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Abstract

Random Walks (RWs) have been considered for infor-
mation dissemination in large scale, dynamic and unstruc-
tured environments, as they are scalable, robust to topol-
ogy changes and do not require topology information. Nevy-
ertheless, they are relatively slow in reaching out to the
network nodes, particularly when applied to wireless net-
works (such as Wireless Sensor Networks (WSNs)), where
the steps of the walk are of limited range, they reach only
physically-close neighbours and are unable to move the
walker far away from just covered area; as a consequence,
time and resources are wasted in revisits of already cov-
ered nodes. In this paper we develop an innovative mech-
anism (referred to as the Jumping Random Walk (J-RW))
that alleviates drastically the aforementioned problems and
is shown to improve substantially (compared to the RW) the
cover time/overhead or coverage of WSNs modelled as a
random geometric graph.

1. Introduction

One of the main challenges associated with large-scale,
unstructured and dynamic networking environments is that
of effectively reaching out to all or a portion of the net-
work nodes (i.e., disseminating information) in order to pro-
vide software updates or announcements of new services,
query them, etc; that is, disseminating information effec-
tively. The efficiency of information dissemination schemes
in such environments is measured in terms of the message
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overhead or the time (or number of sequential (transmis-
sion) steps) required to achieve a certain portion of network
coverage, or derivative measures of those. The term cover
time, C will be used to refer to that time, with the under-
standing that the network coverage is for a specific portion
of the network which could be 100% or less; when needed,
the specific portion will be mentioned.

One of the simplest approaches employed for dissemi-
nating information in an unstructured, dynamic and of large
scale networking environment, is the traditional flooding ap-
proach. Under flooding ([10], [2]), each time a node re-
ceives a message for the first time from some node, it for-
wards it to all its neighbors except from that node. Despite
its simplicity and speed (typically achieving the shortest
cover time possible)), the associated large message over-
head is a major drawback. In order to reduce the (typically
unacceptably large) overhead induced by flooding, prob-
abilistic flooding ([7], [6], [8]) may be employed, under
which the message forwarding to a node takes place with
some probability less than 1. Although probabilistic flood-
ing manages to reduce the message overhead, this reduction
occurs at the expense of an increase in the cover time and a
likely decrease in the coverage of the network. Controlled
flooding may also be employed to reduce the large overhead
of flooding; in this case flooding is limited to a predefined
number of hops, namely K hops, away from the initiator
node. Both the induced overhead and cover time increase
with K. If the value of K is very large, then the K-hop
controlled flooding scheme would approach the traditional
flooding.

A credible alternative to flooding for disseminating in-
formation in an unstructured environment, is the Random
Walk (RW) ( [3], [4], [9]). In RW-based approaches, the
initiator node employs an agent that will move randomly
in the network, one hop/ node per time slot, informing (or
querying) all the nodes in its path. According to the typ-



ical RW-based information dissemination paradigm, each
node receiving the RW agent or packet, chooses a forward-
ing neighbor arbitrarily based on the uniform distribution.
For a network modelled as a graph G(V, E) (where V and
E denote its vertices and edges, respectively) anode v € V'
with connectivity degree d(v) chooses each one of its next
hop neighbors u € V with probability p, = 1/§(v) if
(v,u) € E and p,, = 0 for all other v € V. An important
(for this paper) variant of RW-based propagation of infor-
mation is the RW without backtracking. Under this scheme
the RW visiting a node v € V will choose the next hop
node u € V arbitrarily among the neighbors of node v with
probability p, = 1/(6(v) — 1) if (v,u) € E, where u is
any neighbor of v except the one from last hop, and p,, = 0
for all other u € V. The overhead of RW-based solutions
is considered to be much smaller than that of the flooding
approaches, at the expense of a significant increase in the
cover time.

In this paper we consider the problem of disseminating
information (such as queries) across a large-scale, resource-
limited, ad-hoc-structured wireless network, such as Wire-
less Sensor Networks (WSNs). As flooding is considered
not to be an option for such environments due to the high
resource requirements, RW-based approaches are viewed as
reasonable choices and have been considered in the past
in WSNs [11]. In addition to the low packet transmis-
sion overhead (compared to flooding), RWs possess several
good characteristics such as simplicity, robustness against
dynamic failures or changes to the network topology, and
lack of need for knowledge of the network physical and
topological characteristics such as the neighbor’s location
or degree, the transmission radius, the symmetry of connec-
tions, etc.

