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Abstract

Routing based on a connected dominating set is a
promising approach, where the search space for a route is
reduced to the hostsin the set. A set isdominating if all the
hostsin the system are either in the set or neighbors of hosts
inthe set. In this paper, we first review a distributed forma-
tion of a connected dominating set called marking process
and dominating-set-based routing. Then we propose several
ways to reduce the size of the dominating set and study the
locality of dominating set in ad hoc wireless networks with
switch-on/off operations. Results show that the dominating
set derived from the marking process exhibits good locality
properties; i.e., the change of a host status, gateway (domi-
nating) or non-gateway (dominated), affects only the status
of hostsin a restricted vicinity.

1. Introduction

Dominating-set-based routing [8] is a promising routing
approach in ad hoc networks. A subset of the vertices of a
graphisadominating set if every vertex not in the subset is
adjacent to at least one vertex in the subset. Moreover, this
dominating set should be connected for ease of the rout-
ing process within the induced graph defined to consist of
dominating vertices only. Verticesin a dominating set are
also called gateway hosts while vertices that are outside a
dominating set are called non-gateway hosts. We can use
aunit disk graph [2] G = (V, E) to represent an ad hoc
network, where V' represents a set of wireless mobile hosts
and E represents a set of edges. An edge between a host
pair (u,v) indicates that both hosts v and v are within their
wireless transmitter ranges. In Figure 1 (b), hosts u and
v form a connected dominating set of the given unit disk
graph.

The main advantage of dominating-set-based routing is
that it simplifies the routing process to the onein a smaller
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subnetwork generated from the connected dominating set.
This means that only gateway hosts need to keep routing
information in a proactive approach and the search space
is reduced to the dominating set in a reactive approach. In
proactive routing, routes to all destinations are computed a
priori and are maintained in the background via a periodic
update process. In reactive routing, aroute to a specific des-
tination is computed “on demand”; i.e., only when needed.
Clearly, the efficiency of this approach depends largely on
the process of finding and maintaining a connected domi-
nating set and the size of the corresponding subnetwork.

Unfortunately, finding a minimum connected dominat-
ing set is NP-complete for most graphs. Wu and Li [8]
proposed a simple and efficient distributed algorithm that
can quickly determine a connected dominating set in ad
hoc networks. This approach uses a localized algorithm
called marking process where hosts interact with othersin
the neighborhood. Specifically, each host is marked true if
it has two unconnected neighbors. It is shown that collec-
tively these hosts achieve a desired global objective — a set
of marked hosts forms a small connected dominating set.

In this paper, we focus on maintaining the dominating
set in an ad hoc network where switch-on/off operations
are major operations that change network topology. Such
a network can be either a sensor network [3] with limited
mobility or a rooftop network [6] without mobility, but is
deployed very densely in metropolitan areas. We study the
locality of dominating set in ad hoc networks with switch-
on/off operations. The dominating set under consideration
isderived fromthe marking processand it isfurther reduced
through different reduction methods proposed in this pa
per. The main contributions of the paper include the local-
ity property of the marking process. That is, the change of
ahost status, gateway (dominating) or non-gateway (domi-
nated), affects only the status of hosts in a restricted vicin-
ity. In addition, locality of host status updateis also verified
through simulation. We show the different locality proper-
ties of gateway/non-gateway derived by different versions
of the marking process.
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Figure 1. Dominating set reduction examples.

2 Preiminaries

We first review the marking process [8]: (1) Initially
assign marker F' to each v in V. (2) Each v exchanges its
neighbor set N (v) with al its neighbors. (3) Each v as-
signs its marker m(v) to T if there exist two unconnected
neighbors.

The marking process is a localized agorithm, where
hosts only interact with others in the neighborhood. Sup-
pose m(v) is a marker for vertex v € V, which is either
T (marked) or F' (unmarked). Each vertex v always main-
tains its neighbor set N (v) = {u|(v,u) € E}. Assume
that V' is the set of vertices that are marked T in V; i.e,,
V' = {vjv € V,m(v) = T}. Theinduced graph G" isthe
subgraph of G induced by V'; i.e., G = G[V']. Thefal-
lowing results [8] show that V' is a connected dominating
set of G.

