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Abstract In this paper, we propose an efficient Two-Phase
geographic Greedy Forwarding (TPGF) routing algorithm
for WMSN . TPGF takes into account both the requirements
of real time multimedia transmission and the realistic char-
acteristics of WMSNSs. It finds one shortest (near-shortest)
path per execution and can be executed repeatedly to find
more on-demand shortest (near-shortest) node-disjoint rout-
ing paths. TPGF supports three features: (1) hole-bypassing,
(2) the shortest path transmission, and (3) multipath trans-
mission, at the same time. TPGF is a pure geographic greedy
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forwarding routing algorithm, which does not include the
face routing, e.g., right/left hand rules, and does not use pla-
narization algorithms, e.g., GG or RNG. This point allows
more links to be available for TPGF to explore more routing
paths, and enables TPGF to be different from many exist-
ing geographic routing algorithms. Both theoretical analysis
and simulation comparison in this paper indicate that TPGF
is highly suitable for multimedia transmission in WMSNSs.

Keywords Multimedia sensor networks - Geographic
routing - Multipath transmission - Realistic conditions

1 Introduction

Efficiently transmitting multimedia streams in wireless mul-
timedia sensor networks (WMSNSs) is a significant challeng-
ing issue, due to the limited transmission bandwidth and
power resource of sensor nodes. Three recent surveys [1-3]
on multimedia communication in WMSNs shows that cur-
rent existing protocols in both multimedia and sensor net-
works fields are not suitable for multimedia communica-
tion in WMSN:Ss, because they do not have enough consid-
eration on the characteristics of multimedia streaming data
and natural constrains of sensor networks at the same time.
These three surveys also expatiated that there is no solution
focusing on addressing the routing problem of multimedia
streaming in geographic WMSNs.

Generally, multimedia transmission in WMSNs should
consider the following three requirements:

e Multipath transmission: Packets of multimedia streaming
data generally are large in size and the transmission re-
quirements can be several times higher than the maximum
transmission capacity (bandwidth) of sensor nodes. This
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Fig. 1 Dynamic Hole. A Dynamic Hole can be formed by a group of
sensor nodes in the eight existing routing paths because these nodes are
overloaded and cannot be used for forming other routing paths

requires that multipath transmission should be used to in-
crease transmission performance in WSNs [4].

e Hole-bypassing: Dynamic holes may occur if several sen-
sor nodes in a small area overload due to the multimedia
transmission, e.g., Fig. 1. Efficiently bypassing these dy-
namic holes is necessary for transmission in WSNs.

e Shortest path transmission: Multimedia applications gen-
erally have a delay constraint, which requires that the
multimedia streaming in WSNs should always use the
shortest routing path, which has the minimum end-to-end
transmission delay.

Multimedia transmission in WMSNs requires a new rout-
ing algorithm that can support all these three requirements
at the same time. This paper proposes a new Two-Phase
geographic Greedy Forwarding (TPGF) routing algorithm
for exploring one or multiple shortest (near-shortest) hole-
bypassing transmission paths in WMSNSs. The first phase of
TPGF is responsible for exploring the possible routing path.
The second phase of TPGF is responsible for optimizing the
found routing path with the least number of hops. TPGF can
be executed repeatedly to find multiple on-demand node-
disjoint routing paths. TPGF has the following primary fea-
tures that make it be different from existing geographic rout-
ing algorithms [5-8].

e TPGEF is a pure geographic greedy forwarding routing al-
gorithm. It does not include the face routing concept, e.g.,
right/left hand rules and count/clockwise angles, which is
different from many existing geographic forwarding rout-
ing algorithms, e.g., GPSR [5].

e TPGF does not require the computation and preservation
of the planar graph in WMSNs. This point allows more
links to be available for TPGF to explore more node-
disjoint routing paths, since using the planarization algo-
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rithms actually limits the useable links for exploring pos-
sible routing paths.

e TPGF does not have the well-known Local Minimum
Problem [5], which is defined as “a sensor node finds no
next-hop node that is closer to the base station than itself™.

Research work in this paper has made both theoreti-
cal and practical contributions to understand the geographic
routing in WMSNS. The theoretical contributions are:

e Itis proved that: there exists a geographic greedy forward-
ing routing algorithm (TPGF) that can guarantee packet
delivery (bypassing holes) in any 2D/3D sensor networks
without using the face routing method, when sensor nodes
only know about their 1-hop neighbor nodes.

e It is proved that: there exists a geographic greedy for-
warding routing algorithm (TPGF) that can find the short-
est routing path (or near-shortest routing path when holes
exist) for minimizing the end-to-end transmission delay,
when the holes information is not identified in advance.

