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Abstract the area of deployment. This allows for long-term sensing

and monitoring at a fine grained level, both spatially and
Since wireless ad-hoc networks use shared communicatemporally.

tion medium, accesses to the medium must be coordinated Real-time applications refer to those performance-
to avoid packet collisions. Transmission scheduling algo- critical applications that require bounded service lagenc
rithms allocate time slots to the nodes of a network such There exists a class of WSN app“cations that is real-time,
that if the nodes transmit only during the allocated time and requires bounded latency on data delivery. Since the
slots, no collision occurs. For real-time applications,dsy  nodes communicate over a shared medium, it is possible
suring deterministic channel access, transmission sdhedu that if multiple transmissions overlap in time, some of them
ing algorithms have the added significance of making guar- will collide. This problem is alleviated by either sensing
antees on transmission latency possible. In this paper wethe medium for possible ongoing transmissions and avoid-
present a distributed transmission scheduling algoritom f  ing collisions, or by carefully timing (scheduling) thesa
hexagonal wireless ad-hoc networks with a particular focus mjssions so that no collision occurs. The collision avoid-
on Wireless Sensor Networks. Afforded by the techniquesance algorithms that attempt seheduleransmissions are
of ad-hoc networks topology control, hexagonal meshes enveferred to agransmission scheduling algorithmanhile
able trivial addressing and routing protocols. Ourtransmi  contention based collision avoiding algorithms offer a-sim
sion Scheduling algorithm constructs network-wide cotiflic p|er and more dynamic solution to the medium access prob-
free packet transmission schedule for hexagonal networksem, schedule based algorithms can provide deterministic
where the overhead of schedule construction in terms ofservice delay bounds. It is crucial for real-time applicas
message exchanges is zero above and beyond that for topokhat the transmission delays be known and bounded.
ogy control and other network control related functions. Arikan proved that the problem of optimal scheduling
Furthermore, the schedule is optimal in the sense that thein single frequency multi-hop wireless networks is NP-
bottleneck node does not idle. We also present an implicit, 4 [4]. Coffmanet al showed that the problem of
clock synchronization algorithm to facilitate scheduliNge  gcpeqying file transfers in a distributed network such that
derive the real time capacity of our scheduling algorithm. 4 transfer is completed in minimum amount of time is NP-
We present evaluations of our scheduling algorithm in the Complete [16]. Consequently, a number of distributed as
presence of topological irregularities using simulation. well as centralized scheduling heuristics and Time Divisio

Multiple Access (TDMA) protocols have been proposed,

but these algorithms have significant set-up overhead and

1 Introduction hence a new approach is called for energy constrained wire-
less sensor sensor networks [3].
Wireless Sensor Networks (WSN) hold a very promis-  |mposing a regular communication topology on net-

ing future. These are self-organized ad-hoc networks whoseyorks affords simple but efficient network protocols.
nodes are capable of sensing, gathering, processing andmong the well known regular topologies (simple paths,
communicating data, especially the data pertaining to thetrees, hypercubes etc.), hexagons offer two very desirable
physical medium in which they are embedded. It is envi- properties in a distributed communication system — namely,
sioned that a typical WSN will consist of a large number of constant node degree and good bisection width. In suffi-
inexpensive nodes, each node covering a small section otijently dense wireless ad-hoc networks, it is possible to ad
*This work is supported in part by NSF grants CNS 05-53420 g ¢ Just the transmission power of radio units to achieve cer-
06-26342. tain connectivity patterns. There exist techniques knosvn a




topology controthat attempt to achieve specified connectiv- 2 Related Work
ity objective with minimum energy consumption (see [22]

for a survey). Chenet al. present addressing and routing algorithms

~ The use of hexagonal meshes has already been reportegh; (wired) multi-processors connected in hexagonal torus
in previous literature. _The HARTS system employs pro- topology [10]. The addressing scheme was adapted and
cessors connected using a hexagdaals network topol-  gimplified for hexagonal cellular networks in [18]. The ad-
ogy [24]. As the consequence of regularity afforded by the gressing scheme proposed in [18] and [10] use three axes
hexagonaltorus topology, the addressing and resultinig rou 1, getermine coordinates (and hence addresses) of nodes in
ing and broadcasting algorithms are not only S|mplelbut effi- 5 plane. Consequently, the addressing scheme of [18] has
cient as well [10]. Notably, the topology affordg1) time  he downside of inability to assign a unique address to the
complexity route computation. An example of simplifica- noges ([10] avoids this problem by imposing an additional
tion pf routing algorithms gained due tq hexagonal topol- ordering constraint). Myoupo [9] and Decayeetxal. [12]

