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Figure 2. Noise scenario in power line communication system.
4. Characterization of Medium Voltage NB-PLC Network

This section deals with the modeling of MV transmission line. The electrical parameters of actual
transmission lines are tabulated in Table 2. The conductor types Ant BS 215 and Lynex BS 215 are used
for LV and MV network with ampacity up to 175 and 384 A, respectively. Ant has an all aluminium
conductor (AAC) type, whereas Lynex has aluminium conductors steel reinforced (ACSR) type with
a steel reinforcement to increase the tensile strength due to its weight. The characteristics of any
transmission line can be analyzed by its distributed parameters such as resistance R, conductance G,
capacitance C, and inductance L. These parameters in the case of overhead transmission lines can be
determined as [23],

1 nfu
R=— T[Q] (6)
G = 2ntfCtand|S] 7)
e
L= %coshfl(%)m/m} ©)

where ¢, 1, 6, D, and ¢ are permittivity of free space, permeability of free space, depth factor, diameter
of conductor, and conductivity of material, respectively. The frequency of inters in this paper ranges
3-500 kHz. However, the characteristic impedance Z¢ and propagation constant < of transmission line
can be calculated as,

Zc = \/(R+jwL) /(G + jeC) (10)

7= a+jp =/ (R+jwL)(G + jwC) (11)

where attenuation constant is denoted by &, whereas 8 denotes the phase factor and w represents the
angular frequency.
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Table 2. Electrical parameters of conductors.

Conductor Non.unal/ N?./Nommal . APproxlmate Overall Nm?'unal DC Current Rating L c

Section Area Diameter of Wires Diameter Resistance at 20 C
Type/Standard

Aluminium  Steel
2

mm (No./mm) (No/mm) ™™ Vi Amps wH/m  pF/m
Ant-BS 215 52.8 7/3.10 - 9.30 0.54190 175 0.93 12.6
Wolf BS 215 212.10 30/2.59 7/25 18.13 0.1828 351 122 9.45
Lynex BS 215 226.2 30/2.79 7/2.7 19.53 0.1576 384 1.20 9.58
Panther BS215  261.5 30/3.0 7/3 21.0 0.1363 420 1.15 9.8

4.1. Resistance Variations Law

Resistance variations law is used to characterize the variations in transmission line’s resistance
with respect to change in frequency [23]. Frequency selectivity of resistance using resistance variations

law can be calculated as,
R(f) = Arf* + Brf + Cr (12)

where the values of Ag, Bg and Cg are 2.5 x 10719mQ/(m*kHz?), 1.5 x 10~> mQ/m*kHz and
3 mQ)/m, respectively. Figure 3 compares the resistance variations with respect to increase in frequency
obtained from Equation (6) and resistance variation law. The plotted results depict that variations in
the values of resistance calculated from resistance variations law are close to the FS resistance values
that validate the simulation results. Since the MV network under evaluation incorporates overhead
transmission lines where the separation medium between two lines is free space, the conductance is
assumed to be zero.
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Figure 3. Comparison of FS resistance with the resistance obtained from resistance variations law.

4.2. Modeling of Impedances for Medium Voltage NB-PLC Network

Impedance modeling plays a vital role in NB-PLC systems that behave as hurdles for injected
signals in power lines. Line impedances with lower values can cause a high level of attenuation to
the transmitted signal, carrying high frequency with a small magnitude of injected signal. In practical
situation, it becomes a challenge for field engineers to inject a signal in MV NB-PLC channels which
have impedance values lower than 0.5 (). It is also important to note that access impedances
are FS which vary with the change in frequency. In [25-27], a comprehensive discussion on the
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characterization and modeling can be found. Chu et al. [25] gave an overview of the LV network in the
context of examining the access impedances. However, by distributing the noise over frequency range
50-500 kHz, characteristics of LV access impedances are investigated in [26].

It is worth mentioning that TL theory-based transfer functions in this paper comprise of two types:

e  Constant LV and MV Networks: The constant LV and MV network includes the fixed values of
transmission lines and access impedances parameters.

e FSLVand MV Network: The FS parameters includes the values of transmission lines and access
impedances that varies with an increase of frequency of NB-PLC signal.

Three types of impedance modeling methods are used in this paper, as illustrated in Figure 4.
The reason behind choosing the combination of parallel and series resonant circuits is critical access
impedances connected to LV and MV power line channels carry the resonant behavior that can be
achieved by such combination of circuits [6]. This paper incorporates Types 1, 2, and 3 for the purpose
of impedance modeling in the TL theory method and Simulink model. The formulation of parallel and
series combination of two resonant circuits is given as,

_ 1+ /21RsCs + (j27f)*LsCs

Zs(f) 27'[ch

(13)

_ Rp+j2nfLp
1 +j27TRpCp + (jzn’f)szCp

where the subscript S denotes the series circuits and subscript P represents the parallel circuits.

Zp(f) (14)

Rs LS Cs

Rr Le

Figure 4. Modeling of access impedances by resonant circuits: (a) Type 1; (b) Type 2; and (c) Type 3.
4.2.1. Type 1 Circuit

By using Equations (13) and (14), Type 1 circuit is modeled by the combination of two RLC
resonant circuits connected in series and parallel given as,

_ Zs(f)Zp(f)
Znpn(f) = m (15)
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4.2.2. Type 2 Circuit

The Type 2 circuit is a combination of three resonant circuits in which two series and one parallel
combination of RLC elements are included given as,

_ Zal)Zalf)

- Za(f) + Zs2(f) Ze(f) (1e)

Zr3(f)

4.2.3. Type 3 Circuit

The simplest case for analysis could be a series or parallel resonant circuit that is expressed in
Type 3.

4.2.4. Input Impedance of MV Network

The Z;,, (equivalent input impedance) of MV network is determined as,

" Zypt + Zepetanh(ypelpe)
O Zept + Zpptanh(ypely

Zin=17 17)
where Z,; denotes the bridge tap impedance connected with LV and MV networks, Z.; is bridge tap
characteristic impedance, [;; represents the bridge tap length, and 1, is a propagation constant of
bridge tap.

4.3. Discussion of Results on Impedance Variations of NB-PLC Network

Figure 5 elaborates the characteristics of impedance variations in NB-PLC network by
incorporating both constant and FS types of impedances. The purpose of investigating both impedance
types is to analyze whether the impedances vary more in the case of FS as compared to constant and
then to compare their transfer functions for NB-PLC channel by TL theory model (constant and FS)
and Simulink model in the next subsection.
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Figure 5. Impedance variations of LV and MV Networks: (a) constant LV network; (b) input impedance
of constant MV network; (c) frequency selective LV network; and (d) input impedance of frequency
selective MV network.
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4.3.1. Discussion on Constant NB-PLC Network Impedances

Figure 5a,b illustrates the impedance variations by considering the constant impedances.
The constant LV network connected with MV /LV transformer is shown in Figure 5a, whereas Figure 5b
depicts the input impedance of complete MV network while considering the constant LV network.
It is noteworthy that the impedance values of loads connected to main channels such as LV network
connected to MV (main NB-PLC channel) vary within 35-65 ().

4.3.2. Discussion on Frequency Selective LV and MV Network Impedances

Figure 5¢,d illustrates the impedance variations by considering the FS impedances. The FS LV
network connected with MV /LV transformer is shown in Figure 5c, whereas Figure 5d depicts the
input impedance of complete MV network while considering the FS LV network. When comparing
the plots obtained by using constant impedances with FS impedances, it can be seen that the FS
impedances-based plots show more variations in the magnitudes as compared to constant impedances
based plots. In the later sections of this paper, the effect of constant and FS impedances on transfer
functions is discussed as well as compared with the proposed Simulink model.

5. Methodologies to Determine NB-PLC Transfer Functions

5.1. Transmission Line Theory

The TL theory model is incorporated to determine the MV power line channel transfer function.
According to TL theory, power network can be expressed by the ABCD matrix that formulates a
relation between sending end current I; and voltage V; with the receiving end current I; and voltage
V5, given as,

1%
L

V

I (18)

| cosh(yl)  Zcsinh(yl)
B Z%sinh('yl) cosh(vl)

The subsections T (series impedance as a two port network), T; (power lines as a two port
network), T, (parallel impedance as a two port network), and T3 (power lines as a two port network)
shown in Figure 6 can be given ABCD matrices form as,

1 Z
Ty = {0 ]5} (19)
| cosh(yilh)  Zepsinh(yil)
h= L}llsinh('ylll) cosh(y1ly) (20)
1 0
T, = {1 1} (21)
Zip
| cosh(mal2)  Zpsinh(yzlz)
Ts = Lbzsinh(’yzlz) cosh(vyzla) 22)

where 71, Z.1, 72, and Zj, represent the propagation constants and characteristic impedances of
sub-networks, whereas Z;,, is input impedance. All of above ABCD matrices are multiplied with each
other by chain rule, i.e., a generalized expression for i cascaded sections is given as,

N
=1

T=[]m (23)
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Figure 6. Equivalent transmission network of transmission line with single connection of bridge tap [1].

Finally, transfer function is determined by,

— ZL
H = 20logo AZ; +B+CZ;Zs + DZg

(24)

where Zg and Z;, are source and load impedances.

5.2. Multipath Signal Propagation Model

The signal propagation model that is based on the signals transmitted and reflected from multiple
paths uses the line of sight path for all instants of times [9]. When the signal propagates from transmitter
to receiver, a few extra signals, which are known as multipaths, are superimposed and thus added,
which is a leading cause of reflections and echos that need to be rectified. The resultant of such
scenario is FS fading that degrades the quality of NB-PLC system. Transfer function determined in
Zimmermann model is given as,

n o
H(f) = Z ‘g’(f) ‘gq’gi(f)g*(ﬂoJr’llfk)dze*JZ”sz (25)
i=1

where attenuation, delay, and weighting factor are denoted by e~ (%0+a1f “)di, =127 and | gi(f)]e?sitf),
respectively. It can be examined by the above-mentioned equation that, when a signal propagates,
its attenuation increases with an increase of the length of conductor. Moreover, the response of system
reflects the low pass characteristics on NB-PLC frequency range, i.e., 3-500 kHz. The characteristics
of NB-PLC signals in regard to reflection and propagation are linked with the weighting factor
gi- Signal characteristics can be analyzed in general, frequency dependent, and complex form by
multipath signal propagation model. This model suggests that N multipaths are added when the
signal propagates towards the receiver side and vice versa. The simplified expression of transfer
function is expressed as,

H(f) = igie_(”””lfk)dle*jz”f% (26)

i=1

1

The parametric values of multipaths are tabulated in Table 3.

Table 3. Parameters of multipath signal propagation model.

Parametric Values of Attenuation

k=1 ap=0 a3 =78%10"10S/m

Path Parameters

i Si di/m i Si d,-/m
1 070 750 3 —0.20 200
2 035 1000 4 0.06 225
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5.3. Proposed Simulink Model for Medium Voltage NB-PLC Network

In this section, the proposed Simulink model for the channel modeling and characterization
of MV NB-PLC, as shown in Figure 7, is discussed. The model is developed by incorporating the
various parametric values of MV network taken from electric supply companies in Pakistan, and is
mainly comprised of three MV /LV transformers supplied from three-phase source. The suggested
Simulink model contains the components of power system, designed to be operated at low power
system frequency, i.e., 50 Hz. However, it is significantly important to notice the role of transmitter
and receiver blocks containing the CCD, as shown in Figures 7 and 8. Signal generator transmits the
high frequency signal and injects in MV power line with the help of CCD thus the NB-PLC signal
is imposed on 50 Hz power system. All three transformers have voltages of 11 kV at MV side and
400V at LV side, where LV network has 230 V;_ and 400 V;_;. The power rating of first transformer
is 150 kVA with supply to the LV network of 140 kW. The second transformer is rated at 250 kVA
supplying 245 kW to LV network. The third transformer is rated at 200 kVA supplying 190 kW power
to the LV network. The lengths of transmission line between source and 250 and 150 kVA transformers
are 1150 m and 950 m, respectively, while there is a comparatively shorter, 110 m length between
source and 200 kVA transformer. In this model, the distributed parameter lines which are commonly
used by electric supply companies in Pakistan are incorporated. These lines follow British Standard
215 with conductor type Wolf, Ant, and Panther. Table 2 tabulates the various values of parameters
such as diameter, ampacity, resistance, capacitance, and inductance. The power transformers used in
the simulation model are three phase, two winding transformers operating on power system frequency
of 50 Hz. Inductance and resistance are 0.50 H and 5 Q) for winding 1, respectively, and 0.1 H and
0.85 Q) for winding 2, respectively. The magnetization inductance L,, and resistance R, of power
transformers are 550 H and 2 M(), respectively, and X/R ratio is 7.

NB-PLC signal is injected and received with the help of CCD, at the same phase A of 250 kVA
transformer in MV power line i.e., at the MV side of transformer. The role of CCD is explained in
the next subsection. The distance between transmitted and received signal is 1150 m. It is worth
noticing that NB-PLC signal can be injected and received in a similar way on the phases B and C.
Furthermore, after a careful literature review, FS load of LV network is modeled as RLC load [1,26].
The ratios of active and reactive powers utilized in RLC loads of LV network, connected to MV network,
are tabulated in Table 4.
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Figure 7. Proposed Simulink Model for MV NB-PLC channel modeling and characterization.
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Figure 8. Circuit of MV phase to ground CCD.

