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Abstract—Power saving is an important issue in wireless
networks. In this paper, we consider minimizing the power
consumption in a network coded wireless network with multiple
unicast sessions. We consider a simple network coding strategy
termed “reverse carpooling”, which uses only XOR operations at
each node. This can reduce the number of transmissions and the
corresponding power consumption. We investigate the use of this
scheme on a wireless triangular grid network. First, we propose
two polynomial time algorithms that approximately minimize
the number of transmissions for unicasts with two and three
source-destination pairs,respectively. We extend them to obtain
a greedy algorithm for the general problem with an arbitrary
number of source-destination pairs. We show by simulations that Fig. 1. The nodes of the network lie on the vertices of a triangular lattice.
the algorithm reduces the power consumption significantly for
multiple unicasts on a wireless triangular grid.
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I. INTRODUCTION

Network coding is an interdisciplinary field of information vy V2 U3
theory and coding theory and is needed in general to attain the
maximum information flow in a network. In network coding,
routing is generalized by allowing each node to combine
a number of the packets it has received to generate the
output [1]. It is shown in [3,4] that network coding can
be used for power saving in wireless networks, which isg. 2. Network coding provides an energy saving. For given two pairs
an important advantage over traditional routing. In [4], thehicasts, 4 transmissions are required without network coding. Butwith
minimum energy-per-bit for multicasting with network coding!e™°" ceding. 3 transmissions are required.
is obtained by solving a linear program. Network coding
can also offer significant energy savings for the cases of
some specific topologies [6]. Effrost al. [2] present simple is direct communication only along edges connecting a node
XOR-based coding strategies called “reverse carpooling” aadd its neighbor in graph. Fig. 2 illustrates the XOR based
“star coding” in order to minimize the energy consumptionetwork coding operation we use. Node sends a packet
by multiple unicasts on a shared wireless grid network. A3 to nodews; and nodevs sends a packetns; to node
recursive algorithm that employs a dynamic programming. Without network coding, four transmissions are required.
argument for optimizing the power consumption using aboach source transmits its packetitg andwvy transmits each
strategies is given in [2]. However, the complexity of thigacket in turn to its intended sink. With network coding, only
algorithm makes its solution impractical for large networks.three transmissions are required. Nodganduvs transmitm 3

In this paper, we consider a minimization of the powesindms; to vy; nodewvs takes the bitwise binary sum ofi;3
consumption using reverse carpooling strategy for multipend m3; and then broadcasts it. This strategy is generalized
unicasts problem on a wireless network and develop simpte information exchange between two nodes separated by
heuristic algorithms to obtain approximately optimal solutiorarbitrarily many hops, in [5]. The term reverse carpooling is
in polynomial time. A wireless triangular grid is used as ased in [2] to refer to the strategy of routing unicast flows to
simplified network model, as shown in Fig. 1. Each node cotreate path segments where such coding can occur. The upper
responds to a vertex of a triangular grid, and it can broadcéstund of coding gain, which is the ratio between the number
information only to its six neighbor nodes. Each node directlyf transmissions required by non-coding approach to the
receives all transmissions sent by its six neighbors. Thus themmimum number of transmissions using reverse carpooling,
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is 2, and it is achievable by long paths and long sequence of t

B212 B211
packets. We propose two polynomial time heuristic algorithms
which find approximate minimum energy solutions for two » °
unicast sessions and three sessions, respectively. Moreover, . o1 p 2 El\
based on the algorithm for two unicast sessions problem, o

S1

we develop a greedy algorithm to solve the general problem
with an arbitrary number of source-destination pairs. FroRig. 3. Reverse carpooling solution of two unicast sessions with one reverse
simulations, it is shown that our greedy algorithm achiev&@Pooling segment and four branches.
significant coding gain on a wireless triangular grid.

