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Summary

An event-to-sink reliable transport (ESRT) control scheme was recently proposed to address the event-to-sink
reliability issues in wireless sensor network (WSN). In this paper, we study the performance of ESRT in the
presence of ‘over-demanding’ event reliability, using both the analytical and simulation approaches. We show that
the ESRT protocol does not achieve optimum reliability and begins to fluctuate between two inefficient network
states. With insights from update mechanism in ESRT, we propose a new algorithm, called enhanced ESRT
(E?SRT), to solve the ‘over-demanding’ event reliability problem and to stabilize the network. Simulation results
show that E?SRT outperforms ESRT in terms of both reliability and energy consumption in the presence of ‘over-
demanding’ event reliability. Besides, it ensures robust convergence in the presence of dynamic network
environments. Copyright © 2008 John Wiley & Sons, Ltd.
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1. Introduction itations when used in WSN. First, they do not address
the energy conservation needs of sensors. Second, the
reliability in WSN depends on the collective event

information received by the sink, and not necessarily

Wireless sensor networks (WSNs) are usually deployed
to monitor a set of events, such as structural defects [1],

habitat [2,3], and surveillance [4]. The main task of
sensors in a WSN is to sense the target event(s) and
forward the relevant event information to the sink. The
sink, installed with more powerful software and hard-
ware, analyzes the event information and takes appro-
priate action(s). Sometimes, the sink may also forward
the information to upper-level host(s).

This event-based characteristic brings a new per-
spective on transport reliability control in WSN. The
traditional TCP (transmission control protocol) [5]
based transport protocols, which consider the conven-
tional end-to-end reliability, have the following lim-

on individual packets from any particular sensor node.
To address the unique requirements of WSN, there is a
need to design an event-to-sink reliability oriented
transport protocol which computes the rreliability
associated with specific events in a collective manner
rather than end-to-end manner.

The event-to-sink reliable transport (ESRT) scheme
proposed by Akan and Ian [6] was the first scheme
to study the transport reliability issues from this per-
spective. It aimed at reliable event detection in WSN
with reduced energy consumption. ESRT scheme has
following features: (i) it introduces a congestion control
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algorithm that enforces reliability while conserving
energy; (ii) most operations are done at the sink; (iii)
it is an adaptive algorithm that converges to the optimal
operating region (OOR) state in a finite number of
iterations. The adaptability makes ESRT robust to
potentially random and dynamic changes in WSN.

However, we have observed that ESRT cannot
converge to the OOR state when the desired event
reliability is sufficiently larger than the maximum
capacity of the network. We call this condition as
‘over-demanding event reliability’ (OR). In such a
case, the ESRT scheme causes the network to fluc-
tuate between two states: ‘congestion-low-reliability’
(C,LR) and ‘no-congestion-low-reliability’ (NC, LR).
In this paper, we propose a new transport scheme for
WSN, called enhanced ESRT (EZSRT), which inherits
all the merits of ESRT while eliminating the undesir-
able fluctuations in OR case. The proposed E*SRT
scheme has the following features:

e Robust Convergence: it has no assumption on the
‘desired event reliability requirements’ at the server/
sink side. The user or application can pose any
reliability requirement on the network. The network
recursively estimates the maximum achievable event
reliability and converges to the realistic (but sub-
optimal) maximum operating region (MOR).

e Awareness of Dynamic Environment: many factors
affect the available resources in WSN, such as
varying application requirements, node move-
ments, sensor power, etc. The desired event relia-
bility might be achievable for some situations but
may be unrealistic in others. The E*SRT scheme
can dynamically accommodate such unpredictable
changes and converges to achieve the best perfor-
mance for a given set of network parameters with-
out causing congestion.

The remainder of this paper is organized as follows.
We discuss the major features of ESRT scheme in
Section 2, followed by its performance analysis in
Section 3. In Section 4, we discuss our proposed
E’SRT scheme, including formal definition of the
‘over demanding event reliability’ problem and ana-
Iytical results. We present the simulation results of
E2SRT scheme in Section 5. In Section 6, we discuss
the related transport schemes and finally conclude our
work in Section 7.