ogy in cellular networks can be found in [18]. Afforded ggsign unique coordinates to nodes of a planar hexagonal
by thg techplques of ad-hoc networks topology control, we etwork using only two axes. Some topological proper-
consider wireless ad-hoc networks of hexagonal topology, ties of hexagonal networks are presented in all the above
and show that for such networks, conflict free transmission ynentioned papers. In this paper, we present yet another ad-
sche(_jules can be constructed without any message Overhe_adjressing scheme based on the radial symmetry of the many-
for this purpose. We chose hexagonal topology because itg_gne (convergecast) communication topology that yields
allows optimal spatial reuse in a natural manner (see thegjmple algorithm for scheduling. We also outline (see Ap-
section on scheduling). The packet schedl_JImg aIgorlthm_pendix) a transformation to map the new addresses to co-
presented here can be used on top of a Carrier Sense Multiyginates in a frame of two axes aligned at 120 degrees as
ple Access/ Collision Avoidance (CSMA/CA) MAC proto- iy [9]. Clock synchronization algorithms in wireless sen-

col toemulatea TDMA protocol; or it can be assimilated in g4, networks are presented in [13]. A survey can be found
TDMA or hybrid CSMA/TDMA MAC protocols. in [25].

To enable conflict-free transmission schedule in dis- A number of link or node scheduling algorithms for dis-
tributed systems, clock synchronization is essential.- Rel triputed systems have been proposed [6, 11, 20, 19, 14, 21].
ative synchronization of local clocks suffice for the pugos These solutions depend upon message exchanges for sched-
of transmission scheduling. Using the information con- yle creation. Funneling MAC is a hybrid CSMA-TDMA
tained in data packets, we present a clock synchronizationac protocol designed for convergecast [3]. Funneling
algorithm that has zero message overhead. The protocol repAC is motivated by the scalability problems of the ex-
lies solely on overhearing neighbors’ data transmissions t jsting TDMA MAC protocols. In Funneling MAC, how-
synchronize clocks and is shown to converge quickly to @ ever, the TDMA scheduling is done in a small neighbor-
common time. hood of the sink only. Network-wide scheduling is needed

In this paper, we also present an analysis of the real-if deterministic delay guarantee is to be provided for ev-
time capacity of our scheduling algorithm. Traditionally, ery packet. Caccamo and Zhang have proposed Implicit-
network capacityras referred to the measure of data carry- EDF for conflict free prioritized transmission in WSN [8].
ing capability of a network where every communicated bit The authors propose to divide the sensor network in cel-
counts. We definesal-time capacityof a network to be its  |ular network like (honeycomb) regions, where each cell
information carrying ability for given deadlines, wherdyn  operates at a different frequency than all of its six neigh-
those information bits that arrive at their destinatiorhivit bors. Within each cell, nodes coordinate to achieve a con-
the specified deadline count. For WSN the unit of data is atention free schedule. The communication is assumed to
packet rather than bits. If a packet does not reach its desbe uni-hop. If this approach is extended to multi-hop com-
tination by the given deadline, then its contribution to the munication using multi-frequency radio, inter cellulaoco
real-time capacity is 0. dination will require large number of message exchanges.

The rest of this paper is organized as follows. We presentCommunication is expensive in wireless sensor networks.
related work in Section 2, followed by the description of Consequently, optimizing wireless communication in these
the system model in Section 3. We present our addressingietworks is a valuable optimization. In this paper, we show
routing, scheduling, and clock synchronization algorishm that by leveraging upon regular hexagonal network topol-
in Section 4, and present the real-time capacity of our trans 0gy, network-wide valid and optimal schedule can be cre-
mission scheduling algorithm in Section 4.4. We present ated without any message exchange.
simulation results in Section 5. We present the real-time im In [1], the authors present real time capacity analysis for
plications of the work presented in this paper in Section 6. load balanced and convergecast traffic using time indepen-
Finally, we present our conclusions in Section 7. dent fixed priority scheduling algorithms and some simpli-



