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Abstract—Sensor networks opened new opportunities to problem is transformed into a graph-coloring problem, which
monitor the environment. In order to retrieve the desired data, is a NP-problem, but can be solved with approximation
sensors are usually organized into a hierarchy and synchronize algorithms. Based on the initial color and the token cir-

when transmitting the data towards the base station. Many . . . L
scheduling schemes have been proposed with the goal ofculation perloq, the node can determine all |t§ time slo'gs.
allowing sensors to sleep as much as possible and ultimatelyBefore forwarding the token, the sensor reports its color to its
save energy. In this paper, we propose two new scheduling distance-two neighborhood. Both the sensor and its distance-
algorithms that assign predefined slots to each sensor. Thesegne neighbors broadcast this color. Therefore, there are at
algorithms are distributed, need very little global information 1+ 7 + 1 update messages before each sensor forwards
and do not need knowledge about the location of sensors or the . . .
network topology. As others, we also assume that loose clockthe token, yvhgrei is the maX|mum degree of nodes in the
synchronization is available. graph. Periodically the base station (BS) checks whether or
The experimental results confirm our expectations. They not the token was lost and if needed, it initiates the recovery
show a significant reduction in the average time awake per node process. The recovery process is usually three times longer
of at least three times compared to more traditional routing than the token circulation time. The algorithm achieves self-
protocols like TAG. stabilization and robustness to failures by requiring a high
number of messages exchanged for the initialization and
recovery phases (at lea®{dN) messages, wher¥ is the
Sensor technology has received tremendous attentionniimber of nodes in the tree).
the last years. This increasing interest is due to the benefit\ self-repairing, leader-assigned, distance-two coloring
sensors bring and the large scale of applications previouglygorithm is presented in [11]. It reacts to failures and dy-
unexplored. However, the challenges sensor networks faggmic network topologies. It uses a randomized slot assign-
limit their usability. Among the most notable are: limitedment algorithm that is expected to achieve local stabilization
energy, limited communication and processing capacity, faih O(1), but it does not guarantee global stabilization. The
ures of sensors and inaccessibility in most situations.  algorithm uniquely identifies neighborhoods of nodes and
Given such a challenging environment, sensors should dlects a leader that will decide the coloring for all the
programmed efficiently so that long-living functional sensatiodes in its neighborhood. The TDMA schedule is composed
networks are ensured. In order to achieve this goal, sensfytan a series of slots where sensors transmit their messages
synchronize their transmission schedule to allow them #nd a fixed-length slot, called overhead. The overhead is
sleep longer and thus conserve their energy. reserved for messages of the algorithm to assign colors and
One solution to obtain minimum average time awakéme slots to nodes for the next round of messages. The
per node is to employ a time division multiple accesalgorithm performs graph coloring or schedule construction
(TDMA) scheduling technique. Many such existing scheduévery epoch. The main disadvantage of this approach is that
ing schemes use graph coloring algorithms that need globasingle node joining or disappearing from the network can
information to compute the transmission schedule for thiésrupt the TDMA schedule of a sizable part of the network
entire network. Afterwards, they distribute the schedule teefore the system stabilizes.
the sensors. This process requires the exchange of man¥he authors of [5] propose a sensor scheduling protocol
large messages and also has the disadvantage of a cemta guarantees a bounded-delay sensing coverage and max-
point of failure. There are also distributed versions that onlgnizes the network lifetime. Initially, each node randomly
require knowledge of the neighborhood within one or tweelects a wakeup time and communicates it to its neighbors.
hops ([8], [17]). In the following iterations, each node recalculates its wakeup
Another graph-based coloring algorithm for determininme exactly once per iteration, based on the most recently
the initial time slot of each sensor requires sensors to bpdated neighbor schedules. The wakeup time is finalized
aware of only their immediate neighbors, not of the wholehenever a node does not receive any update within an
network topology [2]. Synchronization is achieved by tokeiteration and does not change its wakeup time. Eventually
circulation. Whenever a sensor receives the token, it cath nodes reach a local scheduling decision. This protocol
synchronize its clock with respect to its parent, choosesalves a problem orthogonal to ours, because it was designed
color from the available colors set, update its neighbofsr rare-event detection and not for continuously reporting
about its current color and forward the token. The initialeadings from the sensor network.

