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Abstract of the Dissertation

Data Acquisition Scheduling for Wireless Sensors Networks
by
Carlos Gamboa
Doctor of Philosophy
in
Electrical Engineering
Stony Brook University
2008
Wireless sensor networks have been increasingly studied by industry and
academic institutions due to their potential application in environmental
and geothermal monitoring, security enhancement among others. Such
technology would play an important role in future societies and would be
the key tool to make improvements in productivity and efficiency fast and
on a large scale. In this work it is proposed to use Divisible Load scheduling
Theory (DLT) as a mathematical tool to study data load distribution
on wireless sensors networks under time and monetary cost constraints.
Pursuing this aim, five different studies have been conducted. The first one
considered the total monetary cost optimization, and a sensitivity analysis

in a single level tree network. The problem of load distribution sequencing

for optimizing monetary cost in a single level tree network is reviewed and
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simulation results showed that the monetary cost function depends on the
fractions of loads assigned to each processor. In addition, a sensitivity
analysis performed on the monetary cost function suggested a complex
relationship between the cost function and the network parameters. The
second study explores such relationship proposing a strategy to study the
monetary total cost in a single level tree star network as a function of a
non-linear load parameter. The third study investigated three scheduling
load protocols on wireless sensors networks. A novel closed form solution
was found for each of the protocols presented for optimum finish, reporting
and pre-processing time for a single level tree sensor network including
an immediate measuring data feature. In the fourth study an adaptable
data scheduling methodology is presented. The schedule protocol presented
here takes into account the amount of load processed from previous load
assignments based on distributing the new incoming load to the sensor
network aiming to minimize the total finish time of processing the entire
Divisible Load Job Task (DLJT) and reducing the idle state of each
processor. Finally, the performance in terms of speedup for a single level

tree network with multiple links and cores is investigated.
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Chapter 1

Introduction

Among the next generation technology challenges are the design of an
energy efficient technology that can be used to acquire data, transmit and
process it in a robust and efficient fashion. In addition such technology has
to be inexpensive and in some cases easily configurable.

Such systems will be required to be able to work in complex distributed
situations to acquire data, process it and eventually to be able to make
decisions without the direct intervention of human judgment. Researchers
from industry and some academic institutions envision the use of wireless
sensor networks as a key technology that could be use to supply such needs.

The first study that used DLT to study wireless sensors networks was
presented in [1]. Different scheduling policies were presented where the
sensor has a measuring capacity. An energy use strategy for the same model
was presented as well. A divisible load is a load that can be arbitrarily
partitioned in a linear fashion and can be distributed to more than one

processor to achieve a faster solution time.



Initially a linear daisy chain network was considered to study optimal
divisible load sharing [2] becoming the first study that considered the DLT
optimality principle. Since then more than 15 years of research on Divisible
Load Theory has proved that this model is a tractable and suitable tool
that can be use in different applications such as parallel and distributed
processor network scheduling, data intensive computing, grid computing
and metacomputing [3].

Wired network configurations topology studies that have considered
optimum processing finish time can be found in [4] and [5]. Here, the
general assumption is that in order to obtain an efficient allocation of load
on each processor in the network the processors have to stop processing at
the same time. Optimal allocation of loads for network topologies including
bus networks and tree networks using a set of recursive equations were
studied in [6]-[7]. For complex networks, the concept of equivalent networks
was presented in [8].

Economic models for computers and telecommunications networks can
be referred to [8], [9] and [10]. The first study that related divisible
load distributions under monetary cost constrains was presented in [11].
Heuristics algorithms for optimizing the total monetary cost function in a
single level tree network function was presented [12]. There, it was shown
that the total monetary depends on the order in which a root processor
distributes load to its child processors within a network. In addition in [13]

the relationship between load distribution and energy use in a single level



tree wired network was introduced as a function of the network parameter
used in the DLT model. In [14] the relationship between a nonlinear load

and the total monetary cost was explored.

1.1 Research Purpose

It is proposed to study wireless sensors network under energy, monetary
cost and finish processing time constraints using Divisible scheduling Load
Theory (DLT) with the aim of developing a solid theoretical and practical

tool that could be used in the data acquisition processes.

1.1.1 Research Objectives:

1. To develop load distribution policies and sequences for minimal finish
time in wireless sensor networks using DLT.

2. To investigate the relationship between total monetary cost and load
measured in a wireless sensor network under DLT model.

3. To propose heuristic algorithms to study data load distribution on

wireless sensor networks.

1.2 Justification of the Study

Recent studies agreed that wireless sensor networks is a promising
technology that can contribute to solve problems where a traditional wired

data acquisition systems can not be used due to the cost of deployment or



geographical complexity. Scientists envision that the uses of this technology
would reduce costs on the data acquisition process and similarly this
technology would allow them to acquire information in strategic places to
monitor and sense data constantly such as disaster prevention applications
(volcanos eruption, building collapse), security, and scientific studies.

Due to its tractability, DLT has become a reliable mathematical tool
to study distribution of data load between processors over the pass 15
years producing more than seventy journal papers. The main aspects
(minimum finish time, monetary cost) studied in this research have been
researched within the wired network world using DLT. More recently Moges
and Robertazzi in 2006 [1] made the first attempt to use DLT in wireless
sensor networks obtaining important results and introducing the concept
of data measured into the formal DLT model. Despite this important first
effort to introduce the DLT as a mathematical tool to characterized load
distribution and energy use in wireless sensor networks there is a lot to be
considered when describing such technology using DLT. In using DLT it
is possible to describe or design schedule policies that take into account
energy availability in each sensor to perform a robust and reliable load
distribution policy. The classical combinatorial algorithms used in DLT
wired sensors networks have to be reviewed and in some cases have to be
changed. We attempt to outperform traditional mathematical techniques
for the distribution of load, minimal energy of use and monetary cost.

A further general question can be stated as can the nature of divisible



load theory be used to described wireless sensors networks not only from

the theoretical point of view but from the practical?

1.3 Research Significance

This research work intends to contribute in advancing knowledge from two

aspects on wireless sensors networks:

1. Theoretical: A new mathematical strategy is developed to described
the behavior of wireless sensors networks under energy, finish time and
monetary cost constraints. In doing so a new set of theoretical assumptions
will be considered that would be required to develop algorithms and
numerical experiments and simulations in order to compare them and
validate their effectiveness. As a consequence this study, we not only
attempt to propose a transparent theoretical mechanism to model wireless

sensor networks but also hope to contribute to the literature.

2. Practical: No doubt that concentrating efforts to develop this
technology can help society to reduce cost in the acquisition of information
where conventional mechanism are too expensive or are not specially
accessible with conventional wired sensor networks. To include a monetary
cost study on this research would help to develop a coherent model that
takes into account not only technical aspects but economical aspects that

should help realize potentially significant applications of wireless sensor



networks.

1.4 Organization of the Report

This report is organized as follows:

Chapter 2 is considers an innovative load scheduling strategy designed
for wireless sensor networks. An analytical expression, for optimal load
assignment and finish time is presented. This strategy has the potential to
reduce solution time (make span) significantly.

Chapter 3 begins to explore the total monetary cost model for a single
level tree network using DLT based on the model presented on [11]. Our
main goal pursued in this chapter is to understand how changes on intrinsic
parameters of the network affects the total monetary cost function when
processing a divisible load. In addition, a combinatorial optimization
algorithm was used in [13] is studied and modified to performed a sensitivity
analysis.

Chapter 4 a heuristic non-linear total monetary cost function analysis
is presented.

Chapter 5 an adaptable data scheduling methodology is presented.

Chapter 6 two different wireless sensor networks architecture using DLT
with M parallel links and M parallel cores per processor sensor using the
System on Chip technology (SoC) were proposed.

Chapter 7 conclusions are presented.



Chapter 2

Efficient Scheduling for
Sensing and Data Reporting in
Wireless Sensor Networks

2.1 Summary

This chapter considers an innovative scheduling strategy in which a
control processor assigns a load share to be measured by each of N
processors organized in a single level tree (star) wireless sensors network.
Here processors begin to sense as soon as receiving their own load
share assignment rather than waiting for all processors to receive their
assignments as done in previous research works. This strategy has the
potential to reduce solution time (make span) significantly. We find an
analytical expression for optimal load assignment and finish time which is

simple to compute and can be implemented in real time.



2.2 Introduction

Wireless sensor networks have been increasingly studied and developed
during the last decade due to their potential application fields such as
security, geothermal monitoring, traffic control and health care [13], [16].
Among the challenges that this technology faces are the communication
constraints (limited bandwidth and transmission energy) which could be
the most crucial aspects to be solved for this technology during the next
few years. An interesting approach to overcome this critical aspect is to
process the measured data and transmit a summarized version of the data
measured when the sensor devices and its architecture allows it. Doing so
would reduce the amount of data to be transmitted and consequently the
energy used for transmission of the reporting data [17].

Another interesting approach was proposed in 2006 [1]. It introduced a
novel scheduling strategy which considered single level tree (start) network
of N processors and a control processor. In this work, each processor starts
to sense when the control processor finishes distributing the entire load
share assignments to all of the processors in the network. Here load share
assignment means the amount of sensing load that is assigned by the control
processor to each of the processors in the network.

As in [1] this paper is done in the context of Divisible Load scheduling
Theory (DLT) that has been the focus of attention by researchers [6], [18],

[19] and [20] studying data load distribution in parallel and distributed



systems since 1988 [2]. Initially most of the jobs using DLT considered
communication and computation as the main parameters of the system to
find a optimal divisible (partitionable) load to be processed and transmitted
by each processor and link in the network in a minimal amount of time.
A partitionable data load is one that can be arbitrarily distributed among
the processor in the network and there is no precedence relations between
data.

The network architecture considered in this paper includes a control
processor that distributes the load share assignment to the other N
processors in the network. Thus the processors begin to sense as
soon as receiving their own load share assignment rather than waiting
for all processors to receive their assignments and after sensing their
correspondent fraction of load share each processor returns the result
to the control processor. This scheduling protocol is implemented for
homogeneous and heterogeneous networks configurations with processors
that have the capability to sense and processors that have the potential to
sense and compute.

This chapter is organized as follows: In section 2.3, network model and
parameters used in this study are presented. In section 2.4, mathematical
model and reporting time expressions for optimal allocation of load
using divisible load theory are discussed and presented. In section 2.5,
performance and evaluation results for the strategies presented in the

study are showed and analyzed. Finally, the conclusions for this study



are presented in section 2.6.