fying assumptions. The expressions derived use the results
for feasibility of tasks in a pipeline, obtained in [2]. A new
approach is taken by Schmitt and Roedig in [23]. The au-
thors use and extend the Network Calculus [7] to formu-
late the tradeoff between the buffer size requirements and
power consumption with the worst case delay. A suitable
arrival curve is presented. Koubaa al. extend the Sen-
sor Network Calculus formulation of Schmitt and Roedig
for a cluster based tree topology and IEEE 802.15.4/Zig-
Bee MAC protocol [17]. The authors incorrectly conclude
that the bandwidth requirement grows exponentially with
the depth of the tree in WSN. The exponential explosion
in bandwidth requirement does not arise since the number
of clusters do not grow exponentially with tree depth. The
growth is in-fact at-most quadratic in tree depth.

Furthermore, while the formulation using Network Cal-
culus is elegant, it requires further work before it can be
applied to determine worst case delays in WSN. In [17],
the worst case delay is obtained by using the Concatena-
tion Theorem of Network Calculus. While the theorem has
been proved for wired networks, it does not appear to hold
in its current form for wireless networks. This happens due
to the interference of transmissions on neighboring links.
A Concatenation Theorem for links with mutual exclusion
constraints needs to be furnished.

X Can not receive

@ Can not transmit

Figure 1. Interference in hexagonal networks

We consider nodes (cluster heads) of the network to be
connected in regular hexagonal pattern. Only those nodes
that are connected by an edge can hear some node’s trans-
mission. Appropriate node placement at deployment time
and topology control algorithms at run-time can ensure the

We consider multi-hop transmission of data packets in abstraction of a hexagonal network topology. While this
. P . P logical topology might remain a slight over-simplification
wireless ad-hoc networks over single frequency shared ra-

dio channel. We consider converaecast traffic. Conver e_01‘ the underlying actual connectivity, we show in the eval-
) onverg ' 9€-ation section that our algorithm is surprisingly robust to
cast refers to the communication topology where nodes

. . deviations of the actual topology from the hexagonal mesh.
transmit packets to a common sink node, also called base-" ~_. . : . :
Figure 1 illustrates the interference model used in this

station or aggregation point. For densely deployed wire- . -

less sensor networks, we assume a two-tired cluster-basegﬁopvevg ite;[hlés ffounrzldelrnat:]r:nnsg'ist:g?hforg?0’;632)35 WO
network topology. At the first tier, the cluster heads col- nodes. the one—f?o r;ei hborsébtf:a% ot receive any trans-
lect sensed data in their neighborhood. At the second tier, ' pnelg y

cluster heads send and route data packets to their deStinafmu:Issizﬂi'l‘e’Jl Tﬁ;ﬁ?;ffmcgggg tlar;rgttg% paﬁl;itesuscjsﬁs-
tion. This cluster-based two-tier topology is similar t@th y gp '

original version [5] but with the exception that the cluster ?odes are indicated with an and anx with a spiral in the
heads also assume the role of gateway nodes. Similar to'9Ure:

the LEACH [15] architecture, we assume that nodes be-

longing to one cluster use CDMA to transmit data to the Hextantsand Sides

cluster head, and use appropriate radio power level to do so.

Cluster heads maintain code distribution and transmissionOf the three principal diagonals, we select a pair inclined a
schedules of the active sensor nodes in their cluster. Thus120 degrees to be the axes, labelledaandY” (Figure 2.)
transmissions to different cluster heads can occur simulta Let XY denote the line bisecting th€ and} axes. These
neously. For inter-cluster communication however, we do three lines drawn through the origin divide the plane into
not assume CDMA transmissions since this approach is notsix regions. We refer to these six regionshegtants Each
scalable for multi-hop transmissions. We shall focus on of the six hextants are marked with roman numerals in the

3 System model

constructing schedules for conflict-free inter-clustemeo
munication in the rest of this paper, and shall not dwell on
intra-cluster transmissions anymore.

figure.
Consider a set of concentric hexagons. A hexagon ring
at distanceh edges from the origin contairté nodes. We



