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Abstract work lifetime.

Proposed MAC protocols for sensor networks provide ei-
In developing algorithms for scheduling TDMA transmissiorther contention based access or time division multiple sece
in multi-hop networks, the problem is usually to determine t (TDMA). The former, e.g. IEEE 802.11 [10], consume more
smallest length conflict-free assignment of slots wheréneathergy than TDMA protocols because they waste energy in
link or node is activated at least once. This is based on the @llisions and idle listening. Moreover, they do not givéaye
sumption that there are many independent point-to-poimsfloguarantees. TDMA protocols are more power efficient since
in the network. In sensor networks however often data afgdes in the network can enter inactive states until thér al
transferred from the sensor nodes to a few central data e@ited time slots. They also eliminate collisions and boined t
lectors. The scheduling problem is therefore to deternfiee felay. For example, the TDMA protocol for a traffic moni-
smallest length conflict-free assignment of slots duringetvh toring network described in [6] has a lifetime of 1,200 days
the packets generated at each node reach their destinaténcompared with ten days using the IEEE 802.11 protocol.
show that this problem is NP-complete. We first propose two ] ] o ]
centralized heuristic algorithms for solving the proble@ne The main task in designing a TDMA schedule is to allocate
is based on direct scheduling of the nodes, node based $ehdtilie slots depending on the topology and the node packet gen-
ing, whereas the other is based on scheduling the levelgin§Ftion rates. A proper schedule not only avoids collisions
routing tree before scheduling the nodes, level based sehedilencing the interferers of every receiver node in eacfetim
ing. The performance of these algorithms depends on the §l§! but also minimizes the number of time slots hence the la-
tribution of the nodes across the levels. We then propos&8CY: The larger latency may require a higher data rate (and
distributed algorithm based on the distributed coloringhef hence higher energy consumption) to satisfy a deadline [3].
nodes, that increases the delay by a factoi®f- 70 over We therefor.e try to find a TDMA schedule that minimizes the
centralized algorithms for000 nodes. We also obtain uppefumber of time slots.
bound for these schedules as a function of the total numbeggfy,a algorithms consider either one-hop or multi-hop

packets generated in the network. scheduling. The former are for networks in which the nodes

are one hop away from the base station [3, 7], and allocate

time slots in the reverse channel depending on allocatien re
1 Introduction guest and deadline of the nodes. Because the base station is

the common receiver of the transmissions, only one node can

transmit in a slot. In some sensor networks however direct

W|reles_s sensor n_etwprks have been pr oposed for "?‘W'de r4 S fsmission from all sensor nodes to the base station ntay no
of monitoring applications such as traffic and seismic naynit be feasible nor power efficient [5]

ing, and fire detection [8]. Such networks consist of a group
of nodes, with sensing, signal processing and wireless cavulti-hop TDMA scheduling is more challenging than one-
munication capabilities and limited battery energy. Thde® hop scheduling because spatial reuse of a time slot may be pos
must quickly report the results to a data collection nodecer &ible: More than one node can transmit at the same time slot
cess point. Since the nodes are battery-powered, the mediutheir receivers are at non-conflicting parts of the networ
access control (MAC) protocol is critical in determiningt-neThere are two types of conflicts, namely, primary conflict and



secondary conflict. A primary conflict occurs when a nodee analyzed in Section 7. Simulations are given in section 8
transmits and receives at the same time slot or receives nfdeetion 9 collects some conclusions.

than one transmission destined to it at the same time slot. A

secondary conflict occurs when a node, an intended recdiver o

a particular transnjiss_ion_, is also within the transmiss&nmge 2 Network and transmission modd

of another transmission intended for other nodes. In the con

text of TDMA, the problem is to determine the smallest length

conflict-free assignment of slots where each link or node\ée consider a network comprising a single access point (AP)
activated at least once [12]. Previous work on scheduling and several sensor nodes that periodically generate desi; p
gorithms focus on either decreasing the length of schedupsat different rates, for transfer to the AP. Links are ased
[12, 9, 2] or distributed implementation [13, 4, 19, 20, 15]. to be bidirectional. This is required for proper functiogin

) ] ) o . of network protocols such as distributed Bellman-Ford algo
Previous scheduling algorithms activating each link orenatl yjthms [16]. Bidirectionality is achieved if all sensor resd

least once during a TDMA frame is based on the assumptieansmit at the same power. Differences in actual transomiss
that there are many independent point-to-point flows in &ie Npower due to the hardware differences can be compensated by

work. In sensor networks however often data are transfergqgtmg up links based on received signal strength as eglai
from the sensor nodes to a few central data collectors. flictra;y, [6].

monitoring [18], for example, the nodes sense the passage of

vehicles at several freeway locations or at an intersectiod The network is represented by a graph= (V, E). V is
transmit the data to the access point on the side of the fgeele set of nodes, including the access poldt as nodel.

or intersection. The packets are transferred to the acoiss pV = |V| is the number of nodes ifi. The (undirected) edges
over the routing tree in multiple hops. The problem therefofs C V' x V' are the (transmission) links to be scheduled. The
is to determine the smallest length conflict-free assigriraén graph forms aree. All traffic is destined ford P, so every data
slots during which the packets generated at each node repagket at a node is forwarded to the node’s parent in the tree
the access point over the routing tree. rooted at the AP.

