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Abstract. Analytical EDF Priority schedulers are not common in
Mobile Ad-hoc Networks (MANETS). Some researchers like Abhaya et
al. have proposed a classical preemptive Earliest Deadline First (EDF)
scheduler. The goal of this EDF scheduler was to favor higher prior-
ity packets thereby reducing their waiting times. Accordingly, favoring
higher priority queues end up increasing the waiting times of lower prior-
ity queues. We improve Abhaya’s approach and adopt it to the MANET's
environment. We numerically study the performance of the Adopted and
Improved Adopted Abhaya Earliest Deadline First (IEDF) models for
different packet queues. Our analytical results show that the IEDF model
shortens the waiting times of packets of the different queues at various
system loads in comparison to the Adopted Abhaya EDF model.
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1 Introduction

Mobile Ad-hoc Networks consists of a set of mobile nodes that communicate with
one another across multiple hops in a distributed manner [1]. The traffic trans-
mitted by the nodes in MANETS is real-time and some is non-real time. Both
delay-sensitive and non-delay-sensitive applications usually coexist in the same
network, making QoS provisioning to be a critical issue [2]. Real-time traffic is
delay sensitive, therefore, the design of an efficient priority scheduling scheme
that will ensure that the mobile nodes in MANETS transmit traffic to the desired
expectations of the users under strict deadline constraints becomes crucial. In
designing priority-based scheduling policies, the ultimate goal is to avoid job
starvation [3]. Unfortunately, MANETS technology does not specify any specific
scheduling scheme leaving it open to researchers and scholars to innovate in this
area. Whereas priority scheduling algorithms like Earliest Deadline First (EDF)
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have been sought to be among the viable solutions in transmitting traffic in
wireless networking environments. Unfortunately, at the time of this study, we
did not come across any specific EDF analytical models in MANETSs. However,
there exist a classical preemptive EDF model proposed by Abhaya et al. [4,5]
that we have adopted to the MANETSs environment. Therefore, in this paper, we
study the Adopted Abhaya EDF model. The numerical results from the Adopted
Abhaya EDF model show a performance degradation in waiting time for differ-
ent packets in different priority queues at various system loads. We propose an
Improved Adopted Abhaya Earliest Deadline First (IEDF) model that shortens
the average waiting times of packets of the different queues. Therefore, in this
paper we address the following specific gaps in the Adopted Abhaya EDF sched-
uler research. (i) the starvation of low priority queue packets. (ii) We address the
poor performance of the Adopted Abhaya EDF model at high network traffic
loads.

We use the Adopted and Improved EDF schemes to determine which packet
in a particular queue of traffic should be served first among the set of waiting
or remaining packets in different queues at a specific node in MANETSs. The
remainder of this paper is organized as follows: In Sect. 2 we describe the some
Related Works. This is followed in Sect. 3 by the EDF schemes. Section 4 presents
the Improved Adopted Abhaya EDF model. The Results and Discussions are
presented in Sect.5. Conclusion and Future Research are finally presented in
Sect. 6.

2 Related Work

Liu and Layland [6] suggested the most popular real-time scheduling algorithms,
EDF. The EDF policy assigns a deadline to each packet, which is used by the
scheduler to define the order of service. The highest priority job is the one with
the earliest deadline. It essentially schedules the jobs in a greedy manner which
always picks the jobs with the closest deadline. An efficient Quality of Service
architecture using inter layer communication with a highly efficient real time
scheduler design at the network layer with improved Rate Monotonic Algorithm
and Earliest Deadline First scheduling that efficiently schedules multiple real
time applications without missing any of their deadline was proposed [7].

A number of EDF priority scheduling policies have been proposed in the pre-
vious works by altering the existing ones and adding new constraints to enhance
performance [4,8-12]. An analytical method for approximating the performance
of a two-class priority M/M/1 system was presented [8]. In this model the pri-
oritized class-1 jobs were considered to be real-time and served according to the
EDF scheduling policy, and the non real-time class-2 jobs were served according
to the FIFO policy. One limitation with this model is that it is not an exact ana-
lytical solution for the analysis of EDF, even for a system with purely real-time
jobs.

A multi-queue EDF and its variant Flexible Earliest Deadline First (F-EDF)
was proposed [9]. The solution [10] investigated mean sojourn times in multi-class
queues with feedback and their application to packet scheduling in communica-
tion networks. A Packet Scheduling algorithm consisting of EDF algorithm and
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Least Slack Time algorithm is proposed for scheduling the various multimedia
applications [11]. This Scheduling algorithm is used to reduce the transmission
delay and to achieve better QoS requirements.

