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ABSTRACT

In sensor networks, locations of received data affect the in-
Sformation processing performance. In this paper, we con-
sider how 10 design multiple access control (MAC) to ob-
tain the optimal information retrieval pattern for signal field
reconstruction. Taking both performance and implementa-
tion complexity into consideration, besides the optimal cen-
tralized scheduler, we propose three other MAC protocols,
namely, decentralized scheduling through carrier sensing,
Aloha, and decision-directed Aloha. Finally, we provide
performance comparison among these protocols.

1. INTRODUCTION

In many applications of sensor network, the sensor network
operates in three phases: sensing, information retrieval, and
information processing. As a typical example, in physical
environmental monitoring, sensors first take measurements
of the signal field at a particular time. Then, data are col-
lected from individual sensors. Finally, data from sensors
are processed centrally to reconstruct the signal field.

An appropriate network architecture for such applica-
tions is SEnsor Networks with Mobile Access (SENMA)
{1]. Shown in Fig. 1, SENMA has two types of nodes: low-
power low-complexity sensors randomly deployed in large
number and a few powerful mobile access points that com-
municate with sensors. The use of mobile access points en-
able data collections from specific areas of the network.

We focus on the latter two phases of operation in the
SENMA architecture: information retrieval and processing,
which are strongly coupled. In SENMA, medium access
control is needed to regulate data retrieval from sensors to
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Fig. 1: A 1-D sensor network with a mobile access point

the access points. A multiple access control (MAC) proto-
col in SENMA governs how information is retrieved from
the sensor field. With a specific MAC, packets collected by
mobile access points form a sampled signal field with a spe-
cific pattern. This sample pattern directly affects the perfor-
mance of the signal reconstruction at the last data process-
ing stage. Therefore, it is important to design a MAC pro-
tocol that results in the desired retrieval pattern and hence,
the optimal signal reconstruction performance. If the mo-
bile access point can schedule transmissions from sensors,
it is natural to use a centralized scheduler to poll data from
equally spaced sensors locations.

While it may appear obvious that collecting data from
optimally chosen locations using centralized scheduler gives
better performance, there are several nontrivial practical com-
plications. For sensor networks with finite density, there
may not ¢xists a sensor at the desired location. The op-
timal scheduler must find sensors locations closest to the
desired sampling pattern. Such scheduler needs to have the
additional information of each sensor locations, which usu-
ally is not available at the access point. Furthermore, it
comes with nontrivial complications of centralized control
and large communications overhead. Decentralized MAC
requires much less intervention from the mobile access point
and is simple to implement. In order to take advantage of
decentralized access but not lose much reconstruction pet-



formance, our problem is how to design a (partially) de-
centralized MAC protocol to achieve the desired retrieval
pattern.

We design MAC protocols for the desired data retrieval
pattern. We consider a one-dimensional problem for sim-
plicity which can be extended easily to two-dimensional
problem. Taking both performance and implementation com-

where f > 0, o are known, {W{z) : ¢ > 0} is a standard
Brownian motion, and S(z) ~ A (0, 1;—;1) is the stationary
solution of (1). The random field modeled in (1) is essen-
tially a diffusion process which is often used to model many
physical phenomenon of interest. Being homogenecus in
A, 5(z) has the autocorrelation
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pose a decentralized scheduler via carrier sensing which,
under the no processing delay assurnption, provides min-
imum performance loss comparing to the optimal sched-
uler. Then, to simplify the implementation, we describe a
MAC scheme which uses Aloha-like random access within
a resolution interval centered at the desired retrieval loca-
tion. Finally, to improve the performance of the previous
MAC, we propose a decision-directed Aloha scheme which
adaptively chose the desired retrieval location based on the
history of retrieved locations. The performance compari-
son under various sensor density conditions and the size of
desired sampling locations is also provided.

The problems on sensor network communications have
attracted a growing research interest. In terms of medium
access control, many MAC protocols have been proposed
aiming to the special needs and requirements for both ad
hoc sensor networks {2-5] and sensor networks with mobile
agents [6]. Most of these proposed schemes only consider
the MAC layer performance, i.e., throughput. The effect of
MAC for information retrieval on information processing is
analyzed in [7] and {8] for infinite and finite sensor density
networks, respectively, where the performance of central-
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for zg < 1, which is only a function of distance between
the two points z; and zg.

2.2, Sensor Network Model

We assume that sensors in A are deployed randomly and
their distribution forms a one-dimensional homogeneous spa-
tial Poisson field with local density p sensors/unit area. That
is, in an interval of size !, the number of sensors N (i) is a
Poisson random variable with probability
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and the number of sensors in any two disjoint intervals are
independent.

