean hairs
and sori in separate groups distributed on thallus
surface, sori usually made up of plurilocular
sporangia which are uniseriate or biseriate,
somewhat club-shaped or elongate, 19 -25 (-28)
μm in length and 6–9 μm in breadth; unilocular
sporangia were not observed in these specimens
(sometimes the plurilocular sporangia seem to be
gametangia); paraphyses present in between
plurilocular sporangia, oblong to globose in shape,
16 – 122 μm in length and 9 – 16 μm in breadth.
Growth: The growth is diffuse, may be
trichothallic in the parts of phaeophycotean hairs.
Syntype localities: Various in Atlantic Europe.
Habitat ecology: It was growing epilithic on the
rocks which were exposed to low tides.
Local distribution: Buleji (Leg. Aisha 14-111993).
Geographical

distribution:

British

Isles,

California, China, Japan, Mediterranean Sea,
Naples, New Zealand and South Australia.
Remarks: The specimens gathered from Buleji
Coast were thin, yellowish brown in colour,
plurilocular
sporangia
were
club-shaped,
paraphyses mostly single celled, oblong to globose
in
shape,
rarely
2-3
segmented
and
phaeophycotean hairs arise from sub-cortical part.
These characters are similar to the species
described as Colpomenia peregrina by several
workers [9,10,14, 17,19]. It is morphologically
quite similar to C. ecuticulata and C. sinuosa, but
differs from them in shape of paraphyses, origin of
phaeophycotean hairs and above all the absence of
cuticle. This taxon was initially proposed with
alternative names C. sinuosa var. peregrina and C.
peregrina [15]. As the publication was prior to
first January 1953, both these names are valid in
accordance with Art. 34.2 of ICBN [13].
Therefore, it is advisable to use the binomial C.
peregrina Sauvageau, as was originally suggested.
3.4. Colpomenia sinuosa (Mertens ex Roth)
Derbès et Solier in Castagne 1851:95
Basionym:
1806:327.

Ulva sinuosa Mertens ex Roth

Synonyms: Encoelium sinuosa (Mertens ex Roth)
C. Agardh 1820:146, Aperococcus sinuosa
(Mertens ex Roth) Bory de Saint-Vincent
1832:326, Encoelium vesicatum (Harvey) Kützing
1849:552.
References: Børgesen 1934:25, 1935:34, 1939:89,
1941:61, Durairatnam 1961:32, Misra 1966:115,
1967:232; Womersely 1967:244, 1987:297,
Krishnamurthy & Joshi 1970:12, Nizamuddin &
Gessner 1970:6, Saifullah 1973:141, Islam
1976:43, Jaasund 1976:47, Nizamuddin & Begum
1978:318, Shameel 1987:513, 2000:52, Shameel
& Afaq-Husain 1987:295, Silva et al. 1987:80,
1996:627, Begum & Khatoon 1988:300, 1992:23,
Shameel & Tanaka 1992:40, Shaikh & Shameel
1995:27, Shameel et al. 2000:86, Abbas &
Shameel 2007:1921[1-6, 10-13, 9,21-35].
Morphological characters: Thallus epilithic on
rocks, globular, broad, irregularly lobed, thick,
sometimes membranous, 3-12 cm in diameter,
light brown in colour; attached to substratum by
large lower surface.
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Fig. 3. Colpomenia peregrina Sauvageau: a. Transverse section of thallus with plurilocular
sporangial initials, b. transverse section with uniseriate and biseriate plurilocular sporangia, c. transverse
section of thallus with tuft of phaeophycotean hairs,d. .Colpomenia peregrina Sauvageau: Herbarium
specimen.

Fig. 4. Colpomenia sinuosa (Mertens ex Roth) Derbèset Solier: a. Transverse section of thallus with
plurilocular sporangia, b. transverse section showing plurilocular sporangia, paraphyses and tuft of
phaeophycotean hairs, c. transverse section of thallus with plurilocular sporangia and tuft of
phaeophycotean hairs, d. Colpomenia sinuosa (Mertens ex Roth) Derbès et Solièr: Herbarium specimen.
Cytological features: Thallus composed of six
layers of cells; cells of single peripheral layer
squarish in shape, densely filled with phaeoplasts,
3-9 μm in length, 3-6 μm in breadth; outer two
layers of cortical cells polygonal in shape, 6-12
μm long and 12-28 μm wide, with few

phaeoplasts; inner three layers of cortical cells
irregular and large, without phaeoplast, (25-) 34182 μm in length and 43 - 74 (-108) μm in
breadth; septate phaeophycotean hairs present in
group, found within sori and cryptostomata, 53108 μm long and 9 μm broad.
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Reproductive structures: It reproduces by
plurilocular sporangia, cylindrical, usually
uniseriate, rarely biseriate, 28-46 μm long and 3-6
μm broad; cuticle present; unilocular sporangia
were not recorded; paraphyses globose in shape, 23 celled, 25-46 μm in length and 6-9 (-12) μm in
breadth.
Growth:
The growth is diffuse may be
trichothallic in the parts of phaeophycotean hairs.

2.

3.

4.

Type locality: Near Cάdiz, Spain.
Habitat ecology: It was found drift as well as
epilithic on the rocky places of the Karachi Coast.

5.

Local distribution: Manora (Leg. Aisha 11-111989, 29-12-1990, 28-1-1991); Buleji (Leg. Aisha
9-12-1989, 29-12-1990, 14-11- & 30-11-1993);
Nathiagali (Leg. Aisha 14-11-1989).

6.

Geographical distribution: Andaman Islands,
Australia, Bahrain, Bangladesh, Brazil, California,
England, Florida, India, Indonesia, Iran, Japan,
Kenya, Kuwait, Laccadive Islands, Madagascar,
Malaysia, Mauritius, Mexico, Pakistan, Réunion,
Rodriguez Island, Saudi Arabia, Seychelles,
Singapore, Somalia, South Africa, Sri Lanka,
Tanzania, The Philippines, West Indies and
Yemen.
Remarks: The specimens of Karachi are globular,
hollow and have cylindrical plurilocular sporangia
with cuticle, cellular hairs and paraphyses. In these
characters it showed similarities with the species
described by pioneering workers [1-3], therefore it
was identified as Colpomenia sinuosa. It differed
from C. peregrina in lacking thin thallus, single
celled paraphyses and plurilocular sporangia
without any cuticle, it may also be differentiated
from C. ecuticulata by not having globular
paraphyses and in the presence of cuticle covering
the sori.
4.

7.

8.

9.

10.

11.

12.

13.
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Quality Assessment of Digital Elevation Models in Comparison with
Global Positioning Data of a Stream Profile in Dera Ismail Khan
Arshad Ashraf*, Muhammad Munir Ahmad and Muhammad Bilal Iqbal
Water Resources Research Institute, National Agricultural Research Center,
Park Road, Islamabad, Pakistan
Abstract: Digital Elevation Models (DEMs) represent the height of terrain and are widely used in many
spatial information related applications. Accuracies of DEMs vary depending upon the requirements of
different applications. This paper highlights the height accuracy of DEMs derived from SRTM 90M,
ASTER 30m, HYDRO1k and Google Earth technologies against field data of a stream profile collected
through Global Positioning survey. The methods involve collection of variable DEMs data, developing
regression models to find relationship between DEMs and GPS based elevation data, and data quality
assessment. The data generated for comparison of the elevation profiles derived from the DEMs against
GPS is manipulated with the aid of Geographic Information System (GIS). Multiple linear regressions have
been used to define the relationship between the DEM and the 30 plus GPS survey points. The results show
a close relationship between the SRTM DEM and the GPS data with Mean Sum of Residual of 0.41m and
Root Mean Square Error (RMSE) of 4m. The study provides insight of different DEM technologies
available from open sources which can be utilized for detail planning and management of watershed areas
of the country in future.
Keywords: Global positioning system, DEM, stream profile, root mean square, Dera Ismail Khan

1. INTRODUCTION
The resource managers and planners need detailed,
timely, accurate and reliable data on extent,
location and quality of land and water resources at
small watershed level to a large basin level. In
longitudinal profile survey of streams, points are
surveyed along the stream longitudinally in order
to calculate stream and water surface slope.
Although, conventional survey techniques i.e.
Total station and Global positioning System (GPS)
offer opportunities for easier and reasonably
accurate location of features on the earth’s surface
but in remote and hard areas like of Balochistan
and Khyber Pakhtunkhwa, planning surveys are
often confront accessibility problems. The
application of satellite remote sensing is gaining
importance for landuse surveys and mapping
largely because of its ability to provide rapid and
reliable information of remote and inaccessible
areas within a relatively short time period. The
Digital Elevation Model (DEM) data is being

