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Abstract. In this paper we solve the maximum lifetime routing (MLR) problem for a sensor
network by joint optimizing routing and data aggregation. We present a smoothing method to
overcome the nondifferentiability of the objective function. By exploiting the special structure
of the network, we derive the necessary and sufficient conditions to achieve the optimality.
Based on these conditions, a gradient descent algorithm is designed for its solution. The
proposed algorithm is shown to converge to the optimal value efficiently under all network
configurations. The incorporation of optimal routing and data aggregation is shown via many
examples to provide significant improvement of the network lifetime.

1 Introduction

Energy-efficient routing [1-3] has long been studied in the context of wireless ad-hoc networks and
sensor networks. Its basic idea is to route the packets through the minimum energy pathes so as to
reduce the end-to-end energy consumption. But this tends to overload the minimum energy path,
causing the nodes on this path quickly run out of battery energy and disconnecting a vital link. This
is undesirable in particular for sensor network where sensor nodes are collaborating for common
work.

To cope with this problem, many researchers have proposed to study the maximum lifetime
problem based on the linear programming formulation [4-7]. Here, instead of trying to minimize the
path energy consumption, the objective is to select the route and the corresponding power levels to
maximize the network lifetime. According to the criticality of a specific mission, the network lifetime
may have different definitions, such as given by [8]. The key problem that these schemes try to
address is how to find the route and the corresponding flow rates without centralized computations.

The above schemes are applicable for both wireless ad-hoc networks and sensor networks. But
for sensor networks, an important feature was not considered in these schemes. It is well-known that
data collected in the sensor network is spatially correlated, that is, there exists redundancy in the
data collected by the neighboring nodes. It is therefore possible to reduce transmission overhead by
aggregating the data at the intermediate nodes. Some research efforts have been made to exploit
the data correlation feature to improve the performance of various communication protocols [9-
14]. These work illustrated that data aggregation can greatly improve the performance of various
communication protocols(channel coding, routing, MAC, etc.).

In this paper, we present a model to incorporate the routing and data aggregation into the
maximum lifetime problem. By taking the data correlation into the consideration, the network
lifetime can be extended from two dimensions. One is to aggregate the data at the intermediate nodes
so as to reduce the transmission overhead of the nodes near the sink node, the other is to do maximum
lifetime routing as done by [5-7]. However, these two should be considered simultaneously. In our
model, we adopt the geometric routing [15] whereby the routing is determined solely according to the
node positions, and each node is associated with a set of routing variables denoted as the fraction
of traffic towards its downstream neighbors. We formulate the maximum lifetime routing(MLR)
problem as an optimal routing problem where the objective is to find the optimal set of variables for
each node to maximize the network lifetime. The contribution of this paper includes: (i) Our model
allows different data correlation models such as that proposed in [11] to be incorporated without



intervening the underlying routing scheme. (ii) We propose a smoothing method to overcome the
non-differentiability of the MLR, problem, with which we can design a localized algorithm for each
node to compute its routing variables without significant message exchanges. The first feature is
desirable because data correlation model depends highly on the specific application, so our model
allows different correlation models to work with the underlying routing seamlessly, while the second
feature is a must for practical implementation of the algorithm in a sensor network with large number
of nodes.

In the following, we first present the system models and define the maximum lifetime routing
problem in Section 2. In Section 3, we propose a smoothing function for the maximum lifetime
routing problem and provide the analytic results on the optimality conditions. Simulation results
are presented in Section 4 and finally we conclude this work in Section 5.

2 System Model

We can model the topology of a wireless sensor network as a undirected graph G(N, A), where N
is the set of nodes, A is the set of undirected links. A special node ¢t € N is called the sink node
who is the destination of all other nodes. To capture the characteristic of the network, we need to
specify, in addition, the routing model, the data correlation and aggregation model and the power
consumption model.