2.3 The Network Model and Parameters

P2 P
3
P, |!EJY1 Yz l-{y
= g_“m

\ 2
Zl \
Control Processor

_L\

y i

Y s

Figure 2.1: Single level tree (star) network with control processor

Consider a single level tree (star) network consisting of N processors and
N-1 links as shown in Fig.(2.1). There is a control processor who distributes
load share assignments to the other processors in the network sequentially.
As soon as each processor receives its own load share assignment it starts to
sense. The results are reported back to the control processor sequentially.
In some cases, when the network topology allows it, the processor could
compute measured data load before transmitting it back to the control

Processor.
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2.3.1 Notations and Definitions

t: Is the time that the control processor takes to assign the

measurement instruction to each child processor.

a;: The load share fraction assigned by the control processor to the

4t link-processor pair to be measured.

y;: A constant that is inversely proportional to the measuring speed

of the processor j™ in the network.
w;: The inverse of the computing speed of the j™ processor.
z;: The inverse of the link speed of the j™ link.

Tns: Measuring intensity constant: the entire load is processed in

y;Tyns seconds by the j processor.

T.,: Computing intensity constant: the entire load is processed in

w; T, seconds by the 4" processor.

T.,: Communication intensity constant: the entire load can be

transmitted in z;7,,, seconds over the 5t link.

T;: Is the total time measured from the beginning of the scheduling
process up to the end of the transmission of the data measured by

the jth processor.

Ty: Is the time when the last processor finishes reporting.

Tf:maX(Tl ,TQ,. .. 7TN)

11



It is assumed that the fractions of load measured are normalized and

their addition should sum 1 in the control processor (2.1).

1= i@j (21)

2.4 Mathematical Model and Reporting
Time

2.4.1 Sequential Reporting Time

Assignment time Measurement time
l i Report time

P1 | a,y,Tms TF
¥ S —

P2 | ‘ &y, Ims ; TF
: | a,zTcm

p3 | a,y;Tms

! L | agzyTem

i

PN F

s ayzyTem

Figure 2.2: Timing diagram for a single level tree network with controller
and sequential reporting

The control processor distributes load share assignment to each
processor sequentially Fig.(2.2). FEach processor starts to measure the

data as soon as it receives its load assignment but for this configuration

12



the processor can only reports its result back sequentially. There is only
one channel available for transmission. The mathematical expressions that

describe this protocol in terms of the amount of finish time are:

T1 =t+ allems + Oél,Zchm (22)

T2 =2t -+ OéngTms + OéQZQTcm (23)

T3 =3t + Oégyngs + OéngTcm (24)

TN = Nt + aNyNTms -+ aNyNTms (25)

It can be seen in Fig.(2.2) that the time required to measure a load share
assignment (a;y,1,,s) by the j processor will be equal to the time used by
the j+1 processor to wait for the assignment (¢) and measure (aj+19;j+17ms)

and report (a12j41Tem) its result back to the control processor. Thus,

allems =t+ @2y2Tms + 05222Tcm (26)
Yo lims = T+ agysTins + aszgThy, (2.7)
an-3YN—3Tms =t + an_o(yYn—2Tms + 2v—2Tem) (2.8)
an_oYN—2Tms =t +an_1(yn-—1Tms + 28v-1Tem) (2.9)
aN—lyN—les =t+ aN(yNTms + ZNTcm) (210)

The previous equation system can be expressed in terms of f; and s;

13



as,

] = f1 + 0428(1) (211)
g = fg + 0438(2) (212)
an—2 = fn_2 +an_15(n-2) (2.13)
an—1 = fn-1+ansn-1) (2.14)
where
fi = t/y;Tns (2.15)
$j = Wj+1Tms + 2j11Tem) /Y Tins (2.16)

The equation system previously presented consists of N-1 recursive
equations. Substituting recursively equation (2.14) into equation (2.13)

and so on for j processor in term of o we have

N—j—1 m—1 N—-j-1
a; = f; + Z Jitm H Sj+t T QN H Sj+ (2.17)
m=1 =0 1=0

where j=1,2,3,.....N-2.

As mentioned before the normalization equation is the expression that
states that the total amount of load is originated in the control processor
and has to be 1. In order to have a closed solution for different load share
assignments the expression (2.17) is used and evaluated for j=1,2.3,...,N-2.

As a consequence,

14



m—1 N-2

N—2
oy = fi + Z fitm H S14¢ + an H 8141 (2.18)

m=1 t=0 =0
N-3 m—1 N-3
ay=fot Y foum | ] 5200 +an [ ] 520 (2.19)
m=1 t=0 =0
N—-4 m—1 N—4
as=fs+ Y form || 5300 + o [ 5344 (2.20)
m=1 t=0 1=0
1 m—1 1
aN—2 = fN—2+Z IN—24m H SN_24t+QN H SN—2+1 (2.21)
m=1 t=0 =0

And for j = N — 1 the equation is

an—1 = fn-1+ansSn_1 (2.22)

Substituting the expressions for a from equations (2.18-2.22) into the

normalization equation (2.1) ay can be found as,

N—2  N—j—1 m—1
L— |fvaat+ X fi+ 21 Jitm Ho Sj+t

ay = — (2.23)
L+sya+ > II s
j=1  i=0

Consequently we obtain and expression for ay (2.23) as a function of the
network parameters which allows us to calculate the load share assignments
ay_1 using equation (2.22) and for a, ... , ay_» using equation (2.17).

The minimum finish time for this network configuration using this

protocol can be found using equations (2.17) for j=1, (2.23), and

15



substituting them into (2.2).

Tl =t+ [lems + Zchm] (03]

2.4.2 Simultaneous Reporting Finish Time

Assignment time

P1

P2

P3

PN

|

Measurement time

|

Report time

o, y,Tms
| o, y,Tms
ti
| ’ o, y;Tms
t a#é,'[‘cm‘ o :_f|
Xy yylms
t i !ZNZ,,TL'ME' ':':5:|

T

2

» TF

» TF

(2.24)

Figure 2.3: Timing diagram for a single level tree network with controller
and same reporting time finalization

In Fig.(2.3) a scheduling protocol for a single level tree sensor network

is considered. In this case, there is more than one channel for transmission

of the data previously measured by the sensors. Consequently each sensor

has an assigned channel which will be exclusively used to transmit its data

measured to the control processor. Besides the multi channel availability,

in this set up it is required that all processors finish at the same time. The

total finish time would be described by:

Ty =t+ a1 + arz1Tem,
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TQ =2t -+ OéngTms + OéQZQTcm (226)

T3 =3t + Oégyngs + Oé3Zchm (227)

TN = Nt + aNyNTms -+ OéNyNTms (228)

As mentioned before the finish time would be the same for each sensor.

Thus,
=T =T,=T3=,...=Ty (2.29)

Using the equation in terms of the network parameters the system would

look like:

1 (U1 Tms + 21Tem) = t + aa(yoTons + 22Tem) (2.30)

(0%} (y2Tms + 22Tcm) =1 + (0%} (y?)Tms + Z3Tcm) (231>

- t + CVN(yNT’ms + ZNTcm)

anN_1 = 2.32
N (yN—les + wN—chp ( )
Another way to express the last equation is:
a1 = h1 + Ozgg(l) (233)
g = hg + Ozgg(g) (234)
an—1 = hy_1 +aygn-1) (2.35)
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Here

t
h; = 2.36
! (ijms + Zchm) ( )

(yj+1Tms + zj-l—chm)
;= 2.37
gj (ijms + Zchm) ( )

Notice that the last set of equations (2.33-2.35) are the same obtained
for the sequential reporting time protocol equations (2.11-2.14). Using the
normalization equation (2.1) and following the same procedure as described
for the sequential reporting time protocol we obtain the same expression
for distribution of load to be measured for ax (2.19) but instead of using

fj and s;, the new equation would be in terms of g; and h;.

2.4.3 Load Pre-processing, Sequential Reporting

Measurement and Processing time

Assignment time

a, yTos Report time
P1 awlep
t @,z Tcm ‘ i
a,y,Tms
P2 a,wfep
t @yzlem TF
il
F3 ‘ | ageTop
| . @soaTim T
Ly YuTms
i agwTep
PN t &gz Tem T

Figure 2.4: Timing diagram for a single level tree network with controller
and same sequencing reporting with pre-processing
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As is widely known the energy used to transmit data in wireless sensors
networks is higher than the amount of energy used to compute it [17] so
processing the data load measured before transmitting it is an option that
has to be studied. In the following schedule protocol the same network
topology used in the previous section is considered but in addition to the
measuring capacity the sensors have a processing capability too. Fig.(2.4)
shows how the control processor assigns load to be measured to the sensors
in the network. As soon as the sensor receives its job starts to measure.
The processing of the load measured starts when the sensor has finished to
measure the whole fraction of load assigned. The results will be reported
by each sensor sequentially.

For this protocol the expression that describes the finish time are:

Tl =1+ allems + OélwlTCp + Odllecm (238)

T2 =2t + OéQyQTms + OéQU)QTCp + OdQZQTcm (239)

T3 =3t + agyngs + OégU)chp + 0432;3Tcm (240)

TN = Nt + OéNyNTms + OéNU)NTCp + OéNyNTms (241)

Following the same procedure from the first protocol studied we express

the fraction of load in terms of the network parameters using the following

expressions:
aq (lems + wchp) =i+ 052<y2Tms + wQTcp =+ Z2Tcm> (242)
042<y2Tms + w2Tcp) =t+ 043<y3Tms + w3Tcp + Z3Tcm> (243)
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o o t+OéN(yNTm5+wNTCp+ZNTcm>
N—1l =
' (yN—les + wN—chp)

(2.44)

Using the normalization equation and solving the recursive equations

for ay it is obtained the flowing expression,

N—2 N—j—1 m—1
1— |oy_1+ Z 0+ Z Oj+m H Pj+t
j=1 m=1 t=0
ay = N2 N (2.45)
L+pyvoa+ Y, I pjw
j=1 =0
where
t
0; = (2.46)

(ijms + ijcp)

Y; 1Tms + wj 1Tc + z; 1Tcm
p; = ( J+ - J+ pT J+ ) (2‘47>
(yj ms T Wj Cp)

As in the last sections the mathematical expression obtained for ay in
term of the variables o; and p; will be the same as the expression obtained
in terms of f; and s; form the first scheduling protocol. As a consequence
what makes the expressions different from each other are the parameters

that defined the pair (f,s), (g,h) and (o,p) for each protocol respectively.