Table 4. Active Power (W) and Reactive Power (VAR) ratios of LV network’s RLC loads connected to

MV network.
Active and Reactive Power Ratios of Connected RLC Load of LV Network
Supplying Transformers Reactive Power
Active Power (kW)
Qc (+VAR) Q1 (—VAR)
150 kVA 140 25 85
200 kVA 190 30 75
250 kVA 245 20 90

5.3.1. Capacitive Coupling Device

A CCD is modeled to inject the signal in the MV power line for possible NB-PLC for AMI,
without which the signal cannot be transmitted through an MV power line [36]. Figure 8 elucidates the
schematic diagram of phase to ground CCD for MV network. A 1-V signal is generated with the help
of a signal generator to the input of a parallel RLC circuit and further through isolation transformer
tuned for the frequency range 3-500 kHz. The signal passes from a 50-Hz filter before giving input to
the MV power line. CCD is grounded with a resistance of 850 (). The values of various parameters
used in CCD are tabulated in Table 5. The same CCD is used at the receiving end of MV NB-PLC
system and on the transmitter side. Figure 9 illustrates the transfer function of CCD. The plotted
results of CCD depicts the variations in attenuation between 10 dB and —2 dB.

Table 5. Capacitive coupling device parameters.

Isolation Transformer RLC Branch Parameters MV Series Ls Cs Parameters
MagnetlzaltzlonQResmtance, Inductance, LT [uH] TurnRatio R[kQ] L[uH] CI[nFl Lg[uH] Cs nF
M
85 425 1:1 45 180 20 75 90
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Figure 9. Simulated response of CCD.
6. Results and Discussion of MV NB-PLC Channel Transfer Functions

This paper proposes the channel modeling techniques for MV NB-PLC for AMI by comparing
TL theory (with constant and FS impedances), multipath signal propagation model, and proposed
Simulink model. This part of the paper discusses and compares the results of transfer functions
determined from all suggested techniques.

6.1. Transmission Line Theory Based Transfer Functions

Figure 10a,b illustrates the transfer function results obtained from TL theory model by using
constant and FS impedances of NB-PLC network, respectively. The attenuation profile of constant
impedances-based transfer function is between —15 and —40 dB, whereas FS impedances-based
transfer function varies between —11 and —48 dB. The FS impedances-based transfer function presents
more peaks and dips as compared to constant impedances-based transfer function, e.g., peaks can be
seen at 100, 250, and 355 kHz and dips can be noticed at 75, 200, and 275 kHz as well as a deep dip at
480 kHz.

B e e s pa Qo T T T T T T T
15 L —=— Constant Network I —o— FS Network
a E-ZO -
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1= c -30
£ £ ]
o (Y
-40 -
— T -50 — 7T
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Figure 10. Transfer functions obtained from: (a) TL theory with constant network; (b) TL theory
with frequency selective network; (c), ultipath signal propagation model; and (d) the proposed
Simulink Model.
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6.2. Multipath Signal Propagation Model Based Transfer Function

Figure 10c shows the transfer function result obtained by implementing multipath signal
propagation model on NB-PLC network. The attenuation profile is varying between —11 and —44 dB,
illustrating peaks at 110, 220, and 370 kHz and dips at 80-90, 200, 260, and 480 kHz.

6.3. Proposed Simulink Model Based Transfer Function

Figure 10d presents the transfer function plot obtained by using the proposed Simulink model.
The attenuation profile of transfer function is varying between —11 and —45 dB, illustrating peaks at
110, 220, and 350 kHz and dips at 75, 170, 250, and 480 kHz.

It is clear from the plotted transfer function results that transfer function profile calculated from
the proposed Simulink model follows the trend of transfer functions computed from FS-based TL
theory and multipath signal propagation model, thus validating the performance of Simulink model.
It is also noteworthy that constant impedances-based TL theory transfer function is comparatively
more linear and does not give complete information about transfer function profile. However, FS-based
transfer function computed by TL theory is more precise and follows the transfer function trends of
multipath signal propagation and Simulink models.

6.4. Box Plot Analysis for Attenuation Profiles

A detail of attenuation profiles of transfer functions obtained from TL theory (constant and FS)
model, multipath signal propagation model, and proposed Simulink model are segregated in different
quartiles in the box plots shown in Figure 11. The frequency range of interest is 3-500 kHz for NB-PLC
network. The box plot consists of a type of plot able to visually reveal some basic statistics of an
attenuation dataset by depicting the minimum values, maximum values, and trend of attenuation gains
and drops. It is clear from the box plot analysis that attenuation profiles of all techniques are in good
agreement with each other, except the attenuation profile obtained from constant impedances-based
TL theory model. It is particularly significant to note that Simulink model provides an exhaustive set
of information with wider means and extended quartiles.
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FS Network
Multipath Model
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Figure 11. Summary of NB-PLC channels’ transfer functions.
7. Conclusions

This paper presents the state of the art for NB-PLC channel modeling techniques for MV network
by utilizing three different types of models for efficient channel modeling and characterization for
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MYV NB-PLC network. The first technique is based on TL theory by considering the constant and FS
parameters of transmission lines and load impedances. FS is introduced in the MV power lines to get a
better estimate of channel conditions, leading to a scenario that is more closer to reality. The variations
in the resistance values by adding frequency selectivity in it are compared with Resistance Variations
law whose results are quite similar to each other. A statistical multipath signal propagation model
is used that incorporates the effect of multipaths and reflections to compute the transfer function.
After a careful investigation about the behavior of LV network, impedances are modeled and their
corresponding plots with respect to increase in frequency are discussed. The third technique comprises
of a Simulink model, developed by using real time parameters of power network. The CCD is
modeled to inject the NB-PLC signal in MV network of Simulink model. The transfer functions of
all techniques such as TL theory (constant and FS impedances) model, multipath signal propagation
model, and proposed Simulink model are compared with each other. It is evident from the plotted
transfer function results that FS transfer function of TL theory model and multipath signal propagation
model are in good agreement and have similar trends of attenuation profiles with the transfer function
computed from proposed Simulink model. In practical NB-PLC systems, network parameters and
impedances do not remain constant but keep on changing for different values of frequencies. Therefore,
close agreement of transfer function results of Simulink model with FS-based TL theory model and
multipath signal propagation model validate the accuracy of Simulink model. The presented model in
this paper can prove to be a useful simulation tool to estimate any MV NB-PLC channel conditions by
simply changing the parametric values as per requirements and conditions.
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Abbreviations

The following abbreviations are used in this manuscript:

AAC All aluminium conductor

ACSR Aluminium conductors steel reinforced
AMI Advanced metering infrastructure
CCD Capacitive coupling device

FS Frequency selective

HDR High data rate

LDR Low data rate

LV low voltage

MV Medium voltage

NB-PLC  Narrowband power line communications
PLC Power line communication

SG Smart grid

TL Transmission line
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Abstract: The computing devices in data centers of cloud and fog remain in continues running cycle to provide
services. The long execution state of large number of computing devices consumes a significant amount
of power, which emits an equivalent amount of heat in the environment. The performance of the devices
is compromised in heating environment. The high powered cooling systems are installed to cool the data
centers. Accordingly, data centers demand high electricity for computing devices and cooling systems.
Moreover, in Smart Grid (SG) managing energy consumption to reduce the electricity cost for consumers
and minimum rely on fossil fuel based power supply (utility) is an interesting domain for researchers. The SG
applications are time-sensitive. In this paper, fog based model is proposed for a community to ensure
real-time energy management service provision. Three scenarios are implemented to analyze cost efficient
energy management for power-users. In first scenario, community’s and fog’s power demand is fulfilled
from the utility. In second scenario, community’s Renewable Energy Resources (RES) based Microgrid (MG)
is integrated with the utility to meet the demand. In third scenario, the demand is fulfilled by integrating
fog’s MG, community’s MG and the utility. In the scenarios, the energy demand of fog is evaluated with
proposed mechanism. The required amount of energy to run computing devices against number of requests
and amount of power require cooling down the devices are calculated to find energy demand by fog’s data
center. The simulations of case studies show that the energy cost to meet the demand of the community
and fog’s data center in third scenario is 15.09% and 1.2% more efficient as compared to first and second
scenarios, respectively. In this paper, an energy contract is also proposed that ensures the participation of all
power generating stakeholders. The results advocate the cost efficiency of proposed contract as compared
to third scenario. The integration of RES reduce the energy cost and reduce emission of CO,. The simulations
for energy management and plots of results are performed in Matlab. The simulation for fog’s resource
management, measuring processing, and response time are performed in Cloud Analyst.

Keywords: fog computing; green community; resource allocation; processing time; response time; green
data center; microgrid; renewable energy; energy trade contract; real time power management
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1. Introduction

Electricity is categorized as a basic right or basic need for people in the world [1,2]. The increase
in population and technological advancements has increased the global electricity demand, especially
in last decade. The conventional power generators run on fossil fuels to fulfill the energy demand; however,
a huge amount of CO; is released in the environment due to combustion of fossil fuels. The CO, pollutes
the environment and causes greenhouse effect. The fulfillment of human need of energy without polluting
the environment is challenging. The researchers have proposed variety of solutions for environment
friendly power production, smart consumption of electricity, and intelligent mutual cooperation between
supply and demand sides to optimize energy utilization.

Renewable Energy Sources (RES) help to reduce dependency on conventional power generators.
Various countries have set plans to integrate RES with existing system in order to reduce load demand
from conventional power generators [3,4]. The RES are preferred over conventional power systems due
to cheap energy generation for a long time. The researchers proposed RES as sole power generation
for commercial and residential sectors for geographic regions where energy infrastructure is not laid
down [5-7]. RES are also integrated with existing system for economical benefits [8]. The RES on demand
side reduce the dependency on conventional fossil fuel based power generators on supply side, hence
reducing the emission of CO,. Currently, around 14% of world’s power demand is being fulfilled with
RES [3].

The RES are a not suitable permanent alternative of conventional power generators due to their
intermittent nature [9]. However, the integration of RES based Microgrids (MGs) with existing system
fulfills economical and environment friendly power demand. The Information and Communication
Technologies (ICT) enables the supply and demand sides to aware of the situation to intelligently optimize
the power utilization. The intelligent control of power generation, transmission, integration of distributed
power generators and maintainability of power grid with ICT defines the Smart Grid (SG) [10]. Hence,
a conventional power grid with the introduction of ICT is defined as SG and MGs are small scale distributed
power generators [11,12]. The autonomic, sustainability, and scalability of SG has the potential to integrate
cheap, environment friendly, and distributed RES based power generators. In view of this, around
179 countries, including Germany, U.S.A., and the Republic of Korea have set their target for the years 2017,
2020, and 2030 to fulfill full or part of energy demand with RES [13]. The governments offer subsidized
RES to their public for social welfare to reduce the dependency on conventional power generators.
However, willingness to payback was not considered consequently, in 2012 Spain stopped subsidizing
on PhotoVoltaics (PV) power generators and European countries partially stopped such schemes [14,15].
Hence, energy trading strategies are inevitable to integrate RES in existing power system for the fulfillment
of economical and environment friendly power demand. The researchers have proposed tools, platform
and strategies to provide optimized energy management on the demand-side by evaluating and analyzing
data for academic research in SG [16-18].

The optimized power utilization demands efficient energy management. Centralized, decentralized
and distributed electricity managements are proposed by the researchers, which optimize the power utilization
for proposed scenarios [19]. The analysis of collective behavior for power utilization is very complex for very
short period of time or real-time in distributed and decentralized approaches. A centralized infrastructure
is crucial for efficient power management for communities. The ICT has enabled the power controlling
devices to communicate and manipulate at centralized computing platform (e.g., cloud) to optimize power
utilization in SG [20]. Distributed and decentralized systems require centralized computing platform for
analysis of various parameters for power management services [20,21]. Hence, a centralized computing
platform is inevitable to provide analysis based optimized services to masses in the SG.
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The cloud based platform provides on demand economical physical and virtual resources for
computing services without investing for maintenance. The scalable infrastructure of cloud allows
for the addition or removal of computing resources, depending on the requirements. A variety of services
can be provided from single cloud infrastructure. Resource sharing and heterogeneous services provision
from single platform reduce computing cost. The cloud has efficient processing and economical as
compared to on-site and customized systems. However, it also has limitations, especially for the provision
of real-time services. The limitations are enlisted below,

*  heterogeneous services and too many requests increase the Processing Time (PT) [22],

e the physical long distance between end-user and physical cloud infrastructure increase the Response
Time (RT) [23,24],

*  high computation heats the physical resources, which are cooled by high powered air-conditioning
systems, which increase service cost [25], and

*  economical and environmental friendly huge power generation is challenging [26], especially for
increasing demand of computing devices and cooling system data center is challenging [27].

The data centers of big companies, giants like Google and Facebook, have plans to installed their cloud
data centers in cold regions to avoid expensive and high power cooling systems [28,29]. The long physical
distance between end-users in hot regions and the physical cloud infrastructure in cold region increases
the RT due to locality issues [24]. However, power applications are time-sensitive [30,31] and the real-time
services from cloud infrastructure become a challenge [32]. Hence, from the literature, it is learned that the
integration of renewable energy, real-time, and economical power management services for a community
are challenging.

This work is an extension of our conference paper [33] in which two case studies are proposed. In this paper,
three scenarios and a contract (policy) for energy trade are proposed. The contract ensures the participation of
available distributed power sources with reduced cost of energy consumption. The participation of PV based
RESs during the day reduce the cost of energy. A mechanism is proposed to calculate the energy that is
required to provide computing services by computing resources and cooling system of a fog. A system
model is proposed in which fogs of communities store energy data on cloud. The data is usable for
future projects, e.g., prediction, analysis, evaluation, and feasibility, etc. The fog equipped with green
(renewable) energy for a community provides near real-time response with environment friendly power
management services. However, huge computing resources installed for communities of distance locations,
e.g., cloud emit heat in the environment and affect it. Hence, the proposed system model is suitable for
environment friendly and near real-time response.

The hierarchy of this paper is presented in following sections. Related work is given in Section 2
and, in Section 3, Proposed System Model is elaborated. Case Studies are presented in Section 4 and the
Conclusion is presented in Section 5.