The practical contributions in this paper are as following
four aspects:

e Key novelty: To the best of our knowledge, TPGF is the
first pure geographic greedy forwarding routing algorithm
that focuses on supporting multimedia streaming in WM-
SNs, which supports the following three features at the
same time.

e Supporting multipath transmission: TPGF can find one
routing path per execution and can be executed repeatedly
to find more on-demand node-disjoint routing paths.

e Supporting hole-bypassing: TPGF provides a better so-
lution for hole-bypassing in both 2D and 3D sensor net-
works than other related research work.

e Supporting shortest path transmission: TPGF can find the
shortest routing path (or near-shortest routing path when
holes exist) for minimizing the end-to-end transmission
delay.

We believe that TPGF routing algorithm can make a sig-
nificant impact on both mobile multimedia and wireless sen-
sor networks (WSNs) research communities.

The rest of this paper is organized as follows: Sect. 2
presents the related work. Section 3 shows the network
model and problem statement. Section 4 describes the al-
gorithm and examples. Section 5 discusses the on-demand
multipath transmission. Section 6 demonstrates simulation
results, and Sect. 7 concludes this paper.

2 Related work
2.1 Related work on hole-bypassing in WSNs

A number of research works on hole-bypassing routing
in WSNs have been conducted. These research works can
be classified into: (1) Hole-bypassing without knowing the
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holes information but computing the planar graph in ad-
vance [5-8]; (2) Hole-bypassing with identifying the holes
or boundary nodes information in advance [13-15].

Hole-bypassing without knowing the holes information
but using planarization algorithms in advance: In [5], a
greedy forwarding routing algorithm GPSR was proposed.
A Local Minimum Problem was identified in this paper. Be-
fore meeting the Local Minimum Problem, in GPSR, a sen-
sor node always chooses the next-hop node that is closer to
the base station than itself. When it runs into a Local Mini-
mum Problem in GPSR, the face routing (Right Hand Rule)
is adopted to solve the problem. Several other algorithms in
[6-8], e.g., GOAFR, GOAFR+, and GPVFR were proposed
subsequently. All these algorithms adopted the face routing
to bypass holes. The correctness of these routing algorithms
in ideal Gabriel Graph (GG) [9] and Relative Neighborhood
Graph (RNG) [10] is further proved in [11].

However, in [12], the authors reported that these geo-
graphic routing algorithms actually could not guarantee the
delivery with arbitrary connectivity under realistic condi-
tions, which include (1) Inaccurate location of sensor nodes,
which can cause disconnection in planar graph by remov-
ing incorrect links; (2) Irregular radio range coverage, which
can cause cross-links in planar graph. This report motivates
a clear need for designing a new geographic routing algo-
rithm to guarantee the packet delivery. Furthermore, the cor-
rect operation of the face routing requires the WSN to be
considered as a planar graph [12]. Using the planarization
algorithms, e.g., GG or RNG, can create a planar graph from
a non-planar physical topology by selecting a subset of the
links, which actually limits the useable links. However, in
WMSNs, the number of usable links is not expected to be
reduced since it has strong impact on the exploring result of
multiple routing paths. It is clear that geographic face rout-
ing should not be an option for hole-bypassing in WMSNs,
which further motivates the need for designing a new geo-
graphic routing algorithm for hole-bypassing.

Hole-bypassing with identifying the holes or boundary
nodes information in advance: In [13, 14], the authors use
graph theory to identify hole boundary nodes first, then use
the knowledge of these identified boundary nodes to facil-
itate the hole-bypassing routing. Especially, in [14], every
sensor node is requested to identify twice whether it is a
first-class node or a second-class node, which will consume
a lot of energy. The actual routing algorithm executes after
identifying these first-class and second-class nodes. In [15],
the authors try to find an optimized hole-bypassing routing
path by using hole geometric modeling after knowing the
information of holes in advance. In this paper the hole infor-
mation is obtained by using the algorithm proposed in [13].
All these algorithms can work correctly for identifying sta-
tic holes in WSNss, e.g., Fig. 2. A static hole can be formed
by a set of dead sensor nodes due to energy exhaustion or
damage.
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Fig. 2 Static hole. A static hole can be formed by a set of dead sensor
nodes due to running out of energy or damage

However, holes in WMSNs are more likely to be dy-
namic. Due to the large size of multimedia streaming data
packet, transmission in WMSNs will generally use the max-
imum transmission capacity of each path, which does not
allow the sharing of transmission path. Any node that is
transmitting multimedia streaming data can hardly be reused
for forming another routing path. When additional rout-
ing paths are needed for increasing the transmission perfor-
mance, each new routing path should bypass the dynamic
hole formed by the nodes of previous routing paths, e.g., in
Fig. 1, if the ninth routing path is needed, it should bypass
the dynamic hole formed by the nodes of the previous eight
routing paths. In other words, the routing path nodes can en-
large the holes, because these routing path nodes cannot be
reused for forming other routing paths. Using the algorithms
proposed in [13, 14] to identify the hole/boundary nodes in-
formation in WMSNS after forming each new routing path
is inefficient.