The generally relatively large (compared to flooding)
cover time C' achieved under RW-based approaches de-
pends on the network topology. For instance, it is
O(nlog(n)) for the complete d-regular graphs (best-case
scenario) and O(n?) for clique topologies (worst case sce-
nario), where n is equal to the number of nodes [1]. Gen-
erally, it has been shown that C' is lower for high connec-
tivity network topologies, such as complete graphs, and it is
higher in network topologies presenting bottlenecks. In the
latter case, the number of revisits (which affect the induced
overhead and cover) of already covered nodes (and resource
waste) becomes particularly high.

The innovative RW-based information dissemination
scheme proposed in this paper (to be referred to as the
Jumping Random Walk (J-RW)) entails the key idea of
freezing occasionally the course (or direction) of the RW,
so as to help drive the RW agent away from the area of
wandering just before the freeze. That is, the J-RW oper-
ates under two states: the freezing state during which the
directional move is implemented, and the regular state un-

der which it implements the typical RW without backtrack-
ing. This way, the proposed J-RW moves the RW agent at
the end of the freezing period to geographic areas that are
expected (due to the directional freeze) to be more distant
than those reached by the regular RW after the same number
of steps. That is, the introduction of the freezing state im-
plements in essence jumps, defined as the physical distance
between the nodes hosting the RW at the beginning and the
end of the freezing period.

In WSNs the physical and the network topologies are
typically correlated: a long path between two nodes in the
network topology corresponds to a large physical distance
between these nodes in the physical topology. As the J-RW
moves the RW quickly into new regions, it is expected that
the probability of revisiting previously visited nodes would
decrease under the J-RW, compared to that under the RW
without backtracking. The major concept to point out here
is the fact that a simple random walker or even a random
walker without backtracking has the tendency of perform-
ing circles (i.e. doing frequent revisits of already covered
nodes in a circular manner) within the physical/ network
topology of the sensor network. Therefore, the scheme pro-
posed under J-RW focuses on alleviating this misbehavior
of random walkers and reducing covered nodes revisits. As
a result, it is expected that a larger portion of distinct net-
work nodes would be visited over a given time (number of
steps) under the J-RW, thus improving the cover time C.

The improvement in the cover time may be viewed as
a consequence of “sampling” the network more uniformly,
by moving the sampling agent (ie., the RW) into remote and
likely new (not yet sampled) areas, as opposed to keeping
the RW wandering around a certain locality according to
the RW paradigm and (over)sampling predominately a cer-
tain locality. When a network graph has long links (that can
take an agent into a remote network region in a topolog-
ical sense), it has been shown in [3] that a RW produces a
uniform sampling of the network nodes. In essence, the pro-
posed J-RW applied over a network with no long (physical)
links (as a WSN) creates virtual long links in this network
and results in an environment that is equivalent to that of ap-
plying the RW over a network with some long links. Thus,
the proposed J-RW is expected to result in a more uniform
sampling of the network nodes, which - as argued earlier -
leads to a better cover time.

Besides the improved cover time, the increased unifor-
mity of the (node) sampling under the proposed J-RW may
be on its own another important property of the proposed
information dissemination scheme when considered in con-
junction with certain specific and fairly common applica-
tions in WSNSs such as those related to sensing the environ-
ment. In such applications and due to the typically high spa-
tial correlation of nearby nodes, a dissemination of a query
on the state of the field may target only a portion of the



network nodes to conserve energy [1]. Since the J-RW pos-
sesses the uniform sampling capability as argued earlier, it
is expected that the query dissemination and collected re-
sponses would better represent the state of the WSN field
and contain less redundant information. For such environ-
ments it is reasonable to base the evaluation of information
dissemination schemes on the partial cover time as opposed
to the 100% cover time.

Network cover is typically measured in terms of the por-
tion of the nodes actually visited or reached. This defini-
tion may be too restrictive and not sufficient for establishing
the effectiveness of an information dissemination scheme in
certain cases. For instance when the information dissemi-
nation scheme carries advertising information about a new
service, an effective advertising (in this case) scheme may
be defined as the one that brings the announcement within
a distance L (hops) from each network node, as opposed to
each network node [5], as a low intensity (L hop) search
for this information launched by a node can easily discover
the information. In this case, mechanisms that yield high
L — cover of the network (as defined above), for L > 0, (as
opposed to 0-cover, corresponding to the standard cover C)
are considered to be effective.