2. Related Work

The SG applications are time sensitive and real-time energy management solutions are challenging,
especially for masses on the demand side [30,31]. The communication between demand and supply
sides in real-time ensures efficient energy utilization. Kong et al. [34], propose a radio frequency based
networked communication for a community. The residents generate and store renewable energy and share
with neighbors for cost efficiency. The device-to-device communication form a network, which follows
the topology of SG. The optimality of channel utilization to ensure the participation of maximum mobile
units with minimum transmit power of sensors is the main idea. The authors have attained significant
outcomes; however, the size of maximum participants, communication delay, and their effects have
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not discussed in particular. In SG applications, a huge number of power users need to be updated
simultaneously to change in parameters’ values. For instance, pricing on the supply side is updated
and the power users need to modify their usage accordingly. The huge traffic on communication medium
and network nodes creates bottleneck and power users suffer from delayed information. Wang et al. [35]
and Khaled et al. [36] propose 5G and 6G technologies for huge data transfer rate and high bandwidth.
However, these technologies are not mature and they are under research and development phase.

Zepter et al. [37] proposed a platform in which prosumers of a community trade battery based stored
energy. The batteries are charged from renewable and utility power sources. The framework allows
for peer-to-peer energy trading and incentive the prosumers by giving them chance to reduce energy
cost. The proposed platform allows prosumers to participate in whole sale power market. The price
of prosumers’ energy trade is lesser than price of the utility. The proposed peer-to-peer energy trading
is implemented in a residential building in London. The study shows 20-30% reduction in electricity bills
and battery storage saves almost 60%. The platform allows for each prosumers to trade the energy with
peers; however, they are connected with grid power lines. The energy trade with utility and other distance
power users using the power lines can increase the integration of renewable energy, efficient utilization of
storage system, and maximize the incentives.

The participation of residents of a community equipped with small scale power generation units
reduce the demand load on supply side. The trade of small scale energy forms self-dependent community.
However, defining contract between producer and consumer is necessary. The authors in [38], proposed
contract game for energy trading in SG. A direct trading contract is defined to minimize the energy
cost for prosumers. A theoretical contract for deterministic environment considering short-term market
is proposed, which, later extended for long-term market. In long-term, the high uncertainty of small scaled
energy production is considered. The incentives for energy producers and consumers with direct contract
encourage the maximum participation of producers and consumers. Qin et al. [39] also propose contract for
flexible market. The objective is to have minimum communication and control responsibilities on energy
operators in distribution system. The high flexible energy market is balanced with Arrow-Debreu, which
encourage the traders to maximize their participation and minimize the intervention of system operators.
The authors left open questions for readers by discussing the limitations of proposed framework.

The energy trading mechanism helps to integrate renewable power with existing system
for a smart community. The individual renewable power production microgrids may have significant
impact to reduce maximum power cost with high integration of renewable or green energy. Chen et al. [40]
propose a centralized energy management for electrical vehicles. The service maximize the incentives
for maximum participation by defining the optimized choice between energy consumption and trading.
The cloud provides the service for communities whenconsidering electrical vehicles, energy storage
systems, and distributed renewable energy sources for customized energy pricing. The authors formulate
a binary linear programming model and the performance is evaluated in experimental setups. The effects
of participation of storage system, electrical vehicles, and smoothness of fluctuations for demand response
of electrical vehicles are discussed in detail. The PT of the service on the cloud almost doubles for
every addition of 500 participants, measured in seconds. The authors claim the significant smaller PT
as compared to day-head period; however, the response time for end-power-users are not discussed.
Long physical distance between cloud data center and end-users requires multiple computing network
nodes. The processing on each node and data transfer (from end-user to cloud and back to end-user) cause
the latency and increase the response time for end-users [41]. The time sensitive, like power applications,
are prone to compromising the performance.

Cloud infrastructure is scalable and it consists of large number with huge sizes (operation capabilities)
of physical computing devices. Such huge infrastructure is capable of providing high computation
in fraction of time, even for the analysis of huge data [42]. The power demand of such data centers is 1.5% of
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world’s total demand with annual growth rate at 4.3% [27]. These data centers produce equivalent heat, which
is controlled by cooling systems. The cooling systems consume 30-60% of total demand of data centers [43].
Researchers have proposed various solutions to reduce energy demand for data centers. Toprak et al. [43]
develop a software tool to estimate the power demand for data center with optimized cooling system.
The considers location, type of building, electronic equipment, and setup environment (indoor and outdoor)
of the system for energy and cost estimation. Jawad et al. [44] propose an optimization of workload in data
centers in coordination with multiple power sources, e.g., batteries, renewable energy generators, diesel
generators, and utility to reduce the energy cost. The authors minimize the dependency on fossil fuel based
power generation for data center operations. Similarly, Xu et al. [45] propose a task scheduling algorithm
that is based on enhanced reinforced learning and neural network. The job scheduling and the renewable
power supplies reduce the energy cost for data centers. The summary of related work wor is described in

Table 1.

Table 1. Summary of Related Work.

Authors

Proposed Solution

Limitations

Kong et al. [34]

Radio frequency based device-to-device
communication following the topology of grid.
The residents of the community are allowed

to generate and trade renewable energy

in peer-to-peer fashion.

The number of participants and effects of
communication delay on energy trade
are essential to identify.

Zepter et al. [37]

Proposed a platform for prosumers to trade
battery based energy while connected with
utility power lines. Prosumers participate
in whole market and peer-to-peer trade

is perfromed

The platform has potential to increase

the energy trade by introducing centralized
computation for cost efficient energy
utilization. Moreover, prosumers may trade
with more suitable distant consumers.

Zhang et al. [38]

Game based energy contract for prosumers
is proposed to encourage maximum
participation by signing direct contract.

The contract is proposed for small scale
environment.

Qin et al. [39]

Proposed energy contract for flexible market.
The authors left open questions for
identification of possible limitations.

The minimum intervention of system
operators, controllers and reduced
communication lead to security issues.

Chen et al. [40]

Proposed cloud based centralized energy
management service. The integration of
renewable energy from electrical vehicles
and storage systems is maximized

by incentivizing using power trade
mechanism.

The processing time increases with the increase
of participants which increase the response
delay. The delayed response has negative effect
on the system.

Toprak et al. [43]
and Jawad et al. [44]

In [43], a software tool is proposed to estimate
power demand by data center with optimized
cooling system. In [44], optimization of
workload in data center considering various
power source, e.g., renewable power and fossil
fuel based power generators

The software based tool may not include all
parameters required for energy optimization,
e.g., as authors did in [44]. However, method
in [44] may require some software or simulator
to estimate the cost.

Xu et al. [45]

Proposed reinforced learning technique

to schedule the tasks on computing resource
in data center. Authors proved reduced energy
consumption with efficient resources allocation
for computation.

The authors did not discuss the load of tasks
for suitable efficiency of scheduling of job
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The limitations of energy management services for communities in the literature encourage
to propose a system with real time power management service for communities. In this paper, a fog
based system model is proposed, which allows end-power-users to directly communicate with the fog.
The communication takes place on high bandwidth (4G and 5G) wireless medium. The network
latency with 5G reduced to almost zero; however, the execution time depends on the computing
devices. The efficient resource utilization algorithms reduce the execution time and consume efficient
energy. The fog performs energy management for the residents of a community. Three scenarios
are proposed to evaluate the cost efficient energy usage for community and fog’s data center. A mechanism
for calculating the power required for running of computing resources to execute the service and cooling
system for fog’s data center is proposed. Lastly, a contract is proposed to ensure the participation of
renewable power generators and the utility.

3. Proposed System Model

A systematic overview of proposed system in given in Figure 1. The residents of each community
have two power supplies; RES based MG and the utility for demand of their homes. The MG is placed
in the vicinity of respective community to reduce power losses. The utility is used for backup when
the MG is down or to be used with other power sources under the contract signed between utility
and end-power-users. The energy management services for residents of the communities are provided
by the respective fogs. The physical setup of each fog is installed near or within the respective community,
so that each resident has direct access (at first hop) to the computing resources. The energy management
services or programs are installed in the fogs, which are run on virtual machines. The virtual resources
are programs that mimic physical machines and they are used to share physical resources. The resource
sharing reduces the computing cost for the services as well as efficient utilization of the physical
computing resources. The residents of a community request the fog for the power management services.
Each request is entertained in fog and responded back via 4G or 5G wireless and wired technologies.
Each fog is connected with a cloud via Internet for data storage, which can be analyzed for future and other
related to power projects.

In this paper, three scenarios are considered for the proposed system model. In first scenario,
the power for the physical computing resources of fog is only supplied from the utility. The community
is also dependent on utility power supply. In the second scenario, a fog has two power supplies; renewable
electricity from the community and from the utility. In the third scenario, the fog owns RES based MG
(FMQG); it also connected with communal MG and with the utility. The cost of utility power fluctuates
depending on demand; however, it is always higher when compared to RES based power. The RES
generate energy from free natural sources, e.g., wind, sun, etc., while, utility generates expensive electricity
by running fossil fuel based power generators. The increasing power demand increases electricity cost due
to greater fuel consumption. The fuel combustion releases CO,, which pollutes the environment. Hence,
generating expensive power by damaging the environment. A contract based energy trade is also proposed
to integrate all power sources, e.g., utility, MG, and FMG to fulfill power demands of the community
and fog’s data center.
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Figure 1. Proposed System Model.

The innovation of this paper is highlighted by comparing the identified problems of existing research

and proposed solution in Table 2.

Table 2. Mapping of Existing Problems with Proposed Solution.

Problems Identified

Proposed Solution

Chen et al. [22], proposed cloud based energy
management model. The PT increases with

the increase of customers (e.g., from 500 to

1500 customers), moreover; authors do not discuss
the effects of RT.

Fog based energy management model is proposed.
The end-users are directly connected with the fog for
power management services. The computing
resources of fog are sufficient for requests of 300 SHs
to process and response in near real-time.

Miodrag et al. [24], validate the efficiency of fog based
monitoring and control service in SG as compared

to cloud. Authors claim potential of fog based system
with real-time monitoring and controlling in SG.
However; prime focus is communication protocol for
real-time monitoring.

Fog based energy management services, PT and RT
are computing for a community of 300 SHs.

Saeed et al. [25] propose game based thermal aware
resource allocation in data center (cloud) to reduce
the emission of thermal energy due to high
computation. Authors claim the proposed technique
avoid creating hotspots as compared to counterpart
strategies. The services run by the data center

and possible amount of thermal energy produced
are not discussed.

A mechanism to calculate the amount energy
produced due to computation in fog’s data center
explained. Moreover, the relationship between energy
produced due to computation and power required for
cooling system for power management services

is proposed.
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Table 2. Cont.

Problems Identified

Proposed Solution

Authors in [46] propose VM placement technique

to reduce carbon emission from cloud data centers.
Green energy is beneficial to reduce carbon, however;
huge platform of cloud requires an agreement
between users and cloud service providers. Authors
claim reduced energy cost, reduce emission of carbon
and suggest integration of green energy for cloud data
center. However, agreement of integration of green
energy is not proposed.

A modified honey bee colony optimization technique
is used to balance the load on VMs to enhance

the computing efficiency. An agreement (contract)

is proposed to integrate utility (fossil fuel based power
generator), RESs based MG for community and FGM.
The contract reduce energy cost and encourage

the integration of renewable energy with incentives
to the participants.

Thiago et al. in [27] conducted an intensive survey on
energy efficiency and demand response for small

and medium data centers. Authors claim that large
data center have potential to participate in energy
efficient demand response program; however, small

Proposed system model with energy management
services validate the claim of suitability of medium
(fog’s) data centers for energy efficiency.

Moreover, the proposed energy contract runs on

and medium data centers are more adoptive for
the program. The violation of energy policies
by energy consumers also have negative impact.

the fog as service, which avoid the interruption of
end-power-users.

In this paper, a system model is proposed for energy
management service for community of 300 SHs.
Energy management services are proposed
considering different power sources to reduce energy
cost by integration of green energy and incentive
policy. The power demand for computing
environment is calculated and fulfilled with multiple
power sources with minimum cost.

The authors in the above articles in this column
discuss either computing platform or energy
management. None of the author has proposed
efficient solution for considering both.

3.1. Problem Formulation

In first scenario, the electricity demand of the community and the fog is fulfilled from utility. If the size
of community is H number of Smart Homes (SHs) (H = {hy, hy, h3, ..., hy}) and the total power demand
in a given time f is the sum of load of all homes (L’H = {1;11 + lflz + 1;13, ey IL 1 1)- The total electricity cost
(T!,) of the community is calculated with Equation (1). The cost of power consumption of a fog depends
on the load demand for computing resources and cooling or air conditioning system. The energy cost of
the fog is calculated with Equation (2).

h=H
T, = U L 1
ct 14 x Z hr ( )
h=1

Tf = Up x (L + L) )

where, T} is total cost of the fog, U, is utility price, L, is load of computing resources, and Lj, is the load
of air conditioning system at time ¢.

In second scenario, the surplus renewable energy of communal MG (S!,) is bought for the fog. S,
is the difference of energy produced by MG ML and the total community demand C}, at time ¢, as shown
in Equation (3).

Set = Cp — M. ®)
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The energy demand by a fog (Ff) for time ¢ is the sum of load of Lf, and L},. The energy price of MG
(M) is cheaper than the utility (U}). The S, is traded with the fog or with the utility or both of these.

if Fp—Su>0, @)
then, remaining load for the fog is bought from the utility at U{,. Similarly,

if Fp—Su<0, 5)
then, remaining power of surplus energy is sold to the utility at electricity price of the MG M;.

if Fhb—S4=0, 6)

then, all of the surplus energy is only bought by the fog at MG’s price (M;).

In third scenario, the fog also owns RES based MG to ensure greener computing for fog services.
The fog’s computing performance varies the energy demand; moreover, the power output of FMG is also
affected by natural sources, e.g., intensity of sun light, wind force, etc. The varying power demand
by the fog and fluctuated power production by the FMG might have imbalanced energy generation.
The imbalance is cured by trading the surplus energy 75} with the community or with the utility;
however, deficient power (S}) is bought from the community MG or from the utility. The Equation (7)
shows the surplus energy of FMG, where Fyg is FMG's produced energy.