2. Overview of ESRT Scheme

Many micro sensors are typically deployed in WSN,
including at least one sink that coordinates the sensors

Copyright © 2008 John Wiley & Sons, Ltd.

and collects the required event information. The
sensors promptly or periodically communicate with
the sink to report specific event(s). The success of
WSN in many applications is determined by the
amount of information reaching the sink during a
time period. To address this WSN requirement, the
concept of ‘event-to-sink reliability’ was introduced
in ESRT [6], which uses the number of packets
received by the sink in certain time duration as a
measure of event reliability. We use the following
parameters as used in ESRT [6].

e Observed event reliability (r;): number of received
data packets in a decision interval i at the sink.

e Desired event reliability (R): number of data
packets required for reliable event detection as
determined by the application.

e Reporting frequency rate (f): number of packets
sent out per unit time by a sensor node.

e Normalized reliability (n;): denoted by r;/R at the
end of each decision interval i.

e Protocol parameter (¢): denotes the width of
tolerance zone for the optimal operation region
(OOR) state.

The transport problem in WSN is to configure the
reporting rate of source nodes so as to achieve the
required event detection reliability at the sink with
minimum resource utilization. The event reliability
closely follows a curve shown in Figure 1 when the
sensors adjust their reporting frequency f in order to
achieve a certain reliability R < Ry.x. The observed
event reliability r increases almost linearly with funtil
certain f = fi.x is reached. When f > fi.x, the net-
work becomes congested and packets are dropped
leading to decrease in r [6]. Thus there is a maximum
achievable reliability Rp,x for a given WSN set up.
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Fig. 1. A representative curve to show the effect of reporting

rate of sensor nodes (/) on normalized event reliability, 7 [6].
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The ESRT segments the performance curve into five
regions, which represent five distinct working states of
sensor network [6].

o (NC, LR): f < fnax and 7 < 1 — ¢ (no congestion,
low reliability);

e (NC, HR): f < fimax and > 1 4 ¢ (no congestion,
high reliability);

e (C, HR): f > fnax and 1 > 1 (congestion, high
reliability);

e (C,LR):f > fmax and n <1 (congestion, low reliability);

e OOR: f <fmax and 1 —e <n<1+4¢ (optimal
operating region).

The reliability and energy consumption character-
istic of each working region is discussed in detail in
Reference [6]. It concludes that the OOR state fulfills
the reliability requirement and consumes the least
energy. Simulation results presented in Reference [6]
showed that the ESRT converges to OOR from any of
the four non-OOR states in only a few decision inter-
vals. It thus successfully serves the two fold purpose
of fulfilling event reliability and reducing energy
consumption.

However, as we discuss in the next section, the ESRT
cannot converge to OOR state when the network is in
OR condition, i.e., the desired event reliability (R) is
higher than what the network can support.

3. ESRT Performance for Over-Demanding
Event Reliability (OR) Case

In order to evaluate the ESRT performance in OR
case, we have used the same network set up and
simulation parameters as in ESRT paper [6]. However,
we tried to achieve a higher event reliability (i.e.,
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4000-4500 packets per 10 s interval when the network
can only handle around 3500 packets per 10 s interval).

Our simulation results for the ESRT scheme, shown
in Figure 2, reveal that the network cannot converge to
the OOR state in OR case. The simulation results also
show that the ESRT scheme cannot detect OR situa-
tion by itself. In fact, the network either goes to (C,
LR) state or operates at a very low frequency in (NC,
LR) state as shown in Figure 3, thus wasting most of
the bandwidth. As a result, the achieved event relia-
bility is far below the desired reliability (n < 1). This
indicates that the network is trying to achieve a
reliability value (r) far beyond its capability, which
leads to more congestion, more collisions, lower
throughput, and longer delay.

4. Proposed E2SRT Scheme

The ‘over-demanding event reliability’ (R,q) denotes
a situation where the desired event reliability R is
sufficiently larger than Ry, 0 that Ry /R < 1 —e.
In this case, we consider that the network is in OR
(over-demanding reliability) situation as shown in
Figure 3. We first give analytical results (in Section
4.1) to show that ESRT cannot converge to OOR in the
OR case. We then discuss in Section 4.2 how our
proposed E°RST scheme overcomes this limitation,
including the protocol operation (in Section 4.3) and
analytical results (in Section 4.4).

