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Abstract and bound the delay. For example, the TDMA protocol for ditraf
monitoring network described in [3] has a lifetime of 1,20yd

Algorithms for scheduling TDMA transmissions in multi-hopt-  compared with ten days using the IEEE 802.11 protocol.

works usually determine the smallest length conflict-fregign- The main task in designing a TDMA schedule is to allocate time
ment of slots in which each link or node is activated at leas€o s|ots depending on the topology and the node packet gemerati
This is based on the assumption that there are many indepengges. A good schedule not only avoids collisions by silegci
point-to-point flows in the network. In sensor networks heere the interferers of every receiver node in each time slot tea a
often data are transferred from the sensor nodes to a fewatemhinimizes the number of time slots hence the latency: Thygelar
data collectors. The scheduling problem is therefore terd@he latency may require a higher data rate (and hence higheggner
the smallest length conflict-free assignment of slots dpvitiich  consumption) to satisfy a deadline [6]. We therefore try ial fa

the packets generated at each node reach their destinafiie®. TDMA schedule that minimizes the number of time slots.
conflicting node transmissions are determined based ontan iINTDMA algorithms consider either one-hop or multi-hop salled
ference graph, which may be different from connectivitypdraing. The former are for networks in which the nodes are one hop
due to the broadcast nature of wireless transmissions. 0 slway from the base station [6, 7], and allocate time slothén t
that this problem is NP-complete. We first propose two céinéd reverse channel depending on allocation request and deaafli
heuristic algorithms: one based on direct scheduling ofitities or the nodes. Because the base station is the common receiver of
node-based scheduling, which is adapted from classical-mp  transmissions, only one node can transmit in a slot. In semsas
scheduling algorithms for general ad hoc networks, and thero networks however direct transmission from all sensor noolése
based on scheduling the levels in the routing tree beforecsding  base station may not be feasible nor power efficient [4].

the nodes or level-based scheduling, which is a novel sdimgcal-  Multi-hop TDMA scheduling is more challenging than one-hop
gorithm for many-to-one communication in sensor netwoik®e scheduling because spatial reuse of a time slot may be pessib
performance of these algorithms depends on the distribofithe More than one node can transmit at the same time slot if teeir r
nodes across the levels. We then propose a distributeditaigor ceivers are in non-conflicting parts of the network. Theeetao
based on the distributed coloring of the nodes, that ineése types of conflicts, namely, primary conflict and secondanyflac.
delay by a factor o0 — 70 over centralized algorithms fdi000 A primary conflict occurs when a node transmits and receives a
nodes. We also obtain upper bound for these schedules as-a fihie same time slot or receives more than one transmission des
tion of the total number of packets generated in the network.  tined to it at the same time slot. A secondary conflict occuren

a node, an intended receiver of a particular transmissa|sio
within the transmission range of another transmissiomufee for
other nodes. In the context of TDMA, the problem is to deter-
mine the smallest length conflict-free assignment of sldtens
9€ach link or node is activated at least once [8]. Previouskwor
on scheduling algorithms focus on either decreasing thgtten
of schedules [8, 9, 10, 15, 16, 14] or distributed implemiona
[11, 12, 13, 22, 23].

Previous scheduling algorithms activating each link orenatdeast
once during a TDMA frame are based on the assumption that ther
are many independent point-to-point flows in the networksdn-
sor networks however often data are transferred from theosen

1 Introduction

Wireless sensor networks have been proposed for a wide @in
monitoring applications such as traffic and seismic momiggrand
fire detection [1]. Such networks consist of a group of nodéth,
sensing, signal processing and wireless communicatioaldiap
ties and limited battery energy. The nodes must quickly rephe
results to a data collection node or access point. Sincedbes
are battery-powered, the medium access control (MAC) pabie
critical in determining network lifetime.
tlaerﬁt?;):ggsl\gjgcgrefgz?ltsmfg(;\e/ig?gr: ;it;;\i/g{:sagg\s”sd(e‘rgmfec nodes to a few central data collectors. In traffic monito[Es]gfor
former, e.g. IEEE 802.11 [2], consume more energy than TDI\/? ample, _the nodes sense the passage of vehlc_les at seeeral f
protocéls.bécause the);waste’ energy in collisions andigléning way Iocatl_ons or at an intersection, and Fransmlt .the datheo

) ' access point on the side of the freeway or intersection. alokgis
Moreover, they do not give delay guarantees. TDMA protoacs

- h ) ..___are transferred to the access point over the routing treauitipte
more power efficient since nodes in the network can entetlumcho s. The problem therefore is to determine the smallegfthen
states until their allocated time slots. They also elingrallisions ps. P

conflict-free assignment of slots during which the packetsey-



ated at each node reach the access point over the routing tree can be compensated by setting up links based on receivedl sign
The many-to-one scheduling has been addressed previoyslstbength as explained in [3].

[17, 18, 19]. [17] proposes an evolutionary algorithm whgee The network is represented by a grafh= (V, E). V is the set
netic algorithm and particle swarm optimization are hylzed to of nodes, including the access poiif’ as nodel. N = |V]is
enhance the searching ability however does not provide aay gthe number of nodes i¥. The (undirected) edges C V x V
antees on the performance. [18] and [19] on the other hand @e the (transmission) links to be scheduled. The graphs@m
pose heuristic algorithms that schedule as many indepésdgn tree All traffic is destined forA P, so every data packet at a node
ments as possible to increase the degree of parallel trasgmi is forwarded to the node’s parent in the tree rooted at the AP.

but does not consider the specific nature of many-to-one asmm node may interfere with another node, so these nodes should
nication nor the interference models in wireless commuiina not transmit simultaneously. ThieterferencegraphC = (V. 1) is
Since each packet is relayed on the routing path from thénatig assumed knownl C V x V is the set of edges such that v) € T

ing sensor node to the access point, the many-to-one s¢hgduif eitherw or v can hear each other or one of them can interfere with
problem requires considering precedence relations: Ifpteket a signal intended for the other (even if they cannot hear etwdr).
follows the routing path{k,k — 1,...,2,1), nodej should not be So, if u is transmittingw should not be scheduled to receive from
scheduled before noddor that packet ifj < i. Precedence con-another node at the same time.