2.2 Related work on geographic on-demand disjoint
multipath routing in WSN’s

Many multipath routing protocols have been studied in the
field of wireless ad hoc & sensor networks [16].! However,
most of the multipath routing protocols focus on energy ef-
ficiency, load balance, or fault tolerance in WSNs, and they
are the extended versions of DSR [17] and AODV [18].
Only a few research works adopt the geographic informa-
tion to facilitate the on-demand disjoint multipath routing in
Ad Hoc networks and WSN, e.g., [19, 20]. In [19], the au-
thors proposed a Geography based Ad Hoc On demand Dis-

IMultipath routing in wireless ad hoc & sensor networks, http://snac.
eas.asu.edu/snac/multipath/multipath.html, the latest access on March
13, 2008.
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joint Multipath (GAODM) routing protocol in Ad Hoc net-
works. This GAODM uses the push-relabel algorithm [21]
to convert the Ad Hoc network as a flow network. The focus
of this research work is how to use the push-relabel algo-
rithm to find multiple node/edge disjoint paths based on the
flow assignment. The routing algorithm is similar to the first
phase of TPGF, which actually can bypass holes. But, the au-
thors didn’t mention this point in the whole paper. Further-
more, the routing paths found by GAODM are far from the
optimal paths in terms of the end-to-end transmission delay.
In [20], the authors proposed a node-Disjoint Parallel Multi-
path Routing algorithm (DPMR). This DPMR actually uses
the algorithm proposed in [13] to identify the hole bound-
ary first, then divides the identified hole into two regions
(clockwise region and unclockwise region). When the Lo-
cal Minimum Problem [5] is met, the node always chooses
a next hop only from either clockwise region or unclock-
wise region. Although, this research work breakes through
the using of facing routing and planarization algorithms in
geographic routing, it still has a key problem: it relies on the
algorithm proposed in [13], and the restriction of using only
either clockwise region or unclockwise region actually limits
the usable sensor nodes, consequently, limits the number of
routing paths. The found routing paths in [20] are also far
from the optimal paths in terms of the end-to-end transmis-
sion delay. Thus, these approaches in [19, 20] are not suit-
able, since finding multiple routing paths with the shortest
length and satisfying the end-to-end transmission delay are
extremely important for transmitting multimedia streaming
data in WMSNSs.

Therefore, to propose the first geographic routing algo-
rithm in WMSNSs for: (1) supporting hole-bypassing with-
out using the face routing or identifying the hole/boundary
nodes information in advance, (2) supporting the shortest
path transmission, (3) supporting multipath transmission, is
the key focus of this paper.

3 Network model and problem statement

In this paper, we consider a geographic wireless multimedia
sensor network. The locations of sensor nodes and the base
station are fixed and can be obtained by using GPS. Each
sensor node has its transmission radius 7R and M 1-hop
neighbor sensor nodes. Each sensor node is aware of its ge-
ographic location and its 1-hop neighbor nodes’ geographic
locations. We assume that only source nodes know the lo-
cation of the base station and other sensor nodes can only
know the location of base station by receiving the packet
from source nodes. This assumption is the same with that
used in [5-8].

The considered WMSN can be represented as a graph
G(V,E), where V = {vq,...,v,} is a finite set of sen-
sor nodes (vertexes) and E = {ey,...,e,} is a finite set
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of links (edges). A finite set of nodes (vertexes) Vource =
{vsi,...,vs,} are source nodes. The base station can be
randomly deployed in the WSN. Each sensor node can
have three different states: (1) active and available, (2) ac-
tive but unavailable, and (3) dead. Each link can have two
different states: (1) available and (2) unavailable. A sub-
set Vswtic_Hole = {VUSH1, ..., Usun} Oof V are in the state of
dead. The nth routing path P,y from a source node to
the base station can be represented by a subset of the V
as Py = {vpnt, ..., Upum}, Which results in that a subset
VDynamic_Hole = {VDH1, ..., UDHn} = Pith + -+ + Py of
V are in the state of active but unavailable and a subset
Exole ={€H1, ..., egn} of E are in the state of unavailable.
The available sensor nodes and available links can be rep-
resented as Vgygitapie = V — VDynamic_Hole — Vistatic_Hole and
Eqvailable = E — ERole.

The first sub-problem of this paper is to find the subset
Pyt = {vpn1, - . ., Upum} inside the graph G ayaitabie (Vavailable
E4vailaple) from one of the source nodes to the base sta-
tion, which means to find a successful path while bypassing
holes.