4.1. Analytical Results of State Transitions
in ESRT

We use mathematical analysis in this section to show
that ESRT cannot converge to OOR state in OR case,
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Fig. 2. Variation of normalized reliability () with decision time intervals for ESRT in OR condition. Here, the Reliability
request is 4000 and 4500 packets per 10 s interval, respectively, for 2(a) and 2(b). Severe fluctuation in 7 is evident in both cases.
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EA28RT approaches MOR

in a recursive manner
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Fig. 3. A representative curve to show the effect of reporting

rate (f) on normalized event reliability (1) in OR case. The

ESRT fluctuates between the (NC, LR) and (C, LR) states

whereas the E>SRT scheme converges to MOR in a few
decision intervals.

and fluctuates between two low reliability states (NC,
LR) and (C, LR).

Lemma 1. In OR case, normalized reliability,
1 = r/R, will never fall into the region of [1 — &, 00).

Proof.  Since R,y is the maximum reliability that
the network can achieve with current network setting,
it follows that observed event reliability r; < Ryax.
Then, 7, = r;/R < (Rmax/R) < 1 —e. We conclude
that n; € (0,1 — ¢).

Lemma 2. In OR case, the network has only two
possible states, namely (NC, LR) and (C, LR).

Lemma 2 is a straight-forward extension of Lemma
1. However it reveals the most distinct characteristic
of OR case, which is the basis for E°SRT.

Lemma 3. [n and only in OR case, starting from the
current network state S; = (NC, LR) and with linear
reliability behavior when the network is not con-
gested, the network state will transit to S;y =
(C,LR).

Proof. From S; = (NC,LR), ESRT aggressively
increments f; as follows:

for =L
1
Since fiax = f; - I:dx and R« /R < 1 —¢,
; ! R 1
fi+l :Ji: f _fmax'7>fmax'7
i - R Rmax 1—¢

R Rinax
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Lemma 4. Srarting from S; = (C, LR), the network
state will transit to S;y1 = (C,LR) or (NC,LR).

Proof. From S; = (C,LR), ESRT aggressively
decrements f; as follows
firi =fF

il :ﬁ“"g/;%]ogfiﬁmx _ (f;log/ifmax)mg;’%

where, k denotes the number of successive decision
intervals for which the network has remained in (C,
LR) state, including the current decision interval, i.e.,
k> 1. Here fis decreased more aggressively if a state
transition is not detected.

logy.f; .
Since (f;, ™) = finax, it follows that
: tef
1 e f
]‘"’Ef.lfmax k?'i 1 fl
— i — gfmax __ £'€/max
ﬁ+l — Jmax — Jmax — Jmax

If 7 > fE o we get fir1 > fnaxs

or, if f"fX . we get fir1 < fmax-

Hence, in OR case, the network will either remain
in (C, LR) state or transit to (NC, LR) state.

Based on the above analytical results, we redraw
the ESRT state model for the OR case as shown in
Figure 4.

4.2. The E?SRT Solution

We address the following two issues in our proposed
E°SRT scheme:

(a) How to detect an over-demanding desired event
reliability (R,q) situation, and

(b) If R.q problem exists, how to quickly converge to
a maximum achievable reliability without requir-
ing the full knowledge of network conditions.

For (a), our simulations and analytical results show
that the network will have a direct transition between
(NC, LR) and (C, LR) states only when R4 exists.
Otherwise it will follow the standard ESRT state
model. Therefore, our aim is to push the network to
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Fig. 4. ESRT protocol state model and transitions for over
demanding desired event reliability (OR).
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approach the maximum reliability point (MRP), (fiax,
Mmax)> fOr a given network setting. For practical
reasons, we allow a tolerance zone of width € around
MRP as illustrated in Figure 3, where ¢ is a user
defined protocol parameter. If at the end of a decision
interval i, the normalized reliability 7; is within
[Mmax — €, Mmax] and no congestion is detected in the
network, the network is in MOR. A smaller ¢ will
generally give greater proximity to MRP but may need
longer convergence time.

If the MRP is known, the sink can reduce the
desired event reliability (R) such that the network
can converge to OOR in E’SRT scheme. However, it
is difficult to calculate the exact value of MRP (fiax,
Nmax) due to the following reasons: (i) randomness in
initial deployment; (ii) node movements, death or
other reasons that change the network topology; (iii)
relocation (or movement) of events; (iv) radio inter-
ference, and (v) deliberate over-demanding to max-
imize the network throughput.