strained graphs have been studied in the context of allig#iie Theconflictgraph corresponding 6 = (V, E) andC = (V,I) is
tasks in the precedence constrained task graphs to thessmsecalledGC = (V, EC). In GC, each nodé € V corresponds to the

in the processor network so that the schedule length is nieun link (¢, p;) € E wherep; is the parent of nodé&n the routing tree>
[24]. In this problem however the tasks are already assigméie rooted at APEC comprises the edges between node paisihat
processors since a packet at ngdeas to be processed by nodshould not transmit at the same time. Itis generated by gakito

j. The difficulty on the other hand comes from the requireméntaccount the primary and secondary conflicts described iidpek.
eliminating primary and secondary conflicts in the processt- FEC contains two kinds of edges. First,(if, j) € E, (i,j) € EC,
work. because a parent node and a child node cannot transmit airtiee s
The original contributions of this paper are three: First,farmu- time. Second, i{i,j) € I or (i,5) € E andc; is a child ofj in

late the sensor network scheduling problem. Second, weeghey G, (i, ¢;) € EC: Because andj interfere, ifi is transmitting, the
NP-completeness of the problem. Third, we generate a nalbahild c; of j cannot transmit at the same time becaus®uld hear
scheduling algorithm which is adapted from classical riudip from bothi andc;.

scheduling algorithms for general ad hoc networks for tleedic A scheduling framés the time duration that starts when each node
sensor network configuration of nodes and data generatiterpa has generated an integer number of packets and ends whieesa| t
considering the interference graph in addition to the cotiviey packets have reachetlP. It is divided into time slots. A slot is
graph. Fourth, we propose a novel scheduling algorithmdase long enough to transmit one data packet plus a guard intésval
scheduling the levels of the tree before scheduling the :idmle compensate for synchronization errorsséheduleassigns one or
many-to-one communication in sensor networks. Finally,dge more time slots to each edgedhor, equivalently, to each node in
rive upper bounds for these schedules as a function of tla¢ t6tC. A nodeu may receive a packet from its childduring a time
number of packets generated in the network. slot assigned t¢v,u) € E or to nodev € V since its parent: is
The rest of the paper is organized as follows. The transarissid already known.

network model is described in Section 2. Section 3 descties We use the following notation. Thiistanced(u, v) between nodes
scheduling problem and proves that it is NP-complete. Wa theandv is the number of edges in the path between thed;iand
propose two heuristic centralized algorithms for solvihg prob- a nodeu is atlevelk if it is at distancek from AP.

lem: The one in Section 4 is based on direct scheduling of the

nodes, whereas the other is based on scheduling the leviis in .

routing tree before scheduling the nodes as explained itidBes:. 3 Theschedul ng problem

Section 6 describes a token-based distributed schedugjogthm.
The algorithms are analyzed in Section 7. Simulations afengn
section 8. Section 9 collects some conclusions.

Each node of+ (exceptAP) generates a positive integer number
of packets at the beginning of the scheduling frame. Given th
interference graphy, the scheduling problemis to find a minimum
length frame during which all nodes can send their packetsito
2 Network and transmission model Theorem 1 The scheduling problem is NP-complete.

Proof We reduce the NP-complete problem of finding the chro-
We consider a network comprising a single access point (AR) anatic number of a graph to the scheduling probfeiet GP =
several sensor nodes that periodically generate databpoasdif- (V P, EP) with VP = {v1,---,uy} be an instance of a graph
ferent rates, for transfer to the AP. Links are assumed tadieeb- whose chromatic number we want to find. We first construct a con
tional. This is required for proper functioning of netwonopcols flict graphGC = (V, EC). First, GC includes all the nodes and
such as distributed Bellman-Ford algorithms [25]. Bidiiecality I , _ _
. . . . . The chromatic number of a grajgh is the smallest numbek¥ such thatG is
IS aChlgved if all senso_r n_OdeS transmit at the same pOWé_‘EfDI k-colorable.G is k-colorable if its vertices can be colored usikglifferent colors
ences in actual transmission power due to the hardwareeiifes i, such a way that adjacent vertices have different colors.




GC=(V.EC) wherec is the chromatic number of the original gra@gtP. O
The scheduling problem is difficult because many subset®f n
conflicting nodes are candidates for each time slot, andubsesd
selected for transmission in one slot affects the numberaofst
missions in the next time slot, as some schedulable nodesotay
have any packets to transmit because of the subset selactie i
previous slot.

Lemma 1l Assume that node € V has generated; packets to
transmit. The minimum schedule length is at I€gst |, g

Proof AP can receive at most one packet in each slot, so at least
> icv gi Slots are needed for all packets to reatR. This gives
the lower bound. O

GP=(VPEP)

4 Node-based Scheduling Algorithm

The node-based scheduling algorithm has been adapted fasm ¢
sical multi-hop scheduling algorithm developed for gehadshoc

) ) networks with the idea of scheduling as many non-conflictieg
Figure 1. Transformation frontzP = (VP,EP) to GC' = of nodes as possible in each time slot [18, 19, 14]. The algo-
(V, EC) and then to a tree netwotk = (V, E) (solid lines belong rithm has two parts. In the first part, we color the conflictgra

to E) with interference grapl’ = (V, I) (dashed lines belong togc, = (v, EC.) whereV, = V \ {1}, EC, = EC \ N; and

1). Ny = {(i,7)|i = 1}. In the second part, we schedule the links in
the original network(u, v) € E, based on this coloring.

edges ofGP. Next, for each node;, add another node;. Then

add edgesw;, w;), (v;,w;) € EC forall4,j. Lastly add another 4.1 Coloring the networ k
nodeAP and edge$AP, w;) for all i. See figure 1.

The conflict grapltzC is such that ifw; is active, none of the node
in V\{w;} can be active at the same time. Alsay;ifs active, none
of the nodesu; or the conflicting nodes froriy P, determined by
the edged” P, can be active.