2.5 Performance and Evaluation Results

In order to investigate the relationship between the number of processors
and the communication time in the network the expressions for minimum
finish time, measuring time and reporting time were used. For each of the

protocols previously presented the finish time as a function of the number
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of processors in the network for a fixed value of y and changing values of
z and for fixed values of z and changing values of y was simulated and

plotted.

2.5.1 Sequential Reporting Distribution

Fig.(2.5) shows the finish time versus number of processors variable inverse
link speed z. The inverse link speed z is evaluated between 50 and 90. The
y inverse measuring speed is fixed to 190. In all the simulation the values
for Tem, Tep and Tms are equal to one. It can be seen that the amount
of processors needed to reached the minimum finish time will depend on z.

On the other hand in Fig.(2.6) the inverse link speed z is fixed to 80
and the inverse measuring speed is variated between 100 to 160. Here it
can be seen that increasing the inverse measuring speed will lead us to find

a better finish time for this particular example.

2.5.2 Simultaneous Reporting Distribution

The simulations presented in this section are shown in Fig.(2.7) where the
inverse link speed z is evaluated between 50 and 90 and y is 190. In addition
in Fig.(2.8) results for this schedule protocol with the inverse link speed
fixed to 80 and inverse measuring speed y varying between 100 and 160,

are shown.
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— z=50
—A- z=60
* —8- z=70
—-©- z=80

Measurement / Finish time

Number of Processors

Figure 2.5: Finish time versus number of processors, variable inverse link
speed z and fixed load inverse measuring speed y in a single level tree
network with control processor and a sequential reporting time.
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Figure 2.6: Finish time versus number of processors, variable inverse
measuring speed y and fixed inverse link speed z in a single level tree
network with control processor and a sequential reporting time.
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Figure 2.7: Finish time versus number of processors, variable inverse link
speed z and fixed inverse measuring speed y in a single level tree network
with control processor and a simultaneous reporting time.
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Figure 2.8: Finish time versus number of processors, variable inverse
measuring speed y and fixed inverse sensor speed z in a single level tree
network with control processor and a simultaneous reporting time.
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Figure 2.9: Finish time versus number of processors, variable inverse link
speed z, fixed inverse measuring speed y and inverse processor speed w in
a single level tree network with control processor sequential reporting with
pre-processing
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Figure 2.10: Finish time versus number of processors, variable inverse
measuring speed y, fixed inverse link speed z and inverse processor speed
w in a single level tree network with control processor sequential reporting
with pre-processing
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2.5.3 Load Pre-processing, Sequential Reporting

As mentioned before, in order to reduce the amount of energy used to
report the data back to the control processor a load pre-processing can
be done. In this case we include in the model the Tcp constant which
will be fixed to 1. The inverse link speed varies from 50 and 90, inverse
processor speed is fixed to be 100 and the inverse measuring speed is 190.
Fig.(2.9) shows that for this particular example the finish time increases
in comparison to the first scheduling protocol. In the case of the variation
of the inverse measuring speed against the number of processor Fig.(2.10)
the results showed for this particular experiment that introducing a pre-

processing increases the finish time.

2.6 Conclusion

A novel closed solution for optimum finish, reporting and pre-processing
time was obtained for a single level tree sensor network including
immediately measuring data feature. Data and simulation were performed
and analyzed for different scheduling protocols. A pre-processing

scheduling strategy was proposed for a single level tree sensor network.

28



Chapter 3

Heuristic Optimization of
Sequential Load Distribution

3.1 Summary

The sequencing problem involves optimizing the order in which a root
processor should distribute divisible processing load to its children
processors. The purpose of this procedure is to complete the processing
of divisible load in a minimal amount of time or with a minimal energy
use. Applications include third party computing services provided by
Application Service Providers as well as wireless sensor networks. Four
different heuristic algorithms were tested in order to achieve an efficient
solution for the sequencing problem. Consequently, the optimum algorithm
(Best Swap) was selected to implement the sensitivity analysis. Such
analysis allowed an examination of the relationship between the total cost
function, changes in the speed of the links and the processors, and changes

in cost of processing and transmission.
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3.2 Introduction

With the aim of introducing and reviewing the total monetary cost model
on DLT this chapter presents a sensitivity analysis study performed for the
total monetary cost function in terms of changes of the network parameters
(link speed and processors speed) in a single level three star computer
network. This study was a contribution to the research presented on [13]
and will be a good reference for future studies on monetary cost and wireless
sensors networks under DLT model.

From the prospective of services providers to be able to lease a high
performance computer machine to allow customers (researchers, credit card
companies, universities) to do processing while paying some cost. Thus
developing mathematical expressions that describes the time in which the
processor is busy either computing or communicating is an important and
complex procedure. Studies that considered DLT model and monetary cost
where presented in [11] and [15]. Research showed in [11] that there is an
intrinsic relationship between the cost and the sequencing problem. This
problem involves optimizing the order in which a root processor should
distribute divisible processing load to its processors. The goal of this
procedure is to complete the processing of divisible load in a minimal

amount of time (or with a minimal energy use in wireless networks).

In this chapter the sequence problem is studied and reviewed using
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divisible load scheduling theory. In particular we study sensitivity cost as
a function of changes of the processors speed and link speed.

The organization for this chapter is: In section 3.3 the model
description and their mathematical expressions are presented using the
model presented in [6,11,15,21]. The optimization sequencing problem
and the cost sensitivity analysis is discussed in section 3.4. Final results,
commentaries and conclusions are described in the section 3.5 and 3.6

respectively.

3.3 Mathematics: Model, Parameters and
Expressions

3.3.1 The Model

Zi+l
%, P,
s @13, " il .t
|l
=%
P

Figure 3.1: Single level three start network



The topology considered in this chapter is a single-level tree network
consisting of (N + 1) processors and (N) links Fig.(3.1). All the processors
are connected to the root processor, py, via communication links. The root
processor is equipped with a front-end processor and it is the only processor
at which the load arrives. The root processor partitions the total load into
(N + 1) fractions, keeps its own fraction «p, and distributes the other
fractions ay, as,..., ay to the other processors pi, ps,..., py respectively
and sequentially. Each processor starts to compute only after receiving all
its assigned fraction of load. The linear costs ¢}, c,..., ¢ and cf, ...,

i are the cost coefficients associated with the links and processors in the

network, respectively. Where:

o The load fraction assigned to the i** link-processor pair.
Wy The inverse of the computing speed of the i*® processor.
2 The inverse of the link speed of the i** link.

Tep: Computing intensity constant:

the entire load is processed in w;T,, seconds by the ith processor.
T.,: Communication intensity constant: the entire load can be
transmitted over the bus in z,7,,, seconds over the ith link.

T} The finish time: Time when the last processor ceases computation.

Our interest is to review the optimal arrangement (sequence) in which

load should be distributed by the root to its processor.
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3.3.2 Optimal Finish Time and the Load Distribution

In order to minimize the processing time all processors finish computing at
the same time. Otherwise, the processing finish time could be reduced by
transferring some fractions of load from busy processors to idle processors
[6]. Nevertheless, in [6] is shown that under certain sets of network
parameters, in order to minimize the processing finish time, it is not
necessary that all processors be utilized. In this model it is assumed that
system parameters are such that all processors in the network are utilized

to compute the incoming load.
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Figure 3.2: Timing diagram sequence distribution

The Gantt-chart-like timing diagram in the Fig.(3.2) represents the
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process of sequential load distribution. The communication time and the
computation time are shown above the time axis and below the time axis
respectively. Using this timing diagram to derive the timing relationships

between processors we have [21]:

awily, = i1zipTem + iwi Ty, i =0,.., N —1 (3'1)
i1 = kiOéi = (H l{?j)Oé() 1= O, ey N -1 (32)
§=0
where:
iTc .
ki = Wilep i=0,.. N—1

(ZiJrchm + wiJrchp)
Notice that all processors in the network finish at the same time and
there are N equations and N + 1 unknowns in the equation (3.1) and

equation (3.2). The normalization equation is,

1= Z@j (33)

and is used to solve this system of equations.
Using the previous system of recursive equations the expression found

in [21] for ag, ay are:

-1

N i—1
Qg = 1 -+ Z H kb]
=1 Lj=0
1 N
=1
1 N-1
any = 5 1 (U}iTCp) (35)
where:
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N

D = H(ZiTcm+wiTcp)

i=1

+Z <<]j(wiT0p>> ( H (2iTem + wiTCp)>> (3.6)

=0 i=n-+1
3.3.3 Sequencing Distribution

Another interesting and fundamental concept is related with the order in
which a root processor should distribute the load to be processed. This
problem was treated on [21] and basically considered a single level tree

network with the following ordered set:

0= Do, (l17p1)7 (l27p2)7 (l37p3)'-'7 (lj—lapj—1)7 (l]apj)a (lj—‘rl?pj-i-l)u sy (ZN7pN)

(3.7)

The first processor that is assigned a fraction of load is p;. Such load is
assigned by po then this processor assigns load faction to processor py and
so on. The link-processor pairs is then defined as (I;,p;) and (lj41,pj+1)
and in this ordered set may not necessarily be physically adjacent. Thus,
any change on the organization of the network would lead a change in the
distribution of the load. As a consequence, sequencing is a technique that
changes one arranged set to another ordered set. There are not physical

changes in the network.

3.3.4 Link-Processor and Total Monetary Cost

The monetary cost for processing a fraction of load at any processor

is defined as the cost incurred from utilizing the processor and its

35



corresponding link in order to process the assigned fraction of load [21].
The cost is defined only in terms of accounting for the duration during
which the resource is busy serving the assigned divisible load. The cost
coefficients associated with links and processors are fixed values.

The cost model parameters are defined as follows:

cl: The communication cost per second of utilizing the n'* link.

c?: The computing cost per second of utilizing the n'® processor.

?w,: The computing cost per unit load of utilizing the n'* processor.

cl z,: The communication cost per unit load of utilizing the n'* link.

(Pw, + . z,): The processing cost per unit load of the n'™ link-

processor pair.