Section Il introduces the system model and the definitions.s) Reverse carnoolinaGiven a multiple unicast problem
We present approximate optimal polynomial time algorithmﬁ P 9 P P

for two unicast sessions problem in Section Ill and for thre@j {(Slgl)’is(22|’i;i)é}'"(jfﬁig)jéhihghdgaté ﬁoi{t;t:o;f;h
unicast sessions problem in Section IV. We propose a greedy’ "7 nt /p B E, (53 t:)
.tor any edge = (v,v")e€, we usee'™ = (v/, v) to denote the

algorithm for the general problem in Section V. Section Vi versal of edae. Likewise. for anv pathp. =
gives our experimental results. Section VIl concludes thi§ B % ‘® R y P = (e1, 02, ex),
paper. we useP"'= (e, et 1, ..., €1") to denote the reversal of path

Notation: Caligraphic letters are used for se€3.notation P.n C‘T"”d'd"?“e solutiorf, the opportunity to apply.reverse
is employed to describe an asymptotically tight bound carpooling arises when two path_s, s@yandP 4, Contain sub-
’ paths P/ C P, and ij C P; satisfying (PHE = ij. Such
Il. PRELIMINARIES a sub-path is called a reverse carpooling segment. Note that
reverse carpooling may not actually occur between sub-paths
A. System Model P/ and P} if one of them is involved in reverse carpooling with
1) Network: We define ariangular grid G = (V,£) as the another sub-path. Since paths and P; may reverse carpool
set of verticesV = {a(1,0) + b(%,@) :a,b € Z} whereZ along multiple non-consecutive segments, we HSe”;, P;)
denotes the set of integer and the set of directed edges to denote the number of reverse carpooling segments shared
{(v,v") : v —v'|| = 1} where for anyv,v’ € V, (v,v') by FP; andP; andry(P;, P;) to denote theith sub-path shared
denotes the arc connecting and v'. Thus each node hasby P; and P;. If K(P;, P;) = 1, we simplify our notation to
six incident and six outgoing edges, each of length 1. ThéP;, P;) = r1(FP;, P;). The sub-paths are numbered according
head and tail of edge = (v;,v;) are denoted byy; = to the order in which they appear in the first path (p&thin
head¢) andv; = tail(e), respectively. Together, the edges imx (P, P;)). Each sub-path is as long as possible, and the sub-
& form lines at angles 060°, and 120° from the horizontal, paths are disjoint.

as shown in Fig. 1; we call these lines grid lines.péath To make these definitions precise, Bt= (egi),...,el(f;i))
is an ordered list of connected edges. Precisely, for any paihy P = (e(lj)’ ~~»e§8: )- The following discussion defines

P = (e1,e3, .., ex), We requireey, ez, .., ex, €€ and heatk:) 4 andy, = i(r,(P;, P;)) to be the start point (in?;) and
= tail(e;41) for 1 <i < k— L Forany K4 <j <k We jength, respectively, of, (P, P;) (provided thatP; and P
call P' = (ei,eit1,..,¢;) a sub-path ofP = (e1,e2,..,¢x) haye at least: reverse carpooling segments).

and write P’ C P. When taile;) = heade;) for somei<j, pjtialize t, = 0, andl, = 1. Then for each subsequekit1
we call sub-pathP’ = (e;, e;41, .., €;) a self-loop. We restrict for which ty_1 + ly_1< I(P}), let

our attention to paths without self loops; Lemma 1 in Section ‘

II-B shows that for our purposes, there is no loss of generalityts = min[{n € {tx_1 + lg_1,...,[(P;)} : eVF € P;}

in this restriction. We usé(P) = >__.p |le/|= |P| to denote U {l(P)+1}]

the length of pathP. For any distinct vertices,v'€), we

useP(v,v’) to denote the set of all paths fromto v’ in G, If t,<I(F), let

SP(v,v") = argminpep(, ) {{(P)} to denote the shortest Ly = min{ne{l,.. . 1[(P)—ty}: egi)fn ¢ P},

path fromwv to v/, andd(v,v’) = I(SP(v,v")) to denote the ‘ _ "

length of the shortest path. Then ri(P;, Pj) = ( g? ...,eft:)ﬂrl). We define branches
2) Unicast: In a unicast session, a single source vertey,, as B, = (eﬁi)ﬁlk,ﬂ ,76&11) it ty> thoy + Lo 1,

s € V transmits information to a single destination verteyng Bijr = ¢ otherwise.

t € V. In this paper, we consider multiple unicast sessions onjf ¢, ~j(p,), then P, and P; share fewer thark reverse
a shared triangular grid. We specify a multiple unicast pmb'e&\rpooling segments3; ;, = (e(i) HO) ), and the
i . . . ijk te—1+lk—17 " CU(P;) )

by describing the source and the destination for each U”'Ceb%cess stops.

For examplel/= {(s1,1), (s2,12),--, (50, n)} IS @NMN-UNICASt * Fig 3 shows an example with one reverse carpooling
problem. segment and four branches.