We now construct a tre&' = (V, E) and an interference grap
C = (V,I) whose conflict graph i&C = (V, EC). The edges of
the tree ardZ = {(AP, w;), (w;,v;) |1 <i < N}. BecausedP is
a parent ofw;, (w;, AP) € EC for all ;; moreover(w;, w;) € EC
for all i, j, because they have the same pardit, And (v;, w;) €
EC becausey; is the parent of;.

Let I consist of edgegv;, AP) for all 4, and (v;, w;), (vj, w;),
whenever(v;, v;) € EC. Since(v;, AP) € I and(w;, AP) € E,
(v, wj) € EC forall i,5. Lastly, if (v;,w;) € I and(vj,w;) €
I,i # j, (v;,v;) € EC because the parent of one of them
interfered by a transmission of the other. Ti€' is indeed the
conflict graph corresponding to the tree gragtand interference
graphC.

Consider the minimum schedule length &€ such that each node

vi,w;,1 < i < N, has one packet destined fdr?. A packet 4.2 Scheduling the Network

in w; takes the pattjw;, AP) and a pac!(et in; takes thg pa.th A supersloin a node-based scheduling algorithm is a collection of
(vs, w;, AP). Because eacty; conflicts with the nodes);, j # ¢ L .

) . consecutive time slots such that each node with at least aclep
and all nodes;, it takesN slots to transmit the packets generate

at level one toA P, independently of the rest of the network. Als the beginning of the superslot transmits at least oneqpaitk-

. : Ihg the superslot. Because two nodes assigned the samecaalor

when theN packets from level two arrive at level one, it take . . ) .
ransmit at the same time, the number of slots in a supersiat i

anotherN slots to forward them tal P.

Thus to minimize the time to transmit all packetsA@, we must vrcgrSI: equal to the total number of colors used for coloringiie
minimize the time to transmit the packets from level two teele )

one. But the conflict graph at level two is determined by thgior Igﬁeaslggrr:;?? Itso %Qleer;l;rr]r;?ltjirne1e3.sl(')6';f:‘?(;rgetLeernr:l;wgrf(hScjlz;d
nal graphG P, so the minimum scheduling time is exac2lyy + c, P 9

5Any algorithm can be used to color the conflict gra@h’. such
that nodes andj are assigned different colors (f, j) € EC..
Computing the chromatic number of a graph is NP-complete. In
cremental methods appear to be the heuristic choice ofxeste
horing [11]: Vertices are colored sequentially with the aslohosen

In response to colors already assigned in the vertex’s beigiood.
These methods vary in how the next vertex is selected and thow i
is assigned a color.

Figure 2 gives such a heuristic coloring algorithm. At thgibaing

of the algorithm, the nodes are ordered according to sortexion,
e.g. non-increasing order of degree since high-degreiegsttave
more color constraints and so are more likely to require ah-ad
tional color if inserted late. The algorithm then assignsalbest
@olor to the nodes in that order such that none of the nodeseof t
same color have an edge in the conflict graph. This algorithm a
signs a slot to node in O(:) steps, so the running time of this
algorithm isO(|V|?).



Input: V.. = {2, 3, ..., N}, conflict graph
GC. = (V., EC.).
Output: One color assigned to each node
{(2,¢2), (3,¢3), .., (IN,en)} in which
ci €{1,2,,...,M}andM is the number of
colors.
begin
Order the nodes d%1,n2, ..., nN—1)
forl=1to N — 1
=1
while (3 j assigned to colof st.
(j.m) € ECL)
1=1+1
assign colog to n;
end

Figure 2: Assigning one color to each node in the network.

additional nodes assigned to other colors are added as fotigpa
resulting set is non-conflicting. The running time of thecalthm
isthenO(ldq42|V]), whered,, ... is the maximum degree of a node
in GC and! is the total number of slots in the schedule.

Two examples are given in Figures 6 and& = (V, E) andC =

Input: GraphG = (V, E) with conflict graph
GC = (V, EC), color assignment of the nodes
V. usingM colors.
Output: Transmission schedule for nodes(®f
begin
while (at least one packet has not reached
AP)
fors=1toM
sets = set of nodes corresponding to
color s with at least one packet
T = set,
if T#£0
set,s = set of nodes not
corresponding to color with at least one packet
for each nodé € set,,
if (k,j)¢ ECVjeT
T=TuU{k}
assign current slot to sét
update the place of the packets
end

Figure 3: Node-based Scheduling Algorithm.

(V,I) are shown on the left with the resultingC' = (V, EC). secutive levels whereas an edge, v;) is added to the interference

The nodes are ordered based on their degreé&irior the color- (conflict) graph of the linear network, i.€ L(ECL), if there is an

ing, which are(s3, s2, s4, s5, s6, s7, s1) and (s2,s3,s5,56,51,s4) irrdge between a node at leyehnd any node at levélin the inter-

Figures 6 and 7 respectively. The resulting schedules anersin  ference (conflict) graph of the original network, i.5(FC). The

part-(a) of the figures. algorithm in Figure 4 find€2L,C L and ECL. Its running time is
O([V[?).

5 Leve-based Scheduling Algorithm
Input: (V, E, I, EC).

The level-based scheduling algorithm has three parts. drfitst output: (VL, EL,IL, ECL).
part, we obtain a linear netwotk. = (V' L, EL) with interference begin

graphCL = (VL,IL) resulting in the conflict grapl&ZCL = add node);, to VL

(VL, ECL) corresponding to the original network. In the second =9

part, we color this linear network. In the third part, we sibhie the while I < levelO fTree
links in the original network(u, v) € E, based on the coloring of add nodey; to VL

the linear network. add edgdv,_1,v;) to EL
If 3(u,v) € I(EC) with v at levell andv
at levelj satisfyingj < 1

-, . add edg€v;, v;) to IL(ECL)
If the original tree network has deptly, the linear network I+ +

GL = (VL,EL) has node§'L = {vy,---,un} with nodey, end
corresponding to all nodes at leviein the original network and
edges(v;,v;+1) € EL for 1 < i < N. The interference graph
CL = (VL,IL) includes edggv;,v;) if there is an interfer- Figure 4: Algorithm to find linear network corresponding tigé
ence edge between a node at leyednd any node at levélin nal network.

the original network forj,/ > 1. The resulting conflict graph

GCL = (VL,ECL) thus includes edgév;, v;) if the transmis-

sions of anode at levgland a node at levélconflictinthe original 52 | oring the linear network

network.