applied in a wide range of civil engineering and
military planning tasks inside and outside the
country. Nowadays, flood estimation [1, 2];
landslide detection; surface morphology mapping
[3] and monitoring of underground mining
subsidence [4, 5] can also be done with the aid of
high resolution DEMs. [6] analyzed the influence
of the DEM quality used in the preprocessing of
the SAR data on the mapping accuracy of forest
types. [7] detected the mountain peaks with
varying shapes using a geomorphologically high
quality DEM as a fundamental dataset. The term
“digital elevation model” (DEM) is used
generically to mean the digital cartographic
representation of the elevation of the earth surface.
It is sometimes referred as a “digital terrain
model” (DTM). The (horizontal) spacing is
specified in arc-seconds, with a smaller horizontal
spacing usually implying a better resolution in
height [8]. Although high resolution DEMs like
airborne laser scanning (ALS) and radar
interferometry i.e. so-called interferometric
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synthetic aperture radar (InSAR) are new
technologies capable of creating high quality
DEMs in a cost-effective manner, but provision of
these is restricted due to technical and geopolitical
reasons. Therefore, open source DEMs like The
Shuttle Radar Topography Mission (SRTM) 90m,
ASTER 30m and HYDRO1k can be utilized
frequently for any topographic and hydrologic
application in this area.
The most intuitive way to assess the quality of
a DEM is to estimate the amount of error in
the elevation values. In many cases, it will not
be possible to make on-the-ground
measurements of the “true” elevation due to
time and accessibility constraints. Instead of
determining the absolute accuracy of the
DEM, it is more practical, and hence common, to
measure the relative accuracy in comparison with
sample point measurements known to be of a
higher order of accuracy [9]. Assessment of DEM
quality is commonly restricted to reporting a Root
Mean Square Error (RMSE). In order to assess the
DEM quality, the user needs to consider the
influence of DEM quality on derived products and
models, as stated by [10] in particular reference to
hydrological models. Knowledge about DEM error

is still at a primitive stage and incorporation of this
knowledge
into DEM-based modelling

applications has only developed to a limited
extent [11]. Currently majority of DEMs are
generated using photogrammetric methods. Spatial
modeling involving DEM data is undertaken in a
wide range of application areas and for all types of
environment. Although broader focus of its use is
for the hydrological modeling in mountain
environments, but there are other types of terrain
or environments where its application exists.
Therefore, four elevation models i.e. SRTM 90M,
ASTER 30m, Google earth and HYDRO1k were
compared with GPS data in order to assess
accuracy of the data for longitudinal profile
analysis of a stream at a watershed level. The data
that has close agreement with the GPS data can
serve as an alternative to the medium scale GPS
surveying in the country.
2. MATERIALS AND METHODS
2.1. Study Area
The GPS survey was carried out to collect spatial
data of irrigation structures, branch nodes and to
plot profile of the Gud stream in Daraban Zam

Fig. 1. Location of Gud stream in Daraban Command Area, D.I.Khan.

Comparison of DEM and GPS Data

command area, D.I.Khan, Khyber Pakhtunkhwa
province. The study area lies within longitudes 70
12 - 70 40 E and latitudes 31 37 - 31 50 N in
the western part of the D.I.Khan district (Fig. 1). It
has a mean length of about 45 km in SE direction.
The elevation ranges between 180 and 417 meters
above mean sea level (masl), which gradually
decreases towards Indus floodplain in the east.
Major area falls in the elevation range of 200 - 225
masl. The study area is well connected through
D.I.Khan-Balochistan national highway with other
parts of the country. Flood water of Daraban Zam
(‘Zam’ locally used for a perennial stream in a
limited context as it provides perennial flow along
with flood water) is distributed in three branches
i.e. Gud in the south, Toya (Shakh Shumali) in the
north and Lohra in the middle. The Gud stream is
about 43km in length starting from the point where
Daraban Zam trifurcate into three rods (local term
for irrigation offtakes from torrent channel or
branches). The discharge of the stream is about
283 m3/sec with command area of about 22,000
hectares [12]. There are 21 villages under
irrigation through this rod. There are two irrigation
systems in the zam area that is perennial water
(Kala pani) and flood water (Buga pani). Both
have traditional system of management, for
perennial Tuman system is in practice and for
flood Patti Dari system is in practice. In the up
stream and middle stream where the water is
received every year, Patti Dari system is working.
The main landforms include sub-recent piedmont
plains, eroded sub-recent piedmont plains and
severely eroded land distributed in various parts of
the area. In the western part of the piedmont plains
along the mountains, the alluvial fill generally
consists of coarse material i.e. coarse sand, gravels
and boulders derived from the adjacent rocks.
Eastward away from the mountains, the fill
gradually becomes fine grained with extensive
layers of clay alternating with fine sand layers.
A single unit Magellan Sportrek GPS mapping
receiver was used for acquiring the profile data of
Gud stream. The receiver consists of 12 parallelchannel technology which tracks up to 12 satellites
to compute and update information with
quadrifilar antenna. It possesses accuracy position
of 7 meters and with WAAS (Wide Area
Augmentation System) <3 meters [13]. All
Magellan GPS receivers use GPS to obtain
position, velocity and time information. In
addition to these features, the Sportrek offers the
ability to display one’s location on detailed maps
providing one with a complete navigation tools. In
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2D (two-dimensional) mode only three satellites
are needed for a position fix and elevation is not
computed. In 3D (three-dimensional) mode, a
minimum of four satellites are needed to compute
the position and at the same time, elevation is
computed. Overall 66 points had been collected
over length of about 30.4 km of Gud stream out of
which 34 points along the channel were selected
for this comparison study.
2.2. Characteristics of DEM Data Used
2.2.1 SRTM DEM
The Shuttle Radar Topography Mission (SRTM) is
a joint project between the National Imagery and
Mapping Agency (NIMA) and the National
Aeronautics and Space Administration (NASA),
USA. They obtained digital topographic data for
80% of the earth’s land surface with data points
located at every 30x30 meters (1-arc-second) on a
latitude / longitude grid to 90x90 meters (3-arcseconds). The 3 arc-seconds (90m) data is
available globally while 1 arc-second (30m) is
available for United States only. The USGS
distributes global SRTM elevation data in 1ºx1º
tiles which can be downloaded from the USGS ftp
server
at
ftp://e0srp01u.ecs.nasa.gov/srtm/
version2/SRTM3/. Most common DEM format is
the raster grid with elevations given at regularly
spaced points or ‘posts’ [8]. Because DEMs are
discrete representations of the earth’s continuous
surface, sudden elevation changes i.e. cliffs or
deep valleys may not be represented correctly by a
regularly-spaced grid.
2.2.2. ASTER GDEM
The Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) Global Digital
Elevation Model (GDEM) was developed jointly
by the Ministry of Economy, Trade, and Industry
(METI) of Japan and NASA, USA. They
contributed this DEM to the Global Earth
Observation System of Systems (GEOSS), which
is available at no charge to users via electronic
download from the Earth Remote Sensing Data
Analysis Center (ERSDAC) of Japan and NASA’s
Land Processes Distributed Active Archive Center
(LP DAAC). The ASTER instrument was
launched by NASA in December 1999. It has an
along-track stereoscopic capability using its near
infrared spectral band, and its nadir-viewing and
backward-viewing telescopes to acquire stereo
image data with a base-to-height ratio of 0.6. The
spatial resolution is 15m in the horizontal plane.
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One nadir-looking ASTER visible and nearinfrared (VNIR) scene covers about 60x60km
ground area. The ASTER GDEM is in GeoTIFF
format with geographic (lat/long) coordinates and
a 1 arc second (30m approx.) grid. Pre-production
estimated accuracies for this global product were
20m at 95% confidence for vertical data and 30m
at 95% confidence for horizontal data. An
upgraded ASTER GDEM Version 2 can be
downloaded
from
the
site
http://www.gdem.aster.ersdac.or.jp/search.jsp.
2.2.3. HYDRO1k
The development of HYDRO1k database was
made possible by the completion of 30 arcseconds digital elevation model at EROS in 1996,
entitled GTOPO30. HYDRO1k is a geographic
database providing comprehensive and consistent
global coverage of topographically derived data
sets to organize, evaluate, or process hydrological
information on a continental scale. This data set,
with its nominal cell size of 1 km can be
downloaded
from
site
http://eros.usgs.
gov/#/Find_Data/Products_and_Data_Available/g
topo30/hydro/asia. The basis of all of the data
layers available in the HYDRO1k database is the
hydrologically corrected DEM. The DEM is
processed to remove all elevation anomalies that
can interfere with hydrologically correct flow. The
raster data layers of HYDRO1k are available in
simple binary data of each continent.
2.2.4. Google Earth
Google Earth is a virtual globe map and
geographic information program that was
originally called Earth Viewer 3D and was created
by Keyhole, Inc, a company acquired by Google in
2004. It maps the Earth through superimposition
of images obtained from satellite imagery, aerial
photography and GIS 3D globe. Most of the land
area is covered in satellite imagery with a
resolution of about 15m per pixel. This base
imagery is 30m multi-spectral Landsat which is
pan sharpened with the 15m panchromatic Landsat
imagery. However, Google is actively replacing
this base imagery with SPOT 2.5m imageries and
several higher resolution datasets. The image data
can be visualized in google earth after
downloading
software
from
the
site
http://www.google.com/earth/download/ge/ agree.
html. Most of the Google image data are
underlying with 3 arc second digital elevation
data. Although 1 arc second elevation data is also
available but for limited region only.