A sophisticated algorithm should therefore adapt to
the changing network environment, and determine the
MREP in a recursive manner based on the feedback
from network. As we mentioned in Section 1, the
ESRT is the sink based transport protocol that serves
to enforce reliability while conserving energy. The
E’SRT scheme adds several new components to ESRT
in order to eliminate the R,q problem. However, the
modification is essentially at the algorithm level.
Thus, the proposed E>SRT scheme inherits all the
major features of ESRT such as the communication
model and network mode definitions. As an enhanced
version, E*SRT is more resilient to abrupt network
changes and resource constraints.

In Figure 3, we showed a typical convergence
process of E*SRT. It highlights the recursive property
of E*SRT algorithm. This recursive process will end
when the network state fulfills the following two
conditions: (a) the network is in (NC, LR), and

(b) difference of normalized reliabilities of the last
two consecutive states (1;—; and 7;) is smaller than
£/2. The E*SRT operation in each of the three avail-
able states is discussed below in the next section.

4.3. E?SRT Protocol Operation

At the end of each decision interval (i), sink calculates
the normalized reliability (7;), and the current network
state (S;) is determined based on the congestion
reports. Using values of S;, f;, 7; and the decision
boundaries defined in ESRT, the E?SRT scheme
computes the value of sensor reporting frequency
(fi+1) for the next decision interval and broadcasts it
to the sensor node(s). The corresponding sensor nodes
report their event packets to the sink according to this
updated frequency in the next decision interval. Here
the congestion is estimated as in ESRT scheme. This
process is repeated until the MOR state is reached.
The state transition model is shown in Figure 5.

The E’SRT introduces a recursive algorithm that
converges to MOR in a few rounds of estimation of
MRP. As observed from Figures 1 and 3, the network
shows some linear and symmetry properties around
MOR region in the normalized reliability curve as a
function of reporting frequency (logf). Furthermore,
as we previously discussed, the network fluctuates
between the (NC, LR) and (C, LR) states. The MRP is
somewhere in between these two states. We denote the
reporting frequencies of the last (C, LR) and (NC, LR)
states as f{c ir) and finc 1), respectively. We estimate the
updated reporting frequency as follows:

10g f(nc.lr) + log f(c,lr)
fier =10 2 (1)
According to our simulation results, the network

may stay in either (NC, LR) or (C, LR) state for more
than one consecutive decision intervals, if fis too far
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Fig. 5. ESRT state transition model in over-demanding desired event reliability (OR) case.
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away from the state transition point. To improve the
convergence rate, we give more weight to the last
recorded frequency of opposite state in calculating the
updated reporting frequency as discussed below.

(1) (NC, LR) (No congestion, low reliability): Since
the OOR state is not feasible, goal of the fre-
quency update policy is to drive the network to
MOR. As pointed out by Lemma 3, using ESRT
algorithm, the network would inevitably jump
into the most undesirable (C, LR) state. Here,
we already know that the network is in OR state,
as it has at least once jumped to the (C, LR) state
and then fell back to the (NC, R) state. The
reporting frequency is updated as

k
1ngnclr +110gfclr

fis1 =10 k +1 k (2)

(2) (C, LR) (Congestion, low reliability): In this state,
we either detect a transition from (NC, LR) state,
so we know the network is now in OR state, or, the
network remains in the (C, LR) states itself which
means the frequency has to be further reduced.
We count the time intervals (k) for which the
network has successively remained in the (C, LR)
state. As k increases, it generally means fi,c ) is
closer to MOR than fi. ). We therefore assign it a
higher weight than f. . Using these considera-
tions, we update the reporting frequency as

1ng(nc,lr) logfc Ir)

fir1 =10k +1 k+1 (3)

(3) MOR (Maximum operating region): In this state,
the reporting frequency remains unchanged for
the next decision interval as,

fir1 =fi

Figure 5 shows the state transition model of the
E’SRT scheme. The ESRT algorithm is summarized
in the pseudo-code in Figure 6.

4.4, Analytical Results for E2SRT

We use mathematical analysis in this section to show
that E*SRT converges to MOR state in OR case.

Lemma 5. The network cannot stay in (NC, LR) or
(C, LR) state for infinite number of iterations.

Proof.  Assume E’SRT stays in (NC, LR) state for
an infinite number of iterations, i.e., k approaches

Copyright © 2008 John Wiley & Sons, Ltd.

infinity. According to the frequency update policy in
Equation (2), f;+1 asymptotically approaches the last
recorded f( i), and drives E’SRT to (C, LR) when k is
sufficiently large. Therefore, the network cannot stay
in (NC, LR) for infinite number of iterations. Simi-
larly, we can show that E’SRT cannot stay in (C, LR)
for infinite number of iterations. This completes the
proof.