The total monetary cost is the linear summation of the individual cost
incurred at each processor-link pair. This individual cost depends on
the assigned fraction of load assigned to each processor. The total cost
of processing an entire load is the main expression to be optimized and

analyzed in terms of the sensitivity analysis.

CO = C%))wOTcp (38)

Cn = 2T+ Ew,T,, n=1,..,N (3.9)
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C,: the cost of processing the entire of load on the n*" processor.

a,Cy,: the cost of processing the assigned fraction of load (c,) on the n'* processor.
The total cost, Ciiq, s defined as:
N
Crotar = Co+ > _anCh (3.10)

By substituting ap and all «y, from the equations (3.4) and (3.5) described
before into equation (3.10) the total monetary cost expression is obtained

explicitly in terms of the j and (j + 1)* link-processor pairs as [21]:

(ziTem + wiTCP)(ngoTCp)

SQ
S|~
—N

=

=1
j—1 n—1 N
+ Z (H(szcp)> ( H (ZzTcm =+ wiTcp)(ngnTcm + CﬁwnTcp)>
n=1 1=0 t=n+1
j—1 N
+ H(wiTC;D) H (ziTem + wiTep) (Cé‘Zchm + ngjTCP)

i=0 i=j+1

J
+ H(szcp) H (ZzTcm + wiTcp) (C§+1Zj+1Tcm + C§+1wj+1Tcp)

i=0 i=j+2
N  [n-1 N
+ Z H(wZTCP> H (ziTem + wiTcp)(cﬁlznTcm + dw,Te,) }
n=j+2 Li=0 i=n+1
(3.11)
Where D is:

N j-1 fn—1 N
H (ziTem + wiT,,) + Z (H(wchp) H (2iTem + wiTCp)>



j-1 N

+ (wiTcp) (Zj-i—chm + wj-l—chp) H (ziTcm + wiTcp)
i=0 i=j+2
7j—1 N

+ | 1 (wiTe) (wiTep) H (2iTem + wiTp)

3.4 Monetary Cost Optimization

3.4.1 Optimization Sequencing Problem

The heuristic algorithms used here will, at each iteration, swap the
logical position of two processors which are logically adjacent in the load
distribution sequence if it leads to a cost improvement. Four different
algorithms were tested in order to solve the sequencing problem which
involves optimizing the order in which a root processor should distribute
divisible processing load to its children in order to complete the processing
of divisible load in a minimal amount of time or with a minimal energy
[13]:

(1) Adjacent Swap algorithm: Swaps adjacent link processor pairs until
an improvement is greater than a threshold is reached.

(2) Best Swap algorithm: Chooses the best swap between all possible
swaps in the network (N Combined 2).

(3) Random Swap algorithm: Picks two random nodes and swaps them
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if and only if such swap yields a cost improvement.

(4) First Swap algorithm: Deterministically uses the first possible swap
if such swap yields an improvement in the cost function and keeps trying
all the possible swaps until the threshold value prevents it from obtaining

more improvement in the cost function.

To choose a heuristic algorithm several tests were made using the
algorithms described before. In Fig.(3.3) the three first levels represent
the methodology used to perform the different tests using the these
algorithms. Random values were chosen for the network parameters
which were constrained to have communication time less than computation
time. Consequently, a heterogeneous network was used to compare the

algorithms.

Adjacent Swap I Best Swap Random Swap I First Swap I

¥

Random Values
Heterogeneous MNetwork

i 2

Selecting and testing an algorithm to w¥*T > z*T
calculate minimal total cost P cm

+

Sefting a single level hormogeneous
free network
I * Zn =Z I

|
Iy ) 1

i ol d=¢ L' e

c. <cf L =ct || |ef >ef

w =W Model a sensitivity analysis

Figure 3.3: Methodology of the sensitivity analysis performed
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3.4.2 Cost Sensitivity Analysis

To understand how the changes in the processor speed and link speed
affect the total cost in a single level tree network we implemented a
sensitivity analysis. In such a topology the speed of processors is equal
for all processors and all links speeds are identical. That is w;=w and z;=z
respectively.

For w the sensitivity expression is:

S€7’LSZt2’UZty(U)) _ Ctotal (wnom) - Ctotal(wvar) (313)

Wnom — Wyar

For z the sensitivity function is:

Sensztzmty(z) _ Ctotal(znom) - Ctotal(zvar) (314)

Znom — Rvar

Where:

Wnom: Nominal value of the processor speed to be compared.

Znom: Nominal value of the link speed to be compared.
Wyer: Changed value of the processor speed to be compared.

Zvar: Changed value of the link speed to be compared.

In a homogeneous bus network the optimal distribution sequence is
where load distribution is in non-decreasing order of the sum of the link
and processor costs.

The sensitivity analysis was studied in three situations where the cost

: : l p A _.p D
of the link and the processor is ¢, < c?, ¢, =cb, ¢, > cb.
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The sensitivity analysis was implemented using the more efficient
algorithm in order to achieve the optimal distribution sequence. This

algorithm is presented in the next section.

3.5 Results and Commentaries

3.5.1 Algorithm Selected
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Figure 3.4: Simulation results for heuristic algorithms tested

Fig.(3.4) depicts a test for a 10 children network. The Best Swap
algorithm proved to be a strong and consistent algorithm in finding an
optimal solution in all the simulations with an almost vertically descending
cost function as it is shown. For this particular example the numbers of

swaps is presented in Table 1:
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Algorithm Improvement (%) Swaps
Adjacent Swap 59.0194 47

Best Swap 58.8225 9
Random Swap 59.3896 30

First Swap 59.3896 48

Table 3.1: Results improvement and numbers of swaps, heuristic algorithms
tested

For the other three algorithms it was found that they have almost the

same improvement but that take a larger number of swaps.

3.5.2 Sensitivity Analysis Results

Due to its effectiveness the Best Swap algorithm was used to implement
the sensitivity analysis.
For homogeneous network configuration with 10 children processors the

parameters used here were:

Whom.: 20.

Znom. 10.

Wogyr: [11...40 ].
Zoar: [1...10].

Random values were chosen for the cost of link and the processor. However,
three set of cost processors and cost of the links were constrained to ¢!, <

P

P ocl=cP, and ¢, > c?. Thus, three configurations of the network for those

processor and link costs were studied.
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In Fig.(3.5) the result of the analysis of sensitivity for z is shown.
Notice that when ¢!, < ¢ the total cost function has a decreasing behavior.
Otherwise, when ¢! > P the total function cost is increasing and this is
reflected in the sensitivity axis.

In Fig.(3.6) we present the results for the computation of sensitivity
when speed processor is varied. In this figure is evident that for all the w
variations in the three configurations for the of cost of the processors the
and link have positive values for the sensitivity axis.

The behavior of the sensitivity analysis for the total monetary cost
presented here is for specific values of parameters. That is, this is not a
general result for all possible values of the parameters. In addition this
behavior is due to the complexity of the expression defined for (3.5) and
its relationship with the total cost (3.11). Hence, results obtained in this
study show some of the representative curves of sensitivity of a single level

tree star network with specific network parameters.

3.6 Conclusions

Based on the result the Best Swap algorithm was found to outperform the
other algorithms presented. It was found that all algorithms improved the
cost function in some cases obtaining a cost improvement of more than
50%.

It was shown that only when ¢} > ¢P, the total cost function for this

configuration network increases in proportion to changes in w and z.
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Chapter 4

Optimizing a Divisible Load
Nonlinear Cost Function

4.1 Summary

The behavior of load distribution for loads with nonlinear monetary

computing cost is studied.

4.2 Introduction

Companies are using third party machines as a result of a corporate interest
to create computer utilities for leasing. This tendency may lead researchers
and developers to use high performance parallel devices and algorithms
while paying some monetary charge. The monetary cost associated with
the production and operation of such machines leads to a requirement
to lease their processing in a time efficient manner. Indeed, there is an
intrinsic relationship between the cost and the sequencing problem [21].

This problem involves optimizing the order in which a root processor should
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distribute divisible processing load to its processors. In [22] the scheduling
of nonlinear loads was studied. In this paper we explore the monetary cost

as a function of nonlinear processing loads.

4.3 The Model

Consider a single level tree (star) network consisting of N+1 processors
and N links which have related corresponding computation ¢? and
communication cost c!. Here the ¢,’s are linear monetary cost coefficients.
The root processor will receive all the load and distribute to each child

processor their assigned fraction of load sequentially.

4.3.1 Notations and Definitions

a;:The load fraction assigned to the i" link-processor pair.

w;: The inverse of the computing speed of the i processor.
2z;: The inverse of the link speed of the 7" link.

T.,: Computing intensity constant: the entire load is processed in

w;Ty, seconds by the ¢th processor.

T.,: Communication intensity constant: the entire load can be

transmitted over the bus in z;7,,, seconds over the ith link.
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4.4 Total Monetary Cost

Total monetary cost is the linear summation of the individual costs incurred
at each processor-link pair. This individual cost depends on the assigned
fraction of load. The monetary cost expression found in [21] was modified
expressing the load as a function of /3, equation(1). Here (3 is a parameter
needed to express the nonlinearity characteristic of the load.
N
Crotal = agcgoncp + Z a’ﬁ(cﬁwnTcp + 2 Tom) (4.1)
n=1
In order to get a solution for the sequencing problem the Best Swap
Algorithm presented in [13] was chosen due to its consistency in finding

an optimal solution and was modified to include the § parameter.

4.5 Results and Commentaries

A heterogeneous single level tree network with N=4 processors was
modeled. Random values were chosen and fixed for different parameters
in the network. An algorithm was run changing the [ parameter (5>1
and §<1). The distribution of load in the network may explain the total
monetary cost behavior. In Fig. (4.1) is shown that for large values of 3 an
almost equal load distribution is generated. As consequence, it is expected
that the minimum total monetary cost grows with an almost constant rate
for large values of . It was found that for values of 3 approaching 0 most

of the load is assigned to the processor (P3).
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Figure 4.1: Load distribution for a single level tree network Beta >0
4.6 Conclusions

This load distribution behavior is related to the convexity and concavity

of (4.1) for different values of beta.