After deployment, the sensors obtain their location in-
formation through some positioning method. At a prear-
ranged time, all sensors measure their local signals and form
a snapshot of the signal field. The measurement of a sensor
at location x is given by

Y(z) = S(z) + Z(z) 3)

where Z(z) is spatlally iid. zero mean white Gaussian
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2.4. Information Processing and Performance Measure

Assume that, after m slots of data retrieval, there are K
packets received from distinct sensors in .A. We reconstruct
the original signal based on these received data samples. To
avoid boundary effect for signal reconstruction, we assume
that there is a sensor deployed at each of the two boundaries
of .4, and we are able to obtain their measurements. The lo-
cations of all the received packets' are denoted, in ascend-
ing order, by qx = {0, q1, - , gk, 1}. We estimate S(z)
at location z using its two immediate neighbor samples by
the MMSE smoothing, i.e., forq; < z < g;.,,

S(z) = E[S(2)|Y(g:), Y (g:21)]- ()

Given qg, we define the maximum field reconstruction dis-
tortion by the maximum mean square estimation error in .A
A 3 2
Elpk) = max E{[S(z) = S@)*| P} 9
The expected maximum distortion of signal reconstruction
during the collection time 1 slots is then given by

£(m) 2 B{(ax)}
where the expectation is taken over the data sample loca-
tions qg and the received sample size K.

Our objective is to design MAC that results in a smallest
signal field reconstruction distortion for a fixed number of
retrieval siots.

From [7,8], we have shown that the maximum distortion
is determined only by the maximum of distances between
any two adjacent data samples

(6)
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where dyax = maxp<i<k gi+1 —gi- andgo = 0, g1 = L.
Therefore, the expected maximum distortion in (6) is only
a function of dpax. Our objective now is to design MAC so
that it results in the minimum dpay.

3. MAC FOR OPTIMAL INFORMATION
RETRIEVAL PATTERN

3.1. Optimal Centralized Scheduling

Assume that the location information of all sensors is avail-
able to the mobile access point. The mobile access point is

'For convenience, K only denotes the number of packets not from
the two boundary sensors of A.
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then able to pre-compute the optimal set of m locations and
activate only those sensors. This results in the minimum
dmax, therefore, the best performance. The performance
under this scheduler can be used as a benchmark for per-
formance comparison.

Let x, z1 < z3 < ..., be the sensor locations. The
optimal dpay is
. min
13 <z <Ly
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The optimization problem can be solved using a brute force
search. To reduce the computation complexity, we propose
the fotlowing efficient algorithm. It first find an initial set
of locations and the corresponding dyn.x. Based on this, it
finds another set of locations resulting in a smaller dpax.
Iteratively, dyy,x converges to its minimum value.
Algorithm: The search scheme consists of three steps.

e Step 1: Location initialization. A set of sensor loca-
tions is chosen as the initial set. The maximum dis-
tance of the chosen set is assigned as dfﬁz),x.

Step 2: For dg)ax, within interval {0, df,%x), the access
point finds the sensor location closest to dg)ax and set
it as g;. Continue this procedure, for {g;, min{g; +
449

max, 1}), find the sensor location closest to the right

boundary of the interval and set it as g;4;, for 7 <
m — 1. The access point then find the maximumn dis-
tance of 0,41, - , ¢m, 1 and denote it as dg;;l)_ If
there does not exist a sensor in the interval, the search
stops and dgf,)ax obtained previously is the minimum

dmax.

Step 3: If dg;;}) < dg}ax leti = 1+ 1 and repeat step
2. Otherwise, the search stops, and the dig,}) is the
minimum dmax.

3.2. Decentralized Scheduling through Carrier Sensing

In practice, the sensors locations information is not avail-
able at the mobile access point. Each senor only knows its
own locations. In this case, in order to retrieve data with the
desired pattern and in a decentralized fashion, we propose
decentralized scheduling through carrier sensing. Since the
propagation delay is relatively small as compared to the slot
length, we assume perfect carrier sensing with no propa-
gation delay. Specifically, the access point schedule sen-
sor transmission through carrier sensing, where the distance
of sensors from the desired locations is used in the back-
off scheme. The sensor backoff time is a function of the



distance to the desired location. Similar tdea of using car-
rier sensing for decentralized transmission is first proposed
in [9~11], where the channel state information is used in the
backoff function of carrier sensing for opportunistic trans-
mission.

Algorithm: For the desired location qy,,, the mobile ac-
cess point first broadcast a beacon containing the first loca-
tion ¢7 information. A sensor computes its distance to g¢7:
d; = |z; — gf|. Based on the backoff function g(d) which
maps the distance to a backoff time, it then chooses a back-
off time 7 and listens to the channel. A sensor transmits
its packet after its backoff delay only if there is no other
sensors transmit during its backoff period. In order to let
only the sensor closest to the desired location transmit, the
function g(d) should be designed to be a strictly increasing
function. An example of g(d) is given in Fig. 2.
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Fig. 2: Backoff function g(d)

3.3. Aloha

In the previous algorithm, the effect of propagation delay
is ignored and perfect carrier sensing is assumed. How-
ever, these assumptions may not hold in practice and the
performance is affected accordingly. In this subsection, we
consider a simpler algorithm that does not depend on these
factors.