S = Fp = Fung- @

The relationships among prices of electricity for FMG (F;,), community MG, and the utility are given
in Equation (8).
F, < M, < U, 8)

The fluctuated power generation from MGs and varying energy demand by the fog constitute three
situations. In the first situation, the power generation of FMG L is greater than fog demand as given
in Equation (9). In this condition, surplus FMG’s is traded with the community or with the utility. In the
second situation (Equation (10)), FMG generates less power than demand of the fog. In this condition,
the remaining energy is bought from the community MG or from the utility. However, the green power of
community MG is preferred over the utility due to lesser price than electricity price of the utility. In third
situation (Equation (11)), FMG’s power generation is equal to the energy demand by the fog. The whole
energy is utilized to fulfill fog’s power demand.

FL — L’f >0, ©)
Fh— L; <0, (10)
Fh - L; =0. (11)

It is stated earlier that the fog’s physical resources are shared by creating virtual resources on them.
The virtual resources are computer programs, which mimic the actions of a machine; hence, also known
as Virtual Machine (VM). These programs continue to run on the physical resources, even in the idle
condition. The energy consumed by physical resources is calculated by measuring the execution of Millions
of Instructions Per Second (MIPS). The actual energy consumption is measured by observing the active
and idle states of VMs. An idle VM consumes 60% energy of active state [47]. The energy required during
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active state is 1078 x (MIPS)? Joules per Million Instructions (J/MI). The mechanism of efficient resource
allocation optimizes the energy consumption by computing resources. Various techniques have been
proposed to efficiently allocate the VMs [46,48-50].

The power that is required to run VMs (in idle and active states) is converted into an equal amount
of heat energy [51]. The thermal heat surround the servers in data center and increase the temperature,
which compromise the performance of physical computing resources. The performance of hardware affect
the computing performance, which compromises the service execution. The cold air is passed through
server nodes in the data center to cool down the computing devices. The phenomenon of heat circulation
or thermodynamics in the environment of data center is explained in detail in [25,52].

3.2. Contract for Energy Trade

In the case of multiple power generators, one of them can have maximum participation, which
affects the contribution of other generators. For example, in the third scenario, if community MG fulfills
the whole power demand of the community and fog’s data center then the participation of the utility is idle.
In view of this, to ensure the participation of all participants, an efficient energy contract is necessary
to be defined. In proposed system model, during the day, community MG generates maximum power.
The part of it is traded within the community, with fog’s data center and the remaining is sold to the utility.
Gai et al. [53] propose approximate maximum estimate model to estimate the maximum value for tradable
energy of a certain time-slot. However, in this paper, a fixed percentage of MG’s energy is proposed
to trade for every time-slot. The maximum threshold («;;4x) to trade within the community is 65% of MG’s
total produced energy (M) for every time-slot (hour). The remaining power is sold to the utility and to
the fog’s data center. The amount of power from community MG to be traded with the utility and the fog
(EL, £) is found with Equation (12).

Efyp = Mg — Qmax, (12)

where,
Apax = ME x 0.65. (13)

The cost of power trading is the product of amount of energy traded and the price M, (from Figure 2)
as shown in Equation (14). The Ef, 7 energy of community MG is sold to the utility and the fog’s data
center at My, price. The cost (C;

u

, f) of energy trade with utility and the fog is calculated with Equation (14).
Cs"uf = Eé"uf X MP' (14)

The fog only buys energy when FMG is unable to fulfill the demand or when S} > 0 with Equation (7).

If S} > Eryy, then Er¢ is bought from the community MG and remaining (S} — Eqyf) is bought from

the utility. The energy bought for fog’s demand (Fp) is the sum of FMG’s energy, the amount of power

bought from community MG (AE7,s), and amount of energy bought from the utility (AEy,), as given
in Equation (15).

Fp = Fg + AEqyf + AEy, (15)

where,
AE, = s} — Equf (16)

and AEr,s is amount of energy which is bought complete when S} > Epyy to fulfill Fj,. Where, Fp =
Lt, + LE,. The cost of fog’s demand Cyp is calculated with Equation (17),

Crp = Fug % Fy + AEqyf X My + AE, x U, 17)

190



Energies 2020, 13, 3164

The total energy cost for community MG (Cepg) is computed with Equation (18). However, Cry ¢ is excluded
from the power cost of the community as incentive.

Cemg = CTuf + Qpax X Mp. (18)

The utility energy cost depends on the cost of the amount of energy produced from fossil fuel based
generators (ACyy), cost of energy bought from the community MG (ACcpg), and the cost of amount of
energy bought from FMG (ACyyq), as computed with Equation (19). The cost of fossil fuel based energy
depends on amount of fuel consumed to produce desired (for demand) electricity, while considering factors,
like heating and fuel cost, etc. This is calculated with quadratic function, as given in Equation (20) [54].

Cu = ACfyel + DComg + ACyg. 19)

C(uout) =a+ b~(uout) + C~(uout)2~ (20)

where, 4, b, and c are the coefficients of heat and amount of fuel, etc., which effect the throughput (Uyy) of
fuel generator. The integration of green energy (e.g., Equations (13) and (15)) compels the utility to generate
lesser power than the total demand. The utility runs fossil fuel based power generators (e.g., diesel), which
emit CO,. Lesser power generation reduces the running of the generators as a result emission of CO,
is reduced. In this paper, the utility power pricing U}, for a day is considered, as given in Figure 2.

During the day, the fog stores surplus green energy and sells remaining (more than demand
and storage). After the sun-set stored energy is utilized for computing and cooling systems. The storage
capacity ST¢gp is greater than Fp. In addition to this, the community relies on the utility power supply
after the sun-sets. From the load basis of the community in Figure 3, the power demand of the community
gradually reduces after the 20th and before the sixth hours. Hence, the power demand that is fulfilled
from the utility during these hours is almost less than the demand during the day from the utility
(after the integration of 35% of RES energy).

T T
—*—Up
—S— Mp
—+—Fp |4

Cents/kWh

Time (hour)

Figure 2. Energy Pricing.
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Figure 3. Demand Basis of Smart Home.
4. Case Studies

In this paper, the size of community for all three scenarios is considered 300 SHs. The power demand
of each home ranges 0.5 to 1.5 of smart home demand basis given in Figure 3 [55]. In second and third
scenarios, the average PV power that is required for a home is 0.4 to 1.4 of power basis given in Figure 4 [55].
The capacity of community MG is the sum of PV power generation of all SHs in the community. In the third
scenario, the surplus energy of FMG is stored in energy storage system to be utilized after sunset. However,
during the day the surplus energy is traded with the community or with the utility. The utility energy price
for every hour of the day is taken from [55]. The community MG trades power at 70% of the utility prices
and FMG trades at 50% of the utility prices as shown in Figure 2 to encourage the maximum integration
of green energy with the utility. The energy management services of proposed scenarios run on the fog.
The specifications of the fog are given in Table 3.

Table 3. Fog Specifications.

Parameters Values
Operating System Linux
Virtual Machine Manager Xen
Architecture X86
Physical Units 2
Processors (each unit) 44
VMs 5
Memory 12GB
VM Speed 10 MIPS
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Figure 4. Basis of PV Power Generation.

In this paper, CloudAnalyst and Matlab are used for the simulation of case studies. In Cloud Analyst
PT and RT for the requests generated from the community residents are measured. The fog data center
and the community belong to the same region; however, Internet characteristics are defined according
to the choice of generation of technology (e.g., 4G, 5G, etc.) and the system model. In proposed case
studies, 4G and 5G based data transfer rates (Million Bits Per Second (Mbps) and Giga Bits Per Second
(Gbps), respectively) are implemented. Matlab is used to simulate the energy use by the community
and the fog for all three scenarios. Moreover, the results are also plotted using Matlab.

4.1. Discussion and Results

Figure 5 shows the flow of implementation of whole process. The SHs of the community sent requests
every hour for energy management to the fog. The requests are allocated to VMs by balancing the load on
them using intelligent load balancer, e.g., modified honey bee colony optimization. The load is shifted from
higher loaded VMs to the lesser loaded VMs. The VMs mimic the function of a physical machine hence,
each VM runs energy management program independently. The VMs enhance the computational efficiency
of a single physical computing unit. The parallel execution of VMs with balanced load of requests (tasks)
reduce the overall PT. In this paper, four energy management scenarios were performed in case studies.
In first scenario, Equations (1) and (2) are used to calculate the energy cost of fog, e.g., computing
cost and cost of cooling system, respectively, by evaluating power demand and energy pricing (of
utility). In second scenario, VMs find the difference of community power demand of energy produced
by the MG with Equation (3), which helps to manage energy by trading or buying or self-sufficient
following the conditions of Equations (4)—(6). In the third scenario, unlike second scenario, fog owns a MG.
Equation (7) finds the difference of fog demand and load of FMG. The pricing for energy trade must
follow the condition given in Equation (8). The conditions given in Equations (9)-(11) help to trade power
of FMG to fulfill fog demand. In contract based energy trade, the Equation (12) calculates the MG’s
trading amount of energy with the fog and the utility. Equation (13) finds the amount of MG’s energy
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utilized within the community. Equation (14) calculates the cost of MG’s trading energy. The fog’s power
demand is fulfilled with Equation (15) following Equation (16). The fog’s power demand is fulfilled
from different power sources; hence, the energy cost is calculated with Equation (17). The total energy
cost community MG is calculated with Equation (18); however, the cost traded within the community
is utilized as incentives. The proposed contract integrates the power generated by FMG and MG with its
own generation and reduces the production cost calculated with Equation (19). Each VM runs services of
the scenarios following the proposed equations and respond the power users (SHs).

Request=300
Time=Hourly (1-24)
VMs=5

Modified Honey Bee
Colony Optimization

Yes
VMs with least load

Allocate
more load

(from high
loaded
Shift load to VMs)
VMs with
lesser load

Outcomes of VMs
(Power Management
Service)

Figure 5. Implementation Flow Diagram.

In the proposed system model, unlike cloud, the physical infrastructure of fog and power users
in the community are at the first hop. In cloud based infrastructure there are multiple computing nodes
between end-users and cloud’s data centers. Hence, cloud based infrastructure has high network latency
as compared to fog’s infrastructure. The requests sending time from the power users to the fog for
energy management service is near real-time. The communication medium also affects the network
latency. The data transfer rate of 5G is 100 times that of 4G [56,57]. Hence, requests sending with 4G
is measured in milliseconds (ms), while, with 5G, it is measured in microseconds (us). There is virtually
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no time delay with 5G; however, with 4G huge data may take longer time (e.g., in seconds or minutes).
Once the request is sent to the fog, the processing time depends on the computing devices, architecture,
and type of service. The simulation results are given in Table 4. The simulations of 7200 requests from
the community in a day require an average of 0.48 ms to process the service. A modified honey bee colony
optimization algorithm [58] is used to efficiently allocate the virtual resources. Hence, it is assumed that,
during the processing, all VMs were in active state. The maximum time taken by a VM (Ty;) is the total
execution time (T,;) divided by the total number of VMs Equation (21).

Tom = Tet/VMs, (21)
where,
Tet = 7200 x 0.48 = 3456 ms (22)
and
Tym = 3456/5 = 691.2 ms. (23)

Table 4. Simulations for a Community.

Parameters Values

Total requests in a day 7200
Average PT 0.48 ms
Average RT (4G) 50.10 ms

When considering the speed of a VM given in Table 3, 6.912 Millions of Instructions (MI) are executed
in 3456 ms. Using the Equation (2) of [47], each MI requires 10° Joules of energy when a VM is active. Hence,
a total of 5 x 10° Joules is required for service execution in 3.456 minutes when VMs are active. The rest of
the time VMs remain inactive and consume 60% of active state, as discussed above (1247 x 10° Joules).
The total energy that is required for the fog is the sum of energy required by VMs during active
and inactive states. According to the law of conservation of energy, the amount of power consumed
is converted into equal amount of thermal (Joules) energy [51]. Hence, the amount of thermal Joules
produced during the active and inactives states of VMs requires an equal amount of power (Ly).

Various factors, e.g., indoor and outdoor temperature, power demand for cooling the data center,
and execution of servers in the data centers, etc., are considered for designing the cooling system of data
center [43]. A big portion of budget is spent on cooling the system of the data center [59]. In the proposed
case studies, it is assumed that equal budget is allocated for cooling system, which defines the cost that
is required for power consumed for execusion of requests. The cost of the cooling system is measured
by the amount of required power load multiply by the energy price of the power supplier, e.g., the utility,
MG, etc. The efficiency of cooling system is measured in BTU (British Thermal Unit), which is equal
to 1055 Joules [60]. In this paper, it is assumed that the initial state of temperature of the data center
should be maintained. Accordingly, the number of thermal Joules produced requires equal amount of
power for cooling system to neutralize the change of heat in the data center. Hence, the total power that is
consumed by the fog is the sum of energy required for computation (L) and cooling or air conditioning
system (Lqr). The energy management service is executed every hour in the day. The energy demand
by the fog is also equally divided for every length of time ¢, e.g., t = 1 h.

The total power demand of community residents and the fog is given in Figure 6. In the first scenario,
the community and the fog only consume power from utility. The utility prices depend on the power
demand; the higher the demand, the higher the energy prices, as shown in Figures 2 and 6. In the second
scenario, the community has PV based MG. The power of MG is supplied to the community at 30% lesser
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price as compared to the utility. The community demand is greater or lesser than MG’s power generation.
The power produced more than the demands of the community and the energy of FMG is sold to the utility
to incentivise the community. In the proposed case studies, for the third scenario, the community fulfills
the demand similar to second scenario. However, surplus renewable or green energy is first sold to the fog
when FMG is unable to fulfill its demand; otherwise, it is sold to the utility. The FMG fulfills the demand of
fog and surplus power is sold to the community when demand is greater than MG’s generation. In second
and third scenario, the fog minimizes the energy cost by consuming green energy. However, in third
scenario, fog reduces energy cost by consuming power either from FMG or MG as well as combined energy
from FMG, MG, and the utility. The trade of surplus energy of MG reduces the community power cost.
Similarly, the trade of FMG’s surplus energy reduces the power cost for the fog. The surplus energy of
FMG of last two hours (e.g., 19th and 20th hours) is stored in batteries to be utilized after sun-set.