2.3. Data Comparison and Statistical Analysis
The DEM data of SRTM, ASTER and HYDRO1k
were downloaded from open web sources and
respective subsets of the data were developed in
GIS. All the data were transformed into common
coordinate system i.e. Universal Transverse
Mercator (UTM) for comparison analysis. The
overlay analysis of the data was performed in GIS
which provides an ideal environment for datum
conversion, geo-referencing, profile extraction,
interpretation and visualization. The GPS points
were draped over the respective sub images of
DEMs data and underlying elevation values were
recorded with the aid of spatial analyst tools i.e.
extract values to points, of ARCGIS 9.3 software.
The profiles of DEM and GPS data were drawn
and scatter plots were developed to determine
coefficient of correlation ‘R2’ and regression
equations. Profile lines are linear features that
define the longitudinal view of the channel parallel
to the direction of stream flow. The profile
provides idea of channel slope which has a
profound effect on the velocity of flow in a
channel, and, consequently, on the flow
characteristics of runoff from a drainage basin.
Water surface elevation is measured at the bank of
the stream. A variety of geomorphic parameters
such as pool to pool spacing, pool length, average
reach, riffle, run, glide and pool slopes an be
measured from the profile graph http:
//www.rivermorph.com/detail/detail1003.asp.
To evaluate accuracy of the results, Mean Sum
of Residuals (MSR), Root Mean Square (RMS) and
standard deviation (  ) were computed. MSR is
independent of sample size, but depends on the
range in the measured values. The Root Mean
Square error or RMSE value is based on the
difference between DEM elevation and the
elevation of test points measured by field survey
or aero triangulation, or from a spot height or point
on a contour line from an existing source map
[14]. Standard deviation is a statistical measure of
dispersion of a frequency distribution, equal to the
positive square root of the mean squared deviation
of a number of individual measurements of a
variate from their population mean [15]. The MSR,
RMS and standard deviation were computed using
following equations:

1 n
MSR   Wi m  o
n i 1

(1)
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n

260
220
180

Where, m = model point data of DEM; o =
Observed data of GPS; W = Weight;  = standard
deviation; x = residual of model and observed
data; x = the residual mean; n= number of values.
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Fig. 2b. Stream profile under GPS and ASTER
data.
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Fig. 2c. Stream profile under GPS and HYDRO1k
data.
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The data was interpreted in GIS and extracted for
developing profiles of different DEMs along the
route of the GPS survey as shown in Fig. 2a-d.
The GPS data of stream profile indicated drop of
136 meters over a length of 30.4 km in water
surface of the stream. About 78% of this drop
exists within 10 km length in the west side
indicating gentle sloping terrain of Suleiman
piedmont area. The slope in this part of the profile
is about 0.01 while in the rest part, it declines up
to 0.001 in the eastern part of the study area. The
analysis of SRTM profile showed about 44%
values on the lower side of the GPS values
exhibiting an overall equal pattern of distribution
(Fig. 2a). About 62% of the ASTER and 85% of
the HYDO1k values were found on the lower side
of the GPS values indicating an overall negative
shift in profiles. The profile of Google earth
showed 82% values on the higher side of the GPS
data indicating a dominant upward shift.
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Fig. 2d. Stream profile under GPS and Google E.
data.
3.2. Data Correlation Analysis
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The scattergrams were developed of DEMs versus
GPS data for correlation analysis (Fig. 3a-d). The
regression equations obtained from correlation
analysis of DEM and GPS elevation values are
given as follows:
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Fig. 2a. Stream profile under GPS and SRTM
data.
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Where ‘y’ represents the GPS elevation and ‘x’
the corresponding DEM elevation value of the
profile.
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Fig. 3a. Relationship of SRTM vs. GPS data.
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The comparison of DEMs and the GPS data
indicated maximum correlation coefficient value
of about 0.99 for SRTM DEM and Google Earth
data (Table 1). The HYDRO1k and ASTER DEM
data exhibited almost identical value of R2=0.97
with later slightly lower than the former. The
SRTM DEM had shown a least RMS value of
about 4m indicating higher accuracy than that of
HYDRO1k and ASTER DEMs which showed
RMS values of 8.96m and 7.26m, respectively.
The SRTM DEM had shown MSR value of 0.4
which is closest to zero. The MSR value was
found maximum for Google Earth i.e. 3.44m while
minimum for HYDRO1k DEM as (-) 5.65m. The
ASTER DEM exhibited the maximum standard
deviation value of 7.22m followed by HYDRO1k
DEM which indicated value of 6.99m.
4. DISCUSSION

ASTER DEM (m)

Fig. 3b. Relationship of ASTER vs. GPS data.
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Fig. 3c. Relationship of HYDRO1k vs. GPS data.
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Fig. 3d. Relationship of Google E. vs. GPS data.

There was a topographical effect observed on
various DEMs data when compared with GPS
profile data. The ASTER and HYDRO1k profiles
indicated an overall downward shift in values (Fig.
2a and 2b). ASTER data showed an
underestimation above 226 masl while HYDRO1k
exhibited underestimation above 202 masl. For
plain to gentle slopes, these datasets seem provide
better accuracy. On the contrary, there was an
upward shift visible in the profile of Google earth
as compared with GPS profile (Fig. 2d). The
Google earth data was found overestimated below
264 masl while above this elevation it was in
agreement with the GPS profile. The SRTM data
exhibited more or less uniform distribution over
the GPS profile. A DEM might be affected by an
overall vertical shift, making its absolute accuracy
poor, but still has good relative accuracy [8]. For a
DEM the relative accuracy specifies the accuracy
of the differences in elevation between ‘posts’ and
usually describes the internal consistency of the
dataset.

The standard deviation (  ) values
determined of DEMs and GPS data residual
also indicated lowest value of 4.14m for
SRTM DEM. RMS is problem dependant and
its value is affected by the range in the
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Table 1. Correlation coefficient and error estimation between various types of DEM and GPS elevation
data.
R2

MSR

RMS



SRTM 90m

0.9912

0.412

4.095

4.135

ASTER 30m

0.9714

-1.465

7.258

7.216

HYDRO1k

0.9752

-5.655

8.964

6.991

Google E. 3Arc

0.9951

3.441

4.968

6.363

Data

measured values. It is considered to be the
best error measure equation if errors are
normally
distributed
[16].
However,
determination of ground points may give
higher RMS values for densely vegetated bank
areas than of non-vegetative areas [17].
Keeping in view the quality of SRTM DEM,
the data had already been used to demonstrate
profiles sections of Vehowa stream [18],
generation of slope and drainage network of
Pishin-Lora basin [19], delineation of
watershed boundaries and drainage network
of Rod-kohi (Hill-Torrent) region and
Daraban catchment [20, 21]. According to
[22], SRTM DEM data can be used to replace
the DEM from 1:250,000 scale topographic
maps in many situations e.g. for the study of
mountain geomorphology, ecology and
hydrology. Furthermore, compared with the
actual DEM determined after ground surveys,
the absolute elevation error is less than 5m in
relatively flat basins and wide valleys on the
plateau, while it is greater in mountainous
areas. Thus SRTM DEM surface seems to
provide a better approximation of the actual
spatial variation so as to represent data
collected through field surveying.
5. CONCLUSIONS

The results of the study show that SRTM 90m
DEM has closer agreement with the GPS
elevation data than other DEMs like ASTER,
HYDRO1k etc. The SRTM DEM can provide
an alternative of medium scale GPS survey for
topographic or elevation profile analysis.
Although quality of DEMs data like ASTER,
HYDRO1k and Google earth was reasonable

when compared with GPS data but to some
extent only as it indicated variation with
topography which needs to be investigated in
detail. As error estimate did not relate to true
elevation, but the elevation recorded through
GPS source, there could be chances of errors
existence in GPS parameters and surveying
method etc. which can be explored through
applying advance GPS and surveying
techniques. The regression equations derived
from GPS and DEMs data relationship during
this study can help in transforming DEM data
to equivalent GPS elevations useful for field
surveying and spatial planning in the
respective area. Although the results described
in this paper are preliminary but it provides
insight of data quality of various DEMs
available from open sources which can be
utilized for detail planning and management at
watershed to a regional level in the country.
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Abstract: Let

be an
graph. is said to be strongly indexable if there exists a bijection
, such that
, where
for any edge
. G is said to be indexable if
is injective on . In this paper we construct classes of indexable
graphs, and we give an upper bound for the number of edges of any graph on vertices to be indexable.
Also, we determine all indexable graphs of order
.
Keywords: Indexable graph / labeling, Strongly Indexable graph, C++ programming language

1. INTRODUCTION
By a graph
we mean a finite, undirected,
connected graph without loops or multiple edges.
We denote by and
the order and size of the
graph . Terms not defined here are used in the
sense of Harary [4]. The concepts of indexable and
strongly indexable graphs were introduced in 1990
by Acharya and Hegde [1,2]. They call a graph
with vertices and
edges
-indexable if
there is an injective function from
to
such that the set of edge labels
induced by adding the vertex labels is a subset of
. When the
set of edges is
the graph is said to be strongly
indexable. A
-graph is more simply called indexable and strongly 1-indexable graphs are
simply called strongly indexable.
An example of a strongly indexed graph is
given in Fig. 1.1.

Fig. 1.1
Acharya and Hegde [1] call a graph with

vertices indexable if there is an injective labeling
of the vertices with labels from
such that the edge labels induced by addition
of the vertex labels are distinct. They conjecture
that all unicyclic graphs are indexable. This
conjecture was proved by Arumugam and
Germina [3] who also proved that all trees are
indexable.
An example of an indexable graph is displayed
in Fig. 1.2.

Fig. 1.2
Hegde [5] has shown the following: every graph
can be embedded as an induced subgraph of an
indexable graph; if a connected graph with
vertices and edges
is
-indexable,
then
; if
is a connected
-indexable
graph, then is a tree; the minimum degree of any
-indexable graph with at least two vertices is
at most 3; a caterpillar with partite sets of orders
and is strongly
-indexable if and only if
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. Hegde and Shetty [6] also prove that
if is strongly -indexable Eulerian graph with
edges then
if
is even and
if is odd.
2.

It is clear that f is injective. An indexable labeling
of
with
and
is shown in Fig.
2.2.

INDEXABLE AND STRONGLY
INDEXABLE GRAPHS

Theorem 2.1: The graph obtained from the Fan
by inserting one vertex between
every two consecutive vertices of the Path
is
indexable.
Proof: This graph has the vertex
and the set of
vertices
, such that
vertices and
edges.
We

define

the

labeling function
as follows:

Fig. 2.2
Theorem 2.3: The Cartesian product
indexable for
.