48



Chapter 5

Adaptive multi scheduling
protocol for divisible loads on
wireless sensor networks

5.1 Summary

This chapter considers an innovative scheduling mechanism to assign
divisible load jobs to wireless sensors in a single level tree network. The
schedule protocol presented here takes into account the amount of load
processed from previous load assignments based on distributing the new
incoming load to the sensor network aiming to minimize the total finish time
of processing the entire Divisible Load Job Task (DLJT) and reducing the
idle state of each processor. Here a DLJT is defined as the total addition
of individual loads that share a common characteristic and belong to a
data set. Each element of the DLJT can be arbitrarily partitioned and

distributed by the root processor to the rest of the wireless sensors.
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5.2 Introduction

Potential applications of wireless sensor networks require the design of a
robust data acquisition strategy that take into account possible sensor
failure and reacts to it to minimize the risk of losing data samples or
measurements while minimizing energy. Practical situations are envisioned
where the numbers of nodes that belong to a WSN are small and the entire
performance of the network is affected if an inadequate performance in a
node occurs while processing load or acquiring data measurements.

Until now the schedule protocols on wireless sensors networks using
DLT have assumed that the nodes involved in the processing of the load can
successfully finish processing the entire load assigned by the root processors
under different controlled conditions scenarios. Thus in the previous
chapters the study of different scheduled protocols addressed different
distributions of load on sensor networks assuming successful functioning
of the node while processing the load assigned in order to estimate the
finish time.

In this chapter a methodology is proposed to overcome possible
scenarios when a node on the network fails to process its assigned fraction of
load, compromising the entire DLJT execution on the network. A technique
to find the best finish time solution is proposed for a constant DLJT arrival
rate. In addition a particular scenario is studied when the arrival load of

each element of the DLJT rate is constant and one of the sensors on the
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network can not finish processing the previous load. This is a very practical
situation as predictions on available processor and link effort may diverge
from reality as time proceeds resulting in deviations in the timing of earlier
implemented schedules. As a result, in this paper a heuristic algorithm is

developed to estimate the total finish time of processing the DLJT.

5.3 The Divisible Load Job Task based

reference model

Control processor

Sequential Load Distribution

Figure 5.1: General DLJT’s system

The divisible load job task reference model is presented Fig.(5.1). The
DLJT system consists on a central root processor with buffer capabilities
linked to a set of sensors in a single level tree network topology. Equation

(5.1) describes the DLJT incoming task (DLJT) assigned to this system
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(e.g. the sensors are asked to acquired data samples of the temperature
under certain conditions such relative humidity). The task assigned to the
root processor is composed by individual load/job assignments (L), each
one arriving with of A rate and the size of this task is 7. Under this scenario
it is assumed that the network will be available for processing incoming
load/jobs so that there is no overlapping among jobs. The L load/job can
be arbitrary partitioned, hence, the control processor will distribute the L
load/job to its children processors sequentially. The goal here is to process
different fraction of load/job assigned to the sensors while minimizing the

finish time. Thus all processors need to finish at the same time [5].

T
DLJT =) I (5.1)

jt=1

Fig.(5.2) shows the Gantt-chart like timing diagram for this DLJT
system for a constant arrival rate A and sequential distribution The
mathematical expressions that describe the total finish time of a DLJT

task is shown in equation (5.2)

DLJTpp = Tpi (L1, M) +Tp2(Lo, Xo) 4.+ T pr—1) (Lr—1, Ar—1)+ Ty (L, Ar)
(5.2)
The time that the load/job spends on the network can be found using
the classical Divisible Load Theory equations for a sequential distribution

and simultaneous finish time. In [6] it was proved that the optimal solution
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Figure 5.2: DLJT Load distribution finish time diagram

was obtained when all processors finish at the same time. 7 denotes the

finish time.

T;(\, Ly, P1) = T¢(\, Ly, P5) (5.3)
T;(A\, Ly, Py) = T¢(\, Ly, Ps) (5.4)
Ty(\, Ly, Py_1) = TH(\, Ly, Py) (5.5)

Thus analyzing Fig.(5.2) for a particular finish time Ty (Ly, Ar) a set

of N-1 equations can be derived and are described as follows:

o wi T., = o wyTyy, + ad wo Ty, (5.6)
g wy T, = i wsTe, + ai wsTy, (5.7)
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ainlwi,chp = aiTwiTcp + aiTwiTCp (5.8)

Oc]TVwNTcp = a%wNTcp + a%wNTcp (5.9)

Equation (5.10) represents the relationship of the total amount of
load/job, Ly, that had arrived to the control processor and the individual

partitions that the control processor distributes to its children processors.

of +as +aj +-+a] +-+ay_q+ay=Lr (5.10)

The previous equation system can be expressed in terms of s; as,

o1 = 0458(1) (5.11)
az = g 5(2) (5.12)
;= o 18) (5.13)
aN_9 = Oéj]\}_IS(N_z) (514)
aN_1 = a%s(N_l) (5.15)
Where
Si = (w’i+1Tcp + Zi+1Tcm>/wiTcp (516)
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Using the equation system previously presented and the equation (5.10)

the expression for the load assigned to the first processor can be found as,

Ly

a{()‘vLT) = N—1 i
1+ 3 Il 55
i=1 j=1

(5.17)

@)

For a particular load/job assignment for processor one (P;) the

corresponding finish time will be,

Ti(Lr(Ap), P1) = (Tcp - wy + Tem - z1)af (Ly(Ar)) (5.18)

In general equation (5.18) can be expressed in terms the optimal fraction of
load/job assignment. Thus equation (5.19) and equation (5.20) represents

the total finish time of a DLJT when assigned to this network topology.

T
DLJTpr =Y T fiu(Lin(Aj)) (5.19)
jt=1
—  Li(\)
DLJTpr = (Tep-wy + Tem - z1) Z N]fl 2t (5.20)

if=11+ T <~

The control processor will check status of the individual load/job
assigned to its sensor at finish time prior distributing the next L load/job

to the sensor network.
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5.4 The Divisible Load Job Task the
adaptive model

In the previous section DLJT batch jobs are assigned to the network under
the assumption that not there is not a overlapping among DLJT jobs.
This implied that the network was able to serve or resolve a DLJT task
before an incoming one was assigned to the network. In this section two
different cases are studied, considering the DLJT task being processed on

the network and the incoming one arriving to be served.

5.4.1 CASE 1: Allocation time of Lp()\;) load/job
smaller or bigger than the finish time

T f(Lr(Ae-1))
Fig.(5.3) shows the Gantt-chart diagram for a DLJT task when a delay
or shift occurs. On a real system implementation this delay or shift can
be generated by failure on the system transmitting L load/jobs from a
DLJT task to the control processor. In this case instead of retransmitting
the entire DLJT set of load/job Lt the total finish time of processing the
entire set will take into account this delay or shift. Thus the finish time
for a DLJT when a load is Ly delayed compared to the resolution time on

the network of the load/job Lr_; can be found as
DLJTdelayed = DLJTFT -+ TpdelayM (521)

Using equation (5.19) the total finish time of a DLJT delayed is shown

in the following equation, where M represents the total number of delays
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Figure 5.3: DLJT Load distribution finish time diagram including arrival
delay

per run.
T M
DLJTdelayed - Z Tfjt<th<)\jt)) + Z (Tf(Lm()\mfl)) - )\;11) (522)
Jt=1 m=1

Another situation can occur when for the host submitter of Ly load/job,
a particular DLJT task is sent to the control processor before the previous
L7_1 and the network finishes its entire processing. In this case the control
processor will queue the Ly until the network is available for processing.
The calculation of this network delay will define the proper shift time. Here

the shift time is defined as the amount of time of a load/job has to wait at
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the control process until is served by the network. This time can be found

using the equation presented below

DLITpifted = Z Tfie(Ljr(Aje)) + Z A = Tf(Lm(Am-1)))  (5.23)

Jt=1 m=1
Here M is the number of delays or shifts per DLJT task. M satisfies

the following constraint:

0<M<N-1 (5.24)

where N =T, the size of DLJT task.
In the particular case when there is a homogeneous L job/task
assignment from a DLJT set the previously presented equations (5.22) and

(5.23) can be expressed respectively as
DLJTyutagea = M - Tfdelay + N - Tf (5.25)

and

DLJTifteq = M - Tfshift + N -Tf (5.26)

5.4.2 CASE 2: Adapted DLJT scheduled protocol for
a partial sensor failure

On wireless sensor networks retransmission of data is an expensive

operation. Retransmission of data could be caused by a failure of a node
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to process its particular load/job of. Being able to resume operation when
a wireless sensor node fails partially while avoiding retransmission of load
due to this failure will lead to a mitigation of the transmission energy and
increase of the utilization of the network. In order to do so the following
methodology is proposed to handle this partial failure on one node of the

wireless sensor network.

L L
1 1 —_— . .
oz, Tem : fl_j;_'_T('fH
P1
.
’ (xllh'.]":'p l rXII'h'I'f'(';J ] ™
1_ e -
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- | o, sl
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Yo
o,z Tem H 5
[ ] Y
PN ! —
[ clw, Tep | o, w, Tep | TF
TF(1) TF(2)

Figure 5.4: DLJT Load distribution finish time diagram one node partial
failure

In Fig.(5.4) is shown that sensor P2 fails partially when processing its
a3 assignation here where the subindex shows the processor number and
the super index specifies the L load/job assignment on the network. Since

with this wireless sensor network technology, transmitting and processing

data at the same time is avoided due to lack of front end processors, the

29



sensor has two possible operational states: receving state (communication)
or processing state (never both at the same time). The consequence of this
failure is reflected on the next allocation of load/job Ly since the second
processor is still processing load/job from the previous L; allocation and
incoming load can not be allocated. Thus a remainder load «, would still
need to be processed in the Ly load/job while avoiding delay the entire Ly
load distribution. A possible simple solution will be uses similar strategy
presented before in Case 1, buffer the L load/job and shift it distribution a
more interesting approach would be to been able to schedule the incoming
load (even if the temporal failure is detected) and distribute the incoming
L load/job taking into account these excess of load on the failing processor
Fig.(5.5) shows how this can be achieved.

Using Fig.(5.4) a set of equation can be derived to calculate the new
allocation of load which will take into account the remainder load on the
failed processor.