I. INTRODUCTION AND RELATED WORK



The protocol presented in [12] is adaptive and uses loahount of global knowledge, as well as a small number and
information. A node chooses its slot by negotiating it witlsize of messages. The resulting schedule is similar to the
its parent. The two-level architecture combines coarse grdiDMA protocol because it defines fixed time slots for each
scheduling at the routing layer to plan radio on/off times argknsor. However, the means to achieve the schedule and the
fine grain medium access control to provide channel accesficiency of the schedule itself differentiate the algorithms
However, unlike our work, the protocol does not take inttrom previous TDMA protocols.
account the “hidden terminal” problem. The remainder of the paper is organized as follows:

Different query plan optimization approaches are dis>ection Il presents our sensor scheduling algorithms, fol-
cussed in [4]. The distributed query execution plan createdodved by examples in Section Ill. Section IV contains the
tree structure for each execution plan. The paper also mé&xperimental results, Section V presents possible issues and
tions two options for hierarchical scheduling of operators: @timizations to proposed protocols and describes the future
conservative (top-down) approach and a liberal (bottom-upPrk, and finally Section VI summaries our conclusions.
approach, but does not go into details of how to optimally Il. SCHEDULING PROTOCOLS

implement them. The problem of scheduling the operators .
in the query plan can be viewed as similar to the problem TAG [13] and Cpugar [19] are the main non-TDMA pr_ot_o-
Is used for routing in sensor networks. They use collision-

of scheduling the sensor transmissions. The two hierarchi ) ST :
gtection and retransmission in order to communicate. In the

scheduling approaches in [4] represent the inspiration for our. ;
sensor tr;]nsfnpi)ssion sche([ju]Iingp P original Cougar protocol, nodes are awake all the time; they

send within a fixed time interval, after which the nodes are in

. AgOt_rI'_E.r source of mspltratlon for otutr) progosed SOlu_t'o?I?stening mode. Alternatively, the TAG protocol saves energy
is [6]. This paper presents an event-based communicat nkeeping nodes from levelin the tree hierarchy active for

model for a net\_/vork organlzed as a dissemination tree. ceiving from level + 1 and for sending to level—1, after
assumes a publish/subscribe model, where nodes subscy} &h they go to sleep (Fig. 1). The receiving interval for a

to different events. The scheduler relies on topology 'nfog'ensor node is big enough to include receiving the messages

mation to create the §chedule. In the Topology-Divided DYrom its children, sensing its own data and performing any
namic Event Scheduling protocol (TD-DES), the root of thgdditional processing/aggregation of information.
tree creates the data dissemination schedule and propagates

it to the sensors every iteration (deterministic scheduling) | ...10
periodically (speculative scheduling). The paper explains —_— -
detail how to distribute the schedule through the networ Level 1
but not how to create the schedule.

Finally, a data transmission algebra (DTA) was develope Level 2 _
in [20]. The DTA helps the query optimizer to generate quel Level 3
routing trees that maximize collision free concurrent da

Receive

transmissions for a given query or data acquisition mod¢ Level4 Send
As with all coverage-based schemes, the query optimize,
needs to know the network topology, the applications cov- Fig. 1. Tag Protocol Synchronization

erage requirements and the collision domains of the sensor
nodes. The DTA consists of a set of operations that takeon the other hand, TDMA-like scheduling has numerous
transmissions between wireless sensor nodes as input afdantages, including faster response, collision-avoidance
produce a schedule of transmissions as their result. Thigd ultimately energy savings. However, as already men-
schedule is disseminated by the BS to all the sensorstifbned, most of existing TDMA-like scheduling protocols
the query evaluation tree. The potential scalability problefeed global knowledge about the sensor network or ex-
can be addressed by pruning unpromising paths in the seagginge too many messages. In this paper, we address these
space. Obtaining knowledge about the collision domains jigitations and we propose two efficient scheduling proto-
time consuming in a large network. DTA was extended igols, calledETDMA (Efficient TDMA) for practical systems,
[16] as a whirlpool, which divides the network into sectorand OTAG (Optimal TAG) for baseline comparison, with
and utilizes an intra-sector concurrency. The paper showgther assumptions like timers and clock synchronization.
the tradeoffs involved with different whirlpool sectoring andrhese protocols create a TDMA-like transmission schedule
rotation speed. Providing the means to determine the optinight maximizes the average amount of sleeping time for
choice represents future work. As part of our future worksensors and thus saves energy.
we intend to solve a similar problem of scheduling SUb-treeSAny algorithm for querying a sensor network needs at
in parallel. least one initial pass (from the BS) to allow sensors to
In this paper, we propose distributed algorithms thatrganize into a hierarchical structure (e.g., Cougar). Most of
dynamically create the sensor schedule and propagatehi algorithms, such as TAG, need two initial passes. The
throughout the network. These algorithms need only a sma#icond pass (to the BS) is for informing the parent nodes



