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Multipath Dissemination in
Regular Mesh Topologies

Kranthi K. Mamidisetty, Minlan Duan, Shivakumar Sastry, Member, IEEE Computer Society, and
P.S. Sastry, Senior Member, IEEE

Abstract—Mesh topologies are important for large-scale peer-to-peer systems that use low-power transceivers. The Quality of
Service (QoS) in such systems is known to decrease as the scale increases. We present a scalable approach for dissemination that
exploits all the shortest paths between a pair of nodes and improves the QoS. Despite the presence of multiple shortest paths in a
system, we show that these paths cannot be exploited by spreading the messages over the paths in a simple round-robin manner;
nodes along one of these paths will always handle more messages than the nodes along the other paths. We characterize the set of
shortest paths between a pair of nodes in regular mesh topologies and derive rules, using this characterization, to effectively spread
the messages over all the available paths. These rules ensure that all the nodes that are at the same distance from the source handle
roughly the same number of messages. By modeling the multihop propagation in the mesh topology as a multistage queuing network,
we present simulation results from a variety of scenarios that include link failures and propagation irregularities to reflect real-world
characteristics. Our method achieves improved QoS in all these scenarios.

Index Terms—Wireless communication, network communications, packet-switching networks, routing protocols, mesh topology.

1 INTRODUCTION

HE use of novel devices for computing and communica-

tion in highly engineered networked embedded systems
such as streetlight management [1], reconfigurable conveyors
[2], and critical infrastructures [3], presents new challenges
and opportunities for monitoring and diagnostics. These
systems contain a large number of nodes, with each node
incorporating a tiny microcontroller, sensors, actuators, and
anintegrated low-power transceiver [4]. The nodes interactin
a peer-to-peer manner over low-bandwidth wireless links to
achieve the application objectives. To increase the number of
simultaneous interactions between the nodes in the system,
the transmission range of each node is limited so that it
communicates directly only with its set of immediate
neighbors; such an arrangement of nodes is referred to as a
mesh topology [5].

Multihop communications are necessary in such systems
to send messages from any source to any destination. For
example, intermediate nodes must forward messages to a
monitoring station from nodes that cannot communicate
directly with the monitoring station. Routing protocols are
used extensively in wired and wireless networks to support
multihop communication [6]. Such protocols construct and
maintain routing tables at each node by relying on system-
wide unique node identifiers. When the number of nodes is
very large, such as in sensor networks, it is not feasible to use
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such identifiers. Several techniques, called dissemination
methods, were developed at the network layer to regulate
the flow of messages between nonadjacent nodes without
relying on unique node identifiers or constructing routing
tables using these identifiers [7], [8], [9].

In this paper, we consider highly engineered systems
comprising of nodes arranged in a regular mesh topology.
We focus on methods for effectively utilizing all the shortest
paths available between a pair of nodes and present results
to show that effective utilization of all the available paths
significantly improves the Quality of Service (QoS).

In many highly engineered systems, one can assume that
the nodes have fixed relative locations. Often, the systems are
designed to overlay on an underlying grid. For example, in
automation systems, the regions demarcated by such a grid
are called zones [10]; azone isacommonly used abstraction to
support the design, operation, and maintenance activities.
Motivated by applications in such domains, we consider
regular mesh topologies that arise by embedding the nodes in
a 2D Basegrid. We show in Section 2 that several mesh
topologies arise when the location in the 2D Basegrid and the
transmission range of the nodes change. Because the grid
coordinates can specify the nodes, the shortest paths between
any pair of nodes can be locally computed. Most routing
protocols select only one of the shortest paths even when
multiple such paths exist. This results in reduced system-
level QoS [11]. We address the issue of how to effectively
utilize all the shortest paths available. Since the resulting
methods amount to a node making local decisions on how to
distribute messages among its immediate neighbors, without
having to dynamically construct any routing tables, we refer
to this method of forwarding messages as dissemination in
spite of the fact that nodes are identified by their global
coordinates in the underlying 2D Basegrid.