Property 1 Given a connected graph G that is not com-
pletely connected, the vertex subset V', derived from the
marking process, forms a connected dominating set of G.

Property 2 The shortest path between any two vertices
does not include any non-gateway vertex as an intermediate
host.

Since the problem of determining a minimum connected
dominating set of a given connected graph is NP-compl ete,
the connected dominating set derived from the marking pro-
cessisnormally non-minimum. In some cases, the resultant
dominating set istrivial; i.e, V' =V or V' = {}. For ex-
ample, any vertex-symmetric graph will generate a trivial
dominating set using the proposed marking process. How-
ever, the marking process is efficient for ad hoc networks
where the corresponding unit disk graph tends to form a set
of localized clusters (or cliques).

Dominating-set-based routing usually consists three
steps: (1) If the source is not a gateway host, it forwards
the packetsto a source gateway, which isone of the adjacent
gateway hosts. (2) This source gateway acts as anew source
to route the packetsin the induced graph generated from the
connected dominating set. (3) Eventualy, the packets reach
a destination gateway, which is either the destination host

Figure 2. A sample ad hoc network.

itself or a gateway that connects the destination host. In
the later case, the destination gateway forwards the packets
directly to the destination host.

There arein general two ways to perform routing within
the induced graph: proactive routing and reactive routing.
In [8], DSDV [5] is used as a sample proactive routing to
illustrate the dominating-set-based routing. Using the ns-2
simulator, Sinha, Sivalumar, and Bharghavan [7] evaluate
the performance of DSR [1] and AODV [4] (both are re-
active routing), when they are operated over the dominat-
ing set (called corein [7]) and compare their performance
against those of their basic versions.

3 Dominating Set Reduction

In this section, we propose several ways (in form of
rules) to reduce the size of the connected dominating set
derived from the marking process. We first assign a distinct
id, id(v), to each vertex v in V.

Rule 1: Consider two verticesu and v in G'. If N(u) —
{v} C N(v) inG andid(u) < id(v), changethe marker of
utoF;i.e,V ischangedto V' — {u}.

Itiseasy toprovethat V' — {u} isstill aconnected dom-
inating set of G. In addition, Property 2 still holds. Note
that » and v in Rule 1 may or may not be neighbors.

In Figure 1 (8), since N(u) — {v} C N(v), vertex u is

removed from V' if id(u) < id(v) and vertex v isthe only
dominating vertex in the graph. In Figure 1 (b), since  and
v cover each other, either u or v can be removed from V.
To ensure one and only one is removed, we pick the one
with asmaller id.
Rule 2: Assume that v and w are neighbors in G'. If
N(u) — {v,w} C N(v) UN(w) in G and id(u) =
min{id(u), id(v),id(w)}, then change the marker of u to
F.

Again, itiseasy toprovethat V' —{u} isstill aconnected
dominating set. However, Property 2 usually does not hold.
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Figure 3. Size of dominating set generated by
different versions of the marking process.

Although v and w are directly connected in Rule 2, they
may or may not be neighbors of w.

Consider the examplein Figure 1 (¢) where both v and w
areneighborsof «. Clearly, N (u)—{v,w} C N(v)UN (w).
If id(u) = min{id(u),id(v), id(w)}, vertex u can be re-
moved from V' based on Rule 2. If id(v) < id(u) then ver-
tex v can be removed based on Rule 1, since N (v) — {u} C
N (u). If id(w) < id(u) < id(v) no vertex can be removed.
Therefore, the id assignment also decides the final outcome
of the dominating set. In the subsequent discussion, we use
the alphabetic order of vertex label to order id’s. For exam-
ple,u < v < w.

If uw and v are neighborsin Rule 1, Rule 1 is called re-
stricted. Similarly, if u is neighbor of both v and w in Rule
2, Rule 2 is called restricted. We will see later that it is
relatively easy to implement restricted Rule 1 (Rule 2) in
alocalized way. To apply restricted Rule 1 or Rule 2, an
additional last step in the marking process needs to be in-
cluded: If u ismarked (m(u) = T), send its status to all its
neighbors; i.e., each host needsto keep 2-hop neighborhood
information. To apply non-restricted Rule 1 and Rule 2, u’s
status needsto be transferred one hop further; i.e., each host
needs to keep 3-hop neighborhood information.