which nodes are their children. Both our solutions requirdlgorithm 2 : OTAG (Optimal TAG)

one extra pass before the network can start transmittingend = -1;

readings to the user, with complexi@(N). In the first send = -1;

pass, the BS broadcasts a message to create the routing trefor @ = 0 to baseStationCount — 1 do
Each sensor that hears it selects the sender of the messagestart = send + 1;

as its parent and further broadcasts the message. This passsend = start + BS[i].timeSubtree - 1;
is over when all the sensors have selected a parent in the end = send - COMPUTE - TRANSMIT;
routing tree. In the second pass, the sensors inform their do_OTAG(BS]i], start, end, send);
parents about the time necessary for the sensors in theiend for

subtree to finish work and transmit their results, as shown

in Algorithm 3. Finally, in the last round, the BS propagates do_OTAG (sensor start;, end;, send;)
down the routing tree the corresponding time intervals, as

follows. Each sensor receives an inter¥al= [start;, end;]

sensor.sendStart = send; — TRANSMIT + 1;
sensor.sendEnd = send;;

from which it selects its own transmit times (time to Sense, ;.,.qor timeAwake = SENSE + sensor.totalChildren *
receive, compute and send) and further sends smalleRECEIVE + COMPUTE + TRANSMIT;
sub-intervals T; chia; = [start;j,end;;] C T; to its if sensor.totalChildren == 0 then

children. Thus, sensors learn their schedule and are properly // leaf node

synchronized. Our algorithms function correctly with both
single and multiple BSs.

sensor.sense = start;,
sensor.compute = start, + SENSFE;

sensor.recvStart = —1;
sensor.recvEnd = —1,;
else
Algorithm 1 : ETDMA (Efficient TDMA) sensor.compute = end; + 1;
end = -1; sensor.recoEnd = end;;
sensor.recvStart = sensor.recvbnd  —

for 7 =0 to baseStationCount — 1 do

sensor.totalChildren * RECEIVE;

start = end + 1, sensor.sense = sensor.recvStart — SENSE,

end = start + BSJ[i].timeSubtree - 1; end; ; = start;;
do_ETDMA(BS]i], start, end); for j = 0 to sensor.totalChildren — 1 do
start; ; = end; j;
end for end;; = start;; + (sensor.child[j]).timeSubtree —
TRANSMIT;
do_ETDMA (sensorstart;, end;) send; ; = end; — (sensor.totalChildren — j — 1) x
TRANSMIT;
sensor.sendStart = end; — TRANSMIT + 1; OT AG(sensor.child[j], start; ;, end; ;, send; ;);
sensor.sendEnd = end;; end for
sensor.compute = end; —TRANSMIT-COMPUTE+1, end if

if

sensor.totalChildren > 0 then }
sensor.recvbEnd = end; —TRANSMIT —-COMPUTE;
start;; = 0,
end; ; = start; — 1;
for j =0 to sensor.totalChildren — 1 do

start; ; = end; j + 1; I/ previous end + 1

end; ; = start; j + (sensor.child[j]).timeSubtree — 1;

time and there are no collisions. All the non-leaf nodes
wake up whenever their first child is sending a message

ETDM A(sensor.child[j], start: ;, end; ; ); to them, at timeend; o — TRANSMIT?:. The intermediate
end for nodes stay awake until their last child sends its result, at
sensor.sense = (sensor.child|0]).compute; time end, totaichildren—1- They then compute new aggregate

ol ;‘:”SOT-’"GCUSW” = sensor.sense + 1; values (if necessary) and transmit their results.
J/ leaf node In Section IV we also evaluated two variants of this
sensor.sense = start;: protocol. ETDMA-Optl schedules the sense and compute
sensor.recvStart = —1, tasks in parallel for all leaf nodes. However, under both
ensdeT]ESO’""“ech”d =-1 ETDMA and ETDMA-Optl nodes stay in the receive mode
|

sensor.timeAwake = sensor.sendEnd — sensor.sense + 1;