Let us denote the logarithm of the sequence of
frequencies generated by E2$RT as {logf e 1=
1,2,3,...} and {logf’ ey 17 =1,2,3,.. .} We have
the followrng lemma for these two sequences.

Lemma 6. Both {logf
{logfnclr |-] l 2 3

=123,
..} converges.

..} and

Proof. From the frequency update policy of
E’SRT, it is easy to verify that

2 i
1ng(lc,lr) > logf(c,lr) > > lng(c.lr)
> 1ogf('cf,1) >
and
1nglnclr <10gf2nclr <o <
10gfn(: JIr) < logfjri:llr
Moreover, we have {logf e 11 =1,2,3,...} lower-

bounded by logfiax, and {logfn \ 1,2,3,...}
upper-bounded by logfiax-

Since the sequence {logf("cﬁlr) |j=1,2,3,...}is mono-
tonically decreasing and lower-bounded, it converges.
Similarly, we can show that the sequence {logf (ne.in) lj=
1,2,3,...} converges.

Theorem 1. E°SRT converges to MOR state in a finite
number of iterations.

The proof is provided in Appendix.

5. E2SRT Performance Evaluation

In this section, we present simulation results for
evaluating the performance of E*SRT scheme. We
used a simulation scenario with the 64 senders,
tolerance € = 5%, and event radius of 40 m. Other
simulation parameters were kept the same as those
listed in Table I in ESRT [6]. Our results show that
E’SRT converges to a maximum operating point
(MOR) when the network is in OR state.
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k=1;
ESRT=1,

/* ESRT=1 indicates that the network is in normal ESRT operation*/

E’SRT()
/* Probe the network state®/

If Si-1=(NC, LR) and Si=(C, LR)
ESRT=0 /* OR state is detected*/

End;

If (ESRT)

/* ESRT operations takes action®/

end;
else if (ESRT = 0)

if $i=(NC,LR) and |77, ,-7,|<= €/2

M*network is in MOR states*/

/*keep ftoward frequency used in last state */

fr'+1 =

end;

/i

If (C, LR) /*state=(C, LR)*/
/* decrease ftoward frequency used in last (NC,LR) state */

k 1 .
T Siw et S

f.'+l = Iﬂ e
K=k+I1;
end;

k41

else ifiNC, LR) and |77, ,-77,|>£&/2

/* state=(C,LR)*/

{* increase ftoward frequency used in last (C,LR) state */

g fiwierthom i
Ja=10 :
end,
emd;
cnd;

k=1

Fig. 6. Pseudo-code of the E>SRT algorithm.

As shown in Figure 2, the normalized event relia-
bility (n) achieved by ESRT scheme varies from as
high as 0.95 to as low as 0.1. As we discussed in
Section 3, this is because the network first uses a much
higher value of reporting frequency, which leads to
congestion. Then it reduces the frequency to a very
low value to pull itself out of the congestion. This

process repeats and causes the network to fluctuate.
Unfortunately, this fluctuation cannot be eliminated
by ESRT itself.

As shown in Figure 7, the normalized reliability is
stabilized after about seven rounds of E*SRT opera-
tion in OR case. The desired event reliability request
is 4000 and 4500 packets, respectively, for Figure 7(a)

Table 1. Throughput, latency, and loss rate achieved by the ESRT and E*SRT schemes for R = 4000 and 4500 packets (values shown in bracket).

Value in the first
20 decision intervals (ESRT)

Stable value in
MOR state (E°SRT)

Value in the first
20 decision intervals (E2SRT)

Mean throughput (Mbps)

Mean latency (s)

Mean packet loss rate (%)

Standard deviation of normalized reliability o

0.235 (0.206)
0.313 (0.413)
0.103 (0.148)
0.301(0.264)

0.289 (0.273)
0.147 (0.183)
0.047 (0.042)
0.082 (0.072)

0.301 (0.301)

0.047 (0.047)

0.001 (0.001)
0.0038 (0.0037)

Copyright © 2008 John Wiley & Sons, Ltd.
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Fig. 7. Normalized event reliability achieved using the E>SRT scheme in OR case. The desired event reliability is 4000 (left
graph) and 4500 (right graph) packets for the 10s decision interval. Network settings are the same as they are for the ESRT
simulation. The maximum reachable reliability (R,,.y) is around 3500 packet for the 10 s decision interval.

and (b). The maximum reachable reliability (R,.x) is
around 3500 packets. The mean normalized reliability
reached by the E>SRT in the first 20 decision intervals
is about 0.89 and 0.79, respectively, as compared to
0.68 and 0.61 for ESRT scheme. The proposed E*SRT
scheme thus improves the transport reliability perfor-
mance by about 30% for the two different network
settings compared to the ESRT scheme.