A preemptive M/M/1/EDF and non-preemptive M/M/m/EDF model is pre-
sented [10]. In this model exponentially distributed service times are assumed
and these may not suitably represent web services workloads because the ser-
vices could be used in exposing any type of system. A non-preemptive and work-
conserving M/G/1/./EDF model which is supported by general workloads is pro-
posed [12]. A preemptive EDF scheduling scheme that approximates the mean
waiting time for a given class based on the higher and lower priority tasks receiv-
ing service prior to the target and the mean residual service time experienced
was proposed [4,5]. The goal of this EDF scheduler was to favor higher priority
packets thereby reducing their waiting times. The limitation with this approach
is that favoring higher priority queues yielded increased waiting times of lower
priority queues.

3 The EDF Schemes

3.1 The Preemptive EDF Model

Abhaya et al. [4,5] proposed an algorithm that applies on web services middle-
ware. In the algorithm the requests, jobs and tasks are received by the middle-
ware, and selected requests are serviced at each server using the EDF scheduling
algorithm. The model considers mean waiting time of multiple streams of pack-
ets serviced by node that acts as server. When packets arrive at the node, the
scheduler classifies the packets into high and low priority queues. Each packet in
the priority queue is assigned a deadline and the packets with high priority and
with short deadlines are serviced first. The generic expression of mean waiting
time for any queue ¢ is given in Eq. (1).

N N i—1
_ Wi _ o
W, = [1 — gi + k;1 prmaz(0, Wy, — Dy ;)] + ; prmin(W,, D; ) (1)

According to Abhaya et al. [4,5] the symbols in Eq.1 are explained as follows:
W, is mean waiting time for a packet of stream /priority i; Wy, is mean waiting
time for a packet of stream/priority k; WS is mean time delay experienced by an
arrival from stream i, from the packets already in progress; Dy, ; is the difference
in the deadline offsets of streams i and k; D; j is the difference in the deadline
offsets of streams k and i; N is the number of independent streams through
which requests arrive at the system following a Poisson process; and py is the
system load due to queue k packets.

3.2 Adopting the Abhaya EDF Model to MANETSs

MANETSs have a unique characteristic behaviour, where within their network
each node has the potential to act as a data source, a data sink, and/or a router
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input : Consider a preemptive M/G/1 queue
output: Mean waiting time for any class @

For all incoming jobs classify into Priority Classes;
Assign a deadline to each job;
fori=1+ N do
for j=i+1 < N do
‘ D,’J = dj — di,'
end
Compute the;
Service times;
Second moments;
System loads;
Mean residual service;
Probability of a request from stream;
Mean delay experienced by a new arrival;
Mean waiting time;

end

Algorithm 1. The EDF Abhaya model

[13]. The basic structure of MANETS constitutes mobile nodes that are con-
nected to transfer packets from source to destination mobile nodes, and there
is an intermediary node between transmitting and receiving node acting as a
router [14]. It is possible to have multiple servers in a single MANETS envi-
ronment. We exploit this property of MANETSs in the adopted EDF Abhaya
model.

We make the following changes in the Abhaya model. (i) We adopt an M/G/m
queue which is a multi-server system. Specifically, we use the M/M/m queue-
ing system with arrival rates A and service time X. (ii) Compute the waiting
probability following a non-preemptive M/M/m queue for server utilization. (iii)
We compute the mean residual service time for a request of stream/priority ¢
is for a M/M/m system. (iv) We change from preemptive scheduling to non-
preemptive scheduling because all network data is useful and once it has been
assigned a deadline, preempting an on-going job leads to several re-transmissions
and results into wastage of resources.

We present the classic Adopted Abhaya EDF model in Algorithm 2. The
Adopted Abhaya EDF scheduling algorithm determines the way packets are pro-
cessed by the M/G/m scheduling system depending on deadline priority factor.
Four priority queues i.e., P1-high, P2-medium, P3-normal and P4-low are con-
sidered at the intermediary node (router). Routers transmit packets by selecting
the packet with shortest deadlines in the high priority queue. If any packet exists
in the high priority queue, then it is selected and transmitted. Else, a packet with
the shortest deadline is selected from the medium priority queue and transmit-
ted. If there does not exist any packet in the medium priority queue also, then
normal priority queue is considered. Finally, the low priority queue is taken into
account. This procedure is continued for every packet in the MANET traffic.
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The adopted generic expression of mean waiting time for any Queue ¢ is given
by Eq. (2).

