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Abstract— At the current state of affairs it is hard to obtain Il. SENSORNETWORK CALCULUS: A BRIEF
a predictable performance from wireless sensor networks, not to WALK -THROUGH
mention performance guarantees. In particular, a widely accepted . . . .
and established methodology for modelling the performance of  IN this section we use the notation and the basic results
wireless sensor networks is missing. In the last two years we provided in [1] (a summary of the most important notions of
have tried to make a step into the direction of an analytical network calculus are given in the Appendix), furthermore a
framework for the performance modelling of wireless sensor single sink communication pattern is assumed. It is assumed

networks based on the theory of network calculus, which we . : .
customized towards a so-calledsensor network calculus[1]. that the routing protocol being used forms a tree in the sensor

We believe the sensor network calculus to be especially usefulN€twork. HenceN' sensor nodes arranged in a directed acyclic
for applications which have timing requirements. Examples for graph are given.
this class of applications are factory control, nuclear power Each sensor nodeé senses its environment and thus is

plant C?”tr?}" medicarll applicatg)r_ls, and any alerting Sys_tems-d'_“ exposed to an input functiof; corresponding to its sensed
general, whenever the sensed input may necessitate immediate - -
actions the sensor network calculus may be the way to go. In input traffic. If sensor node is not a leaf node of the tree

this paper we summarize these activities and discuss the openthen it also receives sensed data from all of its child nodes
issues for such an analytical framework to be widely accepted. child(i, 1), ..., child(i,n;), wheren; is the number of child
nodes of sensor node Sensor nodé forwards/processes its
input which results in an output functioR; from nodei
towards its parent node.

Now the basic network calculus components, arrival and

- i daily lif based h rfctfrvice curve, have to be incorporated. First, the arrival curve
Decisions in daily life are based on the accuracy and ¢ oach sensor node in the field has to be derived. The

availability of information. Sensor networks can significantlynlput of each sensor node in the field, taking into account its
improve the quality of information as well as the ways ogensed input and its children’s input, is

gathering it. For example, sensor networks can help to get

I. INTRODUCTION

higher fidelity information, acquire information in real time, _ A
get hard-to-obtain information, and reduce the cost of obtain- Ri =R; + ZRchild(i,j) 1)
ing information. Application areas for sensor networks might j=l1

be production surveillance, traffic management, medical careThus, the arrival curve for the total input function for sensor
or military systems. In these areas it is crucial to ensure that thedei is
sensor network is functioning even in a worst case scenario. If
a sensor network is used for example for production surveil-
lance, it must be ensured that messages indicating a dangerous
condition are not dropped, thus avoiding costly production
outages. If functl_onallty in worst case scenarios _cannot ge Maximum Sensing Rate Arrival Curve
proven, people might be in danger and the production system
might not be certified by authorities. _The simplest op_tion in bouqding tr_]e sensing. input at a
As it may be difficult or even impossible to produce th@Ven sensor node is based on its maximum sensing r.ate. This
worst case in a real world scenario or in a simulation in R €ither be due to the way the sensing unit is designed or

controlled fashion, an analytical framework is desirable thgpe o a limitation on th_e se_znsymg rate to a certain value t?y
allows a worst case performance analysis in sensor networl Sensor network apphcatlons task in observing a ce_rtam
Network calculus [2] is a relatively new tool that allows worsPn€nomenon. For example, it might be known that in a
case analysis of packet-switched communication networks. ffinPerature surveillance sensor system, the temperature does
[1] a framework for worst case analysis of wireless sensBPt have to be reported more than once per second at most.
networks based on network calculus is presented and callgef arival curve for a sensor nodeorresponding to simply
sensor network calculusThis framework has further beenPUtting & bound on the maximum sensing rate is

extended towards random deployments [3] and the case of

multiple sinks in [4]. The goal of this paper is to summarize ai(t) = pit = Yp,,0(t) ®3)

these activities and show the usefulness of the sensor network rt+b t>0
calculus as well as opportunities for future work along this Here: ¥rs = 0 t<o0
avenue. curve. This maximum sensing rate arrival curve can be used

a; =o; + Z Xehitd(i,j) (2

j=1

denotes an affine arrival



in situations where all sensor nodes