For routing, we use the following algorithm. All the
I nodes falling on theX, Y or XY axes route packets along
the straight line joining them to the origin (Figure 3). All
I other nodes route packets as follows: in hextants | and 1V,
packets are routed parallel to th&y -axis towards the ori-
gin, in hextants Il and V, packets are routed parallel to the
X Y-axis towards the origin, in hextants Ill and VI, packets
are routed parallel to th& -axis towards the origin (see Fig-
ure 4 for an example). Once the packet reaches one of the

v vi diagonals, it is routed along the diagonal to the baseestati
In other words, all non-diagonal nodes on a given side route
y > Sides towards the diagonal at 60 degrees. This algorithm keeps
N the traffic flow in all regions of the network nearly balanced,

_ and routes the packets along a shortest path.
Figure 2. Hextants

VAR: ¢ = [i/h]

define the set of consecutive nodes contained within any Route:[h, i = [k — 1,7~ ]
hextant, inclusive of one node on one of the diagonals, as Algorithm 1: Routing
the nodes on ongideat distancé:. In this paper, we adopt
the convention of including the first diagonal in the anti
clockwise sense to the definition of a side.

4 TDMA Scheduling for Conver gecast

In this section, we present addressing, routing, clock
synchronization and distributed transmission schedwlng X
gorithms for wireless ad-hoc networks of hexagonal net-
work topology. The scheduling algorithm creates bounded
latency TDMA schedules with spatial reuse. We consider
convergecast traffic. The aggregation point is thus the bot-
tleneck for this communication topology.

4.1 Addressing and Routing
Figure 3. Routing

For convergecast, the arrangement of nodes can be seen
as that of concentric hexagons centered at the aggregation
point, where the neighboring hexagons are separated by ond-2 Scheduling
hop. Due to this symmetry, we choose the aggregation
point to be the origin. In such an arrangement, all nodes In the following, we derive closed form expressions for
on any given concentric hexagon are equidistant from theconstruction of cyclic TDMA schedule with spatial re-use
origin. We assign addresses of the foffimi] to the nodes, ~ such that:
whereh is the shortest hop-count of the node from the ori-
gin and: denotes the index of a node located on the hop-
hexagon. The index starts at theaxis and increases in the
counter-clockwise direction. Hence the first hop nodes are by the end of each cycle, all such packets are received
addressed &d4,0],[1,1]... [17.5]. For brevity, we usgh, ] at the sink
to refer to a node as well as its address. Observe that nodes
of the form[h, .] are all located on the same hexagonal ring Let H be the radius (the maximum shortest distance hop-
at distancé: form the origin( denotes wildcard). Since the count of any node to the aggregation point) of the hexagonal
number of nodes oh™ hop hexagon i§ x &, the node ad-  network. Since the number of nodes on tfehop hexagon
dresses range frofn, 0] to [, 6k — 1] (see Figure 4 foran is 6h, the total number of nodes (excluding the sink node)
example). is given byz,{_’rz1 6h = 3H? + 3H. Therefore, the total

e during each cycle, every node can send one locally
originated packet to the sink