To the best of our knowledge, this is the first work that exploiA node may interfere with another node, so these nodes should
application-specific characteristics of sensor netwookisrt= not transmit simultaneously. ThaterferencegraphC' =
prove the delay. This problem has not been discussed befordi, I) is assumed known.J C V x V is the set of edges
the literature. Since each packet is relayed on the routitig psuch that(u,v) € I if either u or v can hear each other or
from the originating sensor node to the access point, thie-prene of them can interfere with a signal intended for the other
lem requires considering precedence relations: If the gtackeven if they cannot hear each other). Say i transmitting,
follows the routing pathik, k — 1, ...,2, 1), node;j should not v should not be scheduled to receive from another node at the
be scheduled before nodeor that packet ifj < i. Prece- same time.

dence constrained graphs have been studied in the conte>ﬁthcgc conflict graph corresponding t6 = (V,E) andC' —

allocating the tasks in the precedence constrained tagkgr V1) is calledGC — (V. EC). In GC, each node ¢ V

to the processors in the processor network so that the siehedu L :
NN ; corresponds to the linki, p;) € E wherep; is the parent of
length is minimized [14]. In this problem however the tasks . ;
; . nodei in the routing treg5 rooted at AP.EC comprises the

are already assigned to the processors since a packet at nade

j has to be processed by nogle The difficulty on the other gés between node pairs@hthat should not transmit at the

. L : sgme time. It is generated by taking into account the primary
hand comes from the requirement of eliminating primary an : : ; . .
o and secondary conflicts described in SectionELl contains
secondary conflicts in the processor network.

two kinds of edges. First, {fi, j) € E, (i,j) € EC, because a
The rest of the paper is organized as follows. The transrid@rent node and a child node cannot transmit at the same time.
sion and network model is described in Section 2. Sectidfcond, if(¢,j) € I or (i,j) € E andc; is a child ofj in G,

3 describes the scheduling problem and proves that it is NB<;) € EC: Because andj interfere, ifi is transmitting,
complete. We then propose two heuristic centralized algbe childc; of j cannot transmit at the same time becagise
rithms for solving the problem: The one in Section 4 is bas@®uld hear from both andc;.

on direct sc_:hedullng of the nodes v_vhereas the other is b"’lﬁ\esdcheduling framés the time duration that starts when each
on scheduling the levels in the routing tree before scheduli

) . : ; . npde has generated an integer number of packets and ends
the nodes as explained in Section 5. Section 6 describes a 1o- R .
. . . ~when all these packets have reach®B. It is divided into
ken based distributed scheduling algorithm. The algosthm . .
time slots. A slot is long enough to transmit one data packet



plus a guard interval to compensate for synchronizaticorerr R @ GC=(VEC)

A scheduleassigns one or more time slots to each edge in
G or, equivalently, to each node [C. A nodew may re-
ceive a packet from its child during a time slot assigned to
(v,u) € E orto nodev € V since its parent is already
known.

We use the following notation. Thaistanced(u,v) between
nodesu andv is the number of edges in the path between them \
in G; and a node; is atlevelk if it is at distancek from AP.

3 Thescheduling problem

Each node of7 (exceptA P) generates a positive integer num-
ber of packets at the beginning of the scheduling frame. rGive
the interference grapty, the scheduling problem is to find a
minimum length frame during which all nodes can send their

packets toA P. Figure 1: Transformation fron¥ P = (VP, EP) to GC =
, i (V,EC) and then to a tree netwoik = (V, E) (solid lines
Theorem 1 The scheduling problem is NP-complete. belong toF) with interference grapti’ = (V, I) (dashed lines

Proof We reduce the NP-complete problem of finding tH&€long tol).
chromatic number of a graph to the scheduling probtenet
GP = (VP,EP) with VP = {vy,---,ux} be an instance
of a graph whose chromatic number we want to find. We fi
construct a conflict grap&'C = (V, EC). First, GC includes
all the nodes and edges 6fP. Next, for each node;, add
another nodey;. Then add edge@u;, w;), (v, w;) € EC for Consider the minimum schedule length &€ such that each
all 7, 5. Lastly add another nodé P and edges AP, w;) for nodewv;,w;,1 < i« < N, has one packet destined fdrP.
all 7. See figure 1. A packet inw; takes the patf{w;, AP) and a packet in;
takes the patftw;, w;, AP). Because each; conflicts with the
nodesw;, j # ¢ and all nodesy;, it takesN slots to transmit
the packets generated at level oneit8, independently of the
rest of the network. Also, when th¥ packets from level two
arrive at level one, it takes anothat slots to forward them to