.
It is obvious that f is injective. An indexable
labeling of the graph defined in Theorem 2.1 with
n = 5 is shown in Fig. 2.1.

is

Proof: This graph has the set of vertices
,
such that
vertices and
edges.
We

define

if

:

if

:

the

labeling function
as follows:

Fig. 2.1
Theorem 2.2: The one point union of m copies of
the complete bipartite graph
is indexable.
Proof: This graph has the set of vertices

,

such

vertices and
We

define

the

that
edges.

labeling function
as follows:

,

Then one can verify that
indexable labelings of
shown in Fig. 2.3.

is injective. An
and
are
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Fig. 2.3

Fig. 2.4
Theorem 2.4: The graph
◦
obtained by
identifying a vertex of
with the centre of
is indexable.

Then one can verify that
labelings of
◦
and
2.4.

Proof: This graph has the set of vertices
, such that
vertices and
edges.

Theorem 2.5: All Paths
indexable.

We

if

define

the

labeling function
as follows:

is injective. Indexable
◦
are shown in Fig.

are strongly

Proof: This graph has the set of vertices
, such that
vertices
and
edges. We define the labeling
function
as follows:
,

is even:
,

.
,

if

-

And this will induce an edge labeling function

is odd:
,
.

since:

.
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Fig. 2.5

A strongly 5-indexable labeling of
with
and
using the last theorem is shown in Fig.
2.5.
Theorem 2.6: All odd circuits
are strongly indexable.
Proof: This graph has the set of vertices
, such that
vertices
and
edges. We define the labeling
function
as follows:

To label the vertices of
with the labels
{0,1,2,3}: The vertex labeled 0 is either adjacent
to the vertex labeled 3, and consequently we have
two edges labeled 3, or the vertex labeled 0 is not
adjacent to the vertex labeled 3. In the later case
we have the edges labeled {1,2,4,5} and
is not
strongly -indexable for all .
Theorem 2.7: Let
be a simple graph on
vertices. Then the upper bound of the number of
edges of to be indexable is
.
Proof: By using induction on the number of
vertices of .

,

If
, then the upper bound for the number of
edges is
, which is true.

.

Let the upper bound of the number of edges of
on
vertices be
. Then by adding one
vertex to
which will be labeled , this vertex
could be joined to the vertices labeled
and
, but not to the vertex labeled
, since
the vertices labeled
and
give the edge
label
. Hence the upper bound of the
number of edges will be
.

And this will induce an edge labeling function
as follows:
,

,
.
A strongly 6-indexable labeling of
with
, using the last theorem, is shown in Fig.
2.6.

Corollary 2.8: All complete bipartite graphs
,
where
, are not indexable. If
, or
, they are indexable.
Proof: Let the number of vertices be . Then by
dividing the vertices into two sets with orders
and , the number of edges will be
, then by the last theorem,
the number of edges is less than the upper bound
and
is indexable by the following labeling
function:
,
,
.

Fig. 2.6
We show that
is not strongly -indexable,
hence even circuits are not necessarily strongly indexable for all .

But when dividing the vertices into two sets with
orders
and
,
the number of edges will be greater than the upper
bound, which makes the graph not indexable.

Indexable and Strongly Indexable Graph

In the case
i.e.
, using the
algorithm in section 3, it is clear that
is not
indexable.

Theorem 2.7, one can prove (1),

Theorem 2.9:

And (4) is proved using Theorem 2.7.

(1) All graphs with
those which have

are indexable except
,

(2) All graphs with
and
indexable except the following two graphs:

and

using the Algorithm in section 3, one can prove
(2), (3).

3. CHECK INDEXABLE GRAPH
ALGORITHM

are
We make an algorithm to test any
graph
whether it is indexable or not, and also give all
possible indexable labelings for this graph using
the labeling function
as follows:

(3) For n = 6 and m = 9, only the following graphs
are indexable (They are strongly indexable):
(4) All graphs having
indexable.
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are not

Proof: Using the Algorithm in section 3 and

Given the number of vertices N, the number of
edges M and the vertices adjacent to each edge:
INPUT
The number of vertices N, the number
of edges M of the graph.
OUTPUT
State whether the graph is indexable
or not and display the vertex labelings if it is
indexable.

144
Step 1

Step 2:
Step 3:

Step 4:
Step 5:
Step 6:
Step 7:
Step 8:

Step 9:

Mohamed Abdel-Azim Seoud et al

Set v; (array with length N stores the
labels of the vertices)
v1; (array with length M stores the
labels of the first vertex adjacent to
each edge)
v2; (array with length M stores the
labels of the second vertex adjacent to
each edge)
E ; (array with length M stores the
calculated labels of all edges)
Enter the adjacent vertices to each
edge (v1 and v2);
Initialize v = [0 1 2 … N-1];
x = 0;
(used to count the number
of indexable labelings of all the
permutations of the vector v)
Initialize FLAG = 0;
(used to
decide whether to display v or not)
Calculate the label of each edge : E =
v[v1] + v[v2];
FOR index i = 1:M
(check
whether the graph is indexable or not)
FOR index j = 1:i
If E[i] = E[j] then
Set FLAG = 1;
permute v; (make another permutation
of the vector v)
Go to step 4
If FLAG = 0, then

OUTPUT (v); (display the labels of the vertices)
x = x+ 1;

Step 10:
Step 11:
Step 12:

permute v; (make another permutation
of the vector v)
Go to step 4
If x = 0 then

OUTPUT ( NO INDEXABLE LABLING FOR
THIS GRAPH );
Step 13:

STOP;

We implement this algorithm
programming language.
4.

using

C++
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Abstract: Ozone is a minor constituent of atmosphere that can shield UV-B radiation right from the solar
radiation. Climate refers to the mean behaviour of the weather over some appropriate averaging time.
Moreover, the condition of the atmosphere at a particular location and time is its weather that includes
winds, clouds, precipitation, temperature and relative humidity. In contrast to weather, the climate of a
region is the condition of the atmosphere over many years, as described by long term averages of the same
properties that determine weather. The variability in the climatic conditions can enhance the temperature of
the region where the ozone is depleted. Due to this increase in the temperature, climatic conditions are
changed. We have found some correlational structures for determining the variations in climate on the basis
of ozone layer depletion. A model has been developed for evaluating sea surface temperature using
stratospheric ozone filter. This filter has been formulated taking into account the ozone layer depletion
(OLD) strategy for Pakistan atmospheric regions. For making predictions of fluctuations in the
temperatures that in turn create climate change in the region, stochastic analysis is implemented here for
observing future conjecture of the incoming radiation. These forecasts are useful for public, private and
government organizations.
Keywords: Climate change, ozone layer depletion, stratopsheric phenomenon, simulation of the effects of
ozone

1. INTRODUCTION
Ozone in the stratosphere acts to protect our
biosphere from harmful ultraviolet (UV) radiation
from the sun. UV radiation to human and other
animals can cause sunburn, cell damage, skin
cancers and promotion of AIDS viruses. Plants
and other simpler organisms such as
phytoplankton are also susceptible to UV damage
reducing their productivity rates [1, 2, 3, 4].
The average pattern of weather at a particular
place is measured and recorded over a specific
long period of time. This pattern is influenced by
the relative position of the oceans and continents,
latitude, local conditions, altitude and the impact
of human activities. Our earth’s climate changes

over time because of several factors. These factors
include: (a) variations in the sun’s activities such
as sunspots, solar flares, solar magnetic storms
that affect the amount of radiation reaching the
earth’s surface, (b) changes in the composition of
the atmosphere brought about by sulfur oxides
(SOx) gases thrown out by volcanic eruptions, (c)
burning of fossil fuels, and (d) release of
chlorofluorocarbons (CFCs) that influences the
type of intensity of radiation reaching the earth’s
surface. Some of these effects may be long term,
others will probably produce much short lived
variations. While some of these may lead to the
cooling of the earth and some are likely to raise its
temperature. Almost all the investigators working
in the field know that the climate change will
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occur due to these forms that create reasonable
intensity [5–8].
Ozone layer in the stratospheric region may not
be having the same effects as in the tropospheric
ozone. This low level ozone at the ground level
formed from the vehicle emissions and in
photochemical smog is a potent oxidizing agent
and damaging to health. Albeit there are some
connections between climate change and the ozone
layer depletion.
CFCs that cause ozone depletion are
greenhouse gases but destruction of the ozone
reduces greenhouse effects slightly as the ozone
also acts as a greenhouse gas. Increasing CO2 can
increase ozone depletion [9]. It has been observed
that if the ozone destruction were to become
serious enough to reduce the productivity of the
phytoplankton and forest ecosystems as a result of
UV damage, this would affect climate change in
reducing these sinks for atmospheric CO2. A series
of chemical reactions are mentioned in the
literature regarding the ozone formation and
annihilation. The ozone holes appear to have
deteriorated more rapidly than hoped or expected
particularly in the Artic. It is thought that this may
be due to a feedback with climate change [10, 11].
CO2 is being released into the atmosphere as a
result of burning fossil fuel for which the
anthropogenic climate change occurs [12, 13].
Reduction in the stratospheric ozone and
increase in the greenhouse gas concentration also
appear to enhance the meridional temperature
gradient in the lower stratosphere leading to a
strong polar vortex this becomes colder and
stronger. The atmospheric response to strong
tropical volcanic eruptions provide some evidence
.
for a stratospheric influence on the earth’s surface
climate [1, 7].
In this communication the variability has been
studied in the sea surface temperature (SST) using
the process of the filtration of solar UV radiation
through constructed ozone filter and constructing a
mathematical model for sea surface temperature to
determine the variation in the temperature. Using
temperature variations, the variations in the
climate structures will be discussed. Probabilistic
and stochastic models can also be implemented for
a more accurate study. This study is important
from the point of view of monitoring OLD effects
on climate change that will affect our future
economy [13].