The new finish time will take into account this delay of processing the
failure on per a processor basis. Thus the delay is assigned to the finish
time equation of the failed node. This situation is described below when
processor number 2 fails partially to process the entire load:

The optimal finish time can be found using the same methodology as

shown [6] and it can be express using equation (5.18). Thus,

Tf(Ly(\), P) = (Tep-wy + Tem - z1)ai(La(A)) (5.27)
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Figure 5.5: DLJT Load distribution finish time diagram one node partial
failure

The corresponding new fractions of load/job assigned to each processor

can be found using the following set of equations

dun Ty = agwy Ty, + a32,T, + ajwy T, (5.28)
QQwQTCp = a3Z3T + agngcp (5.29)
agngcp = aiz4Tcp + aiw4Tcp (5.30)

The previous equation system can be expressed in terms of s;.

Oz% = 0435(1) + f(l) (5.31)



(5.32)

a3 = a3s()
af = ajsu) (5.33)
Equation (5.60) is used to find the corresponding values for s; . In this
case a new parameter is introduced f; ,
(5.34)

fi= (O‘éﬂU?TCPTcz))/wlTCP

This parameter includes the amount of load that still needs to be

processed when there is a partial failure on sensor 1.
The corresponding normalization equation (5.35) for this example is
4
Ly+abLi =) o} (5.35)
i=1

Using this equation system the a? load/job fraction assigned for this

processor can be find as:
o)

Mw

i
Jj=1

L2 + a%’rLl + fl(

ol = — (5.36)
L+ 11+
i=1j=1"
And the of load/job fraction assigned is:
3
Ly + aj, Ly — fl(Z H 5)
= (5.37)

2
(8% =
4 3

Notice when there is no load remaining to be processed, equation(5.37)

is similar to equation (5.17).
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When a different node fails for example node 3 it can be shown that, on
this exercise, the solution for oy and a4 the will depend on the following

equation system:

oF = ass() (5.38)
a5 = 0455(2) + f2) (5.39)
aF = ajsu) (5.40)
Where
f2 = (az,wsTey) fwa T, (5.41)

And the solution for o and ay

Mw

Ly + g, L1 + faf +)
1=2j=1

= — (5.42)

1+3 11

i=1j=1

i

[|
)
<

=N
Can

J

and the a? load/job fraction assigned is:

e

Lo+ o3, Ly — fo(30 1 s5)
2 j=1

af = o (5.43)

of = ass() (5.44)



The corresponding set of equations will be

Where

fo = (agwsTy,) Jws T,

and the solution for «; and oy

and the a? load /job fraction assigned is:

L2+Oé}lrL1—f3( I1 s5)
j=1

3

e

3 1
1+ > 1 s

i=1j=1

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

The previous example is done for 4 sensors and a DLJT of 2 load/job.

The following section presents a suitable expression for a N sensor network

scenario. In the case of N single level tree network with one node P; failure

per L load/job assignment the following set of equations can be derived:

Using Fig.(5.6) a equation system in term of the same s; and f; for the

i + 1% failing processor is shown below:

2 2
Q1 = y8(1)
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Figure 5.6: DLJT Load distribution finish time diagram one node partial

failure
2 2
2 2
Q= Qi 1S(0)+fu)

2

_ 2
Qip1 = Ap2S(i+1)

2 _ 2

The normalization equation will be,

N
Ly + O‘%pfail)T - Z o’
i=1

(5.51)
(5.52)
(5.53)
(5.54)

(5.55)

(5.56)

Solutions for this equation system for the of and % are presented

below:
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N—(pfail-1) 4

L2 + Oé}17failrL1 + f(pfail—l)( Z H )

a? = e o (5.57)
1+ I
i=1 j=1
N 7
Ly + apfazlrLl - f(pfailfl)( Z H )
02— by (5.58)

N—-1 3
+ > I1s
i=1 j=1
The finish time for the Ly load/job processing can be found using

equation (5.27), thus

—(pfail—1) 4
Ly + oty iy L1 + f(pfail—l)( Z 1)
ail—1
Tf(La(M), P1) = (Tepur+Tem-z) N Epfalml) 9=
1+ Z H m
(5.59)
Where s; was defined in equation (5.60)
sj = (Wjt1Tep + 2j41 Tom) Jw; Tey (5.60)
and f; as
fi = (g awis Tep) Jw; Ty (5.61)

After the control processor recalculates load/job fractions it will

assigned them to sensors. The incoming loaf of incoming L jobs the control
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processor will queue until they are able to be assigned to the network. The

finish total time of the DLJT will be:

pfail—1 T
DLITer = Y T (L) +T fosair(Lpgaa Mpgai))+ Y Thi(Lje(A)
ji=1 jt=pfail+1

(5.62)

5.4.3 Results and Commentaries

In the following section different tests performed on a homogeneous single
level tree network are presented. The parameters for the setup of this

simulation are summarized below:

w; = 100
Zi = 70
Tep=1

Tem =1

The DLJT, represents the size of the load/job task to be processed
using the 10 sensor networks. Therefore there are 4 L load/jobs to be
processed by the network.

Fig.(5.7) is obtained when simulating a partial failure on sensor ID
2 during the entire DLJT,. The vertical axis represent the load/job
distribution among sensors. The horizontal axis represents the sensor
number. The star legend in the graph shows the load distribution on the

sensor when every sensor is able to processes the entire load assigned. In
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this case this allocation of load will lead to obtain an optimal finish time
[6]. On the other hand, when sensor 2 is fails to process its entire load in
every L; load/job the graphs overlaps, and shows that the amount of load
reallocated to the failing processor is smaller than the optimal one. Notice
the intersection point where the graphs pass across. After this the load/job
fractions assigned to the nodes when the failure is presented are smaller

than the initial optimal scenario.

—— % Optimal load assigment
—=— % Load/job assingment =10
—&— % Load/job assingment =10
B —7— % Load/fob assingment =10
—&— % Load/fob assingment =10

e

Load distribution
I~

w

Sensor ID

Figure 5.7: DLJT Load distribution finish time diagram one node 50
percent on Sensor ID 2 partial failure
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Fig.(5.8) is present the percentage of load that is redistributed when
a sensor fails. The vertical axis shows the percentage of load that has to
be reallocated by the control processor when a failure is detected on the
sensors, in this case sensor 2. The horizontal axis describes the sensor id in
this wireless network. The positive values on the horizontal axis refers to
an increase of the load on the sensor as opposed the negative sign, which

means that the sensor node had less load reallocated.

60 T T T T T

50

40

30

10

(%) load realocated

10+

20+

Sensor ID

Figure 5.8: DLJT Percentage load relocated for a 50 percent on Sensor ID
2 partial failure
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In Fig.(5.9) a case where sensor node 5 fails is presented. Notice that the
crossing point, as in the Fig.(5.7) the crossing point among graph is located
before the node that fails. This situation is also reflected on Fig.(5.11) for

a sensor partial failure on sensor number 8.

5 s
—%— % Optimal load assigment
—=— % Load/job assingment =10
4.5% —8— % Load/job assingment =10
—— % Load/fob assingment =10
E —&— % Load/fob assingment =10

Load distribution

Sensor ID

Figure 5.9: DLJT Load distribution finish time diagram one node 50
percent on Sensor ID 5 partial failure

As seen on previous plots for a failing sensors when sensor 8 fails the
intersection point among the two graphs is located on the sensor preceding

the failing sensor. When sensor node 8 fails the percentage of load change
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can be seen in Fig.(5.12). Notice that the percentage of load relocated to
other sensors is considerable small compared to the previous percentages

relocated when the sensor 2 and 5 failed as presented on Fig.(5.8),(5.9).

20 T T T T T

10+

20+

(%) load realocated
o
o
T

40k

50+

B0

-80 | I I | |
1 2 3 4 5 6 7 8 9

Sensor ID

Figure 5.10: DLJT Percentage load relocated for a 50 percent on Sensor
ID 5 partial failure

Fig.(5.13) relates the percentage of finish time change presented on the
vertical axis of the figure obtained by simulating partial failures on different
nodes on the wireless sensor network. Thus, by looking at the outer plot of

the graph for sensor 2 when this nodes fails 10 percent of processing it load
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Load distribution
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Figure 5.11: DLJT Load distribution finish time diagram one node 50
percent on Sensor ID 8 partial failure
assignment the amount of finish time increased is 62 percent with respect
to the finish time obtained when the node is working on normal conditions.
On the other hand if the sensor 9 fails to process 10 percent of its load
assigned the finish time is affected only 37 percent, the graph that shows
this behavior is located on the inner part of the chart.

For percentages values exceeding more than half of it original load/job

L assigned the change of the finish time is small. Thus when the load
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Figure 5.12: DLJT Percentage load relocated for a 50 percent on Sensor
ID 8 partial failure

assigned fails to process the 80 percent of its load/job the changes on
different sensor simulated it terms of resolution finish time is small only
a b percent is increased. Noticed also that for different simulation of sensor
failure for an 80 percent of load remain the finish time is higher for sensor

2 than sensor 9.
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Figure 5.13: DLJT percentage finish time per percentage load failure

5.5 Conclusion

A novel strategy to processes different consecutive load assigned using
divisible load theory on wireless sensor networks was presented. A heuristic
methodology to handle different load distributions adapted to the current
state of the load being processed on the wireless sensors was developed.
A novel schedule mechanism was presented. Simulations showed that for

a particular test wireless sensor network scenario when a partial failure
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of a sensor occurs, if there is a new incoming load to be distributed,
the preceding processor will increase the amount of load to be processed

compared to its value in normal conditions of sensor operation.
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Chapter 6

On Chip Interconnections for
Wireless Sensor Networks
using Divisible Load Theory

6.1 Summary

Most recent goal of the microprocessor industry is to develop multi-core
architectures that currently range from 16 core to eventually hundreds
core architecture system. This architecture would be able to allocate
identical cores ordered on a single chip processor. Along with this
technology the systems on a chip (SoCs) are increasingly investigated.
This systems are composed of many cores and are allocated on the same
microprocessor. Individual chip components that belong to the same
system would require to have reliable interconnection networks that allows
the intercommunication among core on the same chip. The network
infrastructure that studies this interconnection topics is named as on-chip

intercommunication networks (OCIN) or also know as Network on Chip
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(NoC)[23]. Due to the nature of the Divisible Load Theory model which
is based on the fact that the load to be process is arbitrarily partitionable
it is envisioned to start to understand the feasibility of the applicability of
this tool on SoCs. Speedup metrics for different DLT schedule protocols
considered and applied to different multilink and multi-core topologies
showing promising improvement when using multi-core architecture. Here
speedup is the ratio of computation time on one processor to computation
time on the entire network tree that could be implement on SoCs system

via OCIN interconnection.