The algorithm starts by adding one node for each level of tlge 0 Any coloring algorithm can be used to color the conflict graph
inal tree. Then an edge is added to the edgeidebetween con- the linear networlGCL = (V L, ECL). The algorithm given in

5.1 Thelinear network




Figure 2 can be used for this purpose with= VL andGC, =

Two examples are given in Figures 6 and @ = (V,E) and

GCL as input, and one color assigned to each nodélirand the C' = (V,I) are shown on the left with the resultilgCL =

number of colors)M, as output.

5.3 Scheduling the original network

(VL,ECL). The levels are in increasing order for coloring. The
ordering does not affect the number of colors used in thetine
network nor the schedule length for these examples. Thétiresu
schedules are shown in part-(b) of the figures.

If nodesw;, v; in the linear network are assigned the same col@igure 6 illustrates a topology where level-based schadpier-
they do not interfere. By construction of the linear netwarly forms better than node-based scheduling whereas Figutes? il
two nodes in the original network, one chosen from lg\ahd the trates a network where node-based scheduling outperf@ves |

other from levelj, can transmit at the same time.

based scheduling. Figure 6 demonstrates the advantageetf le

A supersloin a level-based scheduling algorithm is a collection bsed scheduling in balancing the movement of packetsathes

consecutive time slots such that each level of the tree wikbast
one packet at the beginning of the superslot forwards at teses
packet to the lower level during the superslot. Because waesa
at different levels assigned the same color can transntiesgdme
time, the number of slots in a superslot is at most equal taotiad
number of colors used for coloring the linear network.

The algorithm is given in Figure 5. After determining thedés/
corresponding to the current time slot from the linear nekvem|-
oring, a nonconflicting set of nodes at these levels that pagkets
to transmit are selected for transmission. Additional rsoftlem

network in a network of higher density of the packets at high |
els. Intopologies of equal density of the packets acrossdhgork
or higher packet density at low levels, giving equal chamcthé
nodes balances the movement of packets as shown in Figure 7.

6 Scalability and Distributed Implemen-
tation

The node-based and level-based scheduling algorithmsildedc

other levels are then added as long as the resulting set is nfpve require complete topology information, and theretare

conflicting. The running time of the algorithm B(Idy,q.|V]),
whered,, .. is the maximum degree of a node@ and! is the

total number of slots in the schedule.

GC = (V, EC), color assignment of the
colors.
begin

AP)
fors=1toM

colors
T=20
for j = 1to|set|

if T#0
set,s = set of levels not
corresponding to color

level in set,
if (k,j)¢ ECVjeT
T=TU{k}
assign current slot to sét

end

Input: GraphG = (V, E)) with conflict graph
corresponding linear netwo®C'L using M
Output: Transmission schedule for nodes(®f

while (at least one packet has not reached

sets = set of levels corresponding to

T = Tu{a nonconflicting set of
nodes from leveset,(j) with at least one packgt

for each nodé belonging to a

update the place of the packets

Figure 5: Level-based Scheduling Algorithm.

options for implementation. The first option is to send thology
information to a central controller, which then performes #fot as-
signment and sends it back to the nodes in the network. Tioadec
option is that each node learns the entire network topologyex-
ecutes the algorithm independently to produce identideduales.
Both options may require a lot of communication among theesod
and may become inappropriate for large networks.

One way to bring scalability to the system is clustering thees in
the network. The central controller corresponding to edakter
should take into account the interferers that are outsieie tange
while generating schedules. The central controllers asayasd
colors so that no two conflicting controllers are assignedséme
color (e.g. a simple algorithm that constructda+ 1-coloring in
at mostn steps is given in [26] forA andn being the maximum
degree of a vertex and the number of vertices respectivellgan
graph with vertices as controllers and edges between thiiaten
ing controllers). The controllers assigned to the first ctien find
the schedule and broadcast this information to sensor naulgs
neighboring central controllers. Neighboring contrdlerith the
next color assign the time slots to the nodes inside thegeatak-
ing into account the already assigned common nodes, whih ar
defined to be the nodes inside their range and the range disit le
one of the central controllers of previous colors, and therfarers
inside the range of another controller. The controllersespond-
ing to each color consider the schedules of the controllethe
previous colors in this way. Since the length of the schedlale
only affected by the common nodes with the conflicting cdidre
and the interference coming from neighboring controllerd the
schedules of sufficiently separated controllers are netaftl from
each other, the resulting system is scalable.

Another way to achieve scalability in the system is through d
tributed algorithms, in which the schedules of the nodegarer-
ated based on the local topology information of the nodés vigry
hard to obtain a distributed version of node-based and-leaséd



G=(VE)

a=(VEC)

CCL=(W, ECL) DFStree

o

a)
superslot #:1 ‘2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘
slot #: 1 2 3 4 5 6 7 8 9 10 11 12 |18 14 15| 16 17 18| 19 20
|| I I
schedule: s3 2 s4s1s5s1s6 s7 Is3 2 st 3 2 si 3 2 si 3 2 si 2 sl
b)
superslot #:1 ‘2 ‘ 3 ‘ 4 ‘5 ‘ 6 ‘ 7
slot #: 1 2 3 4 5 6 7 8 9 10 11 12 (13 14 15 [16 17 |18
I I I
schedule: s1s4s2 3 [s1s5s2 3 |sls6 2 s3 [sls7s2 3 [s1 2 s3 |s1 2 |sd
0
superslot #:1 ‘ 2 3 4
slot #: 1 2 3 4 5 6 7 8 9 10 11 12 [13 14 15 16 17 18| 19 20 21 22 23 24
HE BN =
schedule: s1s4s2 s3 si1sb s6  s7 2 s3 - - - ‘ s1 2 s3 - s1 2 3
superslot #:5 ‘ 6 7
slot #: 25 26 27 28 29 30 (31 32 33 34 35 36 |37 38 39 40 41 42

schedde: s1 &2 3 - o2 - - - - s

Figure 6: An example network where level-based schedularfppms better than node-based scheduling. a) Schedutetta-based
scheduling algorithm. b) Schedule for level-based schegalgorithm. c)Schedule for distributed scheduling ailipon.