1.1. Illustration of Probability Theory for the
Depth of Ozone
This illustration manifests the probability of each
value of the depth of ozone in terms of its
calculated volume for the period from 1960 to
1998 for Pakistan’s air space.
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Fig. 1. Various number of observations of volume
of ozone contents.
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Fig. 2. Ozone levels as a function of altitude.

Fig. 3. Thermal structure of the atmosphere.
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In Fig. 1, the ozone contents have been illustrated
in Pakistan atmospheric regions. In Fig. 2 and 3
different levels and the layers of atmosphere have
been exhibited, respectively. The abundance of
ozone is found at stratospheric location of the
atmosphere.
1.2. Modeling Variability of OLD with respect
to Atmospheric Abundances of CFCs
y=-6394.428+3.286*x+eps
200

Atmospheric abundance of CFC_1
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Fig. 4. Temporal variations of CFCs.
X-axis = time in months
Y-axis = atmospheric abundance

1.3. Filtration of Solar UV Radiation through
Ozonosphere
The change in ozone concentration, in turn alters
the change in temperature. The direct radiative
effect of gases comes about via absorption of solar
radiation and absorption and emission of long
wave radiation also referred to as thermal,
terrestrial, or infrared.
The temperature does refer to heat intensity.
For a discrete body, the temperature is
proportional to the average kinetic energy of the
component molecules. Solar radiation reaching the
sea level consists of broad range of wavelengths or
frequencies. Among this radiation, the optical
wavelengths are entirely responsible for heating
the earth’s atmosphere, land surface and oceans.
The chemical reactions for the formation and
annihilation of ozone in the stratosphere are given
below:
O2  h  ( < 240 nm)  O  O Slow

(1)

O  O2  M  O3  M

(2)

Fast

Monthlyn Mean Depletion of ozone column

0.42

In which M is an un-reactive third molecule (such
as N2 and O2) required to absorb or to carry off
excess energy of the association process.

0.41
0.40
0.39
0.38
0.37

O3  h( < 310 nm)  O  O2

Fast

(3)

O  O3  O2  O2

Slow

(4)

0.36

Overall reaction is as follows:
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Fig. 5. Temporal variation of ozone depletion.

(5)

Calculations of the variation of temperature can
provide information about the chemical reactions
taking place in the stratospheric region [11].

y=321.783-0.745*x+eps

Atmospheric abundance of CFC_1(ppt)

200

1.4. Quantification of Ultraviolet Flux

180

Volume of ozone column at the stratosphere of
Pakistan can be determined using the total volume
of maximum ozone column in the stratosphere Vt
for Pakistan’ atmospheric region. This volume
can be computed using the area of air space of
Pakistan(S) and the depth of ozone layer (h).
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Fig. 6. Variation of CFCs with respect to monthly
mean depth of ozone at Pakistan. atmospheric
region.

(6)

DU is Dobson Unit for total amount of Ozone per
cm2 above sea level. The equivalent depth for total
ozone at STP. (1 DU = 10-3 cm of ozone at STP)
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Fig. 7. Variation of UV flux versus time, depicting the enhancement and decrease of flux due to depletion
of O3 at Pakistan’s stratosphere.
Area of the air space for Pakistan is 2.34  106
km2 = S
Where h is the depth of ozone column measured at
Geophysical Centre, Quetta for Pakistan’s
atmospheric region. The maximum depth of ozone
ht which has been transported from south-pole to
Pakistan’s atmospheric region is 400-450 m-atm
cm (milli–atmosphere-centimeter, equivalent to
400- 450 DU) which is a reference depth. The total
volume of ozone at Pakistan could be calculated
from this depth. The volume of ozone for
Pakistan’s atmospheric region from the data points
collected at Geophysical Centre Quetta Pakistan
will be calculated using the following
mathematical expression:
Vi = S  hi, (i = 1,2,3, n ),
n is # of observations
Therefore,
Vt  Vi, (i = 1,2,3, n ),

(7)

n is # of observations
is the absolute depletion with respect to the total
ozone transported to Pakistan atmospheric regions.
The relative depleted volume of ozone is
calculated with the help of the following
expression:
Pi =

Vt - Vi
Vt


V 
Pi =  1  i 



(10)

For n is the total # of observations and i is the
observation number then the equation # (9) may
be written as follows:

 V 
Pn = 1  n 
Vt 

(11)

Pn  Luminosity = feffective

(12)




(8)

Vt 

(9)
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Equation (11) characterizes the ozone filter
mentioned above for different luminosities which
have been calculated using the UV- Lyman flux of
solar radiation. Equation (12) shows effective
luminosity reaching the Arabian sea through the
ozone filter. We know that stratosphere will act as
the secondary source of UV radiation through the
ozone filter [12-13].
F=

f effective
4R 2 Arabiansea

.

(13)

Heat in flow =

Equation (13) gives the values of UV-B flux
reaching Arabian Sea. Fig. 7 depicts the variation
of UV-B. Along the y-axis, the abbreviations
F.R.A.S. stands for Flux Reaching Arabian Sea in
watts / meter square
1.5. Computation of Sea Surface Temperature
Using the Flux Reaching Arabian Sea
Here a very simple and applied meteorological
model that concerns the estimation of the
planetary temperature using the calculated flux
reaching the Arabian sea via the ozone filter has
been constructed for Pakistan air space. Albeit it is
very crude assumption, let us approximate our
earth a black body radiator. On this assumption the
consideration of Stefan Boltzmann law leads to the
flux emitted by earth as  D2 T4. This can be
equated with the flux obtained from the
calculation of OLD made earlier. This leads
towards the following empirical model which can
yield temperature variability between two instants
of time as shown in Fig. 8. Though, our
assumption of the earth being a black body
radiator is very crude, however, the temperature
calculated on this assumption and provides us a
kind of handle on atmospheric issues in particular
in weather and climate prediction [12-13].
The total radiant energy flux from the sun, just
outside the earth’s atmosphere is 1.353 kW m 2.
The total heat inflow to earth from the sun =



4

D 2 .Flux

The total heat outflow = D2  T4

The total heat radiated to outer space would be
the amount of heat given by (14) plus the amount
of heat produced on earth by nuclear decay and
tidal friction with the moon, which together are
less than 0.1 percent of the solar energy inflow and
can be safely ignored. The outward radiation is
calculated using the surface area rather than the
projected area. Then T can be determined by
equating the expressions of heat inflow and heat
outflow as follows:

(14)
(15)

where  = 5.672  1011 kW / m2 K4, and D is the
diameter of the earth considered to be 12.75  106
m.

 T4

 Flux 
T= 

 4 



4

D 2 .Flux = heat out flow = D2

0.25

(16)

where the flux in Equation (13) is the flux
reaching the Arabian sea through ozone filter.
Using Equation (16) the approximate value of the
temperature of the earth’s surface can be
computed.
1.6. Assessing Stochasticity in the Sea Surface
Temperature
The constructed AR(1) model that has been
regarded as stochastic model for OLD data is
shown that below:
Xt = 1 Xt  1 + t

(17)

is the most adequate for OLD study. 1 is
parameter that depicts the autoregressive nature of
the process. Now this model is used to study sea
surface temperature. Here ̂ 1 comes out to be 0.69
 0.035 that is the predicted value or estimate of
the parameter 1.and the Mean Sum of Squared
Errors (MSSE) ˆ a2 appears as 11.64  1.9, ̂ (t
and t  1) and ̂ (t and Xt  2) comes out to be 
0.015 and 0.0012 respectively.
There may exist temporal and spatial
limitations of our model in Equation (17) as a
representation of the real stratospheric atmosphere
[7-9]. O3 depth fluctuations seem to be transported
along with seasonal variations as shown in Fig. 8.
to Pakistan’s atmospheric regions. Moreover, the
O3 layer variability forms an O3 filter in the
passage of UV-B that also gives a variation in the
temperature.
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Fig. 9. Residual plot elucidating the appropriateness of the constructed model for sea surface
temperature.

Fig. 10. Periodogram for Sea surface temperature
AR(1) identifying the randomness in this
temperature due to OLD.

The residual analysis is depicted in Fig. 9 that
amply demonstrates that the constructed model is
reasonably adequate. The line spectrum or
periodogram (cf Fig. 10.) constructed to identify
the randomness in the SST due to OLD.