1 N : . 4) Network cost: The cost of a candidate solution is the
We only investigate the effect of network coding on the networking layer. di irel K th . inal
Unlike [5], the benefit of network coding on the multiple access layer is n&nergy 90n5ume In a wireless network that transmits a single

considered. information stream along each patheS. Whenn = 1 (a
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Fig. 4. lllustration of cost of edgév,v’): 5 unicasts use edge,v’) and St b
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single unicast session), we estimate the cost of candidate o

solutionS = {P,} by the number of transmissions required to b S2

send a single packet from to ¢, along path”;. Thus the cost rig 5. Reverse carpooling is possible at nodgsc,andd in first network.
of P, is the number of edges in paff, which equald(P;). In the second network, reverse carpooling is not possible at nadasd d

Whenn>1, the Opportunity for reverse carpooling may aris@ecauseg cannot overhear the transmission fregmandt¢; cannot overhear
! the transmission fromss. Thus the first network requires 6 transmissions,

We a_pprOXim?-te the cost saved using reverse carpooling fiyie the second network requires 8 transmissions. In both networks, we
counting the link between nodesand«’ only once for each approximate the cost o§ asC/(S) = 7. In general, for a reverse carpooling

time we app|y reverse carpooling a|0(]g U/) and (1}’ U) For segment ofn links shared by two unicast sessions, the actual number of
. . > transmissions i + 1 while the approximate cost is.

candidate solutiory, we useR(S, e¢) to denote the number of

reverse carpooling opportunities along edgeasing solution

S. Thus B. Self-loops

Lemma 1:Given a n-unicasts problem U =
R(S.¢) = mi 1 p LR e py b {(s15t1)s -+, (Snstn) }, there.eX|sts a minimal cost solution
(8, €) = min {Pzes (e € )’];s ("€ )} S* = (P, .., P,) that contains no self-loops.

Proof:  Suppose thatP, has a self-loopP;; =
Similarly, we useF(S,e) to denote the remainder of trans-c("), “76;1)) C P,. We define an alternative solutioff —

i

missions along edge. Thus, (P{, Py, .., P,) with P/ = P, — P;. Then,
! / _ * !
F(5,¢) (Z e e P)> _R(S.e). C(S') < C(S'UPy) = C(S*) < C(S) + 1(Pry).
Pes

By the optimality of S*, S = S* and we can remove
We approximate the cost across each eeg€ using candi- 11 Without increasing cost. By repeating this argument, we

date solutionS as can remove all self-loops while maintaining the optimal cost
1 C(S*)' | ]
C(S,e) = (F(S’,e) + R(S,e))
2 1. TWO UNICAST SESSIONS PROBLEM
and the cost of5' as This section presents a polynomial-time algorithm that finds
_ an optimal cost solution for two unicast sessiofs,t1),
c(s) = ZEC(S’ e). (s2,t2) on a triangular grid.
ec

Lemma 1 and Theorem 1 help to characterize the form of

Fig. 4 gives an example. Edgev’) appears in five paths an optimal solution for two unicast sessions.

(P, Ps, Ps, P;, Py). Edge (',v) appears in four paths Theorem 1:Given a two-unicast problem U =

(PQ,P4,P6,P8). Thus R(S, (U,U/)) = R(S, (’U/,U)) = 4, {(Sl,tl), (Sg,tg)}, if S* = (Pl,Pg) is a minimal cost

F(S,(v,0")) =1, F(S,(v',v)) = 0, and the combined contri- solution, thenk (P, P,)<1, i.e., there is at most one reverse

bution of edgegwv, v’) and @', v) to our estimated cost(S) is carpooling segment shared B and Px.

F(S, (v,0") + 5 R(S, (v,0')) + F(S, (v',v)) + 3R(S, (v, v)) Proof: Please see [7]. m

=5. For eachv €{a,b,c} and § €{0°,60° 120°}, let g,
The difference between the approximate a@$5) and the denote the grid lines at angk through vertexv. We write

actual number of transmissions for a candidate solufos ¢ cAabc to specify that grid lineg is contained in one or

at most the number of reverse carpooling segments. We sh@iwre of the angles im\abc and for each9<{0°,60°, 120°}

in Sections Ill and IV that in am-unicast problem witm<3, andv €{a, b, c}, define

the number of reverse carpooling segments is at n@

Fig. 5 illustrates the difference between cost and number of Go ={gv,0 1 v' € {a,b,c}, gor 9 € DNabe}.

transmissions. We approximate the number of transmissions

by the costC(S) throughout the paper. G" ={gve :0' €{0°,60°,120°}, go o € Aabc}.