G=(VE, 1) @&C=(V, EC) QCl=(WL, ECL) DFStree

—— edge
- — - interferenceedge
a)
superslot #:1 |2 |
slot #: 1 2 3 4 5 6
schedule: s2s4s3  s1,s5 s6s11s2 3
b)
superslot #:1 |2 |3 |4 |5 |6 |

slot #: 1 2 ’4
schedule: s1,s5 4,56 |s2 |s3  |si s2  Is3

superslot #:1 | 2 |
slot #: 1 2 3 4 5

6
-A
schedule: s1,85s2s4 s3  s6s11 - s2 s3 -

Figure 7: An example network where node-based schedulirfgnoes better than level-based scheduling. a) Scheduledde-based
scheduling algorithm. b) Schedule for level-based schiegalgorithm. c)Schedule for distributed scheduling ailtpon.



scheduling algorithms. The main reason is that these dhgosi

check whether the nodes that are potential transmittetseircar- Input: V- ={1,2,...,N},G = (V, E),

rent slot have any packets and skip that slot otherwise. Warot G. = (V,E U I), conflict graph

reason is that the algorithms schedule the nodes in otherscifl GC. = (Ve, EC,).

some of the nodes that are potential candidates for therdisiat Output: Color assignment of the nodeslf) such
do not have any packets. Such a schedule cannot be implainente | that each color corresponds to a maximal
in their distributed version since the nodes cannot know imamy nonconflicting set irGC..

packets their interferers have due to the lack of knowledigéobal begin

topology information. Order the nodes g%i1, na, ..., ny ) in DFS
To get an idea of the performance of a distributed algoritive, traversal ofG

propose a simple algorithm based on the distributed cajooin forl=1t0 N

the network similar to the one described in [11]. Notice tHnst if ng # 1

conflicting nodes, the nodes that have edge between th&d’in 1=1

are either one hop or two hops away from each other in the graph while (3 j assigned to coloi st.

G. = (V, EUI). Assume the nodesand; can transmit to each (4,) € EC.)

otherif (i,j) € E U I, e.g. this can be achieved by increasing the 1=1+1

transmission range of the nodes [3]. We also assume thdteall t assign colot to n;

transmissions during the generation of the schedules amess- M is maximum assigned color

ful, which can be guaranteed by an acknowledgement. Thesnode forl=1to N

first learn about all of their one hop and two hop neighbor€'in if ng #1

and their parents in the tre& rooted at the AP so that they can fori =1to M

determine their interferers i@C. T is the set of nodes assigned to color
Similar to the algorithm described in [11], the color assigmt is {

performed in two stages. During the first stage of the algorijt if (nonodej € T st. (j,n;) € EC,)
each node picks one slot for transmission in the order ofrthet- add colori to the color set ofy,
sal of the depth first search (DFS) [27] of the gragh In the end

second stage, the DFS is repeated and now each node picks as

many of the remaining colors as it can for transmission. Ahbo

stages, the nodes send this information to their one-hophvend Figure 8: Distributed Scheduling Algorithm.
hop neighbors ir7,, so that all their interferers i6/C' learn about
the assignment, 7 Analysisof the Algorithms

The DFS traversal starts with a TOKEN message generatee at th
AP. Upon receipt of the token, the node performs the coldgass \ye consider four cases:

ment and then sends this information to its one-hop and ®®-fcase 1: The tree grapi = (V; E) is linear, that is each node

neighbors inG,,. It then sends the token to each of its neighboysc 1 has at most one child. The interference grépk (V, 1) is
in G who have not received the token yet. Once it finds that gllch thatr = 0.

its neighbors have received the token, it sends the tokek t0accg5e 2: The tree graphi = (V, E) is general. The interference
its parent, which is the node from which it receives the_tofqm graphC' = (V, I) satisfies the ancestor property, that is, there do
the first time. At the end of the traversal, the token cartiesit- ¢ existu, v, b such that(u,v) € I and|d(u,b) — d(v,b)| > 1.
formation of the number of colors used in the network backe trpig represents the case where shortest path routing isvitethe

AP_' o ) o ) cost of each path being equal to the number of nodes on that pat
This distributed algorithm turns out to be the distributedsion of 5,4 only nodes that can hear each other can interfere, whitiei
the colqr assignment algorithm shown in Figure 8. .O.nce t}t@so assumption of previously proposed TDMA scheduling aldoris.

are assigned to each node, the nodes only transmit in thestot® c55e 3: The tree graggh = (V, E) is general and the interference

assigned to these colors if they have a packet to transmit. graphC = (V, I) is such that the maximum difference between the
The total number of token transmissions(i$| £|) at each stage |eyvels of two interfering nodes i&.

and the total number of transmissions for distributing tl®cas- case 4: The tree grapli = (V, E) and the interference graph
signments i) (daz V), in whichdy,q. is the maximum degreec — (v, 1) are both general.

ofthe nodes iz,. ~ Theorem 2 Assume that each node has one packet to transmit. For
Two examples are given in Figures 6 and 7. The coloring i@{,el-based scheduling algorithm, in cases 1 and 2 the maxim
the nodes are shown on the top right of the figures. The clngth of the frame i8|V| — 3 time slots; in case 3 it i$K +

ors of the nodes are assigned at the first stage whereas the C95(|V| —1); andin case 4 itisy(|V'|— 1), in whicha is the number

of the small circles next to the nodes are assigned at thendecsr colors used in the linear network correspondingi@nd C.

stage. The DFS traversal order drg, sy, s3, 54,55, 56,57) @d proof Case 1. If the tree graphG is linear and the interference

(51,84, 52, 55, 83, 56) In Figures 6 and 7 respectively. The resultingraphc: satisfies! = (), the corresponding linear tree interference
schedules are shown in part-(c) of the figures.