The notion of L-cover may well be applicable to a WSN
in which the disseminated information is not service adver-
tisement but a query for the state of the WSN, represented
collectively by its nodes. As there is redundancy in the in-
formation carried by closely located nodes, it may be worth
querying and retrieving the state of a uniformly spaced sub-
set of the network nodes only, to conserve energy. In this
case, the query disseminating scheme should ensure that it
reaches at least one (or only one) network node over a given
locality. Or, equivalently, an efficient such scheme would
be the one that induces high L-cover of the network, as this
value would capture the portion of the network that has been
effectively sensed (in the L-hop sense discussed before). In
addition to having major applications run over WSNs whose
efficiency is more effectively measured in terms of the L-
cover for L > 0, it is important to mention that there is
another argument stressing the relevance and usefulness of
the L-cover for WSNs. It is known that the basic opera-
tion of a WSN requires the exchange of hello messages
between neighbors. By piggybacking state information in
these messages, each node could possess the state of neigh-
boring nodes almost for free and could include it in a re-
sponse to a query. In such cases, the 0-cover of the network
is equivalent to the 1-cover (which is achieved with lower
overhead and with shorter cover time), as all the neighbors
of a node receiving the query are also considered to be re-
ceiving it. By allowing L-hop neighbour information to be
carried by the hello messages, one can extend the previous
arguments and establish an equivalence of the O-cover with
the L-cover.

2. The proposed Jumping Random Walk (J-
RW) scheme

In this section the proposed scheme is introduced and
described. In view of the discussion in the previous section
and without loss of generality, the remaining of the paper
will consider a WSN as the typical representative of the en-
vironment to which the proposed information dissemination
scheme would be applied.

The WSN considered here will be modelled as a geo-
metric random graph. Such a network can be constructed
by laying the n network nodes on a 2-dimensional plane us-
ing some 2-dimensional distribution, such as the Uniform
or Poisson distributions. The set of nodes V' is then com-
plemented with a set of edges F such that for any two nodes
u,v € V there will exist a link (u,v) € Eiff |ju—wv|| < r.,
where 7. is the connectivity radius of each node and || - ||
denotes the euclidian distance. Let G(n,r.) denote such a
random geometric graph.

The proposed J-RW is a RW-based scheme that deter-
mines the movement of a single agent through the network.
The reference time that governs the operation of the RW-
based information dissemination process is discrete, with
the discrete times defined to coincide with the time of ar-
rival of the agent to a node.

The proposed J-RW is a 2-state RW operating in two dis-
tinct modes. When in state 0, the J-RW operates as the al-
ready described random walk without backtracking. When
in state 1, it implements a directional walk, by selecting as
the next node to visit to be the neighbour of the current node
that is the closest to the line connecting the current node and
the node visited by the agent in the previous discrete time, in
the direction away from the previous visited node. The di-
rectional walk may be easily implemented through a simple
look up table involving the neighbours of a node; this ta-
ble determines the next node to forward the agent to under
the directional walk, given that the agent came to this node
from a given neighbour. The geographic location of each
node and those of all it’s neighbors should be registered in
order for the look-up tables to be set up. Such geographic
information can be easily retrieved either at the time of de-
ployment in the case of a static sensor field (with provisions
for second, third, etc choices when lower order choices are
not available due to battery depletion), or after the deploy-
ment of the field with the help of a localization protocol run
occasionally.

State transitions of the J-RW are assumed to occur at the
discrete times according to a simple 2-state Markov chain,
as shown in Fig. 1; let o (5)denote the transition probabili-
ties from state 0 to 1 and let Ty = 1/ (T} = 1//3) denote
the mean time (in discrete times of our reference time, or
number of visits to nodes) that the Markov chain spends
in state 0 (1). Clearly, 3 (or, 77) determines the length of
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Figure 1. Markov chain for controlling ran-
dom long jumps

time over which the directional walk is continuously in ef-
fect and, thus, the mean length of the induced jump. Sim-
ilarly, o (or, Tjy) determines the length of time over which
the random walk without backtracking is continuously in
effect. It should be noted that « and 3 should be carefully
selected so that the mix of the two distinct operations is ef-
fectively balanced. 3 should be such that the implemented
jump is sufficiently large to move the agent away from the
current locality that is likely to be covered by the random
walk operation, and on the other hand, it should not be too
large in which case it would leave uncovered large areas or
require the random walk operation to operate long enough
(at the increased cost of revisits) to cover the large areas be-
tween the start and the end of the jump. Similarly, a should
be such that the time spent under the random walk without
backtracking operation be balanced so as to not over-cover
or under-cover the current locality. A realization of the J-
RW is depicted in Fig. 2, where the times of operation of
the directional walk (jumps) and the random walk without
backtracking (wandering around the nodes initiating jumps)
are clearly shown.