number of packets that must be received by the sink everyFigure 4 not all of[2,4],[2,5] or [3,12],[3,13],[3, 14]
cycle is3H? + 3H. Since the sink node can receive only can transmit simultaneously without conflict. We struc-
one packet at a time, a minimum 82 + 3H time slots ture TDMA schedule cycles as a series of sub-cycles
are needed to transmit all of these packets to the sink, wheravhere each sub-cycle consists of six time slots. We
each time slot is assumed to be large enough to transmit oneschedule the neighboring nodes in successive sub-cycles,
packet over one hop (packets are assumed to be of the samigence in different time slots. For example, the set of
size). nodes corresponding to a valid schedule for this par-
The scheduling algorithm employs spatial reuse — during tition ~ is  {{[1,0],[2,4], [3,12]},{[1, 0], [2, 5], [3, 13]}
every time slot, up-tdf transmissions are scheduled. Addi- {[1,0],[2,4],[3,14]}... {[1,0],[2,4]}...{[1,0}}. This
tionally, the transmissions are scheduled in such a way thatexample is a 3-hop network. Hence it is sufficient to
packets flow continuously to the sink node, and by the endallocate only one time slot to all nodes at the third hop since
of 3H? + 3H time slots, the sink receives all packets. each originate one packet and route none. It suffices to
allocate two slots t2, 5] since it originates one and routes
one. Similarly, it suffices to allocate three slots[#04]
and fifteen time slots to the nodes at first hop respectively.
Of the six hextants, no two odd hextants have any edge inSchedules for the rest five partitions can be constructed
common. Similarly, all three even hextants do not have any symmetrically. All the six subsets can then be interleaved
edge in common. Therefore, except for the last hop trans-to form a set of sub-cycles. Since there af&* + 3H time
missions to the sink node, any transmission in hextant | canslots in one cycle, it containg?* + H)/2 sub-cycles.
not interfere with any other transmission in hextants Iid an
IV. Furthermore, transmission(s) on a given side do not in-
terfere with transmission(s) on the sides that are 3 hops or
more apart — even if in the same hextant. We accomplish
the goal of conflict free scheduling with spatial reuse into
two steps. First, we divide the nodes into six disjoint sets
where, except for the neighboring nodes on a side, no two
nodes have an edge in common. And in the second step, we
allocate time slots to the nodes such that the neighboring
nodes of a given side transmit in separate time slots.
Formally speaking, we partitidrthe nodes of the net-
work into six subsets such that all nodes of the fdim]
in any of the subsets do not interfere with any other node
[/, .] of the same subset wheke£ 4'. For illustration, let
us consider a three hop network (Figure 4). Nofe$],
[2,4],[2,5] and [3,12],[3,13],[3, 14] belong to the three
sides of odd hextants (which implies that the three diago- —»= Parten©
nal nodes on the sides are mutually separated by 120 de- 2~ ™!
grees.) In this arrangement, none of the second hop nodes . roue
[2,4], [2,5] interfere with any of the first or the third hop
nodes. To generalize, starting at any of the first hop node Figure 4. Example: Addressing, routing and
[1,1], we choose all nodes on the side at 120 degrees of the partitions of a 3-hop network
next concentric hexagon, where the angle is measured be-
tween the diagonals. This partitioning procedure ensures
that any two set of nodes located at two different hops but
in the same hextant are at-least 3 hops apart, and thus donat.2.2 Closed form expressions for scheduling

interfere. For example, in a 4-hop network, the set of nodes _ _ o
of the same partition a8, 0] and falling into the same hex- We now derive a set of expressions that determine time slots

tant are[4, 0], [4, 1], [4, 2], [4, 3]. The nearest node fa, 0] for transmission as a function of the tugle i|. First, we
is [4, 0] which is 3 hops away. obtain an expression to determine the partition of the nodes
I-;owever being neighbors, not all nodes on any given and then we obtain expressions for the time slots when a

side may transmit simultaneously. For example, in node may transmit.
Let R be defined as

4.2.1 Intuition into Scheduling

XY

Legend

Ipartition of a set is defined as the disjoint set of its subsath that .
the union of the subsets is the set. R([h,i]) = (h — 1) mod3. (1)



The variableR indicates spatial reusability. Nodes of dif-
ferenth but the sameR are at-least 3 hops away. L@tbe

defined as _
Qi) 2|7 @

Observe that) + 1 gives the hextant of a node. Then the
partition P([h, ) of [k, ] is given by

P = (Q — 2R) mod6,? (3)

where the arguments are omitted for the sake of brevity.

The complimentary expressial = (2R — Q) mod6
gives another partition where the partitions are in thelcloc
wise order.

Lemmal. The expressio® = (Q —2R) mod6 partitions

h consecutive nodes of one side and no other node of an

h"-hop hexagon in the same subset.

Proof. We shall show thaP = (Q — 2R) mod6 assigns
the consecutive nodd$h, ki, ... [h, (k+1)h —1]} to one
partition, whered < k < 6 is an integer. Let us denote this
set byN £ {[h,kh + j]|0 < j < h}. From (1), R(N)

is the same for all nodes of the forfifa, .], and hence is the
same for all nodes in. From (2),Q(N) = |24t | = k.

Hence(Q is also the same for all nodes.M. Furthermore,
QW) # QW) if k # k'. Sincek takes 6 unique values,
this lemma follows. O

Lemma 2. If a partition p includes nodes of some side
in hextantq, then, p contains nodes from the hextants
(¢ £ 2) mod6. In other words, the diagonal nodes from
neighboring hops ip are 120 degrees apatrt.