Rule 1 and Rule 2 can be easily extended to a more gen-
era rule where the neighbor set of vertex v is covered by
the union of neighbor sets of more than two verticesin V.

Rule k: Assume that {v;, v2, .., vi} is the ver-
tex set of a connected subgraph in G'. If N(u) —
{v1,v2,...,95} € N(v1) U N(v2) U ... U N(vg) in G
and id(v) = min{id(u),id(v1),id(vs),...,id(vi)}, then
change the marker of u to F'.

One problem in applying Rule & is its high computation
cost, even if the restricted Rule & is applied where the com-

putation complexity is choosing & out of | N (u)| neighbors
of u. Note that other metrics can be used to break atie;
for example, vertex degree (number of neighbors), energy
level, and geographical location of vertex in a particular di-
mension.

Figure 2 shows an ad hoc network generated by the sim-
ulation software in a confined space of 100 x 100. There
are 80 hosts each of which has a transmitter range of 20.
Rule k& unmarks only two more gateways than Rules 1 and
2 do. Figure 3 shows simulation results on the average size
of dominating set generated by M P(), M P(1), MP(1)*,
MP(1&2), MP(1&2)*, M P(k), and M P(k)*. Itisclear
from the results that M P (k) does not improve much in re-
ducing the number of gateways compared with M P(1) and
M P(1&2), especialy in reasonably dense networks. Con-
sidering its high computation cost, M P (k) will not be con-
sidered in the subsequent discussion.

4 Dominating Set Update

Different versions of the marking process. We consider
five versions of the marking process: (1) Marking pro-
cess(MP) without Rule 1 and Rule 2: M P(). (2) MP with
restricted Rule 1 only: M P(1)*. (3) MP with Rule 1 only:
MP(1). (4 MPwithrestricted Rules1and 2: M P(1&2)*.
(5) MPwith Rules1and 2: M P(1&2). Inrestricted Rule 1
and/or Rule2 (M P(1)* and M P(1&2)*), itisrequired that
uwandv areneighborsin Rule 1 and v and w are neighborsof
u in Rule 2. In this case, 2-hop neighborhood information
is sufficient in implementing M P(1)* and M P(1&2)*. In
MP(1) and M P(1&2), v and v are not necessarily neigh-
borsin Rule 1. Also, v and w are not necessarily neighbors
of u in Rule 2. Inthisway, 3-hop neighborhood information
isneeded at each host. By default, vertex id is used to break
atiein Rules1 and 2. If vertex degreeis used to break atie,
subscript “deg” is used, such as M P(1&2) geg-

Consider a graph of four vertices, u, v, w, and z, with
four undirected edges (u,w), (v,w), (u,z), and (v,z) as
shown in Figure 4 (a). All four vertices are marked us-
ing the marking process. Also, N(u) = N(v) = {w,z}
(N(w) = N(z) = {u,v}). Using MP(1), one of u
and v (also one of w and z) is unmarked (and such a ver-
tex is caled ex-gateway), leaving two marked vertices (z
and v based on Rule 1). Note that ex-gateway hosts are
hosts marked by the marking process but unmarked by one
of the rules. Using M P(1)*, none of the gateways can
be unmarked. Figure 4 (b) shows an example of apply-
ing M P(1&2). Notethat using M P(1)* and M P(1&2)*,
gateway u cannot be unmarked.

To simplify the discussion, it is assumed that the mark-
ing process (together with Rule 1 and/or Rule 2) can bedone
quickly between two switch-on/off operations, without re-
quiring each host to apply the marking process at the same
time. The period between two switch-on/off operations is
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Figure 4. Status after (a) Rule 1, (b) Rule 2.

caled a phase. Each host u keeps two statuses: (m(u),
m(u)*). m(u) stores the result of the marking process.
m(u)* stores the final result after applying Rule 1 and/or
Rule 2. m(u)* isdetermined based on m(v) (not m(v)*) of
itsneighbor v. m(u)* representsthefinal status of u, andis
independent of the sequence in which hosts in the network
apply Rule 1 and/or Rule 2.

Update under M P(). The marking process has the fol-
lowing desirable locality property: The status of a host
(gateway/non-gateway) depends only on connections of its
neighbors, not the status of its neighbors. The implication
of the locality property is that the status of a host is inde-
pendent of the status of its neighbors. Therefore, when host
v switches on/off, hosts and only hosts that are neighbors of
v may change their status.