Algorithm: Atslott = 1,2,...,m, the mobile access
point activates a resolution interval (¢t/{m+1)—e/2,t/(m+
1} + ¢/2) through a beacon signal. The sensors within the
activated range transmit their packets independently with
probability P. (Fig. 3)

The expected throughput of each polling is
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which is maximized when epP = 1. Therefore, P* = 1/ep.
To achieve as even sample locations as possible, the interval
length € shouid be as small as possible, so that if a packet
goes through, it will be as close to the center of the reso-
lution interval as desired. For fixed p, reducing ¢ results
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in increased P*. Since P* < 1, we have ¢* = 1/p and
P*=1.
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Fig. 3: Aloha scheme: The mobile access point determines

m evenly spaced locations and activates an interval
of length ¢* centered at one of this location at a
time. The sensors within the activated range
transmit with probability P*.

3.4. Decision-Directed Aloha

In the previous algorithm, the locations of the activated in-
tervals are predetermined before the operation. To obtain a
better retrieval result, the access point may utilize the his-
tory of the collision channel output to optimize the polling
locations.

Algorithm: The basic polling strategy is similar to the
previous algorithm. The mobile access point first activates
an interval of length €* = 1/p at a time. The sensors within
the range transmit with probability P* = 1. The difference
is that the locations of the polling intervals depend on the
previous polling results, which is described as follows.

After obtaining a new packet, the access point checks all
the previous received data and find the two adjacent sample
locations that have the maximum distance. The access point
then locates the next polling interval in the middle of these
two samples locations. If an empty slot occurs, the access
point then activates the interval of ¢* adjacent (either left or
right) to the previous polling interval until a success or col-
lision occurs. If a collision occurs, the access point resolves
the collision by splitting the previous polling interval until
a packet is successfully transmitted (similar as the splitting
algorithms). If a packet goes through, the access point starts
to look for djnax again among the current received samples.
The algorithm keeps running until it has polled m times.

3.5. A Lower Bound

We now provide a lower bound on the expected dpay Of
different protocols. If the number of packets the mobile
access point receives is K, we have

il
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where the last inequality is due to the convexity of 1/z.
For the Aloha and decision-directed Aloha, E{K| = m/e.
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Fig. 4: Decision-directed Aloha scheme: The mobile

access point activates an interval of length ¢* at a
time. The sensors within the activated range
transmit with probability P* = 1. The solid
diamonds indicates the received packets. The
algorithm tries to break the maximum distance by
placing the next polling interval at the center of the
two received data samples locations whose
distance is dpax.
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for the two Alcha schemes.

4. SIMULATIONS

In this section, we compare the performance the MAC pro-
tocol proposed in the last section through simulations. Sen-
sors are randomly deployed according to Poisson distribu-
tion with density p. For convenience, we name these MAC
protocols as following:

m

T2
™3

: the optimal centralized scheduler
: decentralized scheduling through carrier sensing
: Aloha

74: decision-directed Aloha

We use the dpay found using 7 as the initial maximum
distance for the iteration algorithm in 7;. The search stops
after 1-2 iterations typically. In the comparison, we use
E[dmnax] as the performance metric.

Fig. 5 and Fig. 6 plot dy,ax under various m for sensor
density p = 40 and 200, respectively. As expected, as m in-
creases, the number of data samples received at the mobile
access point increases and dyay decreases. We see that there
is little performance loss by using mo. Notice that, when m
is larger than p, under 7; and 75 on average data from all
sensors can be retrieved. Therefore, the performance gap
under these protocols is diminished. The performance un-
der w3 is worse than other schemes even when m greater
than p. This is due to missing data samples from those
scheduled interval because of either collision or void of sen-
sors. Unlike 73, the location and length of each polling in-
terval of 74 are decision-based. When m is large, it has
enough slot to search for intervals where sensors exist and
resolve collision, therefore, avoids the problem in 3. From
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Fig. 8: dyax vs. p. m = 50.

Fig. 5, we see that, when m is large, the performance under
74 is as good as the optimal case. Finally, we also plot the
lower bound in (8) for the two Aloha schemes,

Fig. 7 and Fig. 8 plot dp,x under various p for retrieval
slots m = 10 and 50, respectively. As expected, as p in-
creases, sensor field is denser, and the received data loca-
tions are closer to the desired locations. Therefore, dyax
decreases to the minimum value. Again, we see the perfor-
mance under my closely follows the optimal one. As p in-
creases, we see the perforrnance gap between the two Aloha
schemes and 7y increases. The performance loss under 73
is mainly due to its throughput which limits the number of
received samples. We see that there is a significant perfor-
mance improvement of 74 over w3 by adaptively optimizing
the retrieval pattern based on the retrieval history.

5. CONCLUSION

To obtain the signal field using sensor networks, the loca-
tions of retrieved data affect the signal field reconstruction
performance. In this paper, we design MAC protocols to
obtain the desired data retrieval pattern. Taking both per-
formance and implementation complexity into considera-
tion, besides the optimal centralized scheduler, we propose
three other MAC protocols. Qur simulations show that us-
ing the decentralized scheduling through carrier sensing re-
sults in little performance loss comparing to that of the op-
timal scheduler. For the two Aloha schemes, by exploring
the history of retrieved data locations, the decision-directed
Aloha provides a significant performance gain over the sim-
ple Aloha scheme.
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