2.1 Geometric Routing Model

The routing algorithm suitable for use belongs to the class of geometric routing algorithms [16].
Every sensor node is assumed to know its own position as well as that of its neighbors. Each node
can forward packets to its neighbor nodes within its transmission range that are closer to the sink
node than itself. In essence, using geometric routing, node makes routing decisions with only the
position information of the involved nodes. It is therefore a localized algorithm and particularly
suitable for large sensor networks.

Let N; denote the set of neighbors of a node ¢ and N; = {j| d;; < R,j € N}, where d;; is the
Euclidean distance of node ¢ and node j, and R is the radius of the transmission range. According to
the geometric routing rule, only those neighbors that are closer to the sink node ¢ can serve as the
downstream nodes. Let us denote this set of downstream neighbors as S; = {k| dxt < dit, k € N;}.
Symmetrically, the set of upstream neighbors is denoted as A;. Each link between node i and its
downstream neighbor k£ € S; has a routing variable ¢;; to denote the fraction of the aggregated
traffic of node ¢ that will be routed through node k. Clearly, the flow conservation law requires

> okes, Qi = 1.

2.2 Data Correlation and Aggregation Model

The aggregated traffic A\; of a node 7 is a superposition of two parts: local traffic generated by the
node itself when sensing the surrounding environments, and the transit traffic from upstream nodes.
In other words,

JEA;

In sensor networks, data collected at neighboring nodes are often spatially correlated. It is benefit
to remove the redundant information collected at upstream nodes to reduce traffic overhead at the
downstream nodes. To capture this feature, we adopt a data correlation model similar to that
studied in [11]. Specially, if no side information is available from other nodes, the raw data X;
at a node j is originally entropy coded with H(X,) = Y bits. However, it can be reduced to
H(X;| X, - ,Xi) =y <Y bits at a downstream node 4, where {X;1,---, Xz} is the set of side
information available at node i. We define the correlation coeflicient g;; for a node j and node i as



gii =1 — H(X;| X1, -+, Xir)/H(X;), and obviously 0 < gj; < 1. Then the aggregated traffic after
considering the correlation is

XNe=ri+ > Nei(l—gu), i=1,2,--,N. (2)
JEA;

2.3 Power Consumption Model

A sensor node consumes power when it is sensing and generating data, receiving, transmitting, or
even simply standby. The power e, for generating one bit of data is assumed to be the same for all
nodes. The standby power consumed by a node, again assumed to be the same for all nodes and
independent of traffic, is denoted by es. For power used in receiving and transmitting, we adopt the
first order radio model described in [1]. Specially, a node needs €¢je. = 50n.J to run the circuitry and
€amp = 100pJ/bit/m? for the transmitting amplifier. So the power consumed by a node in receiving
a unit of data is given by

€r = €elec (3)

and the power consumed in transmitting a unit of data packet to neighbor node j is given by
€ij = €elec T €amp * d?j (4)

Here we consider the path loss of exponent n, which is usually 2 < n < 4 for the free-space and
short-to-medium-range radio communication. The mean power consumption of node i, denoted as
w;, is therefore
w; = es + eygr; + e Z /\j(ﬁji + N\ Z €ikPik (5)
JEA; keS;
Where the first term is the standby power consumption, the second term is the power for sensing,
the third term is the power for receiving and the fourth term is the power for transmitting.

2.4 Maximum Lifetime Problem

Assume each node 7 has an initial battery energy E;, the lifetime T; of node i is defined as the
expected time for the battery energy E; to be exhausted, that is, T; = E;/w; where w; is given by
(5). Similar to [5,6], we define the network lifetime T),.; as the time that the first node that runs
out of energy, that is
Thet = min T; (6)
1EN

The power consumption w; is a function of r, A and ¢. However, the set of aggregated traffic A
can be obtained from r and ¢ from (2). Therefore, T},.; depends only on r, ¢ and the initial battery
energy E. If r and E are given, the network lifetime is solely determined by the set of routing
variables ¢p. We therefore state the maximum lifetime routing(MLR) problem as follows:

MLR: Given the traffic generating rate r = {r;} ,the initial battery energy E = {E;} and the data
correlation coefficient ¢ = {q;;}, finding a set of routing variable ¢ = {¢i;} for a sensor network
G(N, A’) such that the network lifetime Tyt is mazimized.