When amobile host v switches on, only its non-gateway
neighbors, along with host v, need to update their status,
because any gateway neighbor will still remain as gateway
after a new vertex v is added.

Switch-on: (1) Mobile host v broadcasts to its neighbors
about its switch-on. (2) Each host u € v U N (v) exchanges
its neighbor set N (u) with its neighbors. (3) Host v assigns
its marker m(v) to T if there are (w,v) € E and (v,w') €
E, but (w,w') ¢ E. (4) Each non-gateway neighbor u €
N (v) assigns its marker m(u) to T if thereis (w,u) € F,
but (w,v) ¢ E.

When amobile host v switches off, only gateway neigh-
bors of the switch-off host need to update their status, be-
cause any non-gateway neighbor will still remain as non-
gateway after vertex v is deleted.

Switch-off: (1) Mobile host v broadcasts to its neighbors
about its switch-off. (2) Each host u € N(v) exchanges
its neighbor set N (u) with its neighbors. (3) Each gateway
neighbor u assigns its marker m(u) to F if al neighbors
are pairwise connected; that is, (w,w') € F for any two
neighborsw and w' of u.

Update under M P(1&2)*. When the marking processis
used together with Rules 1 and 2, the locality property no
longer holds: the status of host u depends also on the status
of other hosts (v in Rule 1 and v and w in Rule 2).

Lemma 1. When the status of host « changes and « is not

a neighbor of any switch-on/off host, then it is caused only
by using Rule 1 or Rule 2.

Theorem 1: When the dominating set is derived by the
marking process with restricted Rules 1 and 2, and in addi-
tion, vertex id is used to break atiein Rules 1 and 2, hosts
and only hosts that are neighbors of switch-on (switch-off)
hosts need to update their status.

Proof. Suppose an arbitrarily selected host « is not aneigh-
bor of any switch-on/off host. Based on Lemma 1, u
changes its status by neighbor v (v and w) using Rule 1
(Rule 2). Neither v nor w is a switch-on/off host based on
restricted Rules 1 and 2 and the way w is selected. The dif-
ference between neighbor sets of v and w in the new phase
and the previous oneis a subset of switch-on/off hosts, with
none of them being neighbors of «. We consider the follow-
ing two cases: (1) If host u is changed from non-gateway to
gateway, this meansthat Rule 1 (Rule 2) applied on u inthe
previous phase cannot be used in the current phase. This
occurs when Rule 1 (Rule 2) fails the neighbor coverage
condition between « and v in Rule 1 (u, v, and w in Rule
2) in the current phase, whichisimpossible. (2) If host u is
changed from gateway to non-gateway, based on neighbor
sets of u and v for Rule 1 (u, v and w for Rule 2), Rule
1 (Rule 2) should have been applied to « in the previous
phase. Thisis acontradiction. a

When amobile host u switches on, only its non-gateway
(including ex-gateway) neighbors, along with host u, need
to update their status by the marking process, while any
gateway neighbor will remain as gateway. Specifically, non-
gateway neighbors may change to gateway neighbors. Us-
ing restricted Rules 1 and 2, gateway neighbors may change
to ex-gateway neighbors. Ex-gateways in the previous
phase that are re-marked by the marking processin the cur-
rent phase may or may not be unmarked again (back to ex-
gateways) by Rules 1 and 2. When amobile host v switches
off, only gateway neighbors (including ex-gateways) of the
host need to update their status by the marking process,
while any non-gateway (except ex-gateway) neighbor will
still remain as non-gateway after vertex v is deleted. Specif-
ically, gateway neighbors may change their status to the
non-gateway status. An ex-gateway neighbor may change
back to the gateway status by the marking process, by Rules
1 and 2, or it remains ex-gateway.