Proof. We first show that if some diagonal nodé =
[h, kh], where0 < k < 6 is some integer, is in partition
p, then another diagonal nodé’ = [h + 1, (k + 2)(h +
1) mod6(h + 1)] is also in the same partition.

R(N) = (h—1)mod3
R(N') = h mod3
QIN) =k

Q(N') = (k +2) mod6 4)

Therefore,P(N') — P(N) = 2mod6 — 2mod3 = 0,
or N and N’ belong to the same partition. Similarly;”

[h—1,(k—2)(h—1) mod6(h—1)] also belongs to the same
partition asN. From (4), if N is in hextanty, then the other
two are in hextantgg & 2) mod6. But our choice ofV was
arbitrary. Hence using Lemma 1, this lemma follows.[]

Theorem 1. The expressiol® = (Q — 2R) mod6 parti-

tions the network such that nodes on any two different sides

in the same partition do not interfere.

20 < P < 5. According to modulus algebra conventions, if the residue
is negative,P is made positive by adding 6.

Proof. From Lemma 2, nodes that belong to the same parti-
tion are either in all odd or all even hextants. Since the-diag
onal nodes on each neighboring-hop sides are 120 degrees
apart, it also implies that if two sides are the same hextant
and in the same partition, they mustbehops apart, where

n > 0 is an integer. Hence the proof. O

The nodes falling on the principal diagonals have address
of the form([h, kh], where intege® < k£ < 5 and that of the
rest of the nodes is of the forfih, kh + j] where integer
1 < j < h. Itis easily seen that packet accumulation on
the nodes on the six principal diagondls,kh], is given by
(H —h+1)(H — h+2)/2 and that on the other nodes
[h,i # kh] by H — h + 1. The nodes farther from the sink
thus need smaller number of slots than those that are nearer
to the sink. Recall that, in any given patrtition, there/arel
consecutive nodes located on any one side at hop-distance
h. We schedule all nodes on any given side alternately until
the diagonal and non-diagonal nodes are schedulef fer
h+1time slots, and then schedule the diagonal nodes for an
additional{ (H —h+1)(H—-h+2)/2} —{(H—h+1)} =
(H—h+1)(H — h)/2 time slots.

Let )
. 2

Then the series of nodes having indé%, . .. (k+1)h—1}

getKk =0,1,...h—1.
Proof. Let
i =kh+ 7. (6)
Then we want to show that= K.
L RS A
il o

sincej = 0,...h — 1. Therefore, on plugging ( 6) and (7)
into (5), we getk’ = kh + j — kh = j. O

Since P uniquely identifies one partition, we start
scheduling nodes of partitio® starting at time slotP.
Assuming that the time slots are sequenced.ds?2,. . .,
nodes in partitiord < P < 5 are scheduled in time slots
of the form P + 6n, wheren is a positive integer. Since
the neighboring nodes of a side have consecutiwalues,
assigning them the time slots of the fo#4- 6 K" allocates
slots to neighboring nodes in consecutive sub-cycles.

Since there aréh nodes on am™™-hop hexagon, the ad-
jacent slots allocated to a given node are separatethby
Nodes|h, i| are scheduled during the time slots:

t =P+ 6K + 6nh, wheren =0,1,...,(H —h). (8)

The diagonal nodel#, kh] are scheduled during the ad-
ditional time slots:

t=P+6(H—h+1)h+6m, 9)



wherem = 0,1,...,(H — h)(H —h+1)/2 —1. Nodes  station. Thus each such packet contributsbyte-hops
can optimize energy consumption by going to “sleep” state to the real-time information transmission, wheras the
after transmitting all packets. packet size. Thus, the total amount of information trans-
During every time slot, one packet is transmitted to the mission by all nodes in one cycle is
sink and one packet to a node at one hop from the sink (ex-
cept for the last six time slots). Due to the symmetry of
traffic, at the end of every sub-cycle, all the first hop nodes
contain exactly the same number of packets. Hence follows
the continuity of packet flow to the sink node.