Because each node communicates directly with its im-
mediate set of neighbors, there are multiple shortest paths
between many pairs of nodes inamesh topology. The number
of such paths is limited by the relative locations of the nodes.
For example, the number of shortest paths between certain
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pairs of nodes is one, despite the mesh topology. We define a
Contour as the union of all the shortest paths between a pair of
nodes and present some results to precisely characterize the
structure of contours. Using this structure, we show that
when messages are spread in a round-robin manner, nodes
along one path in the contour will always handle more
messages than the nodes along other paths in the contour.
Consequently, the benefits of the multiple paths cannot be
fully realized. We then present a strategy for spreading
messages to neighboring nodes that effectively exploits the
available shortest paths and show that our rules for spreading
the messages result in a balanced loading of all the available
shortest paths. We refer to this approach as Contour Guided
Dissemination (CGD).

CGD improves the QoS by disseminating the messages
over all the available shortest paths. Typical application
scenarios in which CGD will be useful are: 1) a node
responding to a diagnostic query from an operator at a
monitoring station, and 2) anode sending a recorded incident
to a monitoring station in a surveillance application. CGD
equitably disseminates the messages over all the available
shortest paths in a manner that maximizes utilization of all
available shortest paths. We present simulation results to
demonstrate all these aspects.

Routing protocols used in traditional wired and wireless
networks are based on shortest path algorithms such as the
Bellman-Ford algorithm [12] and Dijkstra’s algorithm [6].
Similar protocols have been reported for ad hoc, wireless,
and mobile networks [13], [14], [15], [16]. The QoS achieved
in these systems has also been studied [17], [18], [19]. The
dissemination method we describe in this paper is some-
what similar to a gradient dissemination scheme [13] with
the cost metric being the deviation from evenness of load
distribution on all available shortest paths.

Recent efforts have focused on exploiting multipaths to
improve the QoS in systems [7], [20], [21] using constrained
node distribution models. For example, in [21], the nodes are
distributed randomly in a unit disk. In [7], the nodes are
distributed in a narrow strip no wider than 0.86 times the
transmission range of a node. The multipath, multihop,
approach we present in this paper also assumes a constrained
distribution of the nodes, namely, nodes are on a 2D Basegrid.
While there is no stochasticity in the node distribution, we
precisely characterize the geometry of the shortest paths and
show how to exploit it to achieve better QoS.

In the current methods, the motivating factors for
considering multipath routing include fault tolerance, high-
er aggregate bandwidth, and load balancing [22], [20], [23],
[24], [25]. The QoS aspects of multipath routing have been
addressed in [26], [27], [28], and [29]. The split multipath
routing protocol maintains maximally edge-disjoint paths
[30]. Braided multipaths discussed in [31] are useful when
the routing is coupled with diagnostic or prognostic
methods to select alternative paths. All such methods
essentially focus on the discovery and maintenance of
multiple paths that are useful under various constraints on
the node distribution. In contrast, we assume regular mesh
topologies and then precisely characterize the set of all
shortest paths between any pair of nodes. We then use this
geometric structure to propose rules for dissemination that
result in all available shortest paths being utilized effec-
tively so that QoS improves.

The rest of the paper is organized as follows: Section 2
presents embedding functions that characterize a class of
mesh topologies that we consider for this work. Section 3
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discusses contours, their structure, and the significance of
the structure on dissemination methods. Section 4 presents
results to show that when the messages are spread in a
round-robin manner, nodes along one path in the contour
will always handle more messages than nodes along other
paths. Section 5 presents optimal spreading rules that
ensure that all the nodes, which are at a same distance from
the source in a contour, handle roughly the same number of
messages. After presenting simulation results to illustrate
the QoS of CGD in Section 6, we conclude in Section 7.1

2 EMBEDDING FUNCTIONS

We consider mesh topologies that are obtained by embed-
ding nodes on a 2D Basegrid and adjusting the transmission
range of each node. Each location on a 2D Basegrid is
identified by a unique ordered pair i;j . The distance
between two consecutive locations on the grid, i.e., between
i;j and i;j 1 orbetween i;j and i 1;j,ish.
Let N denote a set of nodes. An embedding function

assigns a location on the 2D Basegrid and a transmission
range to each node, nj 2 N:

2N T IN IN R: 1

The location to which a node is assigned is assumed to be
fixed for the application. Each node knows its own location
and the number of neighbors it has. Further, we assume that
all the neighbors of a node reliably receive messages sent by
the node; however, in our simulations, we empirically
explore robustness to temporary link failures. Each message
contains the locations of the source and destination nodes as
specified by the embedding function.