Let w; denote the normalized power consumption, that is, w; = w;/E;. It is obvious that maximiz-
ing the network lifetime T},.; is equivalent to minimize the maximum normalized power consumption
w; for all i € N. We therefore rewrite the MLR problem formally as

minimize max w; (7)
icN
subject to ¢;; > 0, Z ¢i; = 1,Vi.
JES



3 Distributed Solution for the MLR Problem

The max function (7) in the MLR problem is nondifferentiable, so some simple solutions based on
the gradient descent methods are not directly applicable. There are many different approaches that
have been studied to overcome this difficulty. One is to transform the min — max problem to an
equivalent optimization problem (e.g. [7]), such that subgradient algorithms can be used to solve
the transformed problem. There is also a family of regularization approaches to obtain the smooth
approximation for the max function in literature, for example, the entropy type approximation
[17,18], the two dimensional approximation [19], etc.. All these approaches are known as a special
case of the so-called smoothing method, an overview of these approaches can be found in [20]. In
this section, we propose a smoothing function to approximate the max function in MLR, problem (7)
by exploiting the special structure of the network. We derive the necessary and sufficient conditions
that are required to achieve the optimality of the smoothed problem.

3.1 Problem Transformation

Note after applying the geometric routing, the original undirected network G(N, A) is reduced to a
directed acyclic graph(DAG) G(N, A"), where A’ is the set of directed links, and sink node ¢ is the
root of the DAG. For any such DAG, we can find a separation s = (Na|Ng|N¢) to partition the
node set IV into three subsets N4, Ng and N¢, where Np is the cut set, N4 and Np are two disjoint
node sets. Without loss of generality, let the sink node be located in subset N¢.

Normally we can find many such separations given a directed acyclic graph. For a specific sep-
aration, we can find a set of routing variables ¢(s) for the nodes in N4 and Np to minimize the
maximum energy consumption rate of the subset Ng, which we denote as w(s) = min max{w;,! €
Np}. Since there exists multiple separations, we can always find the worst separation s* which
has the largest minimax energy consumption rate w(s) among all possible separations, i.e., s* =
arg max{w(s1), w(s2),--- . We call the corresponding cutset Nj as the bottleneck set since this is
the node set that limits the lifetime of the network. The problem is therefore to find a set of routing
variables for the bottleneck nodes to achieve the minimax energy consumption w(s*). Formally, we
have

minimize max w; (8)
IENE,
subject to ¢;; > 0, Z ¢i; = 1,Vi.
JES;
Note that (8) is similar to (7) except on the following two points:
— First, the size of the problem for (8) is reduced from |N| to |Nj|, where |N| and |Nj| are the
size of the set N and N}, respectively.

— Second, the values w;,! € Nj tend to have a small difference between them because they belong
to the same cutset.

The max function in (8) is still not differentiable, however, we can approximate it using the smoothing
methods taking advantage of the above two points. We define pp = >, 0;/| N3] as the mean power
consumption of the bottleneck set, and introduce the following smoothing function

c ~
U=p*+ 55y D (0= p) 9)
| B|leN,*B

where c is a positive nondecreasing sequence. The smoothing function is a penalty function consisting
of two terms. The physical interpretation of the first term of U is to minimize the mean power
consumption of bottleneck nodes. This is achieved by aggregating the data at upstream as much as
possible so as to reduce the overall traffic across the bottleneck nodes. The second term of U can
be understood as a penalty to the total variability of w;s, which is achieved by optimal routing to
equalize the power consumption of the set of bottleneck nodes.



Fig. 1. Three possible relations of node 4, k and I: (a) non-adjacent source node and bottleneck node; (b)
adjacent source node and bottleneck node; (c¢) co-located source node and bottleneck node

3.2 Optimality Conditions

In this section, we discuss the necessary and sufficient conditions that must be satisfied to achieve
the optimality of the smoothed problem (9). Using the routing variables as the control variables,
we extend the techniques in [21] to derive the necessary and sufficient conditions for the optimality.
Note that the discussion of this section is applicable to non-bottleneck node cuts as well. So without
abusing the notations, we use N4, N and N¢ to denote three corresponding subsets.