Lemma 2:Given any a,b,c €V that are not collinear, St

|Gy| = 1 for eachfc{0°,60°,120°}, and | U, a,p,c} G| = to
| Use {00 ,600,12001 G| = 3.
Proof: Please see [7]. [ | ’
Theorem 2:For anya,b,c €V that are not collinear, we
can find the largest set

P = {zeV:d(a,z)+db,z)+d(cx)
< d(a,y) +d(b,y) +d(c,y),Vy € V}

in O(1) time.

Outline of proof By Lemma 2, a triangleAabc contains
exactly three grid lines), ¢ 4,5, . G*. We show that the desired
set contains all vertices in a triangle formed byc(, 5 ;G
The full proof is in [7]. [ ]

In theorem 3, we obtain the optimal cost reverse carpooling
solution using Theorem 2 and compare its cost with the cost

Fig. 6. Each angle il\bsat; contains one grid line.

of the shortest paths solutioh= d(s1,t1) + d(s2, t2). contains g., » and Zt; in Absyt, contains g;, 5 Where

Theorem 3:Given a two unicast problemU = o, B €(0°,60°,120°), a # . We usea, s to denote the
{(s1,t1), (s2,2)}, we can find a minimal cost solutionintersection between,, ., andg;, 5. Then, by Theorem 2, we
S* = (P1, ) in O(1) time. can getc = a, 5.

Outline of Proof By Theorem 1, for two unicast sessions Thys, we only need to consider the following set of possible
(s1,t1) and (sg,2), there exists an minimal cost solutiongcations forc : I = {s,, t1, 00,600, 00,1200, Q600,005
5 = (P, Pp) for which K(Py, P)<L. If K(P1,P2) = g6 1900, 100,00, 1200600} FOr eachc € I, we use
0, using a shortest path for each unicast session gives fig) c V to denote the corresponding location for the other

optimal solution. We useSP(s1,t1), SP(s2,12)) to denote end pointy of the reverse carpooling segment. Then, we can
the shortest paths solution. Otherwisg; contains exactly find b(c) € V such that

one reverse carpooling segmer(tP;, P»). Let r(P, P») =

(el(ﬁl),elgﬁl,...,e,(ﬁmil). We userc(sy,ts) = tail(e,(cl)) and d(b(c), c)+d(b(c), s1)+d(b(c), t2) < d(p, c)+d(p, s1)+d(p, t2)
re(ti, s2) = headey),, ) to denote the two endpoints offor all pcV in O(1) time, by Theorem 2. By comparing
r(P1, Py) as shown in Fig. 3. For brevity, létand c denote the costs of the reverse carpooling solutions for these 8

rc(s1,ta) andre(ty, s2) respectively. Given locations éfand  possibilities fore, we can obtain the minimum cost reverse

¢, the reverse carpooling solution b, c) = (P1, 2) where carpooling solution, i.e.C(S") = mince{C(S(b(c),c)}.
. PN . .
Py = SP(s1,b) Ur(Py, Py) U SP(c, 1), Elor:jtlilg,nwe compare”'(S’) with [ and obtain an optimal c:)st