graphCL also satisfied L = (). It is easy to see that this lineafThe corresponding linear graph can be coloredy+ 2 col-

tree can be colored optimally with three colors when the nemob ors in that case. Assign color 1 t9. The color of the nodes
levels is more than two. The colors are assigned in a rounid rofvs, - - -, v 12} cannot be 1. Assign the smallest color, 2, to node
fashion starting with the node at leviel vg. The color of{vs, -, vk4+3} cannot be 2. Assign the small-
At the beginning of the frame, each node has exactly one packst color, 3, tavs. Continuing in this waypx ,» is assigned color

In the first superslot, one packet is transmitted from angllevthe K + 2. Nodevk 3 is assigned color 1, since its color is restricted
next lower level. Because each node is a parent of exactinode not to be2,---, K + 2. Thus, the algorithm colors this network
except for the node at the highest lej’é| — 1, it also receives onewith K + 2 colors in a round robin fashion with color 1 assigned
packet during the superslot. Thus, at the end of the firstrsigie to v;. The interference graph of any other network is a subgraph of
each node at level less thin| — 1 has exactly one packet to transthis worst case.

mit, the node at levelV| — 1 has no packet, and each node hd$he same reasoning as in Case 2 now indicates that at least one
transmitted exactly one packet during the superslot. Theama packet reached P in each superslot so the number of superslots
that at the end of the first superslot, each packet has movedéyneeded is at mo$t’| — 1. Hence the frame length is at md$t +

hop and one packet has reached the final destinztion 2)(JV] — 1) time slots.

In the same way, at the beginning of the second superslo, e@ase 4. The number of superslots required for all packets to reach
node at level less thdiY| — 1 has one packet to transmit, and at thé P is the number of packets in the network, which/¥| — 1.

end of the second superslot, each packet has moved by one nibeemaximum number of slots in each superslot is the number of
hop, there are no more packets at levels greater than or &guablors,a. The upper bound on the frame length is th€il/ | — 1).

|V| — 2 and the nodel P has received exactly one packet. Contiri3

uing in this manner, at the end gfi’| — 1) superslots, all packetsTheorem 3 Assume that nodee V' has generated; packets to

will have reached the final destinatiohP. transmit. For level-based scheduling algorithm, in casend 2
The maximum number of time slots in each frame is at most e maximum length of the frame3&,; <y g; time slots; in case 3
product of the maximum number of slots in each superslothed it is (K + 2)3;cyg;; and in case 4 it isa¥;cv g;, in Whicha is
maximum number of superslots necessary for all packetsaithrethe number of colors used in the linear network correspogdin

the destinatiom P, namely3(|V| — 1). G andC.

Case 2. Because the interference graph of the tree network saiseof The proof is similar to that of Theorem 2. The number of
fies the ancestor property, the corresponding linear ttegf@rence superslots required for all packets to reatk is the number of
graphC'L satisfiesIL = {). It can therefore be colored optimallypackets in the network, which B,y g;. The maximum number
with 3 colors. of slots in each superslot is the number of colors. O

First assume that we select exactly one node to transmitéaeh Theorem 4 Assume that nodé € V has generated; packets
level (of the original tree grapy = (V, E)) corresponding to the to transmit. For node-based scheduling algorithm, the mmaxn
color of the slot. At the beginning of the frame, each node hasgth of the frame iaX;cy g;, in whicha is the number of colors
one packet. In the first superslot, one packet is transmfit@d used in the conflict grapt'C.

each level to the next lower level. Except at the highestJ@azh Proof The proof is similar to that of Theorem 2. In node-based
level receives one packet. Therefore, one packet has mawedstheduling, during each superslot, each node is given sit deee
hop closer to thed P at each level, one packet from level one hahiance to transmit.

reachedA P, and nodes at the level of thizpth of the tree may Let us assume that another algorithm, namely node-levada
have no more packets. scheduling, schedules only one node containing at leagpacieet

At the end of the second superslot, the number of packetsrrian from each level of the routing tre€@ = (V, E') rooted at the AP
ted from one level to one lower level is again one except,ipyss and does not schedule any node if that level does not contgin a
for level depth. Each level less thaitepth — 1 has one packet topacket. By the same reasoning as in the proof of Theorem 2, the
transmit, while nodes at levet&:pth or depth — 1 may have ex- number of superslots required for all packets to redéhis the
hausted all packets. Continuing in this manner, by the enetlof number of packets in the network, which¥5cv g;. Yicvg; IS
superslot, there are no more packets above shmesholdlevel, also the maximum number of superslots required for all packe
and there is at least one packet at levels lower than thishbtd. to reachAP in node-based scheduling. The maximum number of
Since each level below the threshold is guaranteed to haaelep slots in each superslot is the number of colors. The resiitws.

and all levels with at least one packet can transmit oncecéh sa- O

perslot, one packet reachds’ in each superslot. Therefore, th&kemark The chromatic number of a graghiC' is at mostl +
number of superslots required for all packets to rea€his |V |—1. degmaz [26], wheredeg,,.. is the maximum degree of the nodes in
Since there are three slots in each superslot, the maximammefr GC. The maximum length of the schedule in node-based and level-
length is agair3(|V]| — 1). based scheduling algorithms is thereféter degmaz)Zicv gi, I

The scheduling algorithm allows a subset of non-conflictindes which deg,,.. is the maximum degree of the nodesGiC' and
(instead of a single node) at each level to transmit so thdtieg GCL respectively. Since the minimum schedule lengtR sy g;
frame length will also be at mo8t|V| — 1). as shown in Lemma 1, the worst case ratio of the length of the
Case 3 The worst case is when there is an interfering edge exme to the optimal length is+ degnaz-

tween a node at levgland every node at levélwith |i — j| < K. Lemma 2 Assume that nodé € V has generated; packets



to transmit. For distributed scheduling algorithm, the rimaMm
length of the frame i&X;cv g;, in whicha is the number of colors
used in the conflict grap&'C.