The second sub-problem of this paper is to find the subset
Puth_optimized = {vopn1, - -, UOan}(Pnth_aptimized C Pum) to
optimize the found routing path P,y with the least number
of nodes N, optimized in P, nth_optimized -

We propose a new Two-Phase geographic Greedy For-
warding (TPGF) routing algorithm to solve these two sub-
problems in the following section.

4 Algorithm and examples

Motivated by the two sub-problems, TPGF consists of two
phases: (1) Geographic forwarding; (2) Path optimization.

Definition 1 (Node-disjoint routing path) A node-disjoint
routing path is defined as a routing path that consists of a
set of sensor nodes, and excluding the source node and the
base station, none of these sensor nodes can be reused for
forming another routing path.

In TPGEF, all the found routing paths are node-disjoint
routing paths. The feature of node-disjoint should be used
because generally transmitting multimedia streaming data
in WMSNs will use the maximum transmission capacity of
each path, which does not allow the sharing of any node in
the used transmission path.

4.1 Geographic forwarding
This first phase is responsible for solving the first sub-

problem: exploring a delivery guaranteed routing path while
bypassing holes in WMSNSs. The geographic forwarding
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Fig. 3 (a) Greedy forwarding P
example 1: b is a’s closest

neighbor to D, and b is closer

than a to D. (b) Greedy

forwarding example 2: b is ;e
transmitting data and is not ’,"
available. The routing path i @
nodes from b to D form one i
dynamic hole. c is a’s closest
neighbor to D now, and c is
further than a to D. d is ¢’s
closest neighbor to D, and d is
closer to D than both a and ¢
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consists of two methods: greedy forwarding and step back
& mark. The latter is used in the situation when greedy for-
warding cannot find the next-hop node.

4.1.1 Greedy forwarding

The principle for greedy forwarding in this paper is: a for-
warding node always chooses the next-hop node that is clos-
est to the based station among all its neighbor nodes, the
next-hop node can be further to the base station than it-
self. This greedy forwarding principle is different from the
greedy forwarding principle used in [5-8]: a forwarding
node always chooses the 1-hop neighbor node that is closer
to the base station than itself. Two examples of this new prin-
ciple are shown in Figs. 3(a) and (b). Especially, in Fig. 3(b),
if following the greedy forwarding principle of [5-8], there
is a Local Minimum Problem on the node a, since it has no
1-hop neighbor node that is closer to the base station than
itself. However, this Local Minimum Problem does not ex-
ist in this new principle, which means the TPGF does not
need to change to the face routing. The forwarding decision
is purely based on the comparison among the geographic
distance of each neighbor node to the base station.

4.1.2 Step back & mark

Definition 2 (Block node and block situation) For any sen-
sor node, during the exploration of a routing path, if it has

(a)

b ,—‘b'lt‘i‘ck node

............

Fig.4 Block node and block situation: b is a block node since it has no
1-hop neighbor that is available to be the next-hop node except node a,
which is the previous-hop node of b. This kind of situation is a block
situation

no next-hop node that is available for transmission except its
previous-hop node, this node is defined as a block node, and
this kind of situation is defined as a block situation.

There is a worst situation (block situation) for this new
greedy forwarding principle, e.g., Fig. 4. To handle the block
situation, we propose the step back & mark approach: When
a sensor node finds that it is a block node, it will step back
to its previous-hop node and mark itself as a block node.

@ Springer
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The previous-hop node will attempt to find another avail-
able neighbor node as the next-hop node. Marking the block
node is to forbid the loop. The step back & mark will be
repeatedly executed until a sensor node successfully finds a
next-hop node that allows the path exploration to change to
the greedy forwarding.

4.1.3 Theoretical analysis

Theorem 1 For a given source node, using the combination
of greedy forwarding and step back & mark can guarantee
that it can explore every connected sensor node, which can
be reached in any number of hops.

Proof The greedy forwarding and step back & mark actually
convert the WSN to a Distance based Search Tree (DST),
e.g., Fig. 5(a). The search of all connected nodes is guaran-
teed. Here, the Dis means the distance between each node to
the base station. (]

Corollary 1 There exists a geographic greedy forwarding
routing algorithm that can guarantee packet delivery (by-
passing holes) in any 2D/3D WSNs without using the face
routing method, when sensor nodes only know their 1-hop
neighbor nodes.

Proof According to Theorem 1, this corollary is proved. [J

Routing algorithms in GPSR [5] and GPVFR [8] actually
convert the WSN to a Distance and Angle based Search Tree
(DAST), e.g., Fig. 5(b).