6.2 Introduction

Minimizing the transmission energy on wireless sensor networks is highly
desirable due to the complexity on the conditions and the constraints
of accessing power sources on applications where this type of technology
could be deployed (environmental monitoring, security surveillance among
others). Different approaches are being studied such as designing efficient
protocols for transmission of data over wireless channels to reduce the signal
to noise ratio.

When using WSN for data acquisition some application might require
a pre filter or processed version of the data being collected by the network
sensor array so instead of sending the entire raw data sample the node
could send a synthesized version of the data measured. By transmitting a

summarized and shorter version of the data collected the amount of energy
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required for transmission would decrease. Thus being able to pre process
samples in situ would enable a reduction in the energy of transmission
used by the wireless sensors when reporting back the status of the area
monitored.

The new emerging technology of system on a chip, SoCs, can be
considered as promising technology to be integrated into the wireless
sensors networks. Composed by several processors on a single chip the
sensor SoC would allow an increase in the node processing capability
which would be required when preprocessing the measured load is required.
On chip interconnection networks (OCIN) bring the infrastructure to
communicate between different cores on the same chip. Advantages of this
technology are high bandwidth, low latency, low power communication
compared to dedicated wiring devices. Different research efforts are on
this technology are motivated on different areas such as, applications for
embedded systems and personal electronics devices.

This chapter contributes to the research area of NoC and SoC by
proposing different DLT scheduled protocols as tool to model distribution
of load on the SoC. By doing so a possible more efficient network topology

could be designed and deployed on wireless sensor networks.

6.3 The model

Due to the realistic and tractable nature DLT model and analysis is

a suitable tool to be able to model interactions among different cores
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located on a chip. On this section are presented different DLT scheduled
policies that will be used on this study presented on [24]. Contrary
to the methodology used initially on [24] to obtain optimal distribution
of loads per processor basis, a simpler way to handle the mathematical
relationships among processors is proposed. The focus is to obtain the
speedup expression for a network topology.

The classical network topology often studied on DLT is a single level

tree network show on Fig.(6.1)

Figure 6.1: Single level tree network

This network topology considers only one channel of communication z;

per root processor to children processor pair. Also only one processor is
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available on every child on the network.

The variables or parameters used on this model are:

a;: The load share fraction assigned to the i" link-processor pair.

w;: The inverse of the computing speed of the ¥ processor.
2z;: The inverse of the link speed of the ** link.

T.,: Computing intensity constant: the entire load is processed in

w; T, seconds by the it" processor.

T.,: Communication intensity constant: the entire load can be

transmitted in z;7.,, seconds over the i** link.

T;: Is the total time measured from the beginning of the scheduling
process up to the end of the transmission of the data measured by

the ith processor.

Ty Is the time when the last processor finishes reporting.
Ty=max(1T1,T5,....Tn)
Three different scheduling protocols will be reviewed for this network
topology. The mathematical representation obtained for this based model
will allow to extrapolate it to two different network topologies that are

envisioned that could be apply or design using SoCs.
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6.3.1 Sequential distribution, staggered start

As presented on different studies in past chapters, on this Gantt chart-
like timing diagram the load distribution on the network is presented. The
horizontal axis represents the time, communication time is presented above

the axis and computation time is presented below the axis.
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Figure 6.2: Timing diagram of single level tree with sequential distribution
and staggered start

In order to find the optimal load distribution on each processor all
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processors need to finish at the same time [24].

Tf(Py) =Tf(P) (6.1)
Tf(P) =Tf(Ps) (6.2)
Tf(Pn-1) =Tf(Pn) (6.3)

The equations below presented states that the communication and
processing on the preceding processor is equal to the processing time of

the current processor.

anOTcp = O[lzll-rcm + alwchp
aqwiTe, = azeTey, + aswaly,
awile, = qip12ip1Tom + qipiwip Tey

aN—le—chp = aNZNTcm + anNTcp
The normalization equation for N+1 processor is :

agt+o; +agt+as3+-+o;+-+ay_g tay=1 (6.4)

Expressing this equation in terms 5;

Qp = (11S(0) (65)
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o] = OégS(l) (66)
a; = ai+1S(Z’) (67)
anN_1 = CYNS(N_l) (68)

where

(Zi+1Tcm + wi—i—chp)
wiTcp

S; = (6.9)

After solving the previous equation system for cig with the normalization

equation the following expression is obtained:

1
N-L i
1+ Y [+
i=0 j=0

This study will be focus on the speedup metric which is defined as the

Qp —

(6.10)

ratio computation time on one processor to the computation time on the
entire N children network. Specifically the speedup will be studied for a
homogeneous single level tree network. So it is intended to measure the
parallel processing advantage on SoCs using the speedup relationship of

the conventional DLT as:

T
Speedup = % (6.11)
FN

Where T represents the time processing the entire load o equals to

1. Thus,
Ty = aywoT'ep (6.12)
Tro=1-wyTcp (6.13)
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and

1
N-1

—woT'ep (6.14)
1+ > Il g
i=0 j=0

Tin =
i

And Tyy represents the finish time for the load to be resolved using
the divisible load scheduling mechanism on the single level tree network

presented on Fig.(6.1).
As mentioned before, for the speedup for a homogeneous single level
tree network, in that particular case every S; = S for i from 1=N so link
speed are equal on the network and the processor speed as well. Thus

equation (6.14) can be rewriting as:

1
1 =
1+S—0(1+;§)

Tiy = woTcp (6.15)

And the corresponding speedup will be:

1, 1
Speedup = 1 + S—O(l + Z §) (6.16)

i=1
6.3.2 Simultaneous distribution, staggered start

Different than the previous protocol, the processors now simultaneously
receive the data and only start to process it a soon as the processor receives

it entire load assignment Fig.(6.3).

The equation that describes this model are:
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Figure 6.3: Timing diagram of single level tree with simultaneous
distribution and staggered start

OéoU)chp = oqlecm + oqwchp
Oél’UJchp + allecm = OéQZQTcm + OéQU)QTcp
aiwiTcp + iz T = ai+12i+1Tcm + ai+1wi+1Tcp

OéNflefchp + OéNflszchm = aNZNTcm + anNTcp

Equation (6.4) can be used as well as normalization equation.
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Expressing the previous equation system in terms of g; and s; for i from

1 to N-1.
Qap = 01 g(1) (6.17)
ap = S (6.18)
a; = @Z’+1S(Z’) (619)
anN_1 = OJNS(N_l) (620)

where
<2i+1Tcm + w’iJrchp)
S, = 6.21
ZiTcm + wiTcp ( )
and
(Zchm + wchp)

= 6.22
9 wols, (6.22)

The correspondent fraction of load for this particular schedule protocol

can be found as

1
oy = (623)

N-1 i
T+ -1+ 3 IT3)
i=1 j=1"

be,

The general expression for speedup will

1
Speedup = : (6.24)
——



When the homogenous network is considered the speedup can be

expressed as

1
Speedup = - (6.25)
i

Simplifying the above equation,

1
Speedup = 1 + g—(l +N-1) (6.26)
1

The final expression will be

1
Speedup = 1+ g—(N) (6.27)
1

6.3.3 Simultaneous distribution, simultaneous start
Fig.(6.4) presents the last protocol considered here.
In this case the processors are able to process the load as soon as they

receive the initial transmission. It is assume that all finish at the same time

to achieve the optimal distribution of load.

anOTcp = alwchp

alwchp = a2w2Tcp

awiley = aipiwi Ty
Olelefchp = anNfchp
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Figure 6.4: Timing diagram of single level tree with simultaneous
distribution and simultaneous start

Note, that it is assume that

2L oy < Ozin‘TCp

By expressing the previous equation system in terms of f; the previous

equation system can be written as,
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ap = ay f(o) (6.28)

ar = aa f(y (6.29)
o; = al'Jrlf(Z') (630)
anN_1 = aNf(N—l) (631)
where
(wis1Tep)
;= ——= 6.32
o=t (6.32)

The optimal load fraction assigned to each the root processor is

1
ap = ~ T (6.33)
1+ > 11+
i=0 j=0 "’
Here the speedup will be,
N-1 i
1
Speedup = (1 + Z H f—) (6.34)
i—1 j=170)

Considering a homogeneous network the equation below presented
represents the speedup for the simultaneous start simultaneous processing
protocol in this case it is assume that all processor on the network are
similar with the exception of the root processor which is wy. Thus the

speedup is,

N-1 ¢

Speedup =1 + %(1 + Z H 1) (6.35)

i=1 j=1
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After simplifying the above equation,

1
Speedup =1 + f—(N) (6.36)
0

6.4 DLT on SoC and NoC for
Wireless Sensor Networks: M parallel
interconnection channels

On this section a specific node from a wireless sensor array will be
considered using SoC and NoC. There are two type of architectures
proposed to be used on the chip. The goal here is to use conventional
DLT to start to understand the interaction among cores and links on a

sensor using SoC and NoC.

P

0
i L
Gl

|||

‘ | bl Iy

P P, E Bl | £y

[} 1

Figure 6.5: Single level tree network M parallel interconnection channels

Fig.(6.5) shows a single level tree architecture consistent on N+1
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processor and M links (x) per processor pair. On this model root core
will be able to distribute the load assigned to every core in parallel fashion
using M links (x) available. Every connection pair is similar on every node,
thus there always the same amount of channels available for every root core
child core pair in the network.

Two new variables used on this model needs to be presented at this

time;

m;.;: The inverse of the computing speed of the i core on a virtual

processor.

Xij;: The z; / M inverse of the link speed of the ;% link.

J: The represents the link number among root processor and children
processor "
A homogeneous network topology is considered during this study. Thus

every all the communication channels on the network are the same. In

addition all the cores used on the system are equal as well. Thus

(6.37)

where

1=1--- N number processors .

j=1--- M parallel links per processor pair.
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For this particular case the mathematical expressions obtained to
described the optimal load assignment on the past section can be
extrapolated for the network architecture shown in Fig.(6.5) by adjusting

the proper parameter in this case the link speed parameter.