Proof The proof is the same as that of Theorem 4. O
Remark Node-based scheduling algorithm can be used for more
general network topology whereas level-based scheduligg- a 2500 ‘ S
rithm has been especially developed for tree topologie® Ut = level based
per bounds for more general topologies in node-based sthgdu
algorithms depends on the specific source-destinatios pai the
number of packets to be transmitted between them. 0

2000

delay (slot)

8 Simulation

1900

The goal of the simulations is to compare the delay perfoonaarh w00y
the centralized node-based and level-based schedulingthlys, o0
and the distributed algorithm.
In the simulations] 1000 nodes are randomly distributed in a cir-
cular area of radiu$00 units. The density of the nodes Js in-
side the radiu§% and )\, between the radiué\?—g and100 units.

Each topology corresponds to a different configuration efdgén- Figure 9: Comparison of the delay of node-based and levasa
sor nodes with respect to the base station: The locationkeof écheduling algorithmsfordiffererfﬁ andi= — 9.

sensor nodes depends on the locations that requires sdaysihg
application whereas the density of the nodes depends oruthe n
ber of locations to be sensed in a certain area or the accthacy
application requires, i.e. the higher accuracy required,higher
the density of the nodes. The transmission range, denqteid
chosen to be slightly larger than the threshold necessarget
work connectivity [28].

The results discussed below are averages of the performétere
different random configurations. Shortest path routingssduto
construct the routing tree rooted at the AP, which corredpdn

G = (V,E) in Section 2. The interferers of the nodes are deter-
mined according to the fixed power protocol interference aehod
[14]: Each node has its own fixed transmission power and each 4500 o node based A =19
node has an interference ranggsuch that any node; will be in- T rode haae 0
terfered by the signal fromy, if the distance between them is less ) o [relbesedA A
thanr,, and nodey, is sending signal to some node other than node
v;. Therefore(' = (V, I) contain the nodes that are inside a larger
ranger.,, rm > 1, 0f each node other than its parent and children

1500

.
10°
)\1/)\2

3500

3000 [

in the routing tree=. In the coloring part of node and level-based
scheduling algorithms, the nodes are ordered in non-isargar-
der of degree since high degree vertices have more colotreants
and so are more likely to require an additional color if insddate.
Figure 9 shows the delay of node-based and level-baseddatged 1500,
algorithms as a function 0% for the caseTL’: = 2. As expected
from the examples in Figures 6 and 7, the level-based algorit e a3 s a4 as s
performs better for Iow% ratios whereas node-based scheduling

performs better for higl'ﬁ—; ratios. Figure 10 shows that this iﬁzigure 10: Comparison of the delay of node-based and lexsd
true up to a certain value ¢f~. Node-based scheduling aIgorithngChedu"ng algorithms for differerit: .

performs better at high= ratios.

Figure 11 shows the pbrformance of the distributed algariih
terms of the ratio of its delay to that of the centralized nbdsed
scheduling algorithm. The delay ratio is in th8 — 70 range
whereas the ratio of the number of colors used in the diggibu
algorithm to that of centralized algorithm is in the- 1.3 range.

delay (slot)

N
&
3
3

2000 [

10



This suggests the basic disadvantage of distributed #fgosito be

equal density of the packets across the network or highdegpac

the scheduling of the nodes that do not have any packet incifispedensity at low levels.

slot, preventing scheduling of other nodes as a result. Etayda-

We also propose a simple token based distributed algoridhum-t

tio therefore increases dg- ratio increases due to the increase iderstand the performance of distributed algorithms coetgbao

the number of colors used in the original network.

T

—o— delay ralio)\]/)\z:llg
—— delay ralio}]/)\zze
—o— color ratio\ /A,=1/9
o color ratioA,/A,=9

10°

=
S
T

performance ratio
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T % T T
25 3 35 45 5
rlr
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Figure 11: Performance ratio of the distributed algorittarthe
centralized node-based scheduling algorithm in delay amaber
of colors used irGC.

9 Conclusion

centralized ones. The distributed algorithm is based oroastage

coloring algorithm at the end of which nodes assigned theesam

color form a maximal nonconflicting set. We observe that tlayl
in distributed algorithm increases by a factorl6f— 70 over cen-
tralized algorithms fo 000 nodes although the number of colors
used in coloring the network is almost the same. This sugglest
basic disadvantage of distributed algorithms to be thedidirey of
the nodes that do not have any packet, which prevents séhgdal
other nodes as aresult. This is hard to avoid in a distribfatsition
since the global topology information is required to knowetiter
the interfering nodes have any packets. Distributed sdhegal-
gorithms that improve upon this token based algorithm incthe

text of sensor networks is an interesting research dinectio

References

[1] J. Polastre, R. Szewczyk, C. Sharp and D. Culldre Mote

(2]

The common scheduling problem in multi-hop networks employ
ing a TDMA MAC protocol is to determine the smallest length
conflict-free assignment of slots where each link or nodects a [3] S. C. Ergen and P. VaraiyREDAMACS: Power efficient

vated at least once. This is based on the assumption thatdher
many independent point-to-point flows in the network. Inssen

networks where data are often transferred from the sensdgsno

to a few central data collectors, the problem is to deterntiiee
smallest length conflict-free assignment of slots duringctvithe

packets generated at each node reach their destinatioga.optit

mization problem is shown to be NP-complete.

We propose two centralized heuristic algorithms for sajvihe

problem: node-based scheduling and level-based schgdulin

node-based scheduling, the schedule is obtained base& anlth
oring of the original network similar to classical multifhechedul-
ing algorithms for general ad hoc networks. The nodes of thar ¢
corresponding to each slot with at least one packet are oHse
and additional nodes are added afterwards. In the novebpgeap
level-based scheduling on the other hand the original métigo
first transformed to a linear network where each node cooredp
to a level in the original network. The schedule of the origjimet-

work is then obtained based on the coloring of the linear agkw
This scheduling algorithm schedules a non-conflicting §abdes
corresponding to each level of the color for the current aluod

then schedules additional nodes if possible. The movenfeheo
packets across the network is much better balanced in bassd
scheduling for topologies of higher density of the packatshier

away from the common sink whereas giving equal chance to
nodes in node-based scheduling performs better in topesoof

(4]

(5]

(6]

[7]

(8]

the

11

Revolution: Low Power Wireless Sensor Network Devyices
Hot Chips 16: A Symposium on High Performance Chips,
August 2004.