When converting the DST_TPGF, all the neighbor nodes
are added into the search tree no matter whether they are fur-
ther or closer to the base station than that of the source node.
When converting the DAST_GPSR, only the sensor node
that has a shorter distance to the base station than that of the

a&
o0 0

Dis Dis  Dis 1 3
LT Di
le
gle c
@
c
b 4
b s D.i‘s d
d @ \
i Dis
./‘n ]\f)‘ls I|‘
e o,
(a) (b)

Fig. 5 (a) DST: the Distance (Dis) based Search Tree of Fig. 4.
(b) DAST: the Distance (Dis) and Angle based Search Tree of Fig. 4
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source node can be added into the search tree, which means
the number of nodes in the DAST_GPSR [5] is less than
the number of nodes in the DST_TPGF. When converting
the DAST_GPVEFR in [8], a further constraint (an elliptical
bound) is added to DAST_GPSR for the face routing model,
which means the number of nodes in the DAST_GPVEFR is
less than the number of nodes in the DAST_GPSR. Thus,
these three search trees have the following relationship
on the number of nodes: DST_TPGF > DAST_GPSR >
DAST_GPVEFR. Based on this relationship, it is easily to
know that in the worst case using TPGF to search the base
station requires the exploration of the whole tree, which
means the searching performance of TPGF in DST_TPGF
is not faster than that of both GPSR in DAST_GPSR and
GPVEFR in DAST_GPVFR.

However, this is the situation in the theoretical ideal
condition. Under realistic conditions, TPGF actually has
the better exploration performance than that of GPSR and
GPVEFR in the worst case. According to [12], in realistic
conditions, GPSR and GPVFR can get into a permanent
loop. The major reason is: using planarization algorithms
based on inaccurate node location information will cause
cross-links, and consequently, cause permanent loop by face
routing. This permanent loop causes that GPSR and GPVFR
cannot guarantee the packet delivery. However, TPGF al-
ways can since it does not adopt the face routing method,
which means TPGF actually has the better exploration per-
formance than that of GPSR and GPVFR.

4.1.4 Conclusion on geographic forwarding of TPGF

The geographic forwarding phase in TPGF provides a dif-
ferent method to bypass holes other than using the face
routing method. It guarantees to find the deliverable rout-
ing path. The exploration performance of this geographic
forwarding is not as good as previous research work [5-8]
in ideal network, but it actually has the better performance
when cross-links exist in the network under realistic condi-
tions.

4.2 Path optimization

This second phase is responsible for solving the second
sub-problem: optimizing the found routing path with the
least number of nodes. The path optimization include one
method: label based optimization.

4.2.1 Path circle

Definition 3 (Path Circle) For any given routing path in a
WSN, if two or more than two sensor nodes in the path are
neighbor nodes of another sensor node in the path, we con-
sider that there is a path circle inside the routing path, e.g.,
Figs. 6(a) and (b).
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Fig. 6 (a) Path circle: b, ¢, and
d are nodes in the path, and all
of them are neighbor nodes of a. ®
The path circle is formed by /
nodes a, b, ¢, and d. Actually, a
can directly transmit packets to
d as the dotted line. (b) The \
path circle is formed by nodes @
a, b, and c. The path circle is
caused by the face routing.
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A routing path found by geographic forwarding phase in
TPGF can have path circles, which actually can be elimi-
nated for reducing the number of nodes in the routing path.
Path circle also appears in the routing path of [5—-8] due to
the using of face routing, e.g., Fig. 6(b). It is clear that the
routing paths found by TPGF and other algorithms can be
optimized to have the least number of routing nodes by elim-
inating all path circles.

4.2.2 Label based optimization

To eliminate the path circles in the routing path, we propose
the label based optimization, which needs to add an addi-
tional function in the geographic forwarding phase: when-
ever a source node starts to explore a new routing path,
each chosen node is assigned a label that includes a path
number and a degressive node number, e.g., Fig. 7(a). In
TPGF, whenever a routing path reaches the base station, an
acknowledgement is requested to send back to the source
node. During the reverse travelling in the found routing path,
the label based optimization is performed to eliminate the
path circles. The principle of the label based optimization
is: Any node in a path only relays the acknowledgement to
its one-hop neighbor node that has the same path number
and the largest node number. A release command is sent to
all other nodes in the path that are not used for transmis-

) ) .\ path circle-”
Actually, a can directly transmit S |

[
TR

N

\

- by I

\

" path circle ;

sion, e.g., Fig. 7(b). These released nodes can be reused for
exploring other additional paths.

4.2.3 Conclusion on path optimization of TPGF

For any given routing path found by the first phase of TPGF
or other algorithms in [5-8] with face routing, using the
label based optimization to eliminate the path circles can
sometimes minimize the number of nodes in the path. The
path optimization phase in TPGF provides label based opti-
mization method to optimize the routing path found by us-
ing the TPGF. The method is not used in previous research
work [5-8], and it demonstrates an important contribution
of TPGF.