_ R
Py = 5P(s2,¢) U (r(P1, P2))" U SP(b, 12). IV. THREE UNICAST SESSIONS PROBLEM

We useS” = (P{,P;) to denote the minimal cost reverse |n this section, we construct a polynomial-time algorithm
carpooling solution. We compar€(S’) with I. If C(S")<I, which finds an optimal cost solution for three unicast sessions
then 5™ = 5. Otherwise,5* = (SP(s1,t1), SP(s2,t2)). FOr (5, t,), (sa,t5), and(ss, t3). Theorem 4 helps to characterize
a reverse carpooling solution with givénto be optimal, the the form of an optimal solution for three unicast sessions.
location ofc must satisfy Theorem 4:Given a three-unicast problem/ =
s1,t1), (s2,t2),(s3,t3)}, there exists a minimal cost
dleb) + dle;t) + (e, s2) < dlp, b) + d(p, t2) + d(p, s2) iélutiogsg* _ (1)91(, P, P)g}) with K (P1, Po)<L1, K (Ps, Py)<1,
for all peV. and K (P, P;)<1.
By the construction in the proof of Theorem 2, Proof: Please see [7]. ]
() If Zbin Absyty contains more than one grid line, then Theorem 5:Given a three unicasts problent/ =
¢ = b. Since there is no cost reduction for reverse carpooling(si, t1), (s2,t2), (s3,t3)}, there exists a minimal cost
the shortest paths solution is at least as good. solution S* taking one of the six forms shown in Fig. 7, Fig.
(i) If Zsg in Absyty contains more than one grid line, ther8, Fig. 9, Fig. 10, Fig. 11, and Fig. 12 or those obtained
c = $So. by interchanging the different source and sink pairs. For
(i) If Zty in Absst; contains more than one grid line, therthe forms in in Fig. 9, Fig. 10, Fig. 11, and Fig. 12, we
c=1. associate with each a sét of 2 or 4 points whereS C
(iv) Otherwise, when each angle if\bsot; contains one {rc(s1,t2),rc(t1, s2),rc(s1,ts3), re(ts, s3), re(sa, ts), re(te, s3)}
grid line as shown in Fig. 6, we assume théat; in Absst; called fixed points. The minimal cost solution corresponding



S1 o V) S2

S3 =}
r(P1,P2)
Fig. 7. Form 1 of Theorem 5 (case i) in the proof of Theorem 5) : In this
case,S* = (SP(S1, t1), SP(s2,t2), SP(s3, t3)).

Bi22

t S2
Fig. 9. Form 3 of Theorem 5 (case ii)- b)- 2) in the proof of Theorem 5).
S1 ! (s1,p) and (s3,t3) obtained by Theorem 3. Let
S3 © Plll = (B121USP(paq)USP(qvt1))
. o Py = (SP(s2,q) USP(p,q)™ USP(p,t2))
Fig. 8. Form 2 of Theorem 5 (case ii) - @) in the proof of Theorem Sj : ”
= (S12, SP(s3,13)). Py = P5.

Then, given the locations gfandg, S* = (P}, P, P3) which
to given locations of the fixed points can be found@il) can be obtained (1) time.

time. Case ii) - b) - (3)K(Bi21, P3) = K(Bi22, P3) = 0.
Outline of Proof We prove this theorem by characteriz- In this case,S* = (512, SP(ss,t3)) which is the same as
ing all possible cases for a minimal cost solutiti = for case ii) - a).

(P, P», Ps) satisfying K(P1, P2) < 1, K(P1,P3) < 1, Case ii) - C)K (1, P3) = K(P, P3) = 1.
K (P2, P;) < 1 and without any self-loops, which suffices Case ii) - ¢) - (1)K (Bi21, P3) = K(Bi22, P3) = 1.

by Lemma 1 and Theorem 4. It is shown in [7] that this case is contained in case ii) - b)
Case i) :K(P1,P,) =0, K(Ps, P3) =0, andK (P, P3) = =2
0. Case ii) - €) - (2)K(B211, P5) = K(Bai12,P5) = 1.

r43y symmetry, this case is the same as case ii) - ¢) - (1).

In this case, as shown in Fig. 7, the shortest paths for eac
J P ase i) - ¢) - (3) K(Bizi,Ps) + K(Bim P;) =

unicast session give the minimal cost solution.
K(32117P3) + K(Ba12, P3) = 1.

Case ii): K K(P1, Py) + K(Py, P3) + K(P,, Ps) Without loss of generality, we assume thiat By, Ps)
The path segments are labeled as shown in Fig. 3. We denpte
by p and ¢ the pointsrc(sy,te) andre(ty, s2) respectively. Case ii) - €) - 3) - 1)K (Ba11, P3) = 1 and K (Bayo, P3) =
Without loss of generality, we assume th&t{ P, P,) = 1. Q.
We useSi» = (P], P;) to denote an optimal cost solution for et p = re(sy, t2), andq = re(ty, s2), ¥ = re(sa, ts), u =
(s1,t1) and(s2,t) obtained by Theorem 3. We defitgs = r¢(ty, s5). We useS,, 5 = (B}, P¥) to denote the optlmal