We now construct a tre@ = (V, E) and an interference graphA £
C = (V,I) whose conflict graph i&C' = (V, EC). The

edges of the tree al = {(AP, w;), (wi,vi) [ 1 < i < N} b6t minimize the time to transmit the packets from level two
BecauselP is a parent ofv;, (w;, AP) € ECforalli;more- 1o el one. But the conflict graph at level two is determined
over (w;, w;) € EC for all 7, j, because thgy have the samsy the original graplG P, so the minimum scheduling time is
parent,AP. And (v;,w;) € EC becausew; is the parent of exactly2N +c, wherec is the chromatic number of the original
Yi- graphGP. O
Let I consist of edgeév;, AP) for all 7, and(v;, w;), (vj, w;),

of them is interfered by a transmission of the other. TGS
ri§tindeed the conflict graph corresponding to the tree gaph
and interference grapfi.

The conflict graphGC is such that ifw; is active, none of the
nodes inV \ {w;} can be active at the same time. Alsoyif
is active, none of the nodes; or the conflicting nodes from
V P, determined by the edgdsP, can be active.

Thus to minimize the time to transmit all packetsA@, we

) The scheduling problem is difficult because many subsets of
whenevexv;, v;) € EC. Since(v;, AP) € I and(w;, AP) € non-conflicting nodes are candidates for each time slot, and
B, (vi,w;) € BCforall i,j. Lastly, if (vi,w;) € I'and w0 5 oot selected for transmission in one slot affectsuthe
(vj,wi) € I, i # j, (vi,v;) € EC because the parent of 0ngyo, ¢ yransmissions in the next time slot, as some schelgulab
1The chromatic number of a graghis the smallest numbérsuch tha;  N0des may not have any packets to transmit because of the

is k-colorable.G is k-colorable if its vertices can be colored usihgifferent  subset selected in the previous slot.
colors in such a way that adjacent vertices have differeiorso




Lemma 1l Assume that node€ V has generateg; packets
to transmit. The minimum schedule length is at I€85t , g; Input: V.. = {2, 3, ..., N}, conflict graph
GC. = (V.,EC.).

. ) Output: One color assigned to each node
Proof AP can receive at most one packet in each slot, so at {(2,¢2), (3,¢3), ... (N, ex)} in which

least) ;. g; slots are needed for all packets to reatFR. ¢; € {1,2,,..., M} andM is the number of
This gives the lower bound. colors. T
O begin

Order the nodes &1, 12, ..., nN_1)
forl=1toN — 1
1=1

4 Node Based Scheduling Algorithm while (3 j assigned to colar st
(j7 nl) € EOC)

The node based scheduling algorithm has two parts. In the i=i+1

first part, we color the conflict grapfiC. = (V., EC.) where assign colot to n;

V.=V \ {1}, EC. = EC\ Ny andN; = {(i,7)]i = 1}. In end
the second part, we schedule the links in the original né¢wor
(u,v) € E, based on this coloring.

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

4.1 Coloring the network nodes corresponding to the current time slot from the né¢wor

. . coloring, additional nodes assigned to other colors area@dd
Any algorithm can be used to color the conflict grapli'.  as long as the resulting set is non-conflicting. The running
such that nodesand; are assigned different colors(if, j) € time of the algorithm is the®(Id,,,q.|V|), whered, ... is the

EC.. Computing the chromatic number of a graph is Nifhaximum degree of a node &C' and! is the total number of
complete. Incremental methods appear to be the heurisiigts in the schedule.

choice of vertex coloring [13]: Vertices are colored seguen ) o
tially with the colors chosen in response to colors alreagly WO examples are given in Figures 6 and & = (V, E)
signed in the vertex’s neighborhood. These methods vary3d C = (V,I) are shown on the left with the resulting

how the next vertex is selected and how it is assigned a col6rC = (V; EC). The nodes are ordered based on their degrees
in GC for the coloring, which ar€s3, s2, s4, s5, s6, s7, s1)

Figure 2 shows such a heuristic coloring algorithm. At thend (s2,s3,55,56,51,54) in Figures 6 and 7 respectivelg. Th

beginning of the algorithm, the nodes are ordered accordi@gulting schedules are shown in part-(a) of the figures.
to some criterion, e.g. non-increasing order of degreeesinc

high degree vertices have more color constraints and so are

more likely to require an additional color if inserted latéis . :

algorithm assigns a slot to nodén O(7) steps, so the running5 L evel Based Scheduli ng Algor ithm

time of this algorithm iO(|V|?).
The level based scheduling algorithm has three parts. In the
first part, we obtain a linear netwo®, = (V L, EL) with

4.2 Scheduling the Networ k interference grapt’L = (V' L, IL) resulting in conflict graph
GCL = (VL,ECL) corresponding to the original network.