4
4510

0 5 10 15 20 25
Time (hours)

Figure 6. Total Load Demand of Community and Fog.

In Figure 7, the cost of power consumption by the utility and the fog in first scenario is the highest
when compared to second and third scenarios. The cost in first and second scenarios are the same before
the sixth and after the twentieth hours. The cheap energy of MG and trade of surplus power of MG with
utility and the fog reduce the significant cost for the community during the day. The simulations show
the lowest power cost for third scenario. The energy from MG and FMG are utilized for the community
and for the fog; however, the remaining power is bought from the utility. The trade of surplus energy from
MG and FMG help to reduce the extra cost as compared to first and second scenarios. In Figure 7, the cost
with third scenario after 20th hour until the 23rd hour is less than other scenarios. The stored surplus
energy of FMG is utilized after 20th hour (after sun-set).
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Figure 7. Energy Cost for Community and Fog.
4.2. Case Study: Energy Trade

The proposed contract is simulated for third scenario in which community and fog own their
renewable MGs as well as they are connected with the utility. According to the contract, 65% of
produced energy of community MG is traded within the community and the rest is sold to the utility.
However, deficient power demand is bought from the utility and the FMG. The power demand for fog’s
data center is fulfilled with FMG and surplus power is sold to the utility. From Equation (15), power
is not bought from the utility and community MG for the fog. Hence, in Figure 8, the amount of energy
that is bought from the utility, FMG, community MG for community demand and amount of power sold
to the utility from community MG is shown. During the day, the PV power is utilized (consumption
and trade) and after sun-set the power from the utility is utilized. From Figure 6, the community’s power
demand is maximum during the day. Accordingly, the renewable energy trade, according to the contract,
reduces the fossil fuel based power generation by the utility. The community is incentivised by reducing
energy cost due to power trading of community MG.

The cost for power demand of the community with third scenario and with the proposed contract
are shown in Figure 9. The renewable power is generated free of cost due to natural sources, e.g., sun light.
However, the infrastructure and maintenance have cost, which are earned by providing cheaper energy.
Hence, the energy sold out of the community is the incentive for the community. The contract based
power utilization in the community is cost efficient as compared to the third scenario. The third scenario
in Figure 7 has lesser cost for three hours when compared to first and second scenarios after 20th hour due
to stored energy utilization of FMG. Similar is the case with contract cost in Figure 9; however, the contract
cost is more efficient when compared to the third scenario due to energy trade incentives.
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Figure 9. Contract: Power Cost for Community.

4.3. Summary of Proposed Solution

The cloud based energy management services suffer from latency issues. Multiple nodes between
end-users and physical computing environment increase the RT. However, SG applications are time sensitive.
In the proposed system model presented in Figure 1, end-power users (community) are directly connected
with the fog, which reduces the network latency. The efficient resource utilization of computing resources
reduces the PT. Hence, reduced network latency and PT provide a time efficient energy management
service to the community. The results of efficient computing resources utilization and direct connectivity

198



Energies 2020, 13, 3164

of the community with fog advocate the near real-time response of energy management. In this paper,
three scenarios are proposed to fulfill the energy demand of the community and the fog’s data center.
The simulation results show that the integration of RES based MGs reduce the energy cost. The energy
trade of surplus energy reduces more cost for end power users due to incentives. In the third scenario,
apart from the utility, the fog and community also own RES based MGs. Hence, the results show that third
scenario has the more cost efficient energy for the community and the fog. However, the proposed contract
ensures the participation of all power sources. The results advocate the cost efficient energy is provided
to the community and to the fog’s data center as compared to third scenario. Hence, the proposed
energy contract ensures the integration of RES with minimum cost for power users, e.g., the community
and the fog’s data center. The summarized mapping of limitations of exiting solutions and results
validation of proposed solution is given in Table 5.

Table 5. Mapping of Problems with Validation Outcomes.

Limitation Proposed

Number Limitation Solution Validations
Heterogeneous and too man Homogeneous and fixed number of requests from
L1 re uestgs on cloud increase Y s1 community to the fog. 300 SHs directly request
’fhcel PT the fog for cost efficient power management
every hour
Tgr(:g_gug:r}f;;a; Zl(l’smtanstei:etween Direct link between end-users (community)
L2 . puting S2 and the fog to reduce network latency. The Table 4,
resources increase the RT due shows 50.18 ms of average RT
to multiple nodes between them : &
Load on computing resources are balanced
. . intelligently (e.g., Modified Honey Bee Colony
L3.1 E)o:; P}l{l tcl;idlelzal:iesnheat due S3.1 Optimization) for efficient utilization. The Table 4
8 P shows very small average PT due to efficient
resource utilization
Increase service cost: high Installed RES based FMG and connect with
ower demand due g community MG for cost efficient power supply.
L32 I:O computation and coolin S3.2 The Figure 7 shows the cost efficient power in third
svs temf()s) & scenario and in Figure 9 the contract based energy
Y is cost efficient due to RES based MGs.
Contract for energy trade is proposed to integrate
utility, MG and FMG cost efficient and environment
. . friendly power supply. The Figure 8 shows
L4 Expensive fossil fuel based S4 integration of renewable energy during day to fulfill

power supply from the utility power demand. The Figure 9 shows that contract

based energy consumption is more cost efficient as
compared to third scenario

5. Conclusions

In this paper, a fog based system model is proposed for the community to provide near real-time
energy management service. The high bandwidth of 5G almost nullifies the data transfer delay.
However, with 4G, a minute delay is observed due to 100 times lesser data transfer capacity as compared
to 5G. The efficient resource allocation technique, like MHBC, minimizes the PT. The reduced data transfer
delay and reduced PT minimize the RT for residents of the community. Three scenarios are proposed
to analyze the cost efficiency of power utilization by the integration of green energy. In the first scenario,
the community and the fog are connected with the utility only. The power generators of the utility run
on expensive and environment unfriendly fossil fuel. In second scenario, the community has PV based
MG along with the utility. The community’s demand is fulfilled with green (MG’s) energy. The surplus
energy is traded with fog and the utility; however, deficient power is bought from the utility. In the third
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scenario, the community and fog have their respective PV based MGs along with the utility. The surplus
energy of FMG is traded with the community or with the utility. The simulations of case studies show
that the third scenario is more cost efficient as compared to first and second scenarios. The integration of
green energy reduces power consumption cost for the community and reduce the power demand from
the utility. The storage of green energy reduces the additional cost for the fog after the sun-set. The green
data center of the fog and the community with green MG in the third scenario save up to 1.2% and 15.09%
of energy cost as compared to second and first scenarios, respectively. In this paper, the proposed energy
contract ensures the participation of all stakeholders and it is 6.54% more cost efficient for the community
as compared to third scenario.

We recommend proposed distributed centralized energy management system model instead of cloud
based centralized system. The heating of huge data centers of cloud in cold region affects the environment.
However, distributed small data centers with green energy have a negligible impact on the environment.
It is studied that the potential of integration of green energy with existing system is high when friendly
energy policies are defined. For example, an individual renewable power producer can fulfill the demands
of his neighbors or trade with the utility. However, in a community the trust building among producers
and consumers need to be ensured by defining power trade policy. In the future, block chain based trust
building mechanism among prosumers, consumers and power utility in a community shall be considered.
Moreover, the power economy sharing approach should be considered to form communal MG out of
existing renewable power generators among the prosumers.
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Abstract: Cloud computing is the de facto platform for deploying resource- and data-intensive real-time
applications due to the collaboration of large scale resources operating in cross-administrative domains.
For example, real-time systems are generated by smart devices (e.g., sensors in smart homes that monitor
surroundings in real-time, security cameras that produce video streams in real-time, cloud gaming, social
media streams, etc.). Such low-end devices form a microgrid which has low computational and storage
capacity and hence offload data unto the cloud for processing. Cloud computing still lacks mature
time-oriented scheduling and resource allocation strategies which thoroughly deliberate stringent QoS.
Traditional approaches are sufficient only when applications have real-time and data constraints, and
cloud storage resources are located with computational resources where the data are locally available
for task execution. Such approaches mainly focus on resource provision and latency, and are prone
to missing deadlines during tasks execution due to the urgency of the tasks and limited user budget
constraints. The timing and data requirements exacerbate the efficient task scheduling and resource
allocation problems. To cope with the aforementioned gaps, we propose a time- and cost-efficient resource
allocation strategy for smart systems that periodically offload computational and data-intensive load
to the cloud. The proposed strategy minimizes the data files transfer overhead to computing resources
by selecting appropriate pairs of computing and storage resources. The celebrated results show the
effectiveness of the proposed technique in terms of resource selection and tasks processing within time
and budget constraints when compared with the other counterparts.

Keywords: data-intensive smart application; cloud computing; resource allocation; real-time systems;
smart grid

1. Introduction

With fast-growing advancements in smart systems, the real-time applications are handy candidates
for utilizing the computing power in a cloud computing environment in order to maintain deadline
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constraints. Cloud computing is an economic-based paradigm consisting of distributed resources and
providing services by collaborating in executing user applications. The cloud services are categorized into
Infrastructure-as-a-Service (IaaS) that deals with providing computing such as VMs and storage resources
as services, Platform-as-a-Service (PaaS) that offer deployment and development platforms as services,
and Software-as-a-Service (SaaS) that facilitate users with web-based applications. The most common
examples are IBM’s Blue Cloud (for IaaS), Google AppEngine and Microsoft Azure (for PaaS), and EC2
(for SaaS). These services are employed by using cloud deployment models, namely public, private, and
hybrid established on the basis of organization preferences. The cloud compute and storage resources are
selected and allocated on the basis of nature of user application. In addition, the cloud storage resources
provide facilities such as accommodating data replication to satisfy data requirements of the data-intensive
real-time systems that need to access, process and transfer data files stored in distributed data repositories
[1,2]. Examples of such applications are self-driving vehicles, which depend on the data and computations
under a complex network of interconnected devices such as GPS, surveillance cameras, radar, laser light,
odometry, etc., to perceive the surroundings [3,4]. The cloud providers such as Amazon EC2 [5] provide
computing facilities (virtual machines) on a pay-as-you-go basis at the rate of 10 cents per hour. The lease
prices vary depending on the virtual machines (VMs) specifications. The normal VM offers an approximate
processing power of 1.2 GHz Opteron processor with a storage capacity of 160 GB disk space and 1.7 GB of
memory [5-7]. Such facilities pave the way for executing time-critical and IoT applications which demand
high processing and storage capabilities [8]. Stergioua et al. [9] merged cloud computing with IoT to
improve the functionality of the IoT. The IoT devices offload many tasks to the cloud environment from the
smart systems because these devices have very limited processing and storage capabilities. Leveraging the
capabilities of virtualization technology, VMs can be scaled up and down depending on the current system
workloads [10]. For executing VM code on smart platforms, smart virtual machines are proposed by Lee
etal. [11]. However, there is a lack of efficient resource scheduling and allocation strategies for deploying
real-time applications with stringent QoS and data requirements in cloud computing environments.
The scheduling policy for data-intensive real-time systems proposed in [12] allocates HPC resources by
considering that single copies of data-files are available on storage resources without taking into account
the computation and transfer cost. The concept of real time scheduling is used in the deployment of smart
environments [13-17].

The Global Institute [18] report on analyzing the economic impact of the IoT devices show that it
will increase upto $11 trillion by the year 2025. This increase is because the IoT devices and smart home
appliances ranging from small sensors to large scale biometrics offload data and computation to the
cloud computing environment on a regular basis [19,20]. For this purpose, the IT companies provide
solutions such as Apple’s HomeKit [21], Samsung’s SmartThings [22], Amazon’s Alexa [5], and Google’s
Home [23], etc. The smart systems are considered as data-intensive systems that are different from
compute-intensive or eScience applications because of the storage, access, execution and management
requirements of distributed datasets and hence, require different scheduling and allocation policies.
These systems basically deal with the data and transport layers for replication and access of datasets.
The data-intensive smart systems can be considered as a combination of data producers and consumers
geographically distributed across multiple organizations. The producers are the entities that produce data
and manage its distribution over multiple locations. The consumers can be the users or their applications
which need this data produced by the producers for multiple purposes. The consumers investigate efficient
ways out of many to access the data for executing applications on remote compute nodes.

The driving force of cloud computing is the virtual machine manager (VMM) that creates the virtual
resources of the physical machines. The basic functionality of the VMM is to separate the virtual computing
environment from the underlying physical infrastructure. In this research work, we implement the rate
monotonic (RM) scheduling policy to allocate cloud computing resources for the real-time data-intensive
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periodic tasks. The scheduling problem is divided into three parts: the processing environment (cloud
virtual machines), the nature of the real-time task (fixed priority system), and the optimization criteria
(time- and cost-efficient allocation). The real-time task set is a collection of multiple tasks, each of which
requires data for processing. The required data files are requested from the remotely located storage
resources. The intelligent selection and assignment of cloud computing resources are investigated while
the data files are replicated on decoupled storage resources and accessed by utilizing networks of varying
capabilities. The proposed strategy evaluates all the storage locations for the replicas of the same data
file and selects the one which has minimum data access and transfer cost. It submits the application
to the computing resource that is closest to the selected storage location and can complete execution
within minimum possible execution time. These files are fetched to the computing resources where tasks
are executed, which add transfer time to the red tasks’ total execution time. In our proposed model, a
user-specified budget is associated with each smart system request, and hence resources are selected
not only on the basis of their high computational power, but also the cost associated with each and the
storage resource are computed, as well as the ability to process jobs within tasks deadlines and scheduling
preferences.
The major research contributions of our work are:

e Creating a model for selecting appropriate cloud computing and storage resources to execute real-time
data-intensive systems generated by smart devices where data is replicated on multiple storage
resources,

e  Partitioning the task sets into groups based on common data-file demands such that the timing
constraints of the original tasks set are not disturbed,

*  Analysing the economic perspective of data storage and processing by scheduling real-time smart
systems on distributed nodes with different storage, execution, and data transfer costs and allocating
heterogeneous cloud resources,

*  Allocating cloud computing resources to periodic real-time tasks such that the overall timing
constraints of the smart devices remain intact,

*  Analysing cloud computing and IoT usability in the context of data-intensive smart systems.