The performance of the proposed J-RW can be evaluated
in term of the cover time C'. In view of the discussion in the
previous section it is reasonable to focus on partial L-cover
time, for L >= 0, to be denoted by C'(L).

3. Performance Evaluation and Results
3.1. Set Up of the Simulations

The performance of the proposed J-RW and the RW
without backtracking are evaluated through simulations in
this section. In the simulations it is assumed that each of
the J-RW and the RW without backtracking is run for a
given number of steps or discrete times H (to be referred
to as the time/overhead available budget), and the resulting
partial L-cover - to be denoted by C'(L) - is measured for
L = 0,1,2,3. The dissemination scheme that achieves a
higher cover for the same time would clearly be the best
performing.

Figure 2. Random walk packet moving with
jumps

Table 1. Simulated Modes for Random Walk
with jumps

Model | o | [ | E(stayin0) | E(stayin 1)
jrw-1 0.6 | 0.3 1.67 3.34
w2 | 05|05 2 2
jrw-3 0.3 | 0.6 3.34 1.67

There are multiple simulation runs executed under spe-
cific sets of parameters for the network and the investigated
schemes. During each simulation run there is a large-scale
WSN set up, with a total node population of N=6000. The
nodes are placed at random locations on a square plain
with total length X and total width Y. The random posi-
tions (z,¥,) of each node v € V are chosen within the
sets [0, X) for z,, and [0, Y") for y,, using the uniform prob-
ability distribution, i.e. P(z, = x) = 1/X and P(y, =
y) = 1/Y. The locations of the nodes are guaranteed to
be different for each simulation run because the seed values
are chosen explicitely different prior to each run. Further-
more, the transmission range of each node r (identical for
all nodes in the network) is selected such that the resulting
topology is connected with a mean connectivity degree typ-
ical for WSN implementations (0(«)ean = 11.78). The
local neighborhood of each node u is comprised of all other
nodes v € V located within the transmission range of node
u (a Euclidian distance not greater than the transmission
range). All presented results are calculated as mean val-
ues of the results obtained during each run. The standard
deviations of the mean values are given to take account for
the statistical accuracy.

As indicated in the previous section the proposed J-RW
will be parameterised in terms of « and [3; the pairs of these
parameters are considered in the simulations, referred to as
cases as shown in table 1. Case Jrw-1 yields the largest aver-
age jumps and shortest time of continuous operation of the
random walk; the reverse holds true for case Jrw-3, while
the lengths of the times spent continuously operating in the
directional walk and the random walk are equal under case



Table 2. Simulation Results for C(0)

Budget H | 2000 | 8000 | 10000 | 16000 | 18000
C(0)rwny | 0.10374 0.35664 0.43854 0.58834 0.61064
0.0263 | 0.0502 | 0.0385 | 0.0602 | 0.0666
C(0)jrw—1 | 0.18434 0.42544 0.48854 0.52294 0.57684
0.0166 | 0.0414 | 0.0526 | 0.0825 | 0.0571
C(0)jrw—2 | 0.15474 0.43574 0.51194 0.64674 0.63014
0.0247 | 0.0351 | 0.0615 | 0.0861 | 0.0953
C(0)jrw—3 | 0.16014f 0.42654 0.46494 0.58324f 0.65484
0.0276 | 0.0464 | 0.0834 | 0.0945 | 0.1082

Jrw-2. The RW without backtracking case results are re-
ferred to using the subscript rwnb

3.2. Results on Coverage C(0)

Coverage C'(0) is measured by counting the total number
of distinct nodes that the RW without backtracking or J-
RW visit before the available budget H is exhausted. The
comparative results for the three cases of the J-RW and the
RW without backtracking are shown in table 2 for various
values of the available cover time or budget H. Clearly, the
J-RW outperforms the RW without backtracking as it yields
a higher O—cover for the majority of values of H shown.
For instance, for a cover time or budget of H = 2000 the
resulting O-cover is increased by 78% for Jrw-1, by 49% for
Jrw-2 and by 54% for Jrw-3, compared to that under the RW
without backtracking for the same H. It is also worth noting
that for a relatively large value of H (e.g., 10000 in table 2),
the performance improvement is relatively smaller (11% for
Jrw-1, 16% for Jrw-2 and 6% for Jrw-3), suggesting that the
proposed J-RW exhibits its greatest advantages for low to
medium cover times H. This reduction in the gain achieved
by the J-RW may be attributed to the fact that the jumps
implemented by the J-RW are increasingly likely to bring
the walk in an area already covered to some extent (more so
for a larger H). For this reason, only results for low values
of H will be presented in the remaining of this section. Such
results are shown in Fig. 3 for values of H up to 3500. From
this figure one can argue that there is a linear relationship
between C(0) on H for such low values of H, or when
the network cover is low. The J-RW variants outperform
the RW without backtracking throughout most values of H,
with Jrw-1 performing best regularly as compared to Jrw-2,
Jrw-3.