A superslotn node based scheduling algorithm is a collectidn the second part, we color this linear network. In the third

of consecutive time slots such that each node with at least @art, we schedule the links in the original netwark,v) € E,

packet at the beginning of the superslot transmits at lezest ased on the coloring of the linear network.

packet during the superslot. Because two nodes assigned the

same color can transmit at the same time, the number of slots ]

in a superslot is at most equal to the total number of cold@sl Thelinear network

used for coloring the network.

The algorithm is given in Figure 3. After determining thgzhioggfaggii::tmﬂg;isjefvﬂ?'. Fhevwfexitﬂe:gg;k



Input: GraphG = (V, E) with conflict graph Input: (V, E, I, EC).
GC = (V, EC), color assignment of the nodes Output: (VL,EL,IL, ECL).
V. using M colors. begin
Output: Transmission schedule for nodes@f add nodey; toV L
begin =2
while (at least one packet has not reached while | < levelO fTree
AP) add nodey; to VL
fors=1to M add edg€v;_1,v;) to EL
sets = set of nodes corresponding to If 3(u,v) € I(EC) with u at levell andv
color s with at least one packet at levelj satisfyingj < [
T = set, add edg€wv;, v;) to IL(ECL)
if T #£0 I+ +
set,s = set of nodes not end
corresponding to colof with at least one packet

for each nodé; € set,
it (k,j)¢ ECVjeT Figure 4: Algorithm to find linear network corresponding to
T=TU{k} original network.

assign current slot to sét

update the place of the packets level i and the other from leveJ, can transmit at the same

end )
time.

A superslotin level based scheduling algorithm is a collection

of consecutive time slots such that each level of the trek wit

at least one packet at the beginning of the superslot forsvard
K at least one packet to the lower level during the superslet. B
cause two nodes at different levels assigned the same @olor ¢
transmit at the same time, the number of slots in a supesslot i
jat most equal to the total number of colors used for coloring
the linear network.

Figure 3: Node Based Scheduling Algorithm.

v; corresponding to all nodes at leveh the original networ
and edgesv;,v;+1) € ELfor 1 < i < N. The interference
graphCL = (VL,IL) includes edg€v;, v;) if there is an in-
terference edge between a node at Ig\aahd any node at leve
[ in the original network forj,i > 1. The resulting conflict

graphGCL = (VL, ECL) thus includes edggv;,v;) if the  The algorithm is given in Figure 5. After determining the-lev
transmissions of a node at leveland a node at levélcon- e|s corresponding to the current time slot from the linedr ne
flict in the original network. The algorithm in figure 4 findsyork coloring, a nonconflicting set of nodes at these leveds t
EL,CLandECL. Its running time isO(|V[?). have packets to transmit are selected for transmissioni- Add
tional nodes from other levels are then added as long as the
) i resulting set is non-conflicting. The running time of theaalg
5.2 Coloringthelinear network rithm is O(ld,nq2|V|), whered,,, ... is the maximum degree of
anode inGC and! is the total number of slots in the schedule.
Any coloring algorithm can be used to color the conflict graph . o
of the linear networkGCL = (VL, ECL). The algorithm WO examples are given in Figures 6 and & = (V, E)
given in Figure 2 can be used for this purpose with— vV, @hd ¢ = (V,I) are shown on the left with the resulting
andGC. = GCL as input, and one color assigned to ealpCL = (VL,ECL). The levels are in increasing order for

node inV L and the number of colord/, as output. coloring. The ordering does not affect the number of colors
’ used in linear network nor the schedule length for these ex-

amples. The resulting schedules are shown in part-(b) of the
5.3 Scheduling the original network figures.