(P, P3) and Sa3 = (P3, P3) similarly. cost solution for(s;,p) and (r,t3) obtained by Theorem 3.
Case ii) - a)K (P, P3) = 0, andK (P, P3) = 0. As shown in Fig. 10, for given locations of ¢, u, andr, S*
Then, as shown in Fig. &* = (S1a, SP(s3,13)). cag be onbtalnedsnd)(é)lgnzf by;’heor(()am 3'}( B p

) ase ii) - c) - 3) - ,P;)=0an ,Py) =
Case ii) - b)K (Py, Py) + K(Py, Py) = 1. . ) - C) - 3) - 2)K(Bau1, Ps) (Ba12, P3)
Without loss of generality, we suppose thatPy, P3) = 1. |f r(P;, Py) and r(Ps, P;) are continuous along® as

Then, K (Ps, P3) = 0, K(Bi21, P3)<1, K(r(P1, P»), P5)<1, shown in Fig. 11, then(P, P3) = SP(p,u), andr(Py, Ps)

and K (Biaz, P3)<1. = SP(v,p). SinceS* is the optimal solution, the locations of
Case ii) - b) - (1)K (Bi21, P3) = 1, andK (Bi22, P3) = 1. v andv must satisfyvy € V,

In this case 5™ = (Si3, SP(s2,2)). d(ts,u) + d(ss,u) + d(p,u) < d(tz,y) + d(s3,) + d(p, ),
Case ii) - b) - () (Biz, Py) + K(Brz2, P3) = L. d(p,v) + d(s1,0) +d(ts,v) < d(p,y) +d(s1,9) + d(ts, y).

Without loss of generality, we suppose th&t Bi21, Ps3)
= 1. P; cannot reverse carpool alongP;, P,) since reverse
carpooling occurs across pairs of unicast sessions. H&nce In this case, as shown in Fig. 11, given the location® of
reverse carpools only alonB;,;. As shown in Fig. 9, we use andg, the locations of. andv can be found irO(1) time by
1213 = (Bia1, P3') to denote the optimal cost solution forTheorem 2.
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Fig. 10. Form 4 of Theorem 5 (case ii) - ¢) - 3) - 1) in the proof of Theorerkig. 12. Form 6 of Theorem 5 (case ii) - ¢) - 3) - 2) in the proof of Theorem
5) : Given locations ofp, ¢, v, andu, we find S* in O(1) time. We use 5): K(Bi21, P3) = K(B212, P3) =1 ,andr(Ps, P1) andr(Ps, P2) are not
Sy 3= = (B4, P4) to denote optimal cost solution obtained by applyingontinuous along’s. Given the locations o, g, u, andv, the locations of:
Theorem 3 to(s1,p) and (r, t3). Then,S* = (P}, P2, P{') where P; = andw can be found inO(1) time by Theorem 2. Then5™ = (P, P», P3)
(Bl U SP(p, q)USP(q,t1)), P> = (SP(s2,r)USP(r,u)USP(u,q)U WherePy = (SP(s1,v) USP(v,w)USP(w,p) USP(p,q) USP(q,t1)),
(SP(p,q))E U SP(p,t2), and P{ = (SP(s3,u) U (SP(r,u))RUPy). P2 =(SP(s2,q) U (SP(p,q))" USP(p,r) USP(r,u) USP(u,t2), and

P3 = (SP(s3,w)U(SP(v,w))RUSP(v,u)U(SP(r,u))BUSP(r,t3)).

{(s1,t1), (s2,t2), (s3,t3)}, we can find a minimal cost solu-
e tion S* = (Py, P, P3) in O(n*) time wheren is the number
sz of vertices in the convex hull ofs(, ¢, so, to, s3,t3).
Proof: For each of the six possible forms given in
Theorem 5, we can calculate the optimal cost solution in
O(n*) time by considering allD(n*) possible locations for
a the fixed points. We then compare their costs and choose the
minimal cost solutionS*. [ ]

V. GENERAL MULTIPLE UNICAST SESSIONS PROBLEM

a In this section, we generalize our problem to general
multiple unicasts problem and introduce a simple greedy
algorithm to obtain an approximate solution. In Section Ill, we