H
> 6.5.h” = sH(H +1)(2H + 1). (10)
h=1

The algorithm presented in this paper transiBg> + 3H
Theorem 2. The transmission schedule obtained by the packets in the same number of time slots. Each time slot is
algorithm presented above is optimal in the sense that it s/W seconds, wher@ is the bandwidth. Thus, the real-
achieves the minimum schedule length. time capacity using the transmission scheduling algorithm

Proof. The algorithm schedules every node fatime slots presented here is:

if thg number of packets routed bY the nodeis 1. One sH(H +1)(2H + 1)

slot is allocated for the packet originated at the node. From RIC = /W (3H? + 3H)

(9), during any given cycle, the last node to be scheduled W(oH + 1

hasP = 5,h = 1,andm = (H — h)(H —h+1)/2 - 1. _WeHE+D byte-hops/sec  (11)
Thus it is scheduled in the time slot= 3H(H + 1) — 3

1. Thus, from (9), the length of one cycledsi (H + 1), Therefore, at the cost of linear increase in latency (due to

which is equal to the total number of packets received at yhe schedule cycle size), the real time capacity grows sub-
the sink. The sink node can receive only one packet at Ajinearly with the size of the network.

time. Therefore3H(H + 1) slots are necessary for it to
receive all the packets. Since, the algorithm schedules all
the packets in the minimum amount of slots, the optimality
follows. O

5 Evaluation

We implemented a simulator to evaluate the robustness
4.3 Clock Synchronization of our transmission scheduling algorithm in the presence of
topological irregularities, namely long links, and to exate
Since the order of transmissions is pre-determined bythe rate of convergence of the implicit clock synchroniza-
the scheduling algorithm presented in the previous section tion algorithm. Long links refer to those that arise when
over-hearing of transmissions can be used to deduce neighthe interference range of a node is larger causing it to in-
boring nodes’ own schedules and also to synchronize theirterfere with neighbors that it would not normally reach in a
clock. The algorithm for implicit clock synchronization is hexagonal topology. Observe that another form of irregular
presented in Algorithm 2. Observe that the proposed algo-ity is when the transmission range is too short, precluding
rithm does not ensure monotonicity of time as adjustmentsconnectivity along some of the hexagonal edges. This latter
can set the clock into the past. While this is, in general, type, however, can be solved by deploying the nodes closer
a deprecated practice, in the special case of data colfectio together until only long links remain. The above argument
sensor networks, where the primary network task is datajustifies considering only long links in this evaluation.
transmission to a base-station, no serious adverse conse- Figure 5 shows the cumulative distribution of separation

guences ensue. between receiver node(s) and the other sender nodes for
three networks of sizé/ = 5 (90 nodes),H = 10 (330
VAR: t {local time} nodes) and? = 20 (1260 nodes). That there are no nodes
loop of 2 or less hop separation can be seen as an experimental
Do upon listening/receiving from nod#’, i’] validation of our scheduling algorithm. The point of inflex-
t— (t+t)/2 ion of the curves fall around /2, meaning that the largest
5: end loop fraction of transmissions are separatedHy2 hops. No-
Algorithm 2: Clock synchronization tably, as the network size increases, the curves get flatter,

indicating that even larger fraction of transmissions heapp
at farther separations. Thus, our formalism should beyfairl
4.4 Real-Time Capacity resilient in the presence of random long links.
To verify our assumption, we simulated networks of ir-
During one cycle, all theésh nodes at every:™ hop regular topology. We introduced long links where the ex-
hexagon send one locally originated packet to the base-cess length 1) of the links causing interference, was



ir of random errors,F, in [0,100] and varied the network
size. Shown in Figure 6, we observed a sharp exponen-
sl tial decline in the coefficient of variation initially, falved
S by a slow convergence to finer synchronization. Our clock
2 synchronization algorithm achieves standard deviatioh
3 ooy within one schedule cycle. Next, to evaluate the effect of
g initial range of clock asynchrony on the convergence, we
é o4r varied the error range exponentially, keeping the network
3 size fixed toH = 10. In Figure 8, we observe that even
02 ¢ Hes . though the initial range of errors are varied exponentially
H=10 = the rate of convergence is only linear. This is a cumulative
0 . H= consequence of time averaging.
0 5 10 15 20 25 30 35 40
Receiver and Sender Separation (Hops)
Figure 5. Cumulative distribution of sepa- 30 ‘ o
ration between receiver and simultaneous H=10 ——
senders (to different other receivers) 2 | H=20
g
Poisson distributed with meax (i.e., the probability den- § 15§
sity functionp(z) = 1/Aexp~®/*). In Figure 6, the per- g
centage of collisions is reported as a function of the mean of £ 10|
the Poisson distribution\. Consistent with Figure 5, as the |
size of the network increases, the effect of irregularity di 5 \
minishes. Collisions show up aftar= 0.2, indicating that S
the scheduling algorithm is robust in the presence of occa- % 500 1000 1500 200 2500 3000
sional long links. The performance degradation is graceful Time