Error structure can be revealed by the
autocorrelation for residuals of the O3 depth events
exhibits a rather neat serial correlation (vide Fig.
11). With the predicted value comfortably
establishes the validity of the constructed model
(Fig. 11.).
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Fig. 11. Autocorrelation or serial correlation for
Sea surface temperature between ith Observations
and the (i+m)th, exhibiting high degree of
correlation.
Substituting t = 11.64  1.91 in equation (17)
the forecast of the sea surface temperature (SST)
for the month of January 1999 is 40.62 0C. The
forecast accuracy being 13.5 % as absolute
percentage forecast error (APFE), which is
reasonable for Pakistan’s atmospheric region.
Predicted vs. Observed Values

2. CONCLUSIONS
In this communication the major role of ozone
layer depletion has been intimated in the
stratospheric regions of Pakistan. Effects from this
type of process would more than likely to be
cumulative and would affect long term
climatology of the region. Meteorological
correlations with the CFCs and ozone depths
indicate that the temperature variations are due to
solar flux reaching the biosphere. The ozone layer
depletion has a dual role as a barometer of the
stratospheric changes on one hand and a possible
driver of the atmospheric and climatic changes on
the other hand.
The role of ozone layer depletion as a possible
driver of atmospheric changes is of principal
concern in this investigation. We have presented
that the variations in the ozone depletion modulate
the amount of solar UV radiation especially UV-B
reaching the biosphere with a consequent variation
in heating that would lead to temperature changes
and attendant modulation in the atmospheric
circulation patterns at Pakistan regional scenario.
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Abstract: Events such as the unprecedented huge industrial emissions of chlorofluorocarbon (CFCs)
provide a most visible example of man-made atmospheric pollution and global disbalance of the natural
ecology. Among other scientific and socio-economic fallouts from this, the phenomenon of ozone layer
depletion (OLD) is particularly disturbing. It has already attracted wide attention throughout the globe by
way of 1987 Montreal protocol. This paper looks into how to effectively model and forecast the menacing
influence of OLD As such, with reference to the data for stratospheric region of Pakistan this
communication presents the confidence interval for the population mean of ozone layer depletion (OLD)
two significant levels of probability. Then it considers the development of an estimated autoregression
model of order one for forecasting time series the data from 1970 to 1997 on monthly basis by identifying a
set of related predictors. The issue of validation of the model also has been consider considered by
interpreting graphically the predicted and observed data, by residual analysis, and by autocorrelation.
Keywords: Global emergency, stratospheric pollution, ozone layer depletion, maximum
estimator (MLE), autoregressive model

likelihood

1. INTRODUCTION

focused on the potential environmental hazards
like ozone layer depletion (OLD) [1-5].

The human race has produced hundreds of
thousands of “natural“ chemicals. Some are
regarded as potential threats to mankind and its
living environment. Many of these xenobiotics or
anthropogenic substances have found their way
into the biosphere and have been classified as
toxic or potentially harmful chemicals such CFCs,
sulphate compounds, and halons.

An agreement, called the Montreal Protocol on
substances which deplete the ozone layer, was
signed subject to ratification, by 24 countries on
16th September, 1987. A special session of the UN
General assembly took place in June 1997 to
discuss the results achieved during the 5-year
period after the Agenda 21 and Framework
Convention for Climate Change. Under such
circumstances, it is very important to assess the
global ecological situation and potential
perspectives of future development as a result of
interaction between community and environment.
The low level of carbon emissions in the former
USSR countries is a result of declining economics.
In China and India the emissions are low but in

A radically new conception is that human
activities may themselves be responsible for
contaminating earth’s stratosphere and thus
disturbing the balance of its ozone content. But
this ozone acts as a shield against the penetration
of UV radiation to the earth’s surface. In the past
few years, a great deal of attention has been
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view of the necessity of further industrial
development in such countries, it is obvious that
the total emissions will increase in future.
The threat of global ecological catastrophe has
become visible by demonstrating simple
assessments where biodiversity plays a decisive
role. In this context a decisive role belongs to
modeling, simulation, and adequate observing
systems should be implemented. Undoubtedly,
more efforts are necessary to develop clean and
efficient technologies, minimizing the use of
energy and raw materials [6-11].
Pakistan is situated in the west and north-west
of south Asia. It .lies from 23.45o to 36.75o in the
northern latitudes, and from 61o to 75.5o eastern
longitudes. Due to this critical geographical
position and the large positive correlation between
the potential vorticity deviations and the ozone
mixing ratios in the stratosphere, the ozone is
transported along with the seasonal variations to
Pakistan’s atmospheric regions. The effects of
ozone layer depletion are being observed as
reported previously [5]. The quantification UV
flux reaching the Arabian sea through the ozone
filter can also be calculated and presented in the
next communication by the authors. This ozone
filter has been transported to Pakistan via vertical
lifting and horizontal mixing of ozone contents.
In the present study stochastic model is
employed to describe the contemporary variability
of ozone contents An investigative assessment of
the ozone layer depletion for Pakistan’s
atmospheric region is carried out for the first time.
The model used in this investigation illustrate
physical processes more accurately than the least
square model in the atmosphere. We attempt here
in to look into the stochastic aspect of the
phenomenon for Pakistan’s atmosphere using the
relevant time series modeling [12-18].developed
via various observational programmes on the
global ozone network supervised by UNO.
2. STRATOSPHERIC POLLUTION AND O3
PHOTOCHEMISTRY
Ozone (O3) is an allotropic form of oxygen which
occurs both in the stratospheric ozone layer
(stratospheric region is found approximately 15
km to 65 km above sea level) where it is generated
by the direct action of ultraviolet (UV) light from
the sun on oxygen, and in the troposphere due to

intrusion from the stratosphere and photochemical
reactions between nitrogen oxides (NOx)and
hydrocarbons. Nitric oxide is found in the
stratosphere. This compound results from the
oxidation of nitrous oxide, is converted to nitrogen
dioxide by reaction with ozone
NO + O3  NO2 + O2

(1)

NO + HO2  NO2 + OH

(2)

NO + CH3O2  NO2 + CH3O.

(3)

Stratospheric ozone plays an important role in
absorption of potentially harmful solar UV
radiation before it can penetrate to sea (ground)
level.
The first cause of concern in stratospheric
pollution was the supersonic transport aircraft
which fly in the lower stratosphere. The engines
emit nitrogen oxide that participate in ozone
formation processes as follows:
O2 + h  2O  < 242 nm

(4)

O + O2 + M  O3 + M

(5)

NO + O3  NO2 + O2

(6)

NO2 +O  NO + O2

(7)

The sum of the two reactions involving nitrogen
oxides
O + O3 2O2

(8)

M is an un-reactive third molecule, usually N2 or
O2 , required to absorb excess energy from the
reaction. There are other reactions which complete
the cycle:
NO2 + h  NO + O

(9)

O + O2 + M  O2 +M

(10)

O3 + NO  NO2 + O2

(11)

A photo-stationary state effectively governs the
NO2 / NO ratio in air. At equilibrium, NO2 is
formed in the reaction as rapidly as it is
photolysed in the reaction represented by the
chemical equations (10), (11). The NO2 / NO ratio
is monitored by the ozone concentration and the
magnitude approaches to zero (night time
conditions), in the presence of excess ozone, NO2 /
NO becomes very large, whilst the lowest ratios
are associated with bright sunshine.
A disturbing scenario has been theorized that
the inert CFCs gradually migrate upward into the
stratosphere. At altitude above 30 km, intense UV
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radiation breaks down the CFCs, causing them to
release chlorine, a gas which readily reacts with
and destroys ozone as shown in the following
chemical reactions:
CCl2F2 + h (UV radiation)  Cl + CClF2
Cl + O3  ClO + O2
ClO + O  Cl + O2

comparing a data set to a theoretical distribution. It
has an advantage over the Chi-square test that it is
more powerful test and it can be used with small
sample sizes also.

(13)

Variable; OLD, distribution: Normal
Kolmogorov-Smirnov d = .0573653, p = n.s.

(14)

Chi-Square: 16.32296, df = 6, p = .0121365 (df adjusted)
26

(15)

24
22

3. TECHNIQUES OF DETECTING
ATMOSPHERIC O3

20
Relative Frequency (%)

By a chain reaction, each chlorine atom
destroys tens of thousands of ozone molecules
[3,5]. Thus, ozone layer reduction is manifested on
global as well as regional scales.
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Basic methods currently used for O3 depth or
concentration involve optical techniques [5,10].
The ground-based methods make use of radiance
measurements from an external light source like
the sun or the moon  after the radiation has
suffered extinction as a result of atmospheric
absorption, molecular scattering and large particle
(aerosol) scattering, all of which are wavelength
dependent.
Notice the ODDS (Ozone Depth Detecting
Spectrophotometer) is the designed standard for
the measurement of the depth of O3 layer in the
global network. The data for O3 layer, employed in
this paper, have been collected using ground-based
ODDS model No. 100-IN Beck London, UK also
No. 43. IN Beck London. [5]
4. TEST OF NORMALITY FOR THE DATA
SET AVAILABLE FOR PRESENT
STUDY
The problem of fitting a probability law to data
that is to be fit are modeled as a collection of
realized values of random variables generated by
the probability law under consideration. In
particular, we have modeled our data comprising
296 observations as realization of the random
variables which are independent and have the
same probability distribution. This number has
been referred as independent and identically
distributed (i.i.d) or as a random sample from the
probability law.
The Kolmogorove-Smirnov good-ness-of-fit
test is shown in Fig. 1.is a popular method for

Fig. 1. Kolmogorove-Smirnov good-ness-of-fit for
OLD to assess. how well the data set appears to
come from a normal distribution ( n = 296).

We took 296 observations which appeared to
have come from a normal theoretical distribution.
As shown in the table # 1, each observed
cumulative relative frequency Fo indiates the
cumulative values of Fo (the same observed
frequencies used in the Chi-square test) expressed
as a proportion of the total. In other words, each Fo
is calculated by dividing the cumulative
observations in each class n by the total number of
observations N in the sample, that is n / N.
The null hypothesis in the KolomogoroveSmirnov test is that the observed distribution does
not differ significantly from the theoretical
distribution. To perform the KolomogoroveSmirnov test, we must calculate a cumulated
expected frequency Fe for each class that has been
created. The Kolomogorove-Smirnov test uses the
maximum absolute difference D between the Fo’s
and Fe’s .
D = maximum Fo - Fe

(16)

Table1 illustrates the maximum absolute
difference which is about 0.0574. It can argued
that is this difference significantly large so that we
reject the null hypothesis and the contention that
the ozone layer is from a normal distibution? By
obtaining the required concept of KolmogorovSmirnov table that is provided. The level of
significance is  = 0.05, the sample size is 296 in
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this communication. The value of  = is 0.05 is
appropriate. Beacuse the N is more than 35, the D
value from the table must be calculated and is 1.36

estimator, a rule that tells us how to calculate a
particular estimate of a parameter based on the
information contained in a sample.