3.3. Results for C(1), C(2), C(3)

The results for C'(1) are shown in table 3. It is clear that
the conclusions drawn for C'(0) are still valid and further
emphasized. For instance, for H = 2000, C'(1) is increased
by 122% for Jrw-1, by 57% for Jrw-2 and by 70% for Jrw-3
compared to that achieved under the RW without backtrack-
ing.
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Figure 3. Coverage C(0) for lowbudget H

Table 3. Simulation Results for C(1)

Budget H | 2000 | 8000 | 10000 | 16000 | 18000
C(1)rwny | 0.17114 0.46974 0.54114 0.74814 0.79244
0.0621 | 0.1087 | 0.0796 | 0.0686 | 0.0977
C(1)jrw—1 | 0.38074 0.66134 0.73154 0.71194 0.76834
0.0522 | 0.0783 | 0.1046 | 0.1302 | 0.0897
C(1)jrw—2 | 0.26894 0.67214 0.6871H 0.84504 0.80134
0.0874 | 0.0778 | 0.1158 | 0.1175 | 0.124
C(1)jrw—s | 0.29084 0.60474f 0.63024 0.72154 0.8141+4
0.0861 | 0.1035 | 0.1405 | 0.1369 | 0.1383

For low values of H (as seen in Fig. 4) one can clearly
observe a linear dependence of C'(1) on H, as for the case
of C'(0). As expected, one can clearly observe that C'(1) >
C(0).  There is an almost 100% increase in the partial
cover which - as argued in the introduction - could be gained
at almost no cost, by adding a few more bits to the hello
packets’ field.

Results for C'(2) and C(3) are presented for low budgets
H, as seen in Fig. 5 and Fig. 6, only for low values of H to
conserve space. As expected, the cover achieved is higher
than for lower values of L. Still the proposed J-RW greatly
outperforms the RW without backtracking.

Finally, the coverage results for L > 0 presented earlier
also indicate to some extent the uniformity of the cover-
age achieved by the J-RW and RW schemes. For instance, a
scheme that results in a larger C(3) coverage implies that the
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of the network under a RW. In essence, the proposed J-RW
applied over a network with no long (physical) links (as a
WSN) creates virtual long links in this network and results
in an environment that is equivalent to that of applying the
RW over a network with some long links. Thus, the pro-
posed J-RW is expected to result in a more uniform sam-
pling of the network nodes, which - as argued earlier - leads
to a better cover time or network cover.

Finally, by extending the definition of coverage to in-
clude all nodes that are neighbours to already covered nodes
(which neighbours are almost instantaneously and for free
reachable through the hello messaging mechanism), or to
include nodes that are L > 1 hops away from already cov-
ered nodes, it is shown that the enhanced performance of
the proposed J-RW mechanism is further exacerbated.

Numerical results are derived and show that the proposed
J-RW can improve substantially the (partial) cover time of
WSNs modelled as a random geometric graph.
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informed nodes are more uniformly spread since the over-
lap of the circles of radius 3 around each informed node is
smaller.

4. Conclusion

In this paper, an innovative RW-based information dis-
semination scheme is proposed and studied for large-scale,
resource-limited, ad-hoc-structured wireless networks, such
as Wireless Sensor Networks (WSNs), aiming at improving
on the (partial) network cover or cover time achieved by the
common Random Walk (RW).

The key idea behind the proposed Jumping Random
Walk (J-RW) is that of freezing occasionally the course (or
direction) of the RW, so as to help drive the RW agent away
from the area of wandering just before the freeze and likely
reduce the revisits to previously visited nodes. That is, the
J-RW operates under two states: the freezing state during
which the directional move is implemented, and the regular
state under which it implements the typical RW. The intro-
duction of the freezing state implements in essence jumps,
defined as the distance travelled by the agent during the
freezing period.

Looking at it from a different angle, the proposed scheme
creates (some) virtual long links in an environment with
only very short physical links, which help in covering the
network more effectively; the latter is also expected since
long links are also known to yield a more uniform sampling
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