6.5 Speedup for different schedule protocols
on single level tree network chip
architecture with M parallel links

In the past sections different speedup expressions were reviewed for different
schedule protocols for the network architecture presented in Fig.(6.1).
These expressions were defined in terms for dummy variables which related
the link speed and the processor speed. Thus different expression for
different schedule protocols for the speedup were obtained in terms of this
dummy parameter which relates the speed of the processor and the link
speed.

By redefining the dummy parameter according to the new network
topology the new speedup expressions can be found. The following sections

will show the speedup for the network topology presented on Fig.(6.5)
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6.5.1 Speedup for sequential distribution sequential
processing with M parallel links

Equation (6.16) shows the speedup for a network topology one link to one

processor. The dummy parameter defined in there is S(7),

(Zi+1Tcm + wi+1Tcp)
wiTcp

S; = (6.38)

When considering this parameter for M parallel links the new expression
need to be adjusted. The parameter adjusted is the speed of the link Z;.
Using equation (6.37) B will be the new name for the dummy variable for

this protocol on the new architecture.

(%Tcm + wi+1Tcp)

B,L' —
wiTcp

(6.39)

In the case of using an homogeneous network topology where the M
links are equal and the the speed of processor is the same on all cores on

the network, equation (6.40) can be used: Thus,

éTcm—i_wTC
5, = Lirfen £ 1) (6.40)
cp

and

(%Tcm + wchp)

By =
‘ Wo Tcp

(6.41)
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The speedup for this found for this protocol and this architecture is:

N-1
1 1
Speedup = 1+ Eo(l + ;1 E) (6.42)

6.5.2 Speedup for simultaneous distribution
sequential processing with M parallel links

Following the same methodology as in section (6.5) the speedup expression

for this protocol will be obtained from equation (6.24). The dummy

variables used to related link speed and processor speed for this protocol

were:
B — (Xj(i-l—l)Tcm + wi+1Tcp) (6 43)
inTcm + wiTcp
and
j Tcm Tc
G, = XaTon T rTsy) (6.44)

wOTcp
Equation (6.45) represents the speedup equation using the new dummy

variables according to this network topology,

1
Speedup = : (6.45)
——



For a homogeneous network case from equation (6.27) and substituting

the parameters,

1
Speedup = 1 + G—(N) (6.46)
1

6.5.3 Speedup for simultaneous distribution
simultaneous start with M parallel links

The last schedule protocol considered on the network topology presented

on Fig.(6.5). Following the same methodology before proposed the dummy

parameters that represents the relationship among processors and links in

the case of M=1 the conventional case considered in section (6.3.3). As can

be seen the dummy variable does not depend on speed of the link. Thus,

the speedup for this network architecture remains the same.

6.6 DLT on SoC and NoC for Wireless
Sensor Networks: M parallel cores

The network topology is considered on Fig.(6.6) consist on a root processor
Py that distribute or assigns load to a virtual equivalent processor which is
composed by G different cores. The load assignment among root processor
and virtual processor is can be done using the previous schedule protocols
from the classical DLT sections (6.3.1), (6.3.2) and (6.3.3). Within the
virtual processor the cores are organized in a single level tree fashion, DLT

is used to distribute the load among cores on every virtual processor.
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It is assumed that every load assignment is arbitrarily partition able.
The schedule protocol studied for this technology is the Simultaneous

Distribution and Simultaneous processing.

- -
a'l__| .n'Tln ‘ll'__'i.: T, J‘T-\: H\,]

=1
=1
=
=
=

Figure 6.6: Single level tree network M parallel cores

Where,

FPy: Is the root processor with inverse of the computing speed wy.

g: The represents the core number that belongs to a virtual processor

i,

;4 The inverse of the computing speed of the g core on a virtual

Processor.
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2.: The inverse of the link speed of the ¢g'* link.

6.6.1 Speedup for sequential distribution sequential
processing with M parallel cores

Using the same methodology presented previously the speedup for the

virtual processors can be obtain as:

1
Speedup = 1 + Nl (6.47)
1+ > Il 5
i=0 j=0
where
Tcm Tc
Bp, = Bilom T weaTy) (6.48)
Wo
and for 7 = 1 to N virtual processors
% Tcm 7 Tc
B.PZ — (Z +1 +w6q +1 p) (649)

weq;

The single level tree core network on the the virtual processor can
be collapsed into one single node this will allowed to find the equivalent
computation speed wegq,

(6.50)

1
wed; = G-1 i
1+ 3 11
i=0 j=0
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G is the number of cores on the every virtual processor and SC' is
the constant that related interconnection links and cores on every virtual

processor.

(ZCg+1 Tom + 7Tg+1T0p)
TgLep

SC, = (6.51)

The sequential distribution sequential processing is used as well on the
virtual processor to distribute load among cores processors.

Contrary as previously shown in equation (6.50) if the equivalent
computation speed weq in SoC virtual processor can be described as:

weq = % (6.52)

A possible theoretical limit can be found for this network topology with M

parallel cores per virtual processor.

6.6.2 Speedup for simultaneous distribution

simultaneous processing with M parallel cores
Another schedule protocol to assign load to the rest of the virtual processors
is simultaneous distribution simultaneous start. Equation (6.34), (6.35)
represent the speedup expressions for this protocol. When the incoming

load on every virtual processor arrives the load is partitioned and assigned
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using the simultaneous distribution and simultaneous start presented on

section (6.3.3). For this case the weq will be expressed as:

1
weq; = T (6.53)
1+ 3 11 7+
i=0 j=0""
Where,
(mj+175p)
fej = —F77—- (6.54)
J 7Tchp

Considering a homogeneous network the equation below presented
represents equivalent computation speed weq for the simultaneous start
simultaneous processing protocol in this case it is assume that all cores on
the network are similar with the exception of the root processor which is

mo. Thus weg; is,

1

weq; = T (6.55)
I+ 21+ > I
0 i=1 j=1
After simplifying the above equation,

1
= ——— 6.56
O e (6.56)

To find the general speedup of the entire network topology the equations
(6.32), (6.34), (6.35) and (6.36) are used and adjusted to this network

topology using the equations above presented. Thus,
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(foo + G)

N (6.57)

speedup = 1 + wy

Equation (6.57) can be expressed in terms of cores 7 and root processor

Wo as

(7'('1 +7ToG>
1

speedup = 1 + woN (6.58)

6.7 Results and Commentaries

The schedule protocols, Sequential distribution Staggered Start and
Simultaneous distribution Staggered Start was simulated for a singe level
tree network with M parallel links was simulated with the following

parameters:

w; = 100 for =1 to 10, 20 40.

Wy = 90.
z; = 100 for i=1 to 20.
T — 95.

m; = 100 for =1 to 10.
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In Fig.(6.7) are shown results for the Sequential distribution and
Staggered start for single level tree M parallel links network topology.
Three different networks size were simulated composed of 10, 20 and 40
processors. On the vertical axis the value of speedup is presented. On the
other hand the on the horizontal axis presents the number of parallel links.
= * Processors in the network =10 )

Processors in the network =20
2F % Processors in the network =40

Speedup
-
s
T

4 I | | | I |
0 2 4 6 8 10 12 14 16 18 20

Number of paralell links

Figure 6.7: Speedup for a single level tree M parallel links with sequential
distribution and sequential start

It can be seen that the speedup achieved after 5 parallel links is higher
for the network simulated. After this point the value for speedup for the
network with 10 processor has a slower increase compared to the rests of

the network simulated.
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Figure 6.8: Speedup for a single level tree with M parallel links
simultaneous distribution and staggered start

Fig.(6.8) presents the simulations results for the protocol with
Simultaneous Distribution and Staggered Start. The speedup plot for the
network of 10 processor rapidly saturates to 10 after 5 parallel links. After
this point adding extra links will not gain and eventually would increase the
energy used for transmission among nodes and root processor. In addition
the speedup is scaled by the network size, as shown on different plots for
the network simulated.

Fig.(6.9) shows the simulation for a single level tree network with M

parallel cores. The network topology simulated consisted on a single level
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Figure 6.9: Speedup for a single level tree with M parallel cores
simultaneous distribution and simultaneous start

tree network that uses the a simultaneous distribution and simultaneous
start to assigned load from root to virtual. This protocol is used to
distribute load among cores on every virtual processor. On the vertical
axis is shown the metric for speedup on the horizontal axis are the number
of cores simulated per virtual processor basis. Notice the high values of the

speedup for different network sizes.
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6.8 Conclusion

A novel network topology using DLT on NOC and SoC was presented. By
using the schedule protocol of the classical DLT and extrapolating them to
the new single level tree network topology with N parallel different links
and M different processors expressions for speedup were found. Simulation
showed that the Simultaneous Distribution and Staggered Start outperform
the rest of protocol simulated. Thus for the same network size and the
same amount of parallel links a grater speedup value could be obtained.
In addition simulation showed possible saturation points for the number
of parallel links, thus there is not a proportional increase on the speedup
while increasing the number of links on every protocol. This finding will
help future research on energy minimization for data transmission since
could avoid to deployed unnecessary links and therefore reduce energy. In
addition by simulating speedup of a network topology with M parallel cores

per processor (SoC) for a specific DLT protocol high speedup where found.
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Chapter 7

Conclusion

On this research project different studies were presented taking into account
processing time and monetary cost for a single level tree networks. Chapter
2 presented an analytical close solution for optimum finish, reporting and
pre-processing time for a single level tree sensor network. Simulations for
each of the protocols were presented as well. Chapter 3 considered the
total monetary cost function for a single level tree network under changes
on the link speed and processor speed. Simulation results were provided for
a specific set of networks parameters that showed a complex relationship
between the total monetary cost and the specific network parameters. In
chapter 4 such a relationship is explored, proposing a strategy to study the
monetary total cost in a single level tree star network as a function of a
non linear load parameter simulation results were presented. Chapter 5 a
different heuristics methodologies to adapt the data acquisition protocols
were developed for a single level tree network. A robust mechanism was

developed using DLT when a sensor has a partial failure when processing
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its load job assigned. On chapter 6 a for the first time on the DLT field the
possibility to use DLT on SoC and NoC for wireless sensor networks was
presented. Different classical DLT schedule protocol were adapted to this
new emerging technology. Simulations for speedups demonstrate wireless
sensor networks using DLT could take advantage of this new SoC and NoC
technology. The importance of this finding is that will encourage more
studies of DLT and SoC and NoC.

It has been found that DLT is a feasible mathematical tool to study

scheduling protocols for wireless sensor networks.
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