/ 296 that is equal to 0.08. Since the value from
the table is greater than the maximum D found
from calculating equation (16).

A point estimator uses the sample data to
calculate a single number that serves as an
estimate of a population parameter.

Continue to accept Ho and assume that ozone
layer depletion can be simulated by sampling from
a normal distribution with a mean 288.36 DU ( 1
DU = 10-3 cm at STP) and standard deviation of
18.39 DU.

An interval estimator uses the sample data to
calculate two numbers that define an interval that
is intended to enclose the estimated parameter
with some predetermined probability. In this
communication this technique has been used to
estimate the parameters

Table 1. Kolomogorove-Smirnov test # observations = 296, # catagories = 17, Maximum
difference D = 0.0574, Chi-square= 16. 323,
degrees of freedom = 6 , p = 0.012.
Ozone Depth
DU

Cumu %
observed

Cumu %
expected

240

0.0000

0.4279

250

. 3.378

1.8509

269

3.0405

6.1548

270

13.5135

15.9081

280

35.8109

32.4707

290

58.7838

53.5495

300**

79.3919

73.6554

310

89.8649

88.0287

320

96.9595

95.7292

330

96.9595

98.8205

340

98.9865

99.9597

350

98.9865

99.9951

360

98.9865

99. 9995

370

98.9865

100.000

380

99.6622

100.000

390

100.0000

100.0000

Infinity

100.0000

100.0000

** Indicates depth of Ozone = 300 DU that occurs at the maximum
difference of 0.0574.

5. METHODS OF ESTIMATING
DISTRIBUTION PARAMETERS
Estimation is a procedure for inferring the value(s)
of one or more population parameters. An

2 =

 (x i - X)2
n

(17)

Since X is an estimator of .
5.1. Results of Distribution Parameter
Estimation
Assumed distribution:
Estimated parameter (s):

Estimation method:
Ozone depth data points
Sample size:
Confidence interval for:
normal approximation
Confidence interval type:
Confidence level:
Confidence interval:

Normal
Mean = 288.36 DU
Standard Deviation
=18.39 DU
Coefficient of
variation (CV) =
0.064

296

Two-sided
95 %
(i) Lower Confidence
level (LCL) = 86.26
(ii) Upper Confidence
level (UCL) = 290.46

6. CONSTRUCTION OF CONFIDENCE
INTERVALS (CIS) FOR THE
POPULATION MEAN OF OZONE
CONTENT IN THE STRATOSPHERE OF
PAKISTAN, DATA BASED ON 296
OBSERVATIONS (1970-1997)
In this communication we have taken 296
observations (1970-1997) as the sample space
from a infinite population (say) of ozone contents.
We can find the confidence interval for the
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population mean using two specified probability
(1)100% levels.
We know that the population of the ozone has
the mean as  and standard deviation .
Population mean  can be computed the exact
value of  unless studied the entire population, so
taking a random sample of size n = 296, and
calculate the sample mean X using Maximum
likelihood estimator (MLE). Then it is an estimate
for  , but this is of little use unless accurate the
estimate is likely to be. If considering all random
samples of size n, the sample means X are
approximately normally distributed, with mean 
and standard deviation .

  
 s 
y  z y  y  z 
  y  z 

 n
 n
2
2
2

(18)

where z/2 is the z value that locates an area of  /
2 to its right,  is the standard deviation of the
distribution of population from which the sample
is selected, n is the sample size, and y is the value
of the sample mean. [note: when the value of  is
unknown, the sample standard deviation ‘s’ may
be used to approximate  in the formula for the
confidence interval (CI). The approximation is
generally quite satisfactory when n  50 or 296].
(i) If the confidence level is 95%, the value of  =
0.05, and the  / 2 = 0.025, then for the standard
normal variable z there is a probability 0.95. X is
an estimate of , the n = 296 is the size of the
sample from the unknown population and standard
deviation = σ / n for a standard normal variable
z , there is a probability of 0.0.95 or 95 % that z
lies between  a and a.. when we have an inverse
normal distribution whose value can be seen from
the respective table. When (a) = 0.975, a = 1.96.
that is z lies between  1.96 and 1.96. 95 % of the
sample of size n is written as follows:
  1.96

X  1.96



< X < , + 1.96
,
n
n


< , < X + 1.96
,
n
n

This 95 % CI is for ,.

X  1.96


are 95 % confidence limits
n

(19)

(20)

for , X  1.96  18.39 /

296

so the confidence limits X  2.1 differ for each
sample. We have one sample for which X =
288.36 and the confidence limits are 290.46 ,
286.26. We do not know whether this particular
sample is one of the 95 % for which  lies
between the confidence limits or whether it is one
of the 5% for which  does not lie between the
limits. The interval 286.26 < , < 290.46.
7. COMPUTATION OF COEFFICIENT OF
VARIATION (CV)
This is one of the measures of scatter or the spread
of the distribution relative to the size of the mean.
It is usually used to characterize the positive,
right-skewed distributions such as the lognormal
distribution. First, calculate both mean and
standard deviation. Second, divide the standard
deviation by the mean value. Thirdly, multiply the
quotient by 100. The CV measure allows
comparisons to be made between data sets whose
scatter is measured in different units or, like the
regional data sets, have different orders of
magnitude.
Coefficient of Variation (CV) =
Standard deviation
―――――――――― = 0.064
Mean

(21)

Note that the coefficient of variation certifies the
degree of normality of the data points. Minimum
CV shows high degree of normalcy. The above
numerical value indicates that 6.4 % of the data is
non-normal.
8. CONSTRUCTION OF TIME SERIES
MODEL TO PREDICT OLD FOR
PAKISTAN’S ATMOSPHERIC REGION
It has been known that an important aspect of
scientific study is crystallized by the idea of a
model. A model can define the real situation of a
system. We are having the data which consists of
continuous variables.
An observed time series can be thought of as
particular realization of Stochastic process. Time
series is defined by a record of the values of any
fluctuating quantity measured at different points of
time. We may, for example, have a record of the
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8.1. Criteria for Model Selection of OLD in
Pakistan’s Atmospheric Region
The common feature of all the records which fall
within the domain of time series analysis’ is that
they are influenced, at least in part, by the random
variations, as the O3 layer depth is affected by
certain atmospheric events. Thus, if we intend to
explain particular pattern of the fluctuations in the
O3 depths in the stratospheric region of Pakistan,
then we need to construct a mathematical
description of the OLD data obtained from a
WMO installation of Dobson Spectrophotometer
at Geophysical Center, Quetta. Pakistan. Such a
model will explain both the deterministic and
random features of the OLD.

Plot of Ozone depth from 1970-1997

Depth of ozone in Dobson units (m atm cm)

depths of O3 layer over a period of 28 years (19701997) which is being used in this study.

The autoregressive model takes the form

360

340

340

320

320

300

300

280

280

260

260

240

240

0

20

40

60

80

220
100 120 140 160 180 200 220 240 260 280 300 320
observation #

Fig.2. Monthly original time plot of OLD.
and the Fig.3 is a scatter plot of the ozone depth
data. From this graph it appears that knowing the
value of ozone content in the period (t-1) is useful
in predicting the value of the total value of ozone
concentration inperiod t. It seems that Xt can be
explained as function of Xt  1. Now estimate the
regression coefficient of order one [16-18].
Scatterplot (0Z2.STA 15v*468c)
y=-0.089+0.716*x+eps
120
100
80
60

Xt

40
20
0
-20
-40

-40

-20

0

20

40

60

80

100

120

Xt - 1

(22)

The value Xt s is called the lagged value of Y at
time (t  s). The order of autoregrtessive model is
s.
where Xt is expressed as a linear combination of its
two immediately preceding values. The value of
variables Xt1 and Xt2 are constructed easily by
moving the values down the available data.. Autocorrelation between Xt and Xt1 and between Xt
and Xt2 can be computed.
Xt =  Xt  1 + o

380

360

-60
-60

Xt = o + 1X t 1 + 2 Xt 2 +

 + S Xt  S + et

400

380

220
-20

The construction of the model is one of the
basic objectives of OLD analysis, if we can obtain
an adequate model for our series, it may provide
valuable insight into the physical mechanism
generating the data, and it can be used to forecast,
for example the future values of the series.
To understand the concept we can illustrate the
case of autoregressive model which is frequently
used time series model. Autoregressive model is
the special case of multiple regression model in
which some or all the explanatory variables are
lagged values of Xt.

400

(23)

Fig. 2. is a monthly original time plot of ozone
depth data.