Cloud computing is considered a promising platform for executing large-scale computing-intensive
IoT and smart grid applications in a cost-efficient way due to the large pool of computing resources. These
resources need intelligent scheduling and allocation of the tasks such that all tasks in a batch can be
processed within the stipulated time span. The research community focuses on searching mechanisms for
scheduling and allocating distributed cloud resources in a systematic way which can satisfy formulated
objective function such as load balancing, makespan minimization, and cost-efficiency with respect to
the user-defined QoS criteria [3,24,25]. But, instead of the vast study in the cloud resource allocation
domain, the existing literature is not mature in providing suitable scheduling mechanisms for real-time
systems generated by smart devices due to the high deadline-miss ratio by a number of tasks in a batch
[26]. The problem becomes more challenging when such systems need data from external sources. A
real-time system is characterized by the deadlines of the tasks. In such systems, deadline meeting is
primarily important for utilizing maximum capabilities of the cloud resources, since most of the real-time
systems such as sensors in smart systems or actuators in automated systems generate periodic tasks,
which are sent to the processing units after regular intervals. Such systems need proper priority-based
and non priority-based strategies for scheduling. In priority-based scheduling policy, the scheduling
criteria is saved for the entire duration of task execution, while in non priority-based systems, the tasks
have no precedence constraints and the scheduling criteria may change with the arrival of the next job
of a task. The main advantage of priority-based policies is time-saving and its simple implementation.
The priority-based scheduling is also known as static priority scheduling. The well-known static priority
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assignment algorithm is Rate Monotonic developed by Liu and Layland in 1973. The main features of
this algorithm are its simple implementation at OS kernel level, predictability in real-time behavior like
in smart systems, and its easy modification for implementing task priority inheritance protocol for the
purpose of synchronization [27].

In order to utilize the full potential of the cloud and IoT platforms, Suciu et al. [28] proposed a
conceptual framework for the deployment of IoT based smart microgrid applications. The developed
framework has the capability of integrating real-time data generated by the ubiquitous sensing devices
constituting the smart home with the cloud computing environment, but their system is prone to missing
deadlines because they have not evaluated their system on each time instant according to the workload of
the task. The dynamic algorithm for scheduling soft real-time systems on grid resources was proposed
in [29]. The proposed algorithm provides room for tasks with missed deadlines. Ye et al. [30] proposed
architecture of smart home-oriented cloud. They have suggested a layered cloud design that provides
efficient services for digital appliances. The authors have considered the sensors sending data continuously
without specifying any real-time constraints. Caron et al. [1] consider task priorities for scheduling real-time
tasks. The tasks are checked one by one. Shang et al. [1] formulated a model which elaborates grid service
reliability assessment for dependable and cost-efficient applications. They have derived a cost function
based on genetic and particle swarm optimization techniques that calculate service expense of each utilized
resource. Isard et al. [4] considered scheduling problem of data-intensive tasks using the Hadoop structure.
They have supposed coupled computing and data resources located at the same place and that the data is
available for each task without transferring from remotely located resources. Therefore, they have not
included the data transfer time in the task feasibility analysis. The proposed tasks are preemptable but no
specific criterion is discussed for which task is to be preempted when an interruption occurs or when high
priority tasks arrive. In ref. [5], the authors have focused on submitting preemptable tasks to the federated
grid. They have developed a schedule which maximizes the acceptance of incoming tasks, and minimizes
user-defined QoS criteria violation. The authors have not emphasized the heterogeneity of resources.
Poola et al. [6] presented a mechanism for robust and fault-tolerant scheduling of scientific workflows on
heterogeneous resources which concurrently optimizes makespan and execution cost. Ma et al. [7] used a
hybrid approach by combining the best features of genetic and greedy approaches for QoS-aware web
service composition. They have focused on minimizing cost, but they have considered non-real-time tasks.
A cost optimization technique for executing data-intensive tasks on distributed resources was developed
by Mansouri et al. [8]. Leveraging data storage and migration cost is addressed by using an optimal online
algorithm, but their system is not suitable for executing real-time smart systems tasks. The proposed
algorithm provides tasks scheduling and cloud resource allocation criteria for real-time tasks generated by
smart systems considering resources heterogeneity, availability, data-intensive and timing constraints of
the tasks.

The rest of the paper is structured as follows. In Section 2, we throw light on discussing task, resource,
and cost model. The proposed time- and cost-efficient scheduling algorithm is explained in Section 3,
while the performance of the proposed resource allocation strategy and details of the experimental setup
is evaluated in Section 4. The produced results are presented in Section 5 and conclusions and future
directions are provided in Section 6.

2. Task, Resource and Cost Models

In this research, we consider scheduling feasibility of real-time periodic tasks in a cloud environment.
Our model as shown in Figure 1 is composed of smart devices which generate periodic tasks (71, T, . .., Ty).
The tasks represent data-intensive applications that generate data on a regular basis and need computing
resources for processing. The represented smart devices have limited memory, storage and processing
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capabilities. Each task needs data stored on some remote storage locations. The tasks constitute a task
set T;(i = 1,2,...,n) where the collection of task sets form a smart microgrid that sends data to a main
smart hub known as Smart Grid Management System. The smart hub manages the received data and
uploads the collected tasks to the cloud environment. The Cloud Resource Management System (Cloud
RMS) handles task requests and manages cloud resources. The Cloud RMS has the responsibility to
search suitable resources and required data files information from the Resource Files Information Directory
(RFID) according to the task requirements and schedule tasks on cloud resources. The Cloud RMS also
implements the scheduling policy. Our concerned cloud environment is comprised of both computational
(CRy,CRy,...,CR;) and data storage resources (DRy, DRy, ..., DR;) located remotely and connected by
network links of different bandwidths. The resources are heterogeneous and characterized by power and
cost constraints.

In this paper, we concentrate on two basic constraints; (a) the real-time tasks” deadlines, and (b)
user-specified budget. The presented model extends the RDTA model [12] by introducing cost parameters,
data files replication scenarios, and tasks” grouping criteria.

2.1. Task and Resource Model

We consider batch processing of real-time periodic tasks, each of which can generate an infinite
number of jobs. In periodic tasks set T = {tasky, tasks, ..., task,}, each tasky is defined by the quadruple:

tasky = (ry, e, dy, periody,) (1)

where 1 shows the release time of the first job, ¢, the required computation time, dj the relative deadline
of taskj which is the time difference between the absolute deadline and release time of a job, and periody
the period which is the time difference between the two successive jobs of a tasky.

In the above discussed model, a job i released at time instant ry + (i — 1).periody needs to execute
for e units before the time ry + (i — 1).periody + di. In our task model, we concentrate on a constrained
deadline model which assumes that d;, < periody, Yk € T. Tasks preemption is not allowed and context
switching overhead is subsumed into e;. We also assume that r, = 0, Vk € T, which means that feasibility
of the tasks is checked when the system is most loaded.

We consider computing resource set CR such that CR = {CRj,CRy,...,CR;}. Each one
is characterized by a computing power CPy(1 < y < r) such that CP, € CP, where CP =
{CP,,CP,,...,CP}, and measured in Millions of Instructions per Second (MIPS). The execution time of a
tasky on resource CRy can be computed by

EETky = (ek + ehigher)/cpyr 2

where epjgper is the execution time of higher priority tasks than tasky. Mathematically,

k—1
t
Chigher = ngWej, t € PNP; €)
=

where PNP set accumulates points or time instants on which task feasibility is analyzed. The PNP set is
defined as follows.

Definition 1. PNPy is a set of positive and negative points for tasky constituted by the relation x.period; such that

1<j<kand1 < x < |periody/period;|, where period; represents periods of higher priority tasks than tasky.
The point tp € PN P is said to be positive if tasky is declared feasible (i.e., completes its execution at or before the
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deadline) at some point t by considering all associated time and data constraints. The point tny € PN Py declares the
tasky infeasible when it misses the deadline. Each point in PN Py is called rate-monotonic scheduling point. From
Definition (1), it is concluded that the set PNP is the union of positive points set PP and negative points set NP
where PP = PNP — NP and NP = PNP — PP. In other words, PNP = PP U NP.

2.2. Data Files Model

In our task model, a tasks set T = {tasky, tasky, ..., task, } consists of data-intensive real-time tasks
where each task tasky needs a set of data files DF; for its execution. The set DF, = { f¢1, fi2,..., fym} C DF.
The file fyx € DFy is stored on data storage resource dr,, where dr,, € DRy and DRy C DR. The DR is
the set of total storage resources in the HPC environment. In other words, files in DF are stored on DRy
storage resources. We assume that the data files are replicated on more than one data storage resources.
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Figure 1. Model for offloading computation and data-intensive application from smart microgrid to the

cloud.

The total execution time TT of a task faskj is the sum of actual computation time EET of tasky
on computing resources CR, and the transfer time taken by the required m data files in the set DF;
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by transferring from storage resources DR to the computing resource CR; where task k is executed.
Mathematically,

m
TTy = EETyy + ) FT(s,z) (4)
z=1

where F Tf.=Ro+ Size iz / BWyy is the transfer time of the file fyz.

The R, represents the response time of the data storage resource dr,, € DRy where the data file fiz
is stored. The response time is the time when the request to fetch the file is made at the time when the
request is entertained. Algebraically, the response time of data resource dry, is calculated as:

Ry = STsz + WTsz 5)

where STy, is the service time and WTy,, is the waiting time of the request respectively for accessing the
file frz. Also, the Sizey,, denotes the size of the file f;z, and BWyy shows the link bandwidth between data
storage resource dr, and computing resource CRy. The proposed model selects that storage resource for
file access for which FT is minimum, i.e., min(FT).

2.3. Tusk Grouping

The data-intensive real-time tasks in T are grouped into x number of groups on the basis of common
data files demands. The tasks in a group represent a subset of T or we can say each group is a set of tasks
for easy understanding. The task grouping taxonomy is pictorially represented in Figure 2.
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Figure 2. Task grouping taxonomy.

Based on real-time task grouping criteria, the group of tasks, its cardinality, and priority assignment
is defined in the following sections.

Definition 2. A group of real-time tasks Yy is a subset of tasks, i.e., Yy C T(x < n) having common data files
demands. Each group Yy contains minimum one task which concludes that Yy, # {}.
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Definition 3. The cardinality of a task group defines the total number of tasks in a group. Let there be total x
number of groups, then cardinality of the original tasks set T = {tasky, tasky, ..., tasky,} can be defined as:

card(T) = Zx:card(Yl) (6)
=1

The advantage of the task grouping mechanism is to reduce the total number of priority levels [25]. Additionally,
tn € NP for a higher priority task task; € Y remains the member of NP for all lower priority tasks than task; in
Yy, since tasks in the same group are also sorted on the basis of RM priorities. In this way, the least number of points
is tested on the PN P set which decreases the execution time.

From the above definitions, the following can be observed.

Observation 1. Let each task group Y constituted from task set T = {tasky, tasks, ..., task,} contains a single
task in a worst case scenario and x represents the total number of groups in the system, then x = n where n represents
card(T).

Each real-time task in our task model has deadline d, which demonstrates the maximum allowed
time for a task to complete its execution on a single computing resource. Let the maximum and minimum
deadlines of the tasks in a group Yy are denoted by d;;.y and dy,, respectively. Here an interesting
observation can be made.

Observation 2. dyax of the tasks {tasky, ..., task;} € Y (I < n) sorted by RM priority assignment technique
and following the implicit deadline model (period = deadline) is the period of the last task while d,,;,, is the period of
the first task in Y. The relation follows:

Amax = period;d,,;,, = periody 7)
where period; and periody represent periods of the last and the first task in Yy, respectively.

Proof. The RM technique sort the tasks based on priority assignment criteria: the lesser the period of the
task, the higher the priority. This means that the last task task; € Y, has the lowest priority and first task
task; € Yy has the highest priority among all tasks in Yy. The task; is executed in the first and task; is
executed in the last slot. In other words, priority(tasky) > priority(task,) >,...,> priority(task;) which
follows that period(tasky) < period(tasky) <,..., < period(task;). It also follows that dy.x = period; and
dyin = period;, which completes the proof.

O

The authors in [24] discussed that RM assigns static priorities to tasks and considered an optimal
scheduling algorithm among static priority assignment scheduling algorithms. By optimal they mean
that RM should schedule a task, if any other static priority assignment algorithm can schedule that task.
Following are the general characteristics of the RM scheduling technique which play a role in proving its
optimality.

the system should consist of a fixed number of tasks;
the tasks should have execution times known in advance;
each task has a completion deadline equal to its period;

LS.

tasks should be periodic which means that instances or jobs of a task should arrive after a fixed time
interval;
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5. tasks should be independent;
6.  all tasks should arrive at time 0. This time instant is also known as the critical instant and the system
is considered as the most overloaded at this instant.