Different mesh topologies are obtained by specifying
different embedding functions. Suppose that the nodes in N
must be embedded along R rows and C columns, starting at
location X;Y of the 2D Basegrid.? Let , denote the
embedding inwhich eachnoden 2 N communicates directly
with g neighbors. For q ... 4, the embedding function

n2N ¥ X i
4 - N | c

1 modC:;Y
yields a mesh topology. Since the transmission range for
each node is b, it can only communicate with its four
immediate neighbors. Similarly, for g ... 8, the embedding
function

g:Ni2N ¥ X i 1 modC;Y
where the transmission range is bp2, yields the overlapping
mesh topology shown in Fig. la. Similarly, other embed-
dings such as ¢ shown in Fig. 1b arise by changing the
location and transmission radius of the nodes [33].

In the remainder of this paper, nodes that are assigned to
location i;j on the 2D Basegrid are referred to as n;;j. In
the next section, we define contours and their structure
precisely. The results for contours in the g embedding are
presented in detail. Contours in other embeddings are
briefly discussed at the end of the section.

1. A preliminary version of this work was reported in [32].
2. Our method depends only on the relative locations of the source and
destination nodes, and hence, the specific X;Y is not important.



1190

4 = i i ——— |

> ) IS
13\/ INWE\x/ |N1?7\' iN2o

IN. N INDyT N
MBI N e
[N TIRAEAN N
R
’
Ng HUNAH |N9~ 2 Nwo
[ [IRANE A
(RN
1 = N A )
N, N, N N, Ns ‘
0 \
0 1 2 3 4 5 6

8 ]  J
Nis Nig
_— ) ...
Nig ,,a’ 1 Nee Sso
6 ~ H ,.
. .NH‘\\ 1 L7y
- «_ 1 _- 1 Niz2
- | o - ]
I SSSUN R, U
- 10 N
No ‘~\\ Pl ! ~ !
s e b
[ NSNS : - Ng
- 1 ~ "
. 0 1 e
Ns “~o a7 Ne
2 L 3 [
N Ny
1@ L]
N1 N2
0
0 1 2 3 4 5 6 7 8

Fig. 1. Other embedding examples. (a) . (b) .

3 CONTOURS AND THEIR STRUCTURE

Definition 1. A contour is the union of all the shortest paths
between a pair of nodes.

Fig. 2 shows two example contours between a pair of
nodes n;; and ng,.> The shape of a contour depends on the
relative locations of the source and the destination. For
example, Fig. 2a shows a contour in g that is a rectangle
enclosed by the four corner nodes: ng,, c1, n;;j, and c2. Fig. 2b
shows another contour that is a hexagon enclosed by six
corner nodes: Ny, c1, c2, n;;j, ¢4, and c3.

Since the contour depends on the relative position of
the source and destination nodes, its structure can be
characterized by using only the differences in the x and
y locations of the pair of nodes. To this end, we define
the following quantities:

x Ni;j; Ngyr .. 9 ij;
y NijsNgr . Jr - JJ;

xy Migjs N x Mijs Ngyr y Nijs Ngir 5
. Xy .
Nijj; Ng; : 7
1] q;r 2
For example, inFig.2a, x..7, y..3,and , ..4, and

inFig.2b, «..8 ..3and
clear, we use , y, xy, and

xy - 5. When the context is
without specifying the

3. We consistently use ng, to represent the source and n;; to represent
the destination in a contour.
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Fig. 2. Different contours in the g embedding. Depending on the relative
positions of the source and the destination, the contour can be a
rectangle as in (a) or a hexagon as in (b). (a) Contour in g enclosed by
a Rectangle. (b) Contour in g enclosed by a Hexagon.

source and the destination. The number of shortest paths in
a contour increases as y increases.