}

from the time when the first child transmits its result until the
last child finishes its transmission. ETDMA-Opt2 improves

ETDMA-Optl by allowing the BSs to go to sleep between
two consecutive transmissions from its children. Since the

ETDMA, presented as Algorithm 1, assumes that switch-
ing the sensor from the listening state to the sleeping statéwe use the following constants: SENSE for the time necessary to sense
is too costly and therefore does not do so Iightly. Thige environment, RECEIVE for the time necessary to receive the readings

schedule serializes the actions of the leaf nodes, so tf

from children, COMPUTE for the time necessary to compute the new
Qéregate values and TRANSMIT for the time necessary to send results

each such node stays awake for the minimum period @fthe parent.



Algorithm 3 : timeSubtreg(sensor) (10) (14)
if sensor.totalChildren == 0 then

/I leaf node
sensor.timeSubtree = SENSE + COMPUTE +
TRANSMIT: & @ 0 & ®» @
return sensor.timeSubtree; () ()
end if
sensor.timeSubtree = COMPUTE + TRANSMIT; o e

for ¢ = 0 to sensor.totalChildren — 1 do
sensor.timeSubtree+ = timeSubtree(sensor.child[i));

end for

return sensor.timeSubtree; ° o o ° o @ Q @ e @
time to transmit for each level + 1 subtree is usually © @
significant and it is known to the BSs, this allows the level
i nodes to save energy (we consider the BSs located at level Fig. 2. Sensors Network Routing Trees

0).
OTAG, presented as Algorithm 1l, assumes that the transi- o
tion cost to and from sleeping state is negligible and allows The length of the receive interval depends on the number
sensors to switch between states as necessary. oTac®fighildren the node has. To be more speqlflc;, it is a function
similar in functionality with the idealized version of the TAGC the number of descendants or nodes in its subtrees. The
protocol without any collisions, which can also be callefprther the node is situated from the root, the sooner it can
Perfect TAGor Optimal TDMA In this protocol, each sensord® {0 sleep and save energy. On the contrary, the closer
stays awake the absolute minimum time necessary to seH¥ nodes are situated to the root, the more unbalanced the
and receive messages from its children, compute and séyypke-time mt_ervgls become. This situation may also Iea_d to
its result. very long receive intervals for some of the nodes, especially
OTAG represents an absolute, ideal lower boundary tHatder ETDMA protocol or ETDMA-Optl. OTAG represents

we use to compare the performance of different versions G deal protocol and nodes stay awake only when necessary
ETDMA. This protocol cannot be deployed in reality as-i° réceéive the transmissions from their children. ,
because it unrealistically assumes that the time and energy'e have shown in [14] that multiple routing trees provide
costs to switch between states are negligible. Instead, e&ctpWer number of levels on which sensors can find them-
node can compute the energy consumption for staying awaiglves in the hierarchy and also a more balanced number of
and for going to sleep between two consecutive transmissigfdes Per level. All these ensure faimess for the upper nodes
from its children. Under ETDMA, each sensor knows thdf the tree hierarchy (closer to the root), ensure long-living

its children are going to transmit their result at the end GENSOrs network and finally increase the probability that

the interval it has previously sent to them. Based on thjRC'€ gueries meet their deadline. The experimental results

information, the node can decide if it is more beneficial fdf' (IS paper lead to the same conclusions. Even though
it to go to sleep or not. our protocols are not dependent on a multiple routing trees

architecture, they are able to benefit from it.

I1l. EXAMPLE IV. EXPERIMENTAL RESULTS

In order to illustrate the algorithms proposed in Section ll, We created a simulation environment using CSIM [15].
we consider the following example. The sensors are uWe experimented with grid topologies with different sizes
formly distributed in a5 x 5 grid topology and there are (from 25 x 25 to 45 x 45) and different numbers of BSs
four BSs placed in the middle of the borders of the grid. Aandomly placed in the network. We used the simulation
possible configuration of the routing trees (a) to (d) is showrarameters derived from [1]: sense and compute each take
in Fig. 2. 1ms, receive and transmit each take 9ms and the collision