LAN-MAN Standards Committee of the IEEE Computer So-
ciety, Wireless LAN medium access control(MAC) and phys-
ical layer(PHY) specificationlEEE, New York, NY, USA,
IEEE Std 802.11-1997 edition, 1997

and delay aware medium access protocol for sensor net-
works IEEE Transactions on Mobile Computing, vol.5, is-
sue.7, pp.920-930, 2007.

S. C. Ergen and P. Varaiy@an Multi-Hop Routing for Energy
Efficiency IEEE Communications Letters, vol.9, issue.10,
pp.880-881, 2005.

S. Y. Cheung, S. Coleri, B. Dundar, S. Ganesh, C.W. Tan
and P. VaraiyaJraffic Measurement and Vehicle Classifica-
tion with a Single Magnetic Sensalournal of Transportation
Research Board, no.1917, February 2006.

E. Uysal-Biyikoglu, B. Prabhakar and A. El Gamal,

Energy-efficient Packet Transmission over a Wireless,Link
IEEE/ACM Transactions on Networking, vol.10, issue.12,
pp. 487-499, August 2002.

H. Fattah and C. LeungAn Overview of Scheduling Al-
gorithms in Wireless Multimedia NetworkHEEEE Wireless
Communications, vol.9, no.5, pp. 76-83, October 2002.

S. Ramanathan and E. L. Lloy&cheduling Algorithms for
Multihop Radio NetworkslEEE/ACM Transactions on Net-
working, vol. 1, no.2, pp. 166-177, April 1993.



[9] C. Y. Ngo and V. O. K. Li,Centralized Broadcast Scheduling23] S. Gandham, M. Dawande and R. Prakashik Schedulingin

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

in Packet Radio Networks via Genetic-Fix AlgorithriisEE
Transactions on Communications, vol. 51, no. 9, pp. 1439-
1441, September 2003.

[24]

G. ChakrabortyGenetic Algorithm to Solve Optimum TDMA
Transmission Schedule in Broadcast Packet Radio Networks
IEEE Transactions on Communications, vol. 52, no. 5, pp.
765-777, May 2004.

[25]

R. Ramaswami and K. K. Parhistributed Scheduling of
Broadcasts in a Radio NetwarkNFOCOM 1989, pp. 497-
504, April 1989.

A. Ephremides and T. V. Truongcheduling Broadcasts in
Multihop Radio NetworkslEEE Transactions on Communi{26]
cations, vol. 38, no. 4, pp. 456-460, April 1990.

B. Tavli and W. B. HeinzelmariViH-TRACE: Multihop Time
Reservation Using Adaptive Control for Energy Efficigncy
IEEE Journal on Selected Areas in Communications, vol. 227]
no. 5, pp. 942-953, June 2004.

W. Wang, Y. Wang, X. Li, W. Song and O. Fried&fficient [28]
Interference-Aware TDMA Link Scheduling for Static Wire-
less NetworksSEEE GLOBECOM 2006, pp. 262-273.

S. Gandham, M. Dawande and R. Prakaghi Scheduling in
Sensor Networks: Distributed Edge Colering Revisite&E
INFOCOM 2005, pp. 2492-2501.

Y. Wang and I. HenningA Deterministic Distributed TDMA
Scheduling Algorithm for Wireless Sensor NetwptlicEE
WiCom 2007, pp. 2759-2762.

J. Mao, Z. Wu and X. WUA TDMA Scheduling Scheme
for Many-to-one Communications in Wireless Sensor Net-
works Computer Communications, vol. 30, no. 4, pp. 863-
872, February 2007.

H. Choi, J. Wang and E. A. HugheScheduling on Sensor
Hybrid NetworksIEEE ICCCN 2005, pp. 503-508.

S. Gandham, Y. Zhang and Q. Huar@istributed Time-
optimal Scheduling for Convergecast in Wireless Sensor Net
works Computer Networks, vol. 52, no. 3, pp. 610-629,
February 2008.

S. T. Hedetniemi, D.P. Jacobs and P. K. Srim&aijlt Toler-

ant Distributed Coloring Algorithms that Stabilize in Lexe
Time International Parallel and Distributed Processing Sym-
posium (IPDPS) 2002, April 2002.

B. Hajek and G. Sasakiink Scheduling in Polynomial Time
IEEE Transactions on Information Theory, vol. 34, no- 5, pp.
910-917, September 1988.

Z. Wu and D. RaychaudhuriD-LSMA: Distributed Link
Scheduling Multiple Access Protocol for QoS in Ad-hoc Net-
works IEEE GLOBECOM 2004, pp. 1670-1675.

12

Sensor Networks: Distributed Edge Coloring RevisitedEE
INFOCOM 2005.

S. Bansal, P. Kumar and K. Singhn Improved Duplication
Strategy for Scheduling Precedence Constrained Graphs in
Multiprocessor System$EEE Transactions on Parallel and
Distributed Systems, vol. 14, no.6, pp. 533-544, June 2003.

Swetha Narayanaswamy, Vikas Kawadia, R. S. Sreenivas,
and P. R. KumarPower Control in Ad-Hoc Networks: The-
ory, Architecture, Algorithm and Implementation of the COM
POW protocol Proceedings of European Wireless 2002,
February 2002, Italy.

S. T. Hedetniemi, D.P. Jacobs and P. K. Srim&aijlt Toler-

ant Distributed Coloring Algorithms that Stabilize in Lie
Time International Parallel and Distributed Processing Sym-
posium (IPDPS) 2002, April 2002.

R. K. Ahuja, T. L. Magnanti and J. B. OrlilNetwork Flows
1993 by Prentice Hall, Inc.

B. Krishnamachari, S. B. Wicker, and B. Bej@hase Tran-
sition Phenomena in Wireless Ad-Hoc Netwo&gmposium
on Ad-Hoc Wireless Networks, GlobeCom2001, San Anto-
nio, Texas, November 2001.