In Table I, we show the mean throughput, latency,
loss rate, and standard deviation for ESRT and E’SRT
schemes for the above-mentioned simulation set up.
Here, the throughput is measured as the total amount
of data that reaches the sink per unit time. Note that
throughput is proportional to the average attained
reliability. The latency is measured as the average
time delay experienced by data packets from the sensor
to sink. To compute the latency, we set the timestamps
for all data packets generated at the sensors and
calculate the average time taken for the packets to reach
the sink (not including the lost packets). The packet
loss rate is calculated as (1 — rgccess), Where rgyccess 1S
defined as the ratio of total number of packets suc-
cessfully received by the sink to the total number of
packets that have been generated by all the sensors
during the time of measurement. In each run of the
simulation, we sample the normalized reliability and

use the formula o = /1577 (x — x)* to calculate the

standard deviation. For each reliability request 7, we
run 10 independent simulations and take their average
(arithmetic mean) as the final value.

As seen from Table I, the ESRT scheme provides a
lower throughput, much higher latency and loss rate as

Copyright © 2008 John Wiley & Sons, Ltd.

compared to E*SRT for our simulation set up. The
proposed E’SRT scheme successfully avoids the fluc-
tuations and recursively converges to it best achiev-
able reliability (i.e., MOR) values in a few decision
intervals. The fluctuation of ESRT is obvious from the
standard deviation of its normalized reliability, which
is much higher than the proposed E*SRT scheme. As
expected, the E’SRT scheme outperforms ESRT in all
four performance measures.

6. Related Work and Discussion

In this section we discuss some of the recently
proposed WSN transport protocols and their connec-
tion with E’SRT. These schemes are categorized in
two major groups: the downstream (from sink to
sensor) oriented [7—10] and the upstream (from sensor
to sink) oriented [6,11-13].

Among the downstream transport schemes, Wan
et al. [7] developed the PSFQ (pump slowly and fetch
quickly) scheme to support a simple and robust trans-
port to deliver data from the sink to intended receivers.
The key idea in PSFQ is to use a relatively slow rate to
distribute data from source nodes (“‘pump slowly’), but
allow nodes experiencing data loss to aggressively
recover the missing segments from immediate neigh-
bors (local recovery, ‘fetch quickly’). In Reference [8],
Park et al. proposed another solution that delivers
entire messages with reduced time-delay compared to
PSFQ. In Reference [9], DTC (distributed TCP cach-
ing) used the segment caching and local retransmis-
sions to avoid expensive end-to-end retransmissions.
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DTC provides interoperability with external TCP/IP
networks, which make it possible to directly connect
the sensor network with a wired network infrastruc-
ture, without proxies or middle-boxes. GARUDA [10]
is a two-tier and two-stage negative acknowledgement
(NACK)-based loss recovery scheme. It differentiates
between the core (conceptually more important)
nodes and non-core nodes by assigning different
weights to their hop-count.

Among the upstream transport schemes, reliable
multi-segment transport (RMST) [11] is based on
directed diffusion [14]. It uses timer-driven selective
NACK to enforce hop-by-hop (caching mode) and
end-to-end (non-caching mode) reliability. RMST is
lacking in adaptive design and a good congestion
control mechanism. In order to improve channel
utilization and to reduce acknowledgement (ACK)-
loss related retransmission, reliable bursty converge-
cast (RBC) scheme [12] proposed a window-less
block acknowledgment scheme for continuous packet
forwarding guarantee. RBC is specially enhanced in
its ACK handling capability with replication of the
acknowledgments for received packets and mechan-
ism to handle varying ACK-delay. Sensor TCP
(STCP) [13] is a base station based generic transport
protocol that can be reconfigured to support different
applications and reliability requirement. STCP versa-
tility also makes it a mediocre choice for specific
requirement as well as potential implementation and
communication overhead. Another issue with STCP is
its heavy use of source (sensor node) caching, which
is impractical for many WSN applications.