Note that when atiein Rules 1 and 2 is broken by vertex
degree instead of vertex id, the locality property no longer
holds for restricted Rules 1 and 2. When applying Rules 1
and 2, the host with a smaller vertex degree is changed to
ex-gateway. In case of atie, vertex id is used to break it.
Consider the example in Figure 5 (a). When vertex degree
isused to break atiein Rule 1, only host « is gateway and
hostsv, w, z, and y are ex-gateways. When host v switches
off, hostsu and w cover each other with the same vertex de-
gree, w becomes the new gateway (u becomes ex-gateway)
when vertex id is used to break atie. However, w is not
a neighbor of the switch-off host v. If vertex id is used to
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Figure 5. Violation of the locality property in
a switch-off operation (on v) when vertex de-
gree is used to break a tie.

break atiein Rules 1 and 2, hosts u, w, and y are gateways
and host v and z are ex-gatewaysbefore host v switches off.

Theorem 2: When the dominating set is derived by the
marking process with the restricted Rules 1 and 2, and in
addition, vertex degreeis used to break a tie, hosts and only
hosts that are within 2 hops of switch-on (switch-off) hosts
need to update their status.

Proof. Arbitrarily select a host « that is £ hops (¢ > 2)
away from the switch-on/off host. Based on Lemma 1, the
status change of v can only be caused by Rule 1 or Rule 2.
Since Rule 1 (Rule 2) is restricted, other hosts v (v and w)
used in Rule 1 (Rule 2) must be neighbors of v; i.e, (k —
1)-hop neighbors of the switch-on/off host. Clearly, vertex
degree and vertex id of v and w both remain unchanged
in the new phase. Following the similar argument used in
the proof of Theorem 1, we conclude that the status of v
remains unchanged. |

Update under M P(1&2). In M P(1&2), a switch-on/off
host may cause the status change of a host that is 2 hops
away as shown in Figure 4 (b).
Theorem 3: When the dominating set is derived by the
marking processwith Rules 1 and 2, and in addition, vertex
idis used to break a tie, hosts and only hoststhat are within
2 hops of switch-on (switch-off) hosts need to update their
status.
Proof. Suppose an arbitrarily selected host « is not a 1-
hop or 2-hop neighbor of any switch-on/off host. Based
on Lemma 1, u changes its status by neighbor v (v and w)
using Rule 1 (Rule 2). Since the neighbor set of v is cov-
ered by the neighbor set of v in Rule 1 (and jointly with
the neighbor set of w in Rule 2), both v and w are no more
than 2 hops away from u. Therefore, neither v nor w is a
switch-on/off host. The difference between neighbor sets
of v and w in the new phase and the old one is a subset of
switch-on/off hosts, with none of them being neighbors of
u. The same arguments used in the proof of Theorem 1 can
be applied to show that it isimpossible to change the status
of host u. |
In a new phase, in addition to the switch-on (switch-
off) procedures, Rules 1 and 2 need to be applied to all
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~
~

MP(182) MP(182)
MP(182)"

Mp(mz)2

°
o e

Number of status changes
°
>

60 80 100 0 20 40 60 80 100
Number of hosts

r=25, using degree to break a tie r=50, using degree to break a tie

MP(182) - MP(182) -
MP(1&2)"
MP(1) YO Craviote . 1 MP(1)
e P
MP() -

Number of status changes

0 20 40 60 80 100 0 20 40 60 80 100
Number of hosts

Figure 6. Average number of status changes
per switch-on/off.

switch-on hosts and 1-hop and 2-hop neighbors of switch-
on (switch-off) hosts.

Theorem 3 failswhen vertex degreeisused to break atie.
Consider the example in Figure 5 (b) where vertex degree
isused to break atiein Rules 1 and 2. Hosts v and y are
gateways, w and z are ex-gateways, and v is non-gateway.
When host v switches off, hosts » and w cover each other.
Host u becomes ex-gateway and w gateway. However, w is
3 hops away from v. On the other hand, the switch-on/off
host can only affect the status of neighborswithin 3 hops as
shown in the following result (its proof is similar to the one
for Theorem 3).

Theorem 4: When the dominating set is derived by the
marking processwith Rules 1 and 2, and in addition, vertex
degree is used to break a tie, hosts and only hosts that are
within 3 hops of switch-on (switch-off) hosts need to change
their status.

All results in this section also apply to M P(1)* and
MP(1).