Figure 6 illustrates a topology where level based schedulin
If nodeswv;,v; in the linear network are assigned the sanrforms better than node based scheduling whereas Figure
color, they do not interfere. By construction of the lineat-n 7 illustrates a network where node based scheduling outper-
work any two nodes in the original network, one chosen froforms level based scheduling. Figure 6 demonstrates the ad-



Input: GraphG = (V, E) with conflict graph
GC = (V, EC), color assignment of the
corresponding linear netwo®C' L using M
colors.
Output: Transmission schedule for nodes®f
begin
while (at least one packet has not reached
AP)
fors=1to M
sets = set of levels corresponding to
colors
T=10
for j = 1to |sets]
T = T'U{a nonconflicting set of
nodes from leveket, (j) with at least one packgt
if T#£0
set,s = set of levels not
corresponding to colos
for each nodé: belonging to a

level in set,
if (k,j)¢ ECVYjeT
T=TuU{k}
assign current slot to sét
update the place of the packets
end

Figure 5: Level Based Scheduling Algorithm.

vantage of level based scheduling in balancing the movement
of packets across the network in a network of higher density o
the packets at high levels. In topologies of equal densithef
packets across the network or higher packet density at how le
els, giving equal chance to the nodes balances the movement
of packets as shown in Figure 7.

QCl=(W, ECL) DFStree
*®
@) a
‘e & ®

superdiot #:4 |2 |3 |4 | s | 6 |

st 1 2 3 4 5 6 |7 8 9 [10 11 12|18 14 15|16 17 18] 19 20
N B |
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ot#: 25 2627 28 29 0 |s1 3 33 34 o5 o6 |o7 38 30 40 a1 a2
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Figure 6: An example network where level based scheduling
performs better than node based scheduling. a) Schedule for
node based scheduling algorithm. b) Schedule for leveldase
scheduling algorithm. c)Schedule for distributed schiedul
algorithm.

6 Distributed | mplementation

The node based and level based scheduling algorithms de-
scribed above require complete topology information, and
there are two options for implementation. The first optiotois
send the topology information to a central controller, viahic
then performs the slot assignment and sends it back to the
nodes in the network. The second option is that each node
learns the entire network topology and executes the algorit
independently to produce identical schedules. Both option
may require a lot of communication among the nodes, and may
become inappropriate for large networks.

Distributed algorithms, in which the schedules of the nodes
are generated based on the local topology information of the
nodes, are preferred in large networks due to their scéiabil
However, it is very hard to obtain a distributed version ofl@o



G=(VE, |

® ) @ ) °° each node picks as many of the remaining colors as it can for
& & iﬁe‘\\ & transmission. At both stages, the nodes send this infoomati
&S >i 9/ > % ® : to their one-hop and two-hop neighborsGf so that all their

O-(V EC) QCI=(WL, ECL

interferers inGC' learn about the assignment.

—— edge
- - interferencee

Y oot , The DFS traversal starts with a TOKEN message generated at
dotwe 1 _qj the AP. Upon receipt of the token, the node performs the color
T s e e assignment and then sends this information to its one-hdp an

o two-hop neighbors irz,,. It then sends the token to each of

E*W : its neighbors inG who have not received the token yet. Once

shedie stz 8 bk s it finds that all its neighbors have received the token, idsen

7 s , the token back to its parent, which is the node from which it
G 1o s s ﬁ receives the token for the first time. At the end of the traafers

the token carries the information of the number of colorgluse
in the network back to the AP.

Figure 7: An example network where node based schedulingis distributed algorithm turns out to be the distributed-v
performs better than level based scheduling. a) Scheduled@n of the color assignment algorithm shown in Figure 8.
node based scheduling algorithm. b) Schedule for levelbagshce the colors are assigned to each node, the nodes only
scheduling algorithm. c)Schedule for distributed schiedul transmit in the assigned timeslots assigned to these ciflors
algorithm. they have a packet to transmit.

The total number of token transmissions@$|E|) at each
based and level based scheduling algorithms. The main rstage and the total number of transmissions for distrigutin
son is that these algorithms check whether the nodes thattaeecolor assignments 9(d,q.|V|), in which d,,.. is the
potential transmitters in the current slot have any packets maximum degree of the nodesd,.
skip that slot otherwise. Another reason is that the algor# ) o )
schedule the nodes in other colors if some of the nodes thP €xamples are given in Figures 6 and 7. The coloring of

are potential candidates for the current slot do not have 4f}§ nedes are shown on the top right of the figures. The colors
packets. These however may not be performed in their dist@hthe node; are assigned at the first stage vyhereas the ablors
uted version since the nodes cannot know how many pacﬂ@?s small circles next to the nodes are assigned at the second

their interferers have due to the lack of knowledge of globdf9€. The DFS traversal order dtg, s2, 53, 54, 55, 56, 57)
topology information. and(sy, s4, S2, S5, 83, S¢) IN Figures 6 and 7 respectively. The

resulting schedules are shown in part-(c) of the figures.
To get an idea of the performance of a distributed algorithm,
we propose a simple algorithm based on the distributed color
ing of the network similar to the one described in [13]. Netic7
that the conflicting nodes, the nodes that have edge between
them inGC, are either one hop or two hops away from each
other in the grapl@r,, = (V, E|JI). Assume the nodesand We consider four cases:

j can transmit to each other(, j) € EJI, e.g. this can be ] B - .
performed by increasing the transmission range of the no&:&se 1: The tree graphi = (V, E) is linear, that is each node