In the g embedding, the length of the shortest path
between two nodes n;;j and ng; is

d nij;ngr ... maxf ;O 8
When viewed as the union of shortest paths, a contour is
not symmetric with respect to the source and the sink because
the paths have direction. In addition, a contour can also be
viewed as aset of nodes. A node ng isinacontour if and only if
itisonashortest path from the source tothe destination. In this
view, acontour issymmetric with respectto the source and the
destination. From the well-known principle of optimality [12],
anode, ngy, is in the contour of n;;; and ny, if and only if

d ni;j;ns;t d ns;t;nq;r .. d ni;j;nq;r . 9
3.1 Structure of Contours in g
We now present results to characterize the contour between
two nodes ng, and n;;j.

To simplify the notation, we only consider the case when q > i,

r>j, and, whenever ,,>0,q i>r j. All other cases
can be handled in a similar manner.



Lemma 1. In g, the contour of n;; and ng; is a single shortest

path if and only if , ... 0.

Proof. When ,y .. 0, we know thatq i..r j.The path

<nNij;Ni 1j 1;...;Ng zr 1;Ngr > is a shortest path in the
embedding g between n;;j and ng,. All other nodes ng;
violate the criterion in (9) and are hence are not in the
contour.

Next, we need to show that ,y..0 when the
contour is a single path. Suppose , 6. 0, and without
loss of generality, let > . By our notation, this
means that the length of the shortest path is q i. Let
K >0 be such that q i..r j K. Using (8), by direct
calculation, we have dnij;ni x;j dnNi kjNgr ..
dnij;ng kir  d Ng ki Ngr ... d Nij; Ngr . This implies
that nodes ny k;r and n; k;j have to be on optimal
paths. However, using the distance criterion (9), it is
easily seen that a path from n;; to ng, through both
these nodes is not a shortest path. This implies we
have to have at least two shortest paths. But since we
are given the fact that the contour is a single path, we
must have K ... 0, which is same as y ... 0. Lt

Lemma 2. In g, the contour of n;; and ng, comprises two

shortest paths that are enclosed by the nodes nj;, ni 1§, Ng 1r,
and ng, if and only if ... 1.

Proof. Given the nodes as stated, we can use the distance

criterion in (9) to verify that node n; 1;; and node ng 1.
are on different shortest paths from n;; to ng,. It now
suffices to note that nodes n; ;j and ny »,r do not satisfy
the distance criterion in (9) and, hence, these are the only
two shortest paths possible.

Given two shortest paths between n;;; and ng;, we now
show that the paths are enclosed by the four nodes as
stated. We know that a path from ng, to n;; is a shortest
path only if maxf ; g isreduced along each step of the
path. Since by our notation,q i>r j, x mustreduce
along each step of the path. Inthe gembedding, there are
only three neighbors of ng, with a lower ,, namely,
Ng 1r 1, Ng 1r, @nd Ng 1;r 1. Ng 1;r 1 does not satisfy the
distance criterion in (9). Using similar arguments in the
neighborhood of n;;j, we conclude that only nodes n; 1 1
and n; g;j can be on any shortest path between n;;; and ng,.
Finally, we note that only the nodes on the two shortest
paths satisfy the distance criterion in (9), and hence, the
four enclosing nodes are as stated. u

Lemma 3. In g, given n;;j and ngr with ... 0, the contour is a

rectangle if and only if  is even. The four nodes at the
corners of this rectangle are nij, ni ;j , Ng ;j , and ng;.
(The proof is available in [32].)
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Because  is odd, the length of the path from ny; to
Ng r j;j Must also be odd. Hence, the length of the path
from n;;j to ng ( j;j is even because  is odd. It follows
from Lemma 3 that the contour of n;j and nq  j;j is a
rectangle with .. b%"1c and is enclosed by the
corner nodes: nij, Ny  , Ni ; ,and ng  jj. Letus
refer to this contour as B. Since the four corner nodes
of B satisfy the distance condition in (9), we can
conclude that all the nodes in contour B are also in the
contour of n;; and ng;.

Now, consider the node n;  j.r. By the criterion of (9),
this node would be in the contour, and no node ng, with
s<i r Jwould be in the contour. We can see that
Nij, Ni 1j 1;..-;N; r jr IS the unique shortest path
between n;;j and n; , j,. Since  is odd, the length of
this shortest path must be odd. Consequently, the length
of the shortest path from n; , jr to ng, via the nodes
NirjueNirj 26-..5Ng 1r; Ngr Must be even. From
Lemma 3, the contour of n;  jr and ng, is a rectangle
with .. b%1c and is enclosed by the nodes ng,
Ng + ,Ng r ,and ng. Letus refer to this contour as
T. Since the four corner nodes of T also satisfy the
distance condition in (9), we conclude that all the nodes
in contour T are also in the contour of n;; and ng;.

Consider the path <nij;ini 1 ;N 25 2.3 Ni rj
r >, Let us refer to this path as line-L. From the
definitionof (7),i r j . q , and hence, line-L
starts at node n;; and ends at ny . Similarly, let us
refer to the path < ngr;Ng 1;r 1;Ng 2r 2;...5Ni j > as
line-R. Every node ng: that is not in contour T or
contour B which is in the contour of n;; and ng, must lie
between line-L and line-R. Any node not in the contours
T and B, which is not between line-L and line-R, does not
satisfy the distance criterion in (9). We can therefore
conclude that the contour of n;; and ny, is a rectangle
with line-L and line-R as two edges, and hence, the four
corner nodes are at either ends of these lines.

Next, given a contour of n;; and ng, with four corner
nodes as stated in the theorem, we show that .y nj;j; Ng;r
iseven. ,y Nij;Ngr isevenonly when  n;j;ng and

y Ni;j; Ngr are both even or are both odd. By definition,
: iq_ij ir ji g rg iiii

Nigi Ngr . 0731 and Aard Wi
ThUS, Ni;j; Ngr NijsNg r j;j - M 5 IS a corner
node in the contour of nijand nNg ¢ jij.  x Ni;j;Ng r jir -
2 Ni;j;Ng r j;j by thestructure of the 2D BaseGrid and
hence iseven by Lemma 3. Since yy Ni;j;Ng r jir ... 0, the
distance d ng r jj;Ngj is always equal to d ngr;Ng;j .
Therefore, x nij;Ngr and y ngj;nNgr are either both
even or both odd. Hence, .y njj;ngr mMustbeeven. ®

Ni;j;iNg r jj -

Theorem 1. In g, the contour of n;; and ng, is a rectangle
bounded by the nodes nij, ni ;j , Ng s ,and ng, if and
only if y isevenand ,, > 0.

Lemma4. In g, given n;; and ng, with ... 0, the contour is
enclosed by a hexagon ifand only if yisoddand 4 > 1.The
six nodes at the corners of this hexagon are nij;n;i ;j ;

Proof. Given that , is even, we first show that the corner Ni 1 :Ng j ;Ng 1 and ngj. (The proof is avail-
nodes of the contour are as stated. Since , is even, able in [32].)

Eith;d X anb(l bétirzggthiet\;\?)rL?Tc;{?sezfa;r?;rt;i%(/jd. Let  Theorem 2. In 4, the contour of ni; and ng, is a hexagon

Consider the node Ng r jj- By the criterion of (9), lr)]ounded byar:gennocii:znz.;éhln.if ! lisn(l)dd ;:]d’ nq>;r1 ’
this node would be in the contour, and no node ns; o Lr o ar y Xy o
with s>q r j would be in the contour. The only
shortest path from node ng r j;j to ng, is through the
nodesng r j 1 1;Ng r j 2 2;-.-;Ng 1r 1 (by Lemma 1).