Definition 4. The period of a task group is defined as the temporary period attached to the group of tasks which is
the period of the last task in a group. In other words, period, is the group period because the tasks in a group are
sorted using RM technique. For example, if a group Yy accommodates tasks {tasky, tasky ..., task;}, then

period(Yy) = period,. (®)

Since the groups are sorted on the basis of RM priorities, so period(Y1) < period(Ys) <,..., < period(Y;)
which states that priority(Yy) > priority(Ya) >,...,> priority(Y;). Equation 8 states that all tasks in Yy must
complete execution at or before period,. It has been further evaluated that since the tasks in the same group Yy are
also sorted by RM priorities, so ty € NP for a higher priority task task; € Yy remains the member of NP for all the
lower priority tasks than task;.

Definition 5. The group capacity can be defined as the total number of tasks in a group. Tasks in a group are added
on the basis of common data files demand. The group capacity can be analyzed on the basis of resource utilization by
a group of tasks called group utilization (GU) which is defined as the sum of the resource utilization of each task in
the group. The computing resource utilization of each task is termed as task utilization (TU). Let n denotes the total
number of tasks in a group Yy, then GU and TU can be found as follows.

n
GUy, =TUy +TUp + ...+ TU, = Y TU; )
i=1
where
_ ¢
"~ period;

U; (10)
Theorem 1. Let Yy be a group of n periodic tasks, where each task is characterized by TU. The group Yy is said to
be RM feasible if the following condition holds:

GUy, <n(2"/" 1) (11)

The inequality (11) is called the Liu and Layland (LL) test reported in [24]. The expression n(21/" — 1) is
the threshold value of a group which means that a group Y can accommodate tasks as for as the GU remains lower
than or equal to the threshold value. Equation (11) is checked repeatedly when a new task is added to the group. If
adding a task changes the inequality to GU > n(21/" — 1), then the incoming tasks are added to another group.
The authors in [25] refer the LL test as the sufficient condition test. They claim that it is not necessary that the tasks
in a group are not schedulable if Equation (11) does not hold. This means that utilization-based tests are sufficient,
but not necessary. Let us explain by the following example task set taken from [26,29].

Example 1. Consider a task group Y = {tasky, tasky, tasks, tasky } where tasks follow RM ordering and having
following characteristics and utilizations mentioned in Table 1 and Table 2 respectively.
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Table 1. Task characteristics in Y.

Tasks C; period;

Tak, 2 3
Tak, 15 6
Tak; 05 12
Taky 1 24

Table 2. Task utilizations.

TU  Value

TU;  0.666
TU, 0250
TU;  0.041
TU;  0.041

For the above tasks set Y, the GUy = 1 and threshold = 0.756.

It shows that the aforementioned example task group Y is not schedulable by using LL test because it
does not satisfy Equation (11). However, the gantt chart in Figure 3 shows the schedulability of these tasks
within deadlines under RM technique. From the above discussion, it is clear that LL test is sufficient only,
so we use LL test for checking group capacity only. For analyzing task or group feasibility, we use PNP
test which is necessary and sufficient conditions test.

0 1 2 3 4 5 6 7 8 9 100 1 12 13 14 15

Figure 3. Gantt chart for scheduling tasks set in Example 1.
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Theorem 2. A group of real-time tasks Y. = {tasky, tasky,..., task;} is schedulable if all tasks in Yy
are schedulable.

Theorem 3. The batch of real-time tasks called periodic tasks set represented by T = {tasky, tasky, ..., tasky} is
deemed feasible if all task groups Y1,Y>, ..., Yy are schedulable.

2.4. Cost Model

Scheduling decisions by integrating cost parameters change the way computational resources are
selected to fulfill the user QoS criteria. The data-intensive real-time tasks are submitted to the broker which
searches resources to process tasks within deadlines and user-specified budget constraints. The feasibility
of tasks’ groups on computational resources is checked by considering data transfer time, transfer costs,
computational cost, tasks” deadlines, and computational power of the resources. The basic parameters
considered for feasibility decisions in this research are:

(a) user-specified budget, and
(b) tasks deadlines.

Based on the above two parameters, the cloud computing and storage resources which can execute
tasks within deadlines in a minimum cost by taking into account all data and processing constraints are
selected.

By introducing cost model, Theorem 3 can be extended in Theorem 4 for checking schedulability of
modified task set.

Theorem 4. The batch of real-time tasks called periodic tasks set represented by T = {tasky, tasky, ..., task,} is
deemed feasible with minimum cost if all task groups Y1, Yo, .. ., Yy are schedulable by following all tasks constraints
and holding inequality (12).

costr < Budget (12)

where costr is the total cost incurred by the batch of tasks, and Budget is the total user-specified budget. The cost
of a resource can be expressed as execution cost per Millions of Instructions (MI), processing cost per unit time,
processing cost per task, or simulation cost per unit time, etc. The cost for a single task is the sum of task execution
cost and the data files transfer cost.

3. Time- and Cost-Efficient Scheduling Algorithm

The Algorithm 1 determines the schedulability of real-time independent tasks set consisting of tasks
with different data files and timing constraints. The execution procedure of the tasks involves checking
task group feasibility which cumulatively constitutes tasks set. The m number of tasks in a group are
checked on » number of distributed computing resources where r >> m. Depending on the user budget and
tasks scheduling preferences, the main objective of this algorithm is to execute distributed data-oriented
applications by selecting computing and storage resources such that the tasks are processed with minimum
total execution time and cost while tasks” deadlines are respected. The proposed algorithm works in three
parts: (a) task initial feasibility checking which predicts a task’s basic feasibility within a deadline by
searching initial feasible computing resources, (b) task final feasibility and cost analysis which determines
a task’s schedulability after considering all the associated constraints, and finally (c) task dispatching to
the best suitable resources after fulfilling all the pre-requisites. The first two parts are the matching and
mapping parts which create set of time- and cost-efficient computing—storage resources pairs. The third
part is the dispatching part which ensures that the selected resources can process tasks within time and
budget constraints. By cost we mean the sum of a task’s execution cost and data-files transfer cost. Similarly,
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the total execution time to be minimized is the sum of tasks actual execution time and the transfer time
incurred by transferring data-files from the storage resources to the computing resources where the task
is executed. The data-files are replicated on multiple storage resources and the resource which has the
minimum transfer cost is selected for data-file transfer. The computing resource capability for executing
a task is checked by analyzing task feasibility on PNP points. As a result, the computing resource that
can execute a task by maintaining the deadlines is initially selected from the list of available computing
resources. The selected resource is called an initially feasible resource. The service requests are provisioned
according to the described scheduling strategy; i.e., the total execution time of the task set and the incurred
cost should be minimized. To ensure the fulfilment of the aforementioned two objectives, the set of storage
resources are demonstrated which accommodate data-files needed for the task task; after identifying the
initially feasible resources. A single file is assumed to be replicated on more than one storage resource,
so the resource which has less transfer time and cost is selected. All such computing-storage resources
pairs are further checked for calculating total execution time. The total execution time is the sum of all
time factors. If the total time is within the task task; deadline and the total cost is within the user-specified
budget, the compute-storage resources pair is declared feasible for assigning task;. After selecting all such
pairs for all tasks in a group, the tasks are then dispatched to the qualified resources by the dispatcher
and all required files are transferred. The tasks are scheduled and computations are carried out. In this
way, if all tasks in a group Yy are scheduled, then the group Y, is said schedulable by the Algorithm
1. Furthermore, if all groups are scheduled, then the original task set T is declared schedulable with
minimum time and cost. The resource allocation procedure completes when all the tasks are dispatched
to the resources and the unmapped queue becomes empty. The pseudocode of the tasks mapping and
dispatching procedures is given in Algorithm 1.

The purpose of Algorithm 2 is to find suitable compute-storage resource pairs for each data-file
required by a task. For each task, sets of required data-files and initially feasible computing resources
are passed from Algorithm 1 as input arguments to the file transfer time calculating function. For each
data file, the storage resources are identified and the best data storage resource which qualifies the
minimization criteria (transfer time and cost) are selected for retrieving data file. For each data file, all
possible combinations of initially feasible compute—storage resource pairs are tried and finally, the right
combination is returned with decreased transfer time and execution cost.
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Algorithm 1: Time- and cost-efficient assignment of real-time data-intensive group of tasks to
the HPC resources

1 Input: Computing resources sorted in descending order of processing capacities, and a group Yy
of unmapped real-time tasks ordered by RM priorities and having budget constraints.;

2 Output: Time- and cost-efficient real-time data-intensive tasks schedule on HPC resources.
Procedure

3 forall task; € Yy do

© ® N e G R

10
11

12

13

14
15

16

17
18
19
20
21

22

23
24
25
26
27
28
29

f

/

compute PNP; = {x.period|l =1,...,i;x =1,..., | period;/ period; | };
// Determining task initial feasibility for all available computing resources CR, € CR do
forallt € PNP; do
calculate EET;,; //gives minimum EET because resources are already sorted
if EET;, < t then
CR; <~ CR;; // CR;is set of comp resources on which fask; is initially feasible
Breal; //break if t, is found
End

End
End

if DF; do not locally exist then
DF; < FT(CR;,DF;); //Call to Algorithm 2. CD; is comp-storage resource pairs set for
which DF; has min transfer time and cost
End
calculate TT;,; //TTon CD;
// Determining the task final schedulability and cost analysis
if TT;, <t & & cost; < Budget then
mark CD; feasible for task;;
End

End

/ Dispatching tasks to the feasible computing resources;
or schedulable tasks task; do

submit fask; to CR,;

transfer all required files to CR;;
update resource information directory;
remove task; from unmapped tasks list;
End

30 initialize computing resources to maximum processing powers and update resource information
directory;
31 End Procedure
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Algorithm 2: Selection of time- and cost-efficient compute-storage resource pairs for each
data-file

1 Specify DR;;  //storage resources on which files DF; are stored;

2 forall fy € DF; do

3 forall CR; € CR; do

4 / /compute resource z on which task; is initially feasible;

5 forall dr; € DR; do

6 Cyj (F T.j, costy) //transfer time and cost pair for file fy in matrix C;

7 End

8 End

9 | Ay < (zdr,min(C)) /pair of comp — storage resources for which transfer time and cost for
fx is min;

10 End

11 Return (A); //return comp-storage resources vector on which transfer time and cost for f, is
min;

4. Performance Evaluation

This section discusses the experimental set-up, the input data, and performance metrics used to
evaluate the proposed resource allocation technique.

4.1. Experimental Setup

The proposed RA technique and the existing counterparts were simulated using synthetic data
sets. These experiments were carried out in MATLAB R2016a on Intel Core i5 processor, 2.50 GHz
CPU and 8 GB RAM running on Microsoft Windows 10 platform. The reason for using MATLAB is
that it provides a multiprocessing environment for solving complex mathematical problems demanding
powerful computations. The HPC systems are difficult to implement practically due to the lack of real life
experimentation environment and multiple domain administration problems which make it difficult to
acquire stable configuration for evaluation. In addition, acquiring a practical HPC environment is almost
impossible due to the dynamic variations in the number of users and resources at a particular moment,
their characteristics, limited access, and inconsistent network conditions over the public network [1]. In
addition, effective evaluation needs the study of RA technique using different user inputs and varying
resource conditions. Therefore, we have created the same HPC simulated environment by managing
predefined resource and network configurations such as the number of computing and storage resources
connected by network links of various bandwidths randomly assigned within the range {1024, 2048} MB.

The heterogeneity in the modeled simulation environment was carried out by randomly generated
resource characteristics, network bandwidths connecting computing and storage resources, file sizes, task
workloads, and number of files required for each task. The data files requirements for each task were
also randomly assigned in the range {x, y} showing minimum and maximum values respectively where
x is assumed 1. This means that a task can demand at least 1 and at most y number of files. The files
sizes are fixed at 100 MB each. To model the data files distribution, each of the data file was replicated
on more than one storage resources. In our experimentation, we assume that there exist maximum
5 copies of any data file on the storage resources. The storage resources were decoupled from the nodes
where computing resources are deployed. The computing resources were initially equipped with the
full processing capabilities randomly chosen within the range {10,000, 40,000} Millions of Instructions

219



Energies 2020, 13, 5706

per Second (MIPS). The files required by a task are either pre-fetched or transferred during execution.
When the data file fetched for some higher priority task on the same computing resource is used by the
lower priority task or when the required file is locally available, the file transfer time is taken as zero. This
technique exploits both temporal and spatial locality of data access. This file transfer incurs communication
cost and time.

As discussed above, we evaluate our proposed technique on synthetic data sets where each task
(data-intensive application) gets the required computing resource within the deadlines. The applications
are scheduled for getting cloud resources using the RM scheduling algorithm. The workload for the smart
devices represented in Figure 1 is generated in such a way that each device generates a job periodically
after the interval of {a, B} seconds, where « = 100 and $ = 10,000. This means that each smart device
sends a request for the cloud resources after the aforementioned time interval. The execution time ¢; for
each application task; was generated in the range {a, b} using normal distribution function representing
the best and worst-case execution times respectively, and virtual machines are allocated accordingly.
We have considered worst-case execution time equal to the period; for task; in order to ensure the tasks
schedulability in any changing environment. In our task model, the period of the task; is equal to its
deadline, i.e., period; = d;. Initially, tasks were assigned RM priorities such that the task with high rate has
higher priority, where rate = W. The tasks from the superset are grouped into subsets on the basis of
data files demands. It is understood that when the tasks set size increases, the number of VMs needed also
increases.

The task groups as well as tasks inside each group are sorted on the basis of the RM priority
assignment technique. Each task in the group has respective computation requirements and is entitled to
get computational resource no later than the deadline. The tasks in a group are scheduled on the HPC
system and computing resources are allocated on the basis of RM priorities. Each task generates multiple
jobs. Each job is generated after an interval of {a, } seconds. The experimentation was carried out by
considering ifferent number of computing and storage resources. The above-discussed setting is subsumed
in Table 3.

Table 3. Simulation parameters settings.