[6]. We also assume that all the transmissions during the g%ﬁej V has r?tthmgsi%ne child. The interference grdph=
eration of the schedules are successful, which can be guaran ) is such that = 0.

teed by an acknowledgement. The nodes first learn abouigdke 2: The tree grapi = (V,E) is general. The in-

of their one hop and two hop neighborsfy and their parents terference graplt’ = (V,I) satisfies the ancestor property,
so that they can determine their interferer€:i@'. that is, there do not exist,v,b such that(u,v) € I and
IL]d(u, b) —d(v,b)| > 1. This represents the case where shortest
ment is performed in two stages. During the first stage of t gth routing is used with the cost of each path being equal to
algorithm, each node picks one slot for transmission in the 5 € number of n_odes on that. pa.th and only nodes that can hear
der of the traversal of the depth first search (DFS) [11] of tﬁS‘Ch other can interfere, \.Nh'Ch IS t_he assumption of pre¥you
graphG. In the second stage, the DFS is repeated and n%Wposed TDMA scheduling algonithms.

Analysis of the Algorithms

Similar to the algorithm described in [13], the color assig



At the beginning of the frame, each node has exactly one
Input: V = {1,2,...,N},G = (V, E), packet. In the first superslot, one packet is transmittech fro
G. = (V,EI), conflict graph any level to the next lower level. Because each node is a par-
GC. = (Vo, EC.). ent of exactly one node except for the node at the highest leve
Output: Color assignment of the nodes¥ such |V'| — 1, it also receives one packet during the superslot. Thus,
that each color corresponds to a maximal at the end of the first superslot, each node at level less than
nonconflicting set irGC.. |V] — 1 has exactly one packet to transmit, the node at level
begin |V| — 1 has no packet, and each node has transmitted exactly
Order the nodes &1, n2, ..., ny) in DFS one packet during the superslot. This means that at the end of
traversal ofG the first superslot, each packet has moved by one hop and one
forl=1to N packet has reached the final destinatibR.
I :Ll:éll In the same way, at the beginning of the second supersldt, eac
while (3 j assigned to colof st. node at level less tha’| — 1 has one packet to transmit, and
(j,n) € EC,) at the end of the second superslot, each packet has moved by
i=i+1 one more hop, there are no more packets at levels greater than
assign coloi to n; or equal to]V| =2 anq thg noded P has received exactly one
M is maximum assigned color packet. Continuing in th_|s manner, at the enc_j(bﬂ - 1_)
forl=1to N superslots, all packets will have reached the final destimat
if ny £ 1 AP.
fori=1toM _ The maximum number of time slots in each frame is at most
. T'is the set of nodes assigned to color  {he product of the maximum number of slots in each super-
¢ ) slot and the maximum number of superslots necessary for all
if (no nodej € 7' st. (j, i) € EC.) packets to reach the destinatidi®, namely3(]V| — 1).
add color: to the color set ofy,
end Case 2. Because the interference graph of the tree network
satisfies the ancestor property, the corresponding limear t

interference grapl®’'L satisfiesIL = (). It can therefore be
Figure 8: Distributed Scheduling Algorithm. colored optimally with 3 colors.

First assume that we select exactly one node to transmit from
Case 3: The tree graght = (V, E) is general and the interfer-each level (of the original tree gragh= (V, E)) correspond-
ence graphiC = (V,I) is such that the maximum differenceng to the color of the slot. At the beginning of the frame,leac
between the levels of two interfering nodedss node has one packet. In the first superslot, one packet stran
mitted from each level to the next lower level. Except at the

gaie{l;:;'he triet%ramh - (IV7 E) and the interference graprhighest level, each level receives one packet. Therefore, o
= (V, 1) are both general. packet has moved one hop closer to the at each level, one

Theorem 2 Assume that each node has one packet to transrcket from level one has reachdd, and nodes at the level
For level based scheduling algorithm, in cases 1 and 2 tRbthedepth of the tree may have no more packets.

maximum length of the frame &V'| — 3 time slots; in CaS€ At the end of the second superslot, the number of packets

3 't. IS (K. +2)(|V] —1); and in case 4.'t 'SO‘(“_/' — 1), in ransmitted from one level to one lower level is again one ex-
which « is the number of colors used in the linear networ, pt, possibly, for levelepth. Each level less thadepth — 1
corresponding ta andC. has one packet to transmit, while nodes at levkigth or