4.3 TPGF Algorithm

The flowchart of TPGF routing algorithm is shown in Fig. 8.
The inputs of TPGF are: (1) location of the current forward-
ing node; (2) location of the base station; (3) locations of 1-
hop neighbor nodes. The outputs of TPGF are: (1) location
of the next-hop node; (2) or successful acknowledgement;
(3) or unsuccessful acknowledgement. It is worth noting that
the inputs of TPGF are exactly the same as the inputs of the
algorithms in [5-8].

The detailed description of TPGF routing algorithm is as
follows:
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Fig. 7 (a) Each node in the T ! P2:N-5

routing paths is assigned a label o P2:N4 | . P2:N-7

that includes a path number and N ) > o PZ:N6 @

a degressive node number. ’," P2:N-3 ',"\\ ’/ \Iz N-8

(b) The dash line shows the ',l A _— \EN-.? S -
reverse travelling in the found H ® ® '\;\. . @® e @
path. b and c are not used for H . "~ g i
transmission, and will be \ P a 3D N P. Iéyv.lfamic hole ~. .\P 1:N~4 \
released. The path circle is ‘\\ P2:N-2 "\.,\‘ '\.\\ ) /'

eliminated, since d directly
sends the acknowledgement to a
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Fig. 8 The flowchart of TPGF routing algorithm
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Phase 1 (Geographic forwarding)

Step 1: The source node checks whether it has usable one-
hop neighbor node. If no, the source node produces an
unsuccessful acknowledgement and stops transmitting. If
yes, then the source node checks whether the base station
is in its one-hop neighbor nodes. If yes, then it builds up
routing path. If no, then the source node tries to find the
next-hop node that is the closest one to the base station
among all its neighbor nodes that have not been labeled
(occupied). A degressive number-based label is given to
the chosen sensor node along with a path number.

Step 2: The chosen sensor node checks whether the base
station is in its one-hop nodes. If yes, then it builds up
routing path. If no, then the chosen sensor node always
tries to find the next-hop node that is the closest one to
the base station among its all neighbor nodes that have
not been labeled (occupied). A degressive number-based
label is given to the found next-hop node along with a
path number. When this sensor node finds that it has no
neighbor node which is available for the next-hop trans-
mission, which means the block situation is met, it will
step back to its previous-hop node and mark itself as a
block node. The previous-hop node will attempt to find
another available neighbor node as the next-hop node.
The step back & mark will be repeatedly executed until
a sensor node successfully finds a next-hop node which
has a routing path to the base station.

Phase 2 (Path optimization)

Step 3: Once the routing path is built up. A successful ac-
knowledgement is sent back from the base station to the
source node. Any sensor node that belongs to this path
only relays packets to its one-hop neighbor node which
is labeled in Step 2 with the same path number and the
largest node number. A release command is sent to all
other one-hop neighbor nodes which are labeled in Step 2
but are not used for transmission. After receiving the suc-
cessful acknowledgement, the source node then starts to
send out multimedia streaming data to the successful path
with the pre-assigned path number.

When the WSN is converted to a DST, the time complex-
ity of TPGF is O(n) where n is the number of nodes in the
WSN.

5 On-demand multipath transmission

5.1 Multipath exploration

The needed number of paths is based on the transmission re-
quirement of multimedia source nodes. According to Defin-
ition 1, the way of finding multiple paths in TPGF is: repeat-
edly using the TPGF in the same WMSN with the guarantee

that any node will not be used twice, which is the same with
that of [20] by repeatedly using the DPMR algorithm.

5.2 Comparing with geographic routing algorithms

Using the planarization algorithms, e.g., GG or RNG, can
create a planar graph from a non-planar physical topology
by selecting a subset of the links, which actually limits the
useable links [5-10], e.g., Figs. 9(a) and (b).

Repeatedly using TPGF without using planarization al-
gorithms in advance can find more routing paths than that
of repeatedly using the algorithms in [5-8], e.g., GPSR or
GPVEFR, with using the planarization algorithms in advance.

Repeatedly using TPGF also can find more routing paths
than that of using DPMR [20]. For example in Fig. 10, in
DPMR, when a is the source node and it meets the Local
Minimum Problem, a always chooses a next hop only from
either clockwise region or unclockwise region. But in TPGF,
the algorithm does not care the angle information, any 1-hop
neighbor node is the candidate for exploration. The restric-
tion of using only either clockwise region or unclockwise re-
gion in DPMR actually limits the usable sensor nodes, con-
sequently, limits the number of routing paths.