Fig. 3. Ozone depth data: Xt 1 versus Xt.
xt = 1 Xt  1 + o

(24)

x t = 81.772 + 0.716 x t  1
t statistics: (6.93)

(17.46)

R2 = 51 percent

where o = 81.772, 1= 0.716, and it shows that
1< 1.
The t statistics for 1 is 17.46 and the value of p =
0.0000 for 1. The t statistics in an autoregressive
model does not exactly follow the t distribution
because one of the basic assumptions of the
classical linear regression model has been
violated.
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From the analysis of variance (ANOVA), the
coefficient of determination (R2) can be calculated
as
R2 =

SS
50825
=
= 0.51.
Total SS 99649

(25)

This indicates that 51 % of the variation is
explained by the regression model. The remaining
49 % of the variation is itself unexplained. It
shows that a good forecast of the value of X is
possible when the previous `value of X is known.
Using equation (24) to forecast the ozone depth for
297th month by substituting x296 = 268 DU. From
the equation , we obtain

(ii) The graph of the data set is a visual
assistance to identify the behaviour of the
pattern. The autocorrelations and the line
spectrum are the summary of the pattern
existing in the data. They can reveal a great
deal about the data and their characteristics.

x296 = 268 DU, and obtain

The model can be used in the present case to
express the dependence between Xt and Xt 1 in the
pair (Xt , Xt 1), and to thus relate Xt with Xt 1 , Xt
1 with Xt 2 and so on.. The plot of Xt and Xt 1 for t
= 2, 3, , 296 is depicted in Fig. 4. It can be
examined that the points are scattered around a
stratight line. This straight line trend also depicts
that Xt does depend on Xt 1 (Xt 1 on Xt 2 , and Xt
2 on Xt 3, and so on). We can write the model
relating Xt and Xt 1 as

x 297 = 81.772 + 0.716 (268) = 273.66 DU

X t =  X t  1 + at

Seeing reference (1), recalling that the original
data in Dobson unit ( 1 DU = 103 cm of O3 at STP
of the atmosphere ). Thus the forecast for the 297th
of the period specified for this communication.

The above model expresses the dependence of
the variable on itself at different times. For model
under consideration at’s at different t are
independent, that at is independent of at 1, at  2,
etc. So that just like t the distribution of at is
assumed to be normal,

The periodogram illustrated in Fig. 4, is used to
identify randomness in the data series. Also, it
helps in identifying seasonality in the given time
series, and in recognising the predominance of
positive or negative autocorrelation (for positive
autocorrelation low-frequency amplitudes should
dominate, and for negative autocorrelation, high
frequencies should dominate).

Periodogram Values

Spectral analysis: For in Pakistan
No. of cases: 296
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Fig. 4. Periodogram is shown,to identify randomness
in the OLD data .

(i)

Autoregressive processes may be revealed
that the patterns of autocorrelations (ACFs),
partial autocorrelations (PACs) and within
the line spectrum will exhibit a possible
model.

(26)

at  NID (0, 2a)

(27)

It has been noted that estimated model is
completely specified only when 2a is given in
addition to 1. at is assumed that it does not depend
on the Xt2 and Xt3 etc.
The value of Xt may increase or decrease without
bound because at’s have fixed finite variance and
can not continually increase in magnitude to keep
Xt within bound as depicted from the Fig. 5 that
explains the residual analysis specified for this
model and also confirms that this model is
adequate.
Plot of Autoregressive of order one residual analysis
OLD at Pakistan's atmospheric region

Depth of ozone column at Pakistan's air space

x 297 = 81.772 + 0.716 x296
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Fig. 5. Plot of Analysis the Residuals for
Autoregressive model of order one after fitting to
the OLD data for atmospheric region of Pakistan.
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Such a situation tells that if 1 >1 or 1 < -1,
then the series will be nonstationary or unstable
time series. For a stationary stable time series, Xt
remains bounded in the sense it has finite variance
then it is needed that 1 <1. The Fig. 6, and Fig. 7
illustrate the estimated auto-correlation function
and the auto-correlation function for the residual
from lags 1 to 15 respectively.
The
autocorrelation plot represents an important
characteristic of the linear stochastic model. The
Fig. 6 depicts the estimated correlation between
the ith observation and the (i + m)th observation on
the y-axis vs the lag number on the x-axis.
Similarly, Fig.7 shows autocorrelation plot for the
residuals of the ozone layer depths.

8.3. Inspection of Model Adequacy
The constructed model can be inspected by
dividing the entire data set into two parts. First
section which is regarded as the major part of the
data set is operated to estimate or to compute the
parameters. The values of the parameters
estimated known as the predicted values. These
values are compared with the minor portion of the
data set which are regarded as the observed values
as depicted in the table # 2. Observed values are
plotted against predicted values as depicted in the
(vide Fig. 8). These illustrations are verifying the
results of estimates obtained from the estimating
technique.
Predic ted vs . Obs erved Values
Dependent variable: ozone layer depletion data, n =296
400
380

Autocorrelation Function

360

(Standard errors are white-noise estimates)
Lag Corr.
1 +.713
2 +.427
3 +.182
4 +.038
5 -.027
6 -.084
7 -.053
8 -.005
9 +.060
10 +.149
11 +.210
12 +.214
13 +.157
14 +.048
15 -.076

S.E.
.0578
.0577
.0576
.0575
.0574
.0573
.0572
.0571
.0570
.0569
.0568
.0567
.0566
.0565
.0564
-1.0

Q
152.1
206.7
216.6
217.1
217.3
219.5
220.3
220.3
221.4
228.3
241.9
256.1
263.8
264.5
266.3
-0.5

0.0

0.5

p
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.0

Fig. 6. Plot of Autocorrelation function for OLD
Autoc orrelation Func tion
VAR4 : ARIMA (1,0,0) res iduals ;
(Standard errors are white-nois e es timates )
Lag Corr.
1 -.006
2 -.036
3 -.044
4 -.089
5 +.015
6 -.062
7 -.017
8 -.021
9 -.070
10 +.016
11 +.059
12 +.044
13 +.047
14 +.022
15 -.007

S.E.
.0578
.0577
.0576
.0575
.0574
.0573
.0572
.0571
.0570
.0569
.0568
.0567
.0566
.0565
.0564
-1.0

Q
.01
.40
.97
3.36
3.42
4.60
4.68
4.82
6.34
6.42
7.50
8.10
8.79
8.95
8.97
-0.5

0.0

0.5

p
.9221
.8178
.8080
.4995
.6348
.5965
.6986
.7765
.7052
.7790
.7572
.7776
.7883
.8342
.8792

1.0

Fig. 7. Autocorrelations for the residuals of OLD,
n = 296
The dashed lines in the above mentioned
Figures display an approximate 95 % confidence
interval
for
an
individual
estimated
autocorrelation.
Thus,
for
independent
observations, a particular confidence limits about
95 % of the time. In these cases, the
autocorrelation plots strongly recommend the
presence of serial correlation in the ozone data.

Observed Values (DU)

For OLD at Pakistan's atmospheric region

340
320
300
280
260
240
220
250
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290
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330
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370

Regres s ion
95% c onfid.

Predic ted Values (DU)

Fig. 8. Plot of observed and predicted values verifying
as a results of estimates obtained from the estimating
techniques.
Table 2. Comparison of observed and predicted OLD
values.
Serial #

Observed

Predicted

297

284.000

267.5927

298

268.000

267.1861

299

265.000

266.000

300

265.000

266.7801

301

262.000

265.9700

302

272.000

265.1600

303

272.000

264.7600

304

273.000

264.3600

305

289.000

263.9500

306

282.000

263.8756

9. CONCLUSIONS
The OLD dilemma will be a very significant
research and impact problem in the years ahead,
and many investigators in the area will need to
provide guidance to decision-makers, if as it is
predicted, a significant OLD does occur. It has
been found the result which indicates that it is
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confirmed that the ozone layer is depleting at
Pakistan. The principal issue or point is that we
need to gauge the impact of the phenomenon of
OLD on the present day society apart from the
possible impacts which occurred in the past and
could occur in future.
The most immediate global environmental
threats have been described that we are facing due
to high incidences of ultraviolet (UV) radiation at
the sea level. Also a disturbing scenario has been
demonstrated that the inert CFCs gradually
migrate upward into the stratosphere where intense
solar UV radiation breaks down the CFCs, causing
them to release chlorine, a gas which readily reacts
with and destroys ozone which has been depicted
in the photochemical reactions. Atmospheric O3
measurement techniques by various ground-based
and satellite-borne instruments have been studied
in this communication.
For the available data set ranging from 19701997 the normalcy, using Kolmogorove-Smirnov
goodness-of-fit test (vide Fig. 1) and (cf. Table 1)
has been checked in order to prepare the data for
estimating
distribution
parameters.
Here
examinations of maximum likelihood estimation
procedure may be used to provide acceptable
estimator of population parameter. It is simply the
value which maximises the information in the
sample. The maximum likelihood estimator is
identical for that of the moments method examines
the construction of confidence intervals (CIs) for
the population mean for ozone contents in the
stratosphere of Pakistan data based on 296
observations (1970-1997) using two probability
levels (+ 95 % and − 95 % ). Also the coefficient
of variation (CV) has been utilized to check the
consistency of the data series. This is one of the
measures of scatter or the spread of the
distribution relative to the size of the mean
estimated in this communication. The coefficient
of variation certifies the degree of normality of the
data points. Minimum CV shows high degree of
normalcy. The numerical value calculated for this
indicates that 6.4 % of the data is non-normal.
Finally, It has been established that in order to
explain particular pattern of the fluctuations in the
O3 depths in the stratospheric region of Pakistan it
is needed to construct a mathematical description
of the OLD data obtained from a WMO
installation of Dobson Spectrophotometer situated
at Quetta Pakistan. This section illustrates the case
of autoregressive model that is frequently used
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time series model and gives fairly accurate results.
Predictions regarding OLD made in this paper
seems to have been strengthened by the present
investigations. Again a decrease in the total ozone
content as compared with the global reference
content for the Pakistan’s stratosphere From this
model forecast value of the 297th month = 273.66
DU obtained starting from 1970 to 1997 that
provides reader an insight into the physical
mechanism generating the data. It can also be used
to forecast, for example the future values of the
times series.
10.
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