Proof Case 1. If the tree graphG is linear and the interfer- depth — 1 may have exhausted all packets. Continuing in
ence graphC satisfiesI = (), the corresponding linear tregthis manner, by the end afth supersilot, there are no more
interference grapli’L also satisfied L = (). It is easy to see packets above sontaresholdlevel, and there is at least one
that this linear tree can be colored Opt|ma||y with threeocs| paCket at levels lower than this threshold. Since each level
when the number of levels is more than two. The colors are Bglow the threshold is guaranteed to have a packet, and all

signed in a round robin fashion starting with the node atlleJgvels with at least one packet can transmit once in each su-
1. perslot, one packet reachdd” in each superslot. Therefore,

the number of superslots required for all packets to redth



is |V| — 1. Since there are three slots in each superslot, $eheduling, schedules only one node containing at least one
maximum frame length is agad{|V'| — 1). packet from each level of the routing trée= (V, E) rooted

. . ... atthe AP and does not schedule any node if that level does not
The scheduling algorithm allows a subset of non—confllctl%ntain any packet. By the same reasoning as in the proof of

nodels_ (infstead (I)f a sLngl_ﬁ n?dek)) ateach levelto tr"J‘”S”ﬁtSO'F'heorem 2, the number of superslots required for all packets
resulting frame length will also be at maE{V| - 1). to reachAP is the number of packets in the network, which

Case 3 The worst case is when there is an interfering edtfeXicv g:- Licv g; is also the maximum number of superslots
between a node at levgland every node at levélwith |i — required for all packets to reachP in node based scheduling.

j| < K. The corresponding linear graph can be colored E[ye maximum number of slots in each superslot is the number
K + 2 colors in that case. Assign color 1 tg. The color Of colors. The result follows.
of the nodeqvs, - - -, v 2} cannot be 1. Assign the smallest

color, 2, to nodes;. The color of{vs, -, vk 43} cannot be

2. Assign the smallest color, 3, tg. Continuing in this way, Remark The chromatic number of a grajghC' is less than or
VK12 IS assigned colokK + 2. Nodewvg 3 is assigned color equal tol + degq. [17], wheredeg,,q. is the maximum de-

1, since its color is restricted not to Re---, K + 2. Thus, gree of the nodes i&@C. The maximum length of the schedule
the algorithm colors this network witR + 2 colors in around in node based and level based scheduling algorithms is-there
robin fashion with color 1 assigned tq. The interference fore (1 + degimaz)Xicv gi, IN Which degy,q. IS the maximum
graph of any other network is a subgraph of this worst casedegree of the nodes IGC and GC'L respectively. Since the

Th . inC 5 indi h Iminimum schedule length i§;cy g; as shown in Lemma 1,
€ same reasoning as in Case 2 now indicates that at orst case ratio of the length of the frame to the optimal
one packet reachedP in each superslot so the number q ngth is1 + deg
max -

superslots needed is at m¢BY — 1. Hence the frame length
is at most( K + 2)(|V| — 1) time slots. Lemma2 Assume that nodec V' has generated, packets to

c 4 Th ber of | ired for all K transmit. For distributed scheduling algorithm, the maxim
ase 4. The number of superslots required for all pac etsf@ngth of the frame i&X;cv g;, in which « is the number of

reachAP is the ngmber of packets in thg network, which Solors used in the conflict graphC.
|[V| — 1. The maximum number of slots in each superslot is
the number of colorsy. The upper bound on the frame lengtProof The proof is the same as that of Theorem 4. |

is thena(|V] — 1). O

a

Theorem 3 Assume that nodec V' has generated; packets . .
to transmit. For level based scheduling algorithm, in casesS ~ Simulation
and 2 the maximum length of the frame5;cy g; time slots;

in case 3 itis(K + 2)Xievg:; and in case 4 it isxXicvgi,  The goal of the simulations is to compare the delay perfor-
in which« is the number of colors used in the linear networlgance of the centralized node based and level based schedul-
corresponding td~ andC. ing algorithms, and the distributed algorithm.

Proof The proof is similar to that of Theorem 2. The numbgp, the simulations 1000 nodes are randomly distributed in a
of superslots required for all packets to reath is the num- cjrcylar area of radius00 units. The density of the nodes is
ber of packets in the network, whichi5ey g;. The maximum | inside the radius?2 and ), between the radius? and
number of slots in each superslot is the number of colors. 100 units. The transrﬁssion range, denoteis chos\éﬁn to be

g slightly larger than the threshold necessary for network-co

nectivity [1].