Due to space limitations, we present only two of thbackoff is 44ms. These values come from a 19.2 Kbps
proposed schedules (ETDMA-Optl and OTAG). The tree®minal rate and 20 byte message header, yielding 8ms +
can be scheduled in any order. Fig. 3 and Fig. 4 show thens = 9ms to transmit a message. According to [1], in the
schedule for the routing tree (d) in Fig. 2, the schedules fpresence of collisions, the throughput drops to 4.43 Kbps,
the rest of the trees being similar. Each time slot is labeléderefore the collision backoff is 44ms.
with one of four letters (or a combination of them) plus the In this paper we present the most relevant findings,
sensor identification number. These letters represent sensach result being reported after averaging the results from
states.S stands forSense C stands forCompute, R means ten different runs. Different network configurations lead to
Receiveand T meansTransmit. different numbers of levels in the routing trees and different
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distributions of nodes per level. We focused on analyzirits sensing and computing task (if it had the chance to run
the Average Time Awak@ATA) and ATA per Leve(ATAL) immediately) until the sensor itself transmits its result to its
for different network configurations. parent. If we were to employ the best collision detection
We show the ATAL distribution in time for a 2025-node/®" TAG (€.g. [9]), we could decrease the reported ATA to
network configuration with one (Fig. 5) and four (Fig. 6jqalf. These new ATA.vaIues for TAG would still have been
randomly placed BSs. For the root nodes, the ATAL valug§ound two to three times larger on average than the values
reported by TAG, ETDMA and ETDMA-Opt2 for one Bsreported by ETDMA-Opt2 and around eight to ten times on
are 2739.1, 19507.1 and 80.3 and for four BSs are 19662¥€age larger than the values reported by OTAG (depending
4744.6 and 78.9, respectively. We can easily see that (P the number of the BSs in the network configuration).
ATAL value reported by ETDMA in this case is much bigger Ve call the reader’s attention to the particularly good re-
than any of the values reported by the rest of the protocofd!!ts for the case of multiple routing trees. The improvement
In order to make these graphs easier to read, we decidedStgore significant because the routing trees are shorter and
include a detailed view containing only the nodes situatdéBOre balanced, therefore spending minimum energy.

on levels greater than zero. OTAG is not included in these V. DISCUSSION ANDFUTURE WORK

figures, because its reported values are much lower than therhere are three main potential problems to our proposed
rest of the protocols. It ranges from [1.1, 80.3] for one B§chedu|ing schemes

and [1.1, 78.9] for four BSs and it has an almost constant a) Failures and Mobility: An issue with our schemes is

behavior, as sensors stay awake the minimum time necessggyy tq react to failures in the network. Under our schemes,
ETDMA-Optl performs slightly better than ETDMA, as W&, hen, a node fails (or runs out of energy), there is no way for
can see in the figures containing the total ’/',\TA _(F|g. 7 anfe children to successfully transmit their values. The only
F!g. 8). _If we were to draw ETDMA-Optl in Fig. 5 andoption at this moment is to globally reconstruct the routing
Fig. 6, it would follow very closely ETDMA. Note that yeeg pealing with failures is a subject for further research.
both ETDMA and ETDMA-Optl benefit significantly from — apqther potential problem is dealing with changing net-
partitioning the sensor network in multiple routmg trees; fQf,ork topology. The case of sensors that disappear (move
example, the ATAL for leveD decreases four times wheng,av) is the same case as having failures in the network. For
we increase the number of trees from 1 to 4. ETDMA-OptZangors that are joining the network, one possible solution to
has a much lower ATA than ETDMA only on [evel(BSs). ;g problem is to uniformly allocate some extra time slots.

For the rest of the levels, the two protocols have the samgihis manner, selected nodes will listen an extra time slot

performance. to accommodate possible new children.

In Fig. 5 and Fig. 6 we can see the relatively smooth dis- We have also identified some further optimizations for our
tribution of ATAL among levels for the proposed protocolsscheduling schemes. In case some leaf children disappear
On the contrary, the TAG protocol has a very non-uniforfrom the network, their parents can decide to perform
distribution of ATAL. Our simulator did not capture all thedynamic local reconstruction. The parent will shift the sched-
time parallelism inherently found in TAG: each sensor musie for the remaining children and inform them about the
be awake from the moment its first child can possibly finisthanges. Periodically, the leaf nodes will stay awake for an
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