First of all, we can rewrite the smoothing function (9) as
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Here we use the fact that =), /| Np|. Since all 1;s are the function of the routing variable
¢ = {¢i;}, we can differentiate U directly from the above equation as

U 2 _ou 2(c-1) oW
- Dyt — MU WY o (10)
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So what we need to do is to find 9w;/9¢;. To this end, we introduce a set of dummy variables
r;(i € N), where r; can be interpreted as the dummy traffic injected into node 4. This dummy traffic
r; follows the same set of routing given by ¢. To derive dw;/0¢;x, we need to consider three possible
relations of the source node 4, its next-hop neighbor k£ and the bottleneck node I. A simple four-node
topology is shown in Fig. 1 to illustrate these three possible scenarios.

(a) Non-adjacent source node
If the source node 7 is not adjacent to the bottleneck node [, let us consider a small increment e
to the input rate r;, this will cause an increment e¢;;, to the traffic rate of its next-hop neighbor
k. Taking into account the data correlation between node ¢ and k, the amount of increment is
reduced to €(1 — ¢ )dir from node k downwards. Since node k is not a bottleneck node, this
extra traffic is equivalent to an increment of €(1 — ¢;; )@, to the input rate ri. Therefore, the
contribution of the increment of r; to the power consumption of node I can be expressed via 7



as €(1 — qir) ¢ 0w, /Ory. Since this analysis is applicable for all next-hop neighbors, summing

up over all k € S; gives
8w ow,
L Z — Gik ¢zk kl (11)
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Now suppose that the traffic \; is fixed, an increment € to the routing variable ¢;; will cause an

increment €(1 — ¢;;;)A; to node k, which is equivalent to an increment of e\;(1 — ¢;;) to input

rate ri. Applying the similar analysis as above, we find
o, oy
OPik Oy

For example, in Fig. 1(a), node 1 is the source node and node 4 is the bottleneck node. An
increment € of the input rate of node 1 leads to an increment egpi2 to the traffic of node 2,
which is equivalent to an increment of €(1 — g12)¢12 to the input rate of node 2. Similar analysis
is applicable for node 3. So the overall increment of power consumption of node 4 due to the
increment of 71 is given by €dws/0r1 = €[(1 — q12)p120W4 /2 + (1 — q13)p1301W4/Ir3]. Canceling
out € gives the result as (11). Similarly, an increment € to the routing variable ¢ gives rise to an
equivalent increment of e\ (1 —¢q12) to 72, so the corresponding increment of power consumption
of node 4 is expressed by 9ws/dd12 = A1 (1 — q12)0Ws /2.

Adjacent source node

If the source node i is adjacent to the bottleneck node [, in this case, the increment of power
consumption of node I due to the increment of the input rate r; consists of two parts. One is for
receiving the increased traffic e¢;;, which is given by eg;(e,./E;). The other is for transmitting
the traffic €(1 — ¢;;)¢i, which is given by €(1 — ¢;;)0w;/0r; following the similar analysis as
above. Taking into account the indirect increment from other neighbor & # [, which can derived
as above, we obtain

oi _ i
87"1‘ - Z ( sz)¢zk + ¢zl <El + (]- - Q'Ll) 87"1 >

= Ni(1 — qix) (12)
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Similarly, an increment € to ¢ leads to an increment of €); to node k, therefore

oWy owy
OPik = (El (=) ary ) (14)
An example is illustrated in Fig. 1(b) where node 2 is the source node and node 4 is the bottleneck
node. The increment € of the input rate r5 leads to an increment of e¢o4 to node 4. The increment
of the power consumption of node 4 is therefore given by egage,/Ey plus €(1 — gog)dp240Ws/Ory.
Taking into account the increment from other downstream links gives rise to the result of (13).
Similarly, the increment of power consumption of node 4 due to the increment € of the routing
variable ¢a4 is given by 0ws/dpas = Aa(er/Ey + (1 — qi1)0wa/0rs).