with the increase in the size of irregularity. _
Figure 7. Convergence of clocks. E = 100 for

16 ‘ ‘ ‘ ‘ all plots
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We simulated the our clock synchronization algorithm to
evaluate its convergence rate. We started schedule cycles
with nodes having uniformly randomly distributed clock
times. We obtained the standard deviation of local times
of all nodes as a function of simulation time where time
granularity was the slot size. First we kept the initial rang

Figure 8. Convergence of clocks parameter-
ized by initial error size. H=10 for all plots.
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6 Discussion and Scheduling Implications

The scheme presented and evaluated in this paper has
significant implications on the ability of sensor networds t

provide real-time guarantees. We have shown that given @'@'@'@.@
proper (i.e., hexagonal) node placement and topology con- ’ ’ . . .
trol algorithms (that create a hexagonal mesh), it is ptessib @ @ @'@'@ @
to develop trivial addressing, routing, and clock synchro- ""’ . "’
nization algorithms that guarantee each node a fixed portion @ @ @ @ @ @ @
of network bandwidth and guarantee a bounded latency to '.'.g.g’g‘a
the sink node. In particular, each node will be able to send

for one time unit everg H2 + 3H time units. Its communi- @ @' ‘ ‘

cation will reach the sink node in no more th3H? + 3H

time units. Since our algorithm transmits all packets in-min @'%'g'g'Q
CRCaC

imum time, in the case where all packets have the same
deadline, our scheduling algorithm is optimal.

Previously proposed schedulability algorithms for real-
time broadcast LANs (where each node can send:fout . ) .
of y seconds on the LAN) can now be applied to sched- Figure 9. Oblique coordinate system for
ule real-time traffic on the multi-hop sensor network with ~ héxagons
the added observation that a transmitted packet will incur
a latency of no more thaAH? + 3H time units before
it is delivered. Our simple addressing, routing, and clock An example of assignment of coordinates in this system is
synchronization algorithms provide a practical solution t  shown in Figure 9. To transforfi, i] to (z, y), we use the

ensure predictability of the network, making a wealth of equations for hextant§) (2) andK (5). Recall that
prior schedulability analysis techniques applicable. &ior

over, the sink node is 100% utilized, which is optimal. The 0= VJ K VJ L
protocol is self-synchronizing and easy to implement. ’ '

. The transformation rules are as follows:
7 Conclusions

Q | Transformation
In this paper we presented a novel way to design wireless 0 | [hi] = (ki)
ad-hoc and sensor networks, namely constructing a hexag- 1| [hi]= (h—K,h)
onal network topology. We presented addressing and con- 2 | [hi]= (-K,h— K)
stant time routing algorithms for multi-hop hexagonal net- 3 | [hi] = (=h,—K)
works. We presented closed form expressions that creates 4 | [hi]= (K —h,—h)
network-wide conflict free TDMA schedule with zero mes- 5 | [h,i] = (K,K —h)

sage overhead. The resulting MAC protocol gives equal
bandwidth to every node, and is optimal in the sense that Table 1. Transformation rules

the base-station does not idle. It affords real-time guaran

tees on packet delivery. Using simulation, we showed that Inverse transformation can be obtained similarly.

our algorithms are robust.
9 Theorem 3. The distance between nodés,,y;) and

(w2,y2) is given byMAX {|z1 — 22, [y1 — 2|, |21 — 22 —

Appendix: Oblique Coordinatesand Transfor- Vi + o[}

mations
Proof of this theorem is similar to that of Theorem 2 of

In this section, we present a transformation from ad- [12].
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