input : Consider a non-preemptive M/G/m
output: Mean waiting time for any Queue 1%

For all incoming Jobs classify into Priority Queues;
Assign a deadline;
fori=1+ N do
for j=i+1 < N do
‘ Di’j = dj — di,'
end
Compute the;
Service times;
Second moments;
System loads;
Waiting Probability of a request;
Mean mean residual service time;
Mean delay experienced by a new arrival;
Mean waiting time;

end
Algorithm 2. The Adopted EDF Abhaya model
o W N o i—1 o
Wi(Adp) = [m(lif(r) + Y prmaz(0, Wy, — Dyi)] + Y pemin(Wi(Adp), Dy x)
¢ k=it1 k=1

(2)

Like in Eq.1, and according to Abhaya et al. [4,5] the symbols in Eq.2
are explained as follows: W;(Adp), is the mean waiting time for a packet of
stream/priority i for Adopted EDF Abhaya model; Wy, is mean waiting time

for a packet of stream/priority k; WS is Mean time delay experienced by an
arrival from stream i, from the packets already in progress; Dy, ; is the difference
in the deadline offsets of streams i and k; D; . is the difference in the deadline
offsets of streams k and i; N is the number of independent streams through
which requests arrive at the system following a Poisson process; and py is the
system load due to queue k packets. The other additional parameter m stands
for the number of indentical servers in an M/G/m queue.

We make the following assumptions: In our system, 4 sources, 2 routers and
10 destination mobile nodes are the three main components. A router can send
the packet to the destination mobile nodes via wireless Ad Hoc networks. The
system has two (02) identical servers.

3.3 Performance of the Adopted Abhaya EDF Model

We first look at the performance of the Adopted Abhaya EDF model under the
M/M/m queueing system. Our goal here is to show the weakness of the Adopted
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Abhaya EDF in terms of penalizing low priority class packets in favor of higher
priority packets. Due to limited space, we only show delay performances of the
Adopted Abhaya EDF for four priority classes. We present more results of the
Adopted Abhaya EDF performance when we compare it with the Improved
Adopted Abhaya EDF in Sect. 5.

Figure 1 shows the waiting time as function of total load. We observe that: (i)
P1 packets have a better performance overall among the all compared priority
packets making the Adopted Abhaya EDF model to penalize low priority packet.
(ii) waiting time for P3 and P4 packets increases uniformly with increasing load.
(iii) waiting time for P1 and P2 packets increases uniformly with increasing load
up to the 0.6 network load, beyond this load it drops up to 0.75 network load;
and again it gradually increases till the end.

| =¢-Delay of P1 el
56000 -¥-Delay of P2 ~
g Delay of P3 7
= 4000 - -o-Delay of P4 Wl
£

2000

Wa

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Total load, p

Fig. 1. Waiting time as a function of total load

4 Improving the Adopted Abhaya EDF Model

We indicate the following improvements in the Adopted Abhaya EDF
model. (i) The component Z}ZCV:@‘H prmaz(0,Wy — Dy ;) is removed to
avoid excessive waiting time for low priority packets. (ii) The component
22;11 prmin(W;(Adp), D; 1) is changed to Zf\gl pimin(W;(imp), Diy1,). It is
these modifications that are responsible for shortening the waiting times for the
low priority packets. We present the Improved Adopted Abhaya EDF model in
Algorithm 3. In the Improved Adopted EDF Abhaya model, traffic consists of NV
number of independent queues that are classified by the scheduler into priority
queues. Each queue is identified by 4,4 = 1,2,..N and is associated with a dif-
ferent deadline. Packets from the same queue get assigned a constant deadline
offset. Scheduling of packets among different queues uses IEDF and requests
from the same queue are serviced in a First-Come First-Served basis. We con-
sider the scenario of four priority queues where N = 4 i.e., P1-high, P2-medium,
P3-normal and P4-low. Packets from P1 are assumed to have shorter deadlines
than packets from P2, P3 and P4. In a typical priority based system, higher
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input : Consider a non-preemptive M/G/m queue
output: Mean waiting time for any queue 14