Co-located source node

If the source node i is also a bottleneck node, note that r; is a dummy variable, so we do not
consider the power consumption for generating traffic e. Taking the derivative directly from (5)
we have

ow; eikPik
- (15)
ari keS; Ei
ow;  Aieg
= 16
Odix E; (16)

The corresponding example is illustrated in Fig. 1(c) where source node 4 is also bottleneck
node. The analysis is simple and we will not elaborate here.



Another possible case is for i € Ng and | € Np. However, this case is not necessary to discuss
because both dw;/9r; and 0w, /¢,y are zeros as w; has no relation with r;.

We can now combine the above results to derive OU/d¢; of (10) by considering the following
four cases:

— If i,k € N4, then none of the bottleneck nodes are adjacent to node 7, so we can obtain Qw;/dd;x
from (12) for all I € Np. Substituting these into (10) we have

oUu 2Ai(1 — qik) - 81IJl
= —(c—1p]=— 17
96w gl ZEENIB e = (e = ul (17)

— Ifi € Na,k € Np, then node k is a bottleneck node adjacent to node i. Therefore, Qwy /I is
given by (14), while for other bottleneck nodes I # k, Qw; /¢, is given by (12). Substituting
these into (10), we have

oU 2\ - 0wy Er o
s = e (= aw) 3 e (e Dl et~ o~ )

If i,k € Np, then node i and k are adjacent bottleneck nodes, so dw;/0¢; and dwy /P are
given by (16) and (14) respectively. Therefore

oUu 2\ ow e e
Dan = |N;| ((1 — qz'k)lezN: [ci; — (¢ — Dp ]87";5 + “j[ b — (¢ — 1)p] + E—;[cu?k —(c— 1)u])
B
(19)
— If i € Np,k € N¢, the source node i is also a bottleneck node, so dw;/9¢;i. is given by (16),
therefore

oU 2 - Oy Cik -
m = N5l <(1—qz‘k)lgv:B[cwl —(c—1pu ]8—7%—#—1[ (c—l)u]> (20)

Now all that are required is to find a stationary point for the routing variable ¢ to minimize U.
We summarize it as the necessary condition in the following theorem.

Theorem 1. (Necessary Condition) Let OU /O¢;y. given by (17)-(20), the necessary condition for a
minimum of U with respect to ¢* for alli € NgoU Np,k € S; is

U [ =uvi dty > 0
o == v s 20 21

Proof. Let us define the following Lagrange function
Uldv,n)=U+ v <1 -> ¢ik> — ) padw (22)

iEN kes; 1EN,KES;

Where v = (v1,--- ,vn) and p = {pu} are the Lagrange multipliers. According to Kuhn-Tucker
theorem, the necessary condition for a ¢* to be a local minimum for U(¢, v, u) is that there exist
Lagrange multipliers v;,4 € N and u},.,7 € N,k € S; such that

ou . y
dor — vy =y, =0 (23)
ik
,u‘:k =0 71f QS:I@ > Oa VZ; k, (24)
,u;k >0 7if Qﬁk =0, Via k. (25)

Rearranging (23) to 0U/0¢}, = vi + pf;, , and taking into accounts of (24) and (25) will complete
the proof of (21).



The necessary condition (21) states that all links (¢, k) for which ¢;; > 0 must have the same value
of OU/O¢;r, and this value must be less than or equal to the value of U /0¢;y for the links on
which ¢;x = 0. However, as illustrated in [21], the condition (21) is not sufficient to minimize U
because it is automatically satisfied if the traffic rate \; is zero, even though the routing can still be
improved. To overcome this problem, we prove next that after removing the factor A; from (17)-(20),
the sufficient condition to minimize U with respect to ¢ for all i € Ny U Np, k € S; is given by the
following theorem.