Parameters Values
Bandwidth 1024~2048 MB
Task data files demand {x,y}
File size 100 MB
Computing resource capacity 10,000~+40,000 MIPS
e {a,b}
period; 100~10,000
Data files transfer cost {1,5}
Computing resource unit processing cost {5,50}

The computation time and cost of each job is summed into the computational requirements of each
task. It is assumed that the communication cost of each job is minimal and is merged with the computation
demand e; of the task in our experimental setup. The data file is supplied to the task when it is requested
from the storage resource and hence response time is zero. The transfer cost per unit size of the data file
between data storage and computational resource was randomly generated between 1 and 5. In addition,
the unit processing cost of the computing resources was generated between 5 and 50 depending upon the
resource computing power. It is assumed that the file transfer within the same node incurs 0 transfer cost.
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4.2. Performance Metrics

The proposed RA approach evaluates the HPC resource set for each task, and the overall objective is
to minimize the total execution time and cost. The total execution time is the cumulative time consumed
by the task set after assigning all task groups to the available computing resources. This time is also known
as makespan and mathematically defined as follows.

Makespan = max(TTy, TTy, ..., TT)), (13)

where TT; represents the total execution time of task group j. Similarly, the cost of a task set T is the overall
cost incurred by all task groups. Mathematically,

Costt = max(Costq, Costy, ..., Costy), (14)

and .
Costj = ansti (15)
i=1
The cost; is a combined cost incurred by a task processing on a computing resource and data files
transfer taken by a task; in a group j. The time and cost for tasks context switching is negligible in our
experiments and hence not included in the objective function.

5. Results and Discussion

In this section, we evaluate the performance of our proposed algorithm by comparing it with two
methodologies, RDTA [12] and Greedy.

The makespan and cost minimization behavior of the proposed and the aforementioned two
techniques was checked for the randomly generated task sets consisting of 100, 200, 300, 400, 500, 600, 700,
800, 900, and 1000 tasks. The plots reported in this paper are the average values of 300 runs of all the task
sets. According to the task grouping criteria discussed in Section 3, the task sets are grouped into 5, 7, 7, 4,
8,5,7,9,9, and 10 groups respectively. Each group accommodates different number of tasks based on
applied grouping criteria. The task grouping details are given in Table 4. The experiments were performed
by checking system behavior on different number of computing resources. The number of computing
resources was randomly generated within the range {10,100}. We assume that the data storage resource
gives a response immediately when a request is made by a task for data file access and hence the response
time is ignored. The time delay in preparing the computing resource is also taken as zero because in our
system, the computational resource is supposed to be ready for task execution as soon as the task arrives
at that resource.

It was observed that for small task sets, fewer number of computing resources was involved as
compared to the larger task sets. It is also understandable that choosing the proper number of computing
resources can contribute to maintaining tasks” deadlines. If a lower number of computing resources is
selected as compared to a large number of task sets, then it is likely that some tasks may not be RM feasible
due to long waiting queues, which is crucial in real-time systems.

The main objective of this evaluation is to reduce the makespan and execution cost of the application
while tasks deadlines are intact. Figure 4a,b depicts the normalized values of the makespan. The variation
in magnitude depends upon the total number of tasks per task set, number of data files demands, and
the computation and deadline requirements of each task. The lower the makespan value, the better
the performance of the RA scheme. The other performance measurement criterion is the execution cost
minimization. From Figure 5a,b, it is evident that decrease in makespan results in reduced processing cost.
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It is known from Figure 4a,b, that the proposed technique continues to make scheduling decision
by analyzing tasks feasibility on searching PNP sets and checking each scheduling point until some
positive point tp is found. Although, the size of PNP set for task group Yy becomes large if the ratio
between the periods of the first and the last task ’;Zé‘;;’]’ in Yy is large which consumes time because large
number of inequalities are tested, but this procedure enhances the chance of task feasibility because more
positive — negative points become available for testing tasks schedulability. Furthermore, all the initial

feasible computing resources are encountered and the resource having minimum cost for the task execution
is selected for task processing. The RDTA approach merely deals with executing tasks within deadlines
and hence does not consider the cost parameters, which are considerably high in that case. In the case of
the Greedy technique, the graph is steeply higher because a feasible resource is selected at random without
taking into account the low time and cost constraints. So, the resources with high computing power are
selected when termed feasible.
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Figure 4. Average makespan for different task’s requirements scenarios: (a) Normalised makespan for
scenario 1. (b) Normalised makespan for scenario 2.
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Figure 5. Average cost on two different task’s requirements scenarios: (a) Cost for scenario 1. (b) Cost for
scenario 2.

To further investigate the effectiveness of the proposed technique, we have conducted more
experiments with different system settings. It is also noticeable from Figure 4a,b that the time taken
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by all tasks test also increases uniformly as the number of tasks increase because more tasks are tested. It
is obvious that the makespan of some task sets is high although the computing resources were operated at
full speed because they need data files from remote storage resources which increase the total completion
time. The resources when operating on full capacities consume high energy, but currently energy efficiency
is out of the scope of this research. The situations where makespan is low demonstrates that the data
files are locally exist or perfected for some higher priority tasks and do not need re-fetching for the lower
priority tasks, which adds zero file transfer time to the overall execution time. The plots show that as the
task set size increases, the makespan of the Greedy and RDTA grow, as opposed to the proposed approach.
This growth in case of Greedy approach is because of making a greedy selection for the data storage and
computing resources among multiple choices for data files accessing and task execution. This selection
does not intelligently consider the minimization criteria. The RDTA mechanism also encounters high
execution time and hence cost as shown in Figure 5a,b because the data file replication is not taken into
account when making a choice for data files fetch among storage resources. In the case of the proposed
approach, the ratio 2 Z'igi’; results in a larger value which constitutes larger PNP set that provides more
points for schedulability checking. This phenomenon provides more opportunities for task scheduling
and hence results in large number of tasks meeting the deadlines constraints.

Table 4 shows the formation of task groups in our experimental evaluation on the basis of randomly
generated data files demands. The task groups are created as for as the inequality GUy, < n(2!/" — 1) in
Theorem 1 holds.

Table 4. Task groups.

Task Set Size Group (No. of Tasks)
100 TG1(25), TG2(10), TG3(30), TG4(8), TG5(27)
200 TG1(31), TG2(5), TG3(53), TG4(12), TG5(48), TG6(32), TG7(19)
300 TG1(4), TG2(64), TG3(20), TG4(25), TG5(40), TG6(126), TG7(21)
400 TG1(101), TG2(32), TG3(130), TG4(137)
500 TG1(10), TG2(23), TG3(116), TG4(67), TG5(50), TG6(39), TG7(120), TG8(75)
600 TG1(146), TG2(3), TG3(43), TG4(201), TG5(207)
700 TG1(2), TG2(133), TG3(108), TG4(7), TG5(211), TG6(120), TG7(119)
800 TG1(234), TG2(21), TG3(233), TG4(41), TG5(19), TG6(115), TG7(123), TG8(5), TGI(9)
900 TG1(112), TG2(21), TG3(34), TG4(321), TG5(232), TG6(18), TG7(116), TG8(29), TGI(17)
1000 TG1(12), TG2(109), TG3(120), TG4(32), TG5(19), TG6(129), TG7(127), TG8(245), TG9(21), TG10(186)

5.1. Effect of Data Files Transfer on Performance

One of the basic components of calculating execution time is the data files transfer time incurred by
transferring data files from the remotely located storage resources to the decoupled computing resources
if the required files are not locally available. In addition to the makespan and cost values, two more
performance measures considered in the evaluation results are the percent share of the data transfer time
and local data access.

In our experiments, the percent share of the data files transfer time in the makespan calculation is
evaluated. The Figure 6a,b plot the impact of the average data transfer time for the task sets. The lower
value can put significant impact on reducing the overall makespan of the task set. As it is known from
the task workload, the lower priority tasks scheduled on the same computing resource can utilize the
same data files retrieved for the higher priority tasks in case the data requirements of the tasks are same.
In that case, the data transfer time is zero. Additionally, the transfer time is also zero if the required file
resides on the same node locally where the task is being executed. In this case, the more locally accessed
files decrease the impact of remote data files transfer on the performance. It is less likely that the task is
scheduled on the same computing resource for which all the required data files locally exist.

223



Energies 2020, 13, 5706

The above two factors can be correlated with the makespan calculation to indicate the impact of
resource selection made by the RA scheme on achieving the decided objective. It is evident from Figure
6a,b that the Greedy and RDTA schemes do not intelligently adapt for the data files locality of access
procedure and hence contribute to high data transfer percentage. The percentage of locality of access rises
with the increase in the task set size. In comparison to the RDTA and Greedy counterparts, there is a
high chance for the lower priority tasks to reuse the pre-transferred data files by using the proposed RA
scheme. In addition, it is more likely that the assigned tasks find the required data files locally. The Greedy
approach exhibits degraded performance because there is a very less probability of finding appropriate
computing resource for tasks assignment.
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Figure 6. Effect of data transfer time on task sets in two different scenarios: (a) Data transfer time for
scenario 1. (b) Data transfer time for scenario 2.

5.2. Impact on Resource Utilization

The utilization of the proposed RA scheme is measured on the basis of computing resources utilization
in the HPC system. The resource utilization is directly related with the computation workload; when the
task workload increases, the resource utilization also increases. The cumulative resource utilization can be
calculated by the following equation.

tasks workload processing time by a resource

14
Utileym = : - 16
cum ]; resource active time (16)

where Utile,;, represents the cumulative utilization of all computational resources spent on processing
tasks workload, and r represents the total number of computing resources engaged in processing tasks sets.

It is observed from Figure 7 that the proposed RA scheme improves the resource utilization by keeping
resources as busy as possible. The resource utilization is lower for the tasks sets having less number of
tasks, but as soon as the number of tasks increases the resource utilization also increases. This means
that the resource will be 100% utilized for the large task sets. This is an understandable phenomenon,
because when the workload increases, more computational power is needed to complete tasks by their
respective deadlines. If the computational power of the resources is relaxed for energy-efficient allocation,
then it is very likely that some of the task groups may not be feasible. Moreover, this also will pertain to
an unfair comparison. When the number of tasks increases, the proposed procedure pushes the system
power to grow rapidly in order to accommodate more tasks to maintain the deadline constraints. This
behavior results in high energy consumption but in this research we do not deal with the energy-efficient
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perspective. Figure 7 reveals that implementing the proposed approach, the minimum system utilization
is between 70% and 72% for small task sets but touches 100% when the task computational demands
increase. The maximum system utilization approaches 85% by the other counterparts.

5.3. Failure Ratio

Failure ratio determines the ratio of tasks missed their deadlines, or the ratio of tasks which finished
their execution after the deadlines. Mathematically,

Number of tasks missing deadlines

Failure — ratio =
Total number of tasks

17)

100 T T T T T =
====m= Proposed RA Scheme -
ROTA S
95 Greedy Approach ’." i

Avg Resource Utilization (%)

65 . . . . . . . .
100 200 300 400 500 600 700 800 900 1000

Task Set Size

Figure 7. Effect on resource utilization.

The proposed algorithm is reactive in the context of deadlines missing by the tasks due to the efficient
utilization of cloud resources, testing more and more PN P points, and task grouping on the basis of similar
data files demands which skip the re-fetching of the same data files from the storage resources on the same
computing resource again and again, which adds transfer time overhead to the makespan calculation. It is
also obvious that the RM technique gives higher priorities to the tasks with shorter periods. In our case,
since we assume that periods of the tasks are equal to the deadlines, so tasks with short deadlines have
higher priorities.

The proposed RA methodology incorporates the scheduling points test as feasibility criteria for
determining initial feasible resources, which is slower in performance as compared to the other scheduling
techniques. This performance gap is due to testing task feasibility on all scheduling points for all tasks in a
task set to offer more opportunity for finding feasible points. The other techniques, such as the iterative
one, have the advantage of skipping large number of scheduling points in the feasibility analysis and
concludes the task’s feasibility very earlier. The proposed approach also does not consider the resources
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power consumption and the energy perspectives when operating with high power to execute more tasks
within deadlines.

6. Conclusions and Future Work

This paper presented the problem of resource reservation for smart systems in the cloud computing
environment. The real-time systems deadlines generated by smart devices were respected by modifying
the task model by incorporating data constraints. A task grouping technique was introduced that reduces
the priority levels and execution time. The scheduling and resource allocation decision is driven by the
need to improve the traditional performance parameters, such as resource utilization, and decrease the total
application execution time and cost. In a cloud computing environment, the providers are incentivized by
profit motives; while consumers would have a limited budget and would, therefore, like to execute the
application at resources that provide services within the budget. In such an environment, both provider
and consumers aim to improve their utility. This research is user-centric, which selects computing and
data storage resources in such way that the makespan and cost is minimized while keeping the deadlines
of the real-time system intact. The results were obtained through mathematical formulations by modifying
the original task model to incorporate the task’s data files requirements. The proposed resource allocation
scheme was compared with RDTA and Greedy approaches and celebrated results were achieved.

As a future work, it will be interesting to rank the cloud resources on the basis of different criteria
such as resource computational powers, storage capacities, imbalance workloads, and cost and allocate
them using machine learning techniques. It is also desirable to include energy-efficient perspectives in the
proposed research when resources operate with high power to execute more tasks within deadlines.
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Nomenclature

Notation Description

T Task set

% Release time of task k

[ Execution time of task k

dy Deadline of task k

CPy Computing power of resource y
PNP Positive-negative points set

DF; Data files set required by task k
EETy, Execution time of task k on resource y
Yy Task group x

GUy, Group utilization of task group x
TU; Utilization of task i

CD Compute and storage resource pair
CR Computing resource set

tp Positive point

tN Negative point
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TT Total execution time

DR Data storage resource set

Ry Response time of the storage resource w

iz File z needed by task k

FTg, Transfer time of the file fz

card(T)  Cardinality of task set T

dry Data storage resource w
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