_ ) , described a polynomial time algorithm which finds an optimal

g;g:. }g( Bf;t”};"il??g;? ?Dgafel'y');n?;(e’,@)gjﬁ)l )'”;23 f(rggfgz; g?grerﬁqst solution for the two unicast sessions problem. Based on

continuous alongPs. Given the locations op andg, the locations of and  this algorithm, we present a greedy algorithm to obtain an

v can be found irO(1) time by Theorem 2. Ther™ = (Pl»P2: P3) where  approximate solution fon-unicast sessiony, t1),...(sn, tn)
Py = (SP(IS?LU)USP(U p)USP(p,q) USP(q,t1)), P2 = SP(SQJI%U on the triangular grld

(SP(p,q))"*USP(p,u)USP(u,tz),andPs = (SP(s3,u)U(SP(p,u) . : o ) )
(SP(v,p))® U SP(v,t3)). We define a metricm;;,(i,j € {1,.n},i # j) and a

selection function/. We use S(; ;) to denote an optimal
cost solution obtained by applying Theorem 3 to two unicast
Otherwise,r(Py, Ps) = SP(r,u)CBaio and r(Py, P3) = sessiongs;,t;) and(s;,t;). Let m;; = d(s;,¢;) + d(sj,t;) —
SP(v,w)CBia1, as shown in Fig. 12. Sincg* is the optimal C(S;;). Given(s;,t;) and(s], i), m;; denotes the difference
solution, the locations of andw must satisfyvy € V, between the cost of the shortest paths solution and the optimal
cost. The selection functioh: NC(1,2,..n)—=NxN chooses
d(ts,r) +d(u,r) +d(p,r) < d(ts,y) +d(u,y) +d(p,y): a pair of indices inN which maximizes the metrian;;.
d(p,w) +d(ss,w) +d(v,w) < d(p,y)+d(ss,y) + d(v,y). Precisely,

I(N) = it
(N) = arg max {m;;}

In this case, as shown in Fig. 12, given the locationg,0of We useC'S to denote the current solution adc (1,2, ..n)
q, u, andv, the locations ofr andw can be found inO(1) to denote a set of indices which are not used in the current
time by Theorem 2. solution at each step. In each step of the algorithm, we update
two setsC'S and N using the selection functioh. Then, we
Theorem 6:Given a three unicast probleml/ = removel(N) from N and addS;y) to C'S at each step.
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Fig. 13. Simulation result: As increasesE(%n")) decreases.

Fig. 14. Simulation result: We extend the result in Fig. 13. When 100 unicast
sessions are chosen uniformly at random on the gﬁ@%) is 0.69

Finally, at the end of the algorithm, we obtain a suboptimal

solutionCS = S = (Py,..,Py). randomly choose the locations of a given number of unicast
sessions. Fig. 13 indicates that when 20 unicasts are chosen
uniformly at random on the grapfi, the average cost of the

N — {1,2,...,n}

CS 0 greedy reverse carpooling solution is 0.79 times that of the
While |[N|>1 shortest paths solution. As the number of unicast sessions

N =N-I(N) increases,E(%f;‘)) decreases. This result agrees with our

CS = CSUSy(n) intuition that the number of opportunities to apply reverse
endwhile carpooling increases with the number of unicast sessions in

a given network. As shown in Fig. 14, when the number

If N = {k} (1<k<n)
of unicast session is 10%(%) is 0.69. Whenn is

returnC'S =CSUSP (s, i)

else sufficiently Iarge,E(%) converges to an optimal value of
returnC'S 0.5. !
endif

VIl. CONCLUSION

Theorem 7:The time complexity of the above greedy al-
gorithm isO(n?).

Proof: Please see [7].

We have presented two polynomial time algorithms to
obtain approximately optimal solutions which minimize the
number of transmissions for two and three unicast sessions,
VI. SIMULATION respectively. By extending the algorithm for two unicasts prob-

In order to determine the effectiveness of reverse carpoltm, We presented a greedy algorithm to obtain an approximate
ing, we constructed a simulation environment which mode§®lution forn-unicast sessions problem. From simulations, we
operation on the wireless triangular grid. Given a wireled¥ve shown that the algorithm reduces the power consumption
triangular grid, we choose the locations of unicast sessiopignificantly for multiple unicasts on a triangular grid.
uniformly at random on the grid and compare the average
network cost between a suboptimal solution obtained by the
greedy algorithm of Section V and the shortest paths solutigi r. Aniswede, N. Cai, S.-Y.R.Li,and R. W. Yeung, “Network information
without network coding. The simulations were done using flow,” IEEE Trans. Inform. Theotyvol 46, no. 4, pp. 1204-1216, July
MATLAB. 2000
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