. D
(a)
1 e
________ g D
(b)

Fig. 9 (a) Before using planarization algorithms, a has three usable
links. (b) After using planarization algorithms, a has two usable links
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Fig. 10 Using the DPMR, the found number of routing paths can be
only 1. But, using the TPGF, the found number of routing paths can
be 2
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Fig. 11 Using the TPGF, the found number of routing paths can be
only 1. But, using the LMR, the found number of routing paths can
be 2

5.3 The factors of affecting the number of paths

The number of routing paths is restricted by three factors as
following presented.

e For any given source node S with M number of 1-hop
neighbor nodes, it can have maximum M number of node-
disjoint routing paths.

e The maximum number of node-disjoint routing paths is
restricted by the 1-hop neighbor nodes of the base station.

e For any given source node, the maximum number of pos-
sible node-disjoint routing paths is affected by the routing
algorithms. For example, in Fig. 11, if TPGF is used, the
number of routing paths can be only one (dashed path)
with a short end-to-end transmission delay. However, if
the label-based multipath routing (LMR) [22] is used, the
number of routing paths can be two (dotted path) with a
relative longer end-to-end transmission delay.

TPGF and LMR actually demonstrate a confliction be-
tween two different design principles: (1) always explore
the shortest routing path in each round; (2) explore more re-
dundant routing paths with longer end-to-end transmission
delay. TPGF uses “always explore the shortest routing path
in each round” as the criteria and then explores the possible
number of multiple paths. The primary motivation is that the
shortest transmission path generally has the shortest end-to-
end transmission delay, which may satisfy the delay con-
straint of multimedia streaming data. If the data cannot be
transmitted to the base station within the delay constraint, it
is useless. In short, the number of routing paths found by us-
ing the TPGF is not larger than that of LMR. However, the
end-to-end transmission delay of the found routing paths by
using the TPGF is not longer than that of LMR.

5.4 Conclusion on multipath transmission of TPGF

Repeatedly using TPGF can explore more routing paths than
that of repeatedly using the protocols in [5-8], e.g., GPSR,
GOAFR, GOAFR+, and GPVFR. The number of routing
paths found by using the TPGF is not larger than that of
some other non-geographical routing algorithms, e.g. LMR.
But, TPGF is more suitable for transmitting multimedia data
in WMSNs, because it always try to satisfy the delay con-
straint of multimedia streaming data.
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6 Simulation and evaluation

The goals of this simulation section include:

e Prove that TPGF can find more number of routing paths
than that of GPSR

e Prove that TPGF can have shorter average end-to-end
transmission delay than that of GPSR

e Demonstrate the working of TPGF

The reason for choosing GPSR for comparison rather
than other geographic routing algorithms, e.g., GOAFR and
GPVFR, or DPMR is that: GPSR only uses the planarization
algorithms to eliminate the links, and it does not have any
further restriction on the face routing. This point allows that
repeatedly using GPSR can find more node-disjoint routing
paths than that of repeatedly using GOAFR or GPVFR. The
DPMR actually uses the algorithm proposed in [13] to iden-
tify the hole boundary first, which is not in the same cate-
gory of TPGF that bypasses holes without identifying holes
in advance.

6.1 Performance comparison with GPSR

In the simulation, to clearly compare the features of both
TPGF and GPSR algorithms, we simplify the end-to-end
transmission delay as following defined, which is also
widely used in other research work, e.g., [23].

Definition 4 (End-to-end transmission delay) Given a
source node and a base station, when using any geographic
routing algorithm, k hops are needed for connecting the
source node to the base station. The average delay of each
hop is Dyop + Dotherfactors» the end-to-end transmission delay
D, is defined as:

Deye =k * (Dhop + Dotherfactors)v

where Dy,p is the delay for transmission and Domerfactors
stands for the delay contributed by all other factors, such as
MAC layer delay and queuing delay. In this paper, for the
sake of simplicity, we consider the average delay of each
hop Dpop + Dotnerfactors as a fixed value.

Based on the simulation goals and the definition of the
end-to-end transmission delay, the two major comparison
metrics in this simulation are: (1) the average number of
paths by repeatedly using this same algorithm in the WSN;
(2) the average path length from the source node to the sink
node.

To evaluate TPGF routing algorithm, we implemented
both TPGF and GPSR in NetTopo [24]. NetTopo is released
as an open source sensor network simulator on the Source-
Forge. Currently, it has been implemented with more than 80
java classes and more than 11,000 Java lines source codes.
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Fig. 12 (a) GPSR on GG
planar graph: average number of
paths vs. number of nodes.