For all incoming jobs classify into Priority Queues;
Assign a deadline;
fori=1+ N do
for j=i+1 < N do
‘ Di’j = dj — di;
end
Compute the;
Service times;
Second moments;
System loads;
Waiting Probability of a request;
Mean mean residual service time;
Mean delay experienced by a new arrival after removal of excessive delay
componets;
Mean waiting time;

end

Algorithm 3. The Improved Adopted EDF Abhaya model

priority packets are always serviced ahead of lower priority packets, since the pri-
ority is determined by the absolute deadline in the system under consideration.
Since packets from P1 have higher priority over P2, P3 and P4 packets, under a
high arrival rate of P1 packets; P2, P3 and P4 packets are served after P1. For
the case of four priority queues N = 4, we have four view points of the average
delay of a tagged packet in a specific queue after delay. (i) The average delay
of P1 packets. The tagged P1 packet will experience the following delays: P1
packets found in the queue will be serviced before the tagged packet, in this case
N11 = MW;. Where )\ is the arrival rate of P1 queue packets, and W is the
mean waiting time for P1 queue packet. P1 packets from stream 1 arriving at
the system after the tagged request will be served later i.e., My ; = 0. Therefore,
the average waiting time, W1 for a tagged packet in P1 queue is given as;

Wl = Wo + PlWl (3)

(ii) The average delay of P2 packets. The following are the delays experienced
by the tagged P2 packets; delay due to P1 packets found in the queue when
the tagged packet arrives, these packets will experience delay given by; Ny o =
AW i. Delay due to P2 packets found in queue Noo = XoWs. Where \g is
the arrival rate of P2 queue packets, and W is the mean waiting time for P2
queue packet. Once the tagged packet arrives at the system, it will not wait
for a portion of P1 packets to be served before it. These packets will have
deadlines earlier than the tagged packet. Because packets from P1 that arrive
after the tagged packet, they will be served after the tagged packet. Therefore
M 2 =0, and the delay experienced by the tagged packet can be expressed by;
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Wao=Wo+ X1 MW, + XoXoWs. The average waiting time, Wo for a tagged
packet in P2 queue is given as;

Wo=Wo+piWi+ p2Wo (4)

(iii) The average delay of P3 packet. The following are the delays experienced
by the tagged P3 packet: delay due to P1 packets in queue Ni3 = A\ Wy; P2
packets in queue Ny 3 = = Ay W; and P2 packets in queue N33 = = A3sW3. Where
A3 is the arrival rate of P3 queue packets, and W3 is the mean waiting time for
P3 queue packet. Given the waiting time of P3, the tagged packet may be in
the queue for a time period less than D3 o given that W3 < D3 5. The delay can
be estimated as Ma 3 = )\gmm(Wg, D3 ).

Ws=Wy+ P1W1 + p2W2 + p3W3 + Xz)\gmzn(Wg, Ds 2) D35 is the differ-
ence in the deadline offsets of streams 3 and 2. The average waiting time, W
for a tagged packet in P3 queue is given as;

W3 =Wo+p1Wi+ p2Wa + psWs + pamin(Ws, Ds 2) 5)

(iv) The average delay of P4 packet. The following are the delays experienced
by the tagged P4 packet: delay due to P1 packets in queue Ny 4 = M W1; delay
due to P2 packets in queue Ng 4 = XoWy: delay due to P3 packets in queue
N34 = A3Ws; and delay due to P4 packets in queue Nyg = MW 4. Where
A4 is the arrival rate of P4 queue packets, and Wy is the mean waiting time
for P4 queue packet. Given the waiting time of stream 4, the tagged packet
may be in the queue for a time period less than Dy 3 given that Wy < D3 2 and
less than Dy 3 given that Wy < Dy 3. The delay can be estimated as Ma3 =
)\Qmin(Wg,Dg 2) and M34 = )\3WLZTL(W4,D4 3) D4 3 is the difference in the
deadline offsets of streams 4 and 3. Wy = W3 + psW4 + X3 gmin(Wy, Dy 3).

The average waiting time, W4 for a tagged packet in P4 queue is given as;

Wa=Wo+p Wi+ p2Wa + psWa + paWy + pomin(Ws, Da2) + pasmin(Wa, Dy3)
(6)
Given the scheduling discipline considered, the mean waiting times must
satisfy the conservation law for M/G/m queues [15,16]. Because of the m servers;

oWt
Zpkwk oy (7)

Note: o; = 2221 Pk Substituting Eq. (7) into Egs. (3), (4), (5) and (6), become
Egs. (8), (9), (10), (11) respectively.
The average waiting time, W1 for a tagged packet in P1 queue is:
— wl,
Wi=————
o= o)
The average waiting time, Wy for a tagged packet in P2 queue is:
— w2,

(®)
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The average waiting time, W for a tagged packet in P3 queue is:

_ 3, _
Ws=——— n(Ws, D 10
57 (1 = og) + pamin(Ws, D3 2) (10)

And the average waiting time, W4 for a tagged packet in P4 queue is:

_ wH e T
Wy = 1— 004 + pamin(Ws, D3 2) + psmin(W 4, Dy 3) (11)

The generic equation for the average waiting time, W;(imp) for the IEDF
for P; queue is given by;

= N-1
— W o
W (imp) = m(li_:_) + Z pimin(W;(imp), D;iy1,;) (12)
‘ i=2

5 Results and Discussions

The intention of this Section is to experiment the IEDF and benchmark it against
the adopted Abhaya EDF model in Sect. 3.2. The evaluation of the models was
carried out using analytical methods. The main metrics measured are average
waiting time. We implemented EDF models in Matlab to evaluate the perfor-
mance.

5.1 The Analytical Results

The waiting times of the four priority queues were computed for both models
using an iterative process at system loads, p=0.3, 0.45, 0.6, 0.75 and 0.9. Table 1
shows the estimated waiting times the four priority queues for the Adopted and
Improved EDF models. We assumed the same parameters for deadlines, deadline
differences, service times and second moments for various system loads.

Table 1. Waiting times for Adopted and Improved Abhaya EDF models-four priority
queues

Load | AEDF | AEDF | AEDF |AEDF |IEDF IEDF |IEDF IEDF
P1 P2 P3 P4 P1 P2 P3 P4

0.30 |51.335| 225.843| 549.792|1019.489 | 51.335|207.775| 500.911| 876.030
0.45 |64.232 | 232.496| 788.239|1758.080 | 64.232 | 205.624 | 672.913 | 1354.04
0.60 |91.612 | 535.430|1107.482 | 2171.020 | 91.612 | 431.022 | 816.768 | 1299.689
0.75 |29.225| 212.829| 902.871 | 2661.403 | 29.225 | 170.263 | 663.700 | 1392.291
0.90 |36.283 | 1127.756 | 2639.266 | 7067.499 | 36.283 | 258.811 | 1175.739 | 4324.818
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5.2 Discussions of the Results

Figure2 is a graphic representation of the waiting time against total load for
four priority queues of the EDF and IEDF models. Results obtained show that:
(i) the highest priority P1 packets had the lowest waiting times at all loads
for the Adopted Abhaya EDF and Improved Adopted Abhaya EDF models.
Packets that arrive are serviced on first come first serve basis with minimal delay.
This validates the claim that in multi-server Queuing Systems when the average
service rate is more than average arrival rate then there are no or minimal delays.
(ii) the waiting time for P2, P3 and P4 packets increases with increasing total
load in both the Adopted and Improved Adopted Abhaya EDF models. This
confirms fact that in multi-server Queuing Systems increasing total load, and
when the number of packets in the system is more than or equal to the number
of servers then all servers will be busy resulting into increasing longer waiting
times. (iii) At any instant the waiting time for P4 is significantly higher than P3,
P2 and P1 packets in the Adopted Abhaya EDF model; We further note that the
Improved Adopted Abhaya EDF model provides bigger relative improvements
in waiting times for P4, P3 and P2 packets. This validates the authors two
claims that (a) by EDF favoring higher priority packets ends up increasing the
waiting times of lower priority packets. (b) low-priority queue packet starvation
is avoided by the IEDF model. (iv) at higher system loads, IEDF model provides
higher improvements in waiting times for packets compared to EDF. High system
loads are associated with high arrival rates resulting into long delays for lower
priority class packets.

~-P1 of AEDF A
6000 |@P1 of IEDF ]
P2 of AEDF S
—-P2 of IEDF / J
--P3 of AEDF ; .
P3 of IEDF -
2000 —*-P4of AEDF| L eme n==—"" '/' _ L
P4 of IEDF

N

o

o

o

kN

\
\
Il

Waiting time (s

0.1 0.2

Total load, p

Fig. 2. Waiting time as a function of total load

6 Conclusion and Future Research

We developed a novel IEDF scheduling scheme that reduces the average waiting
time of the priority queue packets. We compared average waiting times of four
priority queues i.e, P1-high, P2-medium, P3-normal and P4-low at various sys-
tem loads for the IEDF and AEDF models. From the results obtained, the IEDF
shortens the waiting times of packets in all queues as compared to AEDF. In
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future research a new algorithm should be developed that will minimize relative
performance gaps, study starvation trends and effects of selective preemption
based on remaining processing time of lower queue packets.
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