Theorem 2. (Sufficient Condition) Let OU /0¢ix given by (17)-(20), and define OU [Ory, = )7y, [ —
(¢ — 1)p]Ow; [ Ory, it is sufficient for a ¢* to be a minimizer of U if for all i € Ny U Np,k € S,
there is

(1- Qik)g_:; > gg (26a)

(1= an) g+ fedn — (e~ Dl = 57 (26b)
(1= an) g + e — (e~ 1y

+;—;(cﬂ1k —(c=1)u) > gg (26¢)

(1= ) g+ L — (e = 1)) > 5 (26d)

where (26a)-(26d) correspond to the four cases given by (17)-(20) respectively.

Proof. Suppose that there is a set of routing variables ¢* satisfying (26), the corresponding node
flows are A* and link flows are f*, where fix = \;¢i,i € N,k € S;. Let ¢ be any other set of
routing variables with the corresponding node flows A and link flows f. Define f(#) as the convex
combination of f* and f with respect to a variable 6, that is,

fir(0) = (1 = O) f) + 0 fux (27)

Therefore, each w;,l € Np can be represented by the link flow f, which in turn is a function of 6,
so U is also a function of . We rewrite the smoothing function (9) as

_ N a2 D o i
U(Q)— |NB|le§N:B l2(9) |NB|2 <l€zN:B 1(0)> (28)

Since each w;(#) is a convex function of the node flow f, therefore U () is also a convex function
with respect to 6, so it is obvious

<U(¢) - U(¢") (29)

6=0

Since ¢ is an arbitrary set of routing variable, it will complete the proof by proving that dU (6)/d6 > 0
at 0 =0.
From (5) and (27), it is straightforward to express w; as a function of the link flow f(6) as

wy(0) = Eil <6s +egr + Z fu(O)er + Z fzk(9)61k> (30)

i€A; kesS;
Differentiating w; directly from (27) and (30), we get
81111 €r « Clk %
W: Z E(fil_fu)“‘ Z E(flk_flk) (31)

1€EA; kesS;



We can calculate dU (0)/df directly using (28) and (31)

au () 2c Z ow,  2(c—1) 8wl
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We then first prove that

> Jetin — (e = 1u] - (Z erEfﬂ +> el%{lk> > ) mg—rU (32)
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Note that from (26a)-(26d), multiplying both sides of these equations with A; and ¢;;, summing
over all i € NgU Np and k € S;, and using the fact that \; = r; + EjeAf, Aj05i(1 — gji), we can
obtain the result for the left-hand side as

LHS = > > Xou(l—qin) aU}; (33)

iENAUNB kES;

FY S (M e - e )

i€ENA kES;,kENB

P Y8 (M e (o 4 PP e~ (e 1)

1ENp k€S;,kENB g k
AiikCik ;.
+yY —glewi = (e = 1)u]
iENp k€S;,kENC g

and the right-hand side as

RHS = Z Tig—U + Z Z >\j ¢]z QJz aU (34)

.
iENAUNEB " {ENAUNp jEA;

Now let look at the first term of LHS in (33), which sums over all links directed from nodes i € N4 U
Np. Similarly, the second term of RHS in (34) sums over all in links directed to nodes i € Nga U Np.
Recalling that the network is directed acyclic, canceling the common part of these two terms, the
remaining part of the first term of (33) is the sum over all links (i, k),7 € Np, k € N¢, which is zero
because dw; /dry, are zero for these links. In other words, we can totally cancel out the first term of
(33) and the second term of (34).

Re-arranging the summation of the second, third and the fourth terms of lefthand side in (33),
and recalling the inequality between (33) and (34) , we obtain

~ Clk oU
> e — (e = 1)p (Z E, Xt + E)\zfﬁzk) = > "o (35)
lENB 1€EA; kES; 1ENAUN 4

Note that f; = \;¢u, substituting this into (35) we can obtain (32).
Following the same derivation procedure, if A* and ¢* are substituted for A and ¢, this becomes
an equality from the equations for OU/9r; in (26). That is,

D lem — (e = 1) (Z “iy %) - ¥ ng (36)

IENB 1€A; kesS; 1ENAUN 4

Substituting (32) and (36) into (32), we see that dW(6)/df > 0 at § = 0, which complete the proof.