Theorem 4 Assume that nodec V' has generated; packets
to transmit. For node based scheduling algorithm, the maxibe results discussed below are averages of the performance

mum length of the frame i%;cy g:, in whicha is the number Of ten different random configurations. Shortest path rati
of colors used in the conflict grapHC. is used to construct the routing tree rooted at the AP, which

corresponds t@r = (V, E) in Section 2. The interferers of
Proof The proof is similar to that of Theorem 2. In node basgHe nodes that forn@’ = (V, I) are the nodes that are inside a
scheduling, during eaF:h superslot, each node is given sit Iqeg\rger range,,, rm > rs, of each node other than its parent
one chance to transmit. and children in the routing tre@. In the coloring part of node

Let us assume that another algorithm, namely node-levetba@nd level based scheduling algorithms, the nodes are afdere



in non-increasing order of degree since high degree verti@é range whereas the ratio of the number of colors used in

have more color constraints and so are more likely to requihe distributed algorithm to that of centralized algoritigin

an additional color if inserted late. the1 — 1.3 range. This suggests the basic disadvantage of
. istributed algorithms to be the scheduling of the nodes tha

Elﬁure 9 sh(;ws the del?y Of n(}de kr)]ased 2&1 If\/;l zased afnot have any packet in a specific slot and the elimination of

rithms as a function of. ratio, for the cas€x = 2. As ex- d?ther nodes as a result. The delay ratio therefore increases

pected from the examples in Figures 6 and 7, the level based-gl ratio increases due to the increase in the number of colors

gorithm performs better for Iov% ratios whereas node baseﬁged in the original network

schedule performs better for hig}; ratios. Figure 10 shows

that this is true up to a certain value &t ratio. Node based 10’

scheduling algorithm performs better at high ratios.
2500 T —©— node based 0
—#— level based

—o- delay ratioA /A,=1/9
—#— delay ratioA /A,=9
—4— color ratio A /)\2:1/9
—— color ratioA /A,=9

performance ratio
.
5

2100

2000 -

delay (slot)

1900

1800

1700

1600

. Figure 11: Performance ratio of the distributed algorittom t
A, the centralized node based scheduling algorithm in deldy an
number of colors used iIG'C.

Figure 9: Comparison of the delay of node based and level
based scheduling algorithms for differejq}zt ratios and’= =

1500

2. :
9 Conclusion
4500 ode based,\,/A,=1/9 j j j j j
o node bamed P The common scheduling problem in multi-hop networks em-
1990] - level basedd 79 ] ploying a TDMA MAC protocol is to determine the small-

est length conflict-free assignment of slots where eachdimk
node is activated at least once. This is based on the assump-
tion that there are many independent point-to-point flovthén
network. In sensor networks where data are often transferre
from the sensor nodes to a few central data collectors, tte pr
lem is to determine the smallest length conflict-free assign
ment of slots during which the packets generated at each node
reach their destination. This optimization problem is shaav

be NP-complete.

3500

3000

delay (slot)

2500

2000 -

15004

100

s ' We propose two centralized heuristic algorithms for sajvin
the problem: node based scheduling and level based schedul-
Figure 10: Comparison of the delay of node based and leire. In node based scheduling, the schedule is obtainedibase
based scheduling algorithms for differejt ratios. on the coloring of the original network. The nodes of the colo
’ corresponding to each slot with at least one packet are cho-
Figure 11 shows the performance of distributed algorithm $en first and additional nodes are added afterwards. In level
terms of the ratio of its delay to that of the centralized nodb@sed scheduling on the other hand the original network is
based scheduling algorithm. The delay ratio is in #Ge— first transformed to a linear network where each node corre-

10



sponds to a level in the original network. The schedule db] S. C. Ergen and P. Varaiya. On multi-hop routing for en-
the original network is then obtained based on the coloring
of the linear network. This scheduling algorithm schedales
non-conflicting set of nodes corresponding to each levei®f t
color for the current slot and then schedules additionaesod [6]
if possible. The movement of the packets across the network i
balanced much better in level based scheduling for topetogi

of higher density of the packets further away from the common

sink whereas giving equal chance to the nodes in node ba

scheduling performs better in topologies of equal density o
the packets across the network or higher packet densityvat lo
levels.

We also propose a simple token based distributed algorithﬁ]
to understand the performance of distributed algorithnrms-co
pared to centralized ones. The distributed algorithm igthas
on a two-stage coloring algorithm at the end of which nodes
assigned the same color form a maximal nonconflicting sei9]
We observe that the delay in distributed algorithm increase
by a factor of10 — 70 over centralized algorithms far000
nodes although the number of colors used in coloring the net-
work is almost the same. This suggests the basic disad\mnta%
of distributed algorithms to be the scheduling of the noties t [10]
do not have any packet and the elimination of the scheduling
of other nodes as a result. This is hard to avoid in a distrib-
uted fashion since the global topology information is reegi

to know whether the interfering nodes have any packets.
tributed scheduling algorithms that improve upon this tok

-

based algorithm in the context of sensor networks is an-inter

esting research direction.
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