(b) GPSR on RNG planar
graph: average number of paths
vs. number of nodes. (¢) TPGF:
average number of paths vs.
number of nodes
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Fig. 13 (a) TPGF: average 40
number of hops before

optimization vs. number of 35
nodes. (b) TPGF: average

number of hops after 20
optimization vs. number of

nodes
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The source code of both TPGF and GPSR are available in
NetTopo as examples. Users can freely download the lat-
est version of NetTopo to play with these two routing algo-
rithms by accessing the website on [25].

In the simulation, the network size is fixed in 600 M x
400 M (1 pixel on the canvas is considered as 1 meter). For
each fixed number of sensor nodes (network density) and
transmission radius (network degree), the average number
of paths and the average path length are computed from 100
simulation results using 100 different random seeds for net-
work deployment. Then, we change the node number (from
100 to 1000) and transmission radius (from 60 M to 105 M)
to obtain different values.

The GPSR is simulated in both GG and RNG graphs. The
planarization algorithms are repeatedly applied when using
GPSR to repeatedly explore each new routing path. By the
repeated using of planarization algorithms, the source node
in GPSR can actually explore all its 1-hop neighbor nodes.
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(b)

According to the three factors in Sect. 5.3, we can easily
know that the difference between TPGF and GPSR in the
exploration results of the average number of paths is mainly
caused by the different approaches in these two different al-
gorithms.

Figures 12(a), (b) and (c) are the simulation results on
the average number of paths found by applying TPGF and
GPSR respectively. By comparing the average number of
paths in Figs. 12(a), (b) and (c), we can easily see that TPGF
can find much more number of paths than that of GPSR on
both GG and RNG planar graphs.

Figure 13(a) is the simulation results on the average path
length of TPGF before applying optimization and Fig. 13(b)
is the simulation results on the average path length of TPGF
after applying optimization. It is easy to conclude that af-
ter optimization the average path length of TPGF is much
shorter.
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Fig. 14 (a) GPSR on GG 160
planar graph: average number of Average Number of Hops
hops vs. number of nodes. 140
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Figures 14(a) and (b) are the simulation results of GPSR
on the average path length on both GG and RNG planar
graphs. Comparing Figs. 13(b), 14(a) and (b), it is proved
that TPGF can have shorter average path length than that of
GPSR. Furthermore, the changing of average path length in
GPSR is strongly affected by the changing of transmission
radius, but in TPGF it is not.

6.2 Execution demonstration of TPGF

In Figs. 15(a), (b), (c) and (d), the execution of TPGF is
demonstrated.

7 Conclusion

Using multimedia sensor nodes can enhance the capability
of WSNs for event description. Efficiently transmitting mul-

500 600 700 800 900 1000

(b)

timedia streaming data in WSNs is a basic requirement. In
this paper, a new Two-Phase geographic Greedy Forwarding
(TPGF) routing algorithm is proposed to facilitate the multi-
media streaming data transmission in WMSNs. TPGF does
not adopt face routing to bypass holes, which makes TPGF
be different from many existing geographic routing algo-
rithms. Both theoretical analysis and simulation comparison
in this paper show that TPGF is more suitable for transmit-
ting multimedia streaming data than other geographic rout-
ing algorithms in geographic WMSNs. We believe that our
research result can make a significant impact on both mobile
multimedia and WSNs research communities.
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Fig. 15 (a) The deployed sensor network with one source node, one
base station, and a set of dead nodes. (b) The source node tries to find
the only available routing path. During the exploration, three nodes
are marked as block nodes. (¢) The found routing path is optimized

Appendix

The main graphical user interface (GUI) of NetTopo is
shown in Fig. 16. It consist of three major components: (1) a
display canvas (on the upper left), which can be dragged in
case of viewing a large scale WSN, (2) a property tab for
displaying node properties (on the upper right), and (3) a
display console for logging and debugging information.

In Fig. 17, the red color node is the source node and
the green color node is the sink node. As an example,
Figs. 17(a), (b) and (c) give a direct impression to re-
searchers that TPGF can have shorter average path length
than that of GPSR in a single WSN deployment.

The Fig. 18 gives an example of multi-source multipath
transmission by using TPGF.
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(d)
by eliminating the path circles. The optimized routing path is much

shorter. (d) The explored but unused nodes are released. These nodes
can be reused for exploring another routing path

= [O[%]

Fig. 16 NetTopo main GUI (the TPGF multipath routing algorithm is
executed in the WSN)
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Fig. 17 (a) Running TPGF in the WSN with 4 routing paths when
transmission radius of sensor node is set as 60 meters. (b) Running
GPSR in the GG WSN with 4 routing paths when transmission radius
of sensor node is set as 60 meters. (¢) Running GPSR in the RNG WSN
with 4 routing paths when transmission radius of sensor node is set as
60 meters

Fig. 18 An example: 4 source nodes, each node has 4 transmission
paths found by using TPGF
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