The ESRT and E*SRT schemes fall in the category
of upstream reliability oriented transport protocols.
As mentioned earlier, the reliability and the success of
sensor network applications are determined by the
quantity of collective information instead of packet
level reliability. However, a fundamental difference of
ESRT and E’SRT compared to other schemes in this
group is their event-to-sink reliability assumption. By
shifting away from the packet-level end-to-end or
hop-by-hop reliability, ESRT and E>SRT highlight
the mission-specific characteristic of WSN and focus
on information collection.

7. Conclusion

To overcome the OR problem defined in Section 3, we
introduced the E*SRT protocol featuring an adaptive
algorithm that can detect the OR condition and
recursively drive the network to work in its MOR,

Copyright © 2008 John Wiley & Sons, Ltd.

and prevent the network from unwanted fluctuations.
If the desired reliability can be satisfied by the net-
work, E’SRT behaves the same as the ESRT scheme.
After detection of OR state, E’SRT launches a new set
of operations to force the network to converge to
MOR and prevent the fluctuation between two low
reliability states. E’SRT is more robust and more
adaptive to the changing event and network environ-
ment. Our simulation results show that E>SRT per-
forms very well in the presence of OR. It stabilizes the
network and improves the network performance by
around 20-25% in terms of throughput with lower
latency and loss rate compared to the ESRT scheme.

Appendix

Theorem 1. E°SRT converges to 1ogfax

Proof. The goals is to prove that for any given
e, we can find m that |10gfClr logf™| < & and
|logfrlc ) — logf™*| < ¢ for any i,j > m.

Let log‘ (cr) denote the converging frequency of
sequence {logf e li=1,2,3,...}. Similarly, let
logf * denote the converging frequency of sequence
{1ogfnclr lj=1,2,3,...}.

Accordmg to Lemma 6, for any given €, we can find
m; that |logfClr logf(;lr)| < ae for any i> my.
Here avis a pos1t1ve scalar and can be made arbitrarily
small. Similarly we can find m, that |10gf (ne.lr)
logfm 1) | < ag, for any j > m,. Let m>my and
m>m2, it is easy to verify that |logfClr logf(t 1) |
< ag and |logf(nc i 108/ e 1) | < ae, for any i,j > m.

According to Lemma 5, E SRT cannot stay in (NC,
LR) or (C, LR) for infinite number of iterations.
Without loss of generality, we assume that at the
(m 4+ 1)th iteration, E2SRT goes form (NC, LR) to
(C, LR). We have the following inequalities:

[10g/{¢ 1) — 108/ 19| < ae,

|10gf(’r’l’cﬁ]1r> - logf(fm’lr)| < ag,
m-+ *

|10gf(ncﬁ]r) - logf(nc71r)| <ag

and
+1
logf (nc,Ir) < logfrrrllc Ir)*

Also from Lemma 6, we have

1ngnc JIr) < logfrgjllr < 1ng(i;c,lr) < logfmax

and
logf(t ) > logfir 1) > logf(. ) > logf™>.

(c,Ir) (c,Ir)
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Note that there are only four possible cases of
convergence for any i,j > m.

Case 1: |1ngnclr logf™*| > ¢ and |10gf
logf™>*| > ¢ for any i,j >m
Case 2: |logfnC 1w — logf™¥| < but |logf
logf™™| > ¢ for any i,j >m
Case 3: |logfclr) logf™| < & but |10gf
logf™**| > ¢ for any i,j > m
Case 4: |1ngnclr logf™*| < ¢ and |logf
logf™*| < e for any i,j >m

(c, lr
(e)lr)
(nc, lr

clr

If Case 4 is the only feasible condition, we are done.
To do this, we prove that Cases 1, 2, and 3 are
infeasible at iteration m + 1.

Assume Case 1 is true, i.e., |10gfClr logf™| > ¢
and [logf{; 0 — logf™*| > ¢. We have
log .1y — log £
= log f(c,lr log frg-lt'l

= log f(t:,lr) - (k + llog fnc Ir)

Given E’SRT’s frequency update policy, at least
one of the four cases should be true. Therefore, Case 4
is the only valid case.

This completes the proof.
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