5 Simulation

The simulation software generates random connected ad
hoc networkswithin a confined areaof 100 x 100. Each host
in the network is marked as non-gateway, ex-gateway, and
gateway by the marking process and thereductionrules. For
each network, one random host is added (switch-on) and
the status change of other hosts is computed. In the same
manner, one random host is removed (switch-off) and the
status change is computed. Note that Rules 1 and 2 may be
implemented in different ways (restricted or non-restricted,
breaking a tie by vertex id or vertex degree). Networks are
generated with afixed transmitter range (25 or 50), and the
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Figure 7. The difference between host switch-
on and host switch-off.

number of hosts ranges from 3 to 100. All the simulations
run for atime long enough to achieve a confidence level of
90% with a precision within 10%.

Figure 6 shows the number of status changes per switch-
on/off. Note that when a host switches on (off), only less
than one nearby host need to change its status. As to dif-
ferent versions of the marking process, M P() is the most
stable and M P(1&2) is the most unstable. The restricted
versions (M P(1)* and M P(1&2)*) and the non-restricted
versions(M P(1) and M P(1&2)) of Rules 1 and 2 are very
closein their stability. However, breaking a tie with vertex
id is more stable than with vertex degree, unless when the
graphis extremely dense.

Figure 7 compares the difference between host switch-
on and host switch-off operations. When only M P() is ap-
plied or vertex degreeis used to break atie for M P(1) and
M P(1&2), the number of status changes caused by switch-
on and switch-off are very close. However, when vertex id
is used to bresk atie for M P(1) and M P(1&2), switch-
off causes|ess status changes, thanksto its relatively higher
redundancy in the reduced dominating set.

Table 1 shows the average distribution of status changes
among the 1-3 hop neighbors of the switch-on/off hosts.
The result shows that for all marking processes, any sta-
tus change can only occur within 1 hop (M P(), M P(1)*,
MP(1&2)*), 2 hops (M P(1), MP(1&2), MP(1);,,.
MP(1&2)},,), and 3 hops (M P(1)4eg, M P(1&2)4eg)-
Note that although M P(1) and M P(1&2) may cause sta-
tus change 1 hop further than M P(1)* and M P (1&2)*, the
probability of thiskind of status changeis very low (1.98%
when using vertex id and 0.12% when using vertex degree).

As a conclusion, we can draw the following summary
from the ssimulation results; (1) A host switch-on/off opera-
tion only affectsthe status of its neighborhood within 3 hops
(MP(1)geqg, MP(1&2)4¢4)- (2) Breaking atie using vertex
idin Rules 1 and 2 is more stable (less status change) than
using vertex degree. (3) M P() is more stable than M P(1),
whichin turnis more stable than M P(1&2). Therestricted
and non-restricted versions of a reduction method are very
closein stahility.

Table 1. Locality of marking processes.

| Version | Chg# ] 1-hop | 2-hop | 3-hop | Tota |

[MP() [ 023 | 100.00% | 0.00% | 0.00% | 100% |
MP(1)* 0.53 | 100.00% 0.00% | 0.00% | 100%
MP(1&2)* 0.66 | 100.00% 0.00% | 0.00% | 100%
MP(1) 0.53 98.92% 1.08% | 0.00% | 100%
MP(1&2) 0.67 98.02% 1.98% | 0.00% | 100%
MP(D)., 058 | 94.8%% | 511% | 0.00% | 100%
MP(1&2)5,, | 080 | 8107% | 19.93% | 0.00% | 100%
MP(1)geg 0.55 93.66% 6.33% | 0.01% | 100%
MP(1&2)4eq4 0.80 78.94% | 20.94% | 0.12% | 100%

6 Conclusion

In this paper, we have studied the locality property of
the dominating set derived from Wu and Li’s marking pro-
cesstogether with several dominating set reduction methods
(Rules 1 and 2). Results show that the marking process has
good locality property in asystem with switch-on/off hosts.
Specifically, only 1-hop neighbors of switch-on/off hosts
need to update their gateway/non-gateway status when the
restricted Rules 1 and 2 is used. 2-hop neighbors of switch-
on/off hosts need to update their gateway/non-gateway sta-
tus when the non-restricted Rules 1 and 2 is applied. Our
results also show that vertex id is better than vertex degree
to break a tie situation in terms of stability of dominating
set. All these further confirm that the dominating-set-based
routing is a promising approach in ad hoc networks, espe-
cially for ones where switch-on/off operations are primary
operationsthat change the network topol ogy.
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