Proof. The proof is similar to that of Theorem 1 by using
Lemma 4 instead of Lemma 3. L}
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Fig. 3. Examples of different contour structures for various values of .
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In summary, the results in this section completely
characterize the structure of the contour (or the set of shortest
paths) between any two nodes in the g embedding.

3.2 Contours in Other Embeddings

The structure of contoursintheembeddings 3, 4,and gare
reported in [33]. Inthe 4 embedding, the contour of n;; and
Ny is a single path when either , or ... 0. Further, when

x > 0and > 0,thecontour isalwaysarectangle bounded
by the nodes n;;j, Ni;r, Ng;r, and ng;j. Fig. 3b shows a few example
contoursinthe ,embedding. Thestructure of contoursinthe

s embedding is similar to the structure of contoursin 4. In
the 3 embedding, contours have zero, one, or two pendant
(i.e., adjacent only with a single edge) nodes [33].

3.3 Impact of Contour Structure on Dissemination

In a multihop routing scheme, each node receives messages
from its upstream neighbor along some path and forwards
this message to its downstream neighbor. In this paper, our
interest is in mechanisms that exploit all the shortest paths. To
utilize multiple paths, each node must receive messages from
a set of upstream neighbors and forward these messages to a
set of downstream neighbors.

To utilize the results in this paper in practical applications,
it is assumed that each message packet contains the location
of both the source and the destination. As the messages
propagate through the network, every intermediate node
could easily compute (using, e.g., the distance criterion)
which of its immediate neighbors are on a shortest path to the
destination. (This is explained further in the next section). In
addition, the results of this section allow the intermediate
node to know its relative position in the contour. In Section 5,
we show how this location information can be used to
effectively exploitall the available shortest paths in a contour.
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4 EFFECTS OF UNIFORM SPREADING

The first strategy we consider for spreading messages over
all shortest paths will be called Uniform Spreading. This is a
straightforward strategy where the source, as well as each
intermediate node along every path in the contour, sends
successive messages in a round-robin fashion to all its
immediate neighbors in the contour. We present this
algorithm and show that the nodes along one of the paths
will always handle more messages than the nodes along
other paths whenever this strategy is used.

The following results characterize the nodes that are
inside a contour.

Observation 1. For any node ng; that is in an g contour of
shortest paths from ng, to n;;, its neighbors ns; 1, Ns;x 1, and
Ns 1.t 1 cannot be in the contour.

This follows from the distance criterion in (9). (Recall that
we are considering the case where q>i, r>j, and,

whenever ,,>0,q i>r J).
Lemma5. A node ns 1 1 isin the g contour of shortest paths
from ng; to nj only if  ,y Nge; N > 1

Proof. For ns 1t 1 to be on a shortest path, we require

maxfjs 1 ij;jt 1 Jjg<maxfjs ij;jt jjg. Clearly,
js 1 1j<js ij and, hence, this is possible only
whenjt 1 jj js 1 ij. Rearranging terms, we get
2 js ij jt jj, and hence, from the definition (7),

we conclude that y, Nge; N > 1. L8

When a message travels along a shortest path, the
distance to the destination must be reduced along each step
of the shortest path. In view of the above observation and
lemma, a node ng; can send the messages it handles to at
most three of its neighbors, i.e., ns 1t 1, Ns 1.t, and Ng 1t 1.
Thus, the structure of shortest paths in a contour and the
location of a node in the contour together constrain the
number of shortest paths from the node to the destination.
Specifically, a node n,;, cannot appear on a shortest path
from ngt to N if  wy Nap; Nij xy Ns:ts Nigj -

Given below is the algorithm for uniform spreading. We
note that in the algorithm both msgCount and ngbrsh are
dependent on the source-destination pair. We need separate
counters for each source-destination pair. If the first packet
in a batch contains the total number of packets in that batch,
then we know how long to maintain the counters. The set of
neighbors, ngbrsh , of a node in the contour can be computed
by the node as explained above.

Uniform Spreading Algorithm

In the rest of this section, we analyze the properties of
this algorithm.

4.1 Loading under Uniform Spreading in g

Uniform spreading is achieved when all the nodes in the
contour execute the Uniform Spreading algorithm. To






