3.3 Algorithm

Let us define two indicator functions I; and I, where I; is 1 if i € Ng and 0 otherwise, and I is 1
if k € Np and 0 otherwise. Let Z;, = Lie[cw; — (¢ — 1) u]/E; + Ixer[cir, — (¢ — 1)u]/Ek, then the
sufficient condition stated in (26) can be simplified as

ou ou
(I —qir)5— + Zix > ~—

or — Or; (37)

foralli € NAUNpg, k € S;, where equality is achieved for k whose routing variable ¢;; is greater than
0. That is, when the optimality is achieved, only those links with the smallest (1 — g;x)0U /Ori, + Zix,
have nonzero traffic.

Based on the sufficient conditions, we design a gradient descent algorithm for each node to
locally update its routing variables according to the received information from downstream neighbors.
Instead of presenting the whole algorithm, we just present the routing variable update procedure
here and refer the readers to standard textbooks such as [22] [23] for implantation details. Firstly,
(1 — qx)0U/Ory, + Z;j. is computed for every neighbor k € S;. The best neighbor ki, with the
smallest (1 — ¢;;)0U /Ory. + Z;;, will have its routing variable increased while that of other neighbors’
will be decreased accordingly. The next step is to compute the amount of reduction A;; to each
@it (k # kmin). Let a;, be the gradient difference between each neighbor k and neighbor ky,p, that
is

aikz(1—qz‘k)§—7€]k+zik—Igégi{(l—qik)g—rUk+Zik}, ke S; (38)
Then the amount of traffic reduction A;; is proportional to a;; with the constraint that the routing
variable ¢;; cannot be negative. That is, for each k € S;, k # kpmin,

A = min {¢ik; M} (39)
maXkes,; Aik
and
Pik — Pik — Aik (40)
where 7 is a positive scalar. Finally, the total amounts of reduction are added to ¢ix,,,, as
Dikpin — Dikmin + D Ak (41)

kESi,k#kmin

Using this algorithm, each node ¢ gradually decreases the routing variables for which the value
(1 —qir)OU /Ory, + Z;y, is large, and increases those for which it is small until the sufficient condition
(37) is satisfied.

4 Performance Evaluation

We simulate the MLR algorithm over a set of sensor networks with the number of nodes varying from
50 to 100. Each network has its nodes randomly distributed over a square of 100 units by 100 units.
All the nodes are assumed to have equal initial battery energy and equal traffic generating rate.
For data correlation settings, we adopt the gaussian random field model [11] where the correlation
coefficient g;;, decreases exponentially with the distance between nodes, or ¢;; = exp(—adZ,). Here o
is the correlation exponent and varies from o = 0.001(high correlation) to o = 0.01(low correlation)
in the simulations. Also, a decreasing sequence of step size n and an increasing sequence of ¢ are
used in the simulations.

Fig. 2 shows three traces of the network lifetime for three network topologies with 50 nodes. The
network lifetime is computed at each iteration and normalized with respect to the optimal value
obtained by the centralized solution to the MLR problem. We can see that the distributed algorithm
can converge efficiently. For the same three sets of experiments, Fig. 3 shows the aggregated data
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rate at the sink node normalized to the total raw data rate of all source nodes. We observe that
the traffic rate converges to a stable value in about 25 iterations, but from Fig. 2, we see that the
network lifetime continue to increase after that. This is clearly due to the route optimization of the
algorithm.

5 Conclusion

In this paper we have exploited the data correlation and optima routing to maximize the lifetime
of a sensor network with a single sink node. We have proposed a smoothing function to overcome
the nondifferentiability of the max function so that a distributed solution is possible. The optimality
conditions are derived and a gradient decent algorithm is developed for every node to locally compute
the routing variables. Simulation results show that the algorithm can converge to the optimal value
efficiently and is scalable to the network size. Extension of our work for multiple sink nodes and for
nodes with sleeping mode would be of interest, but these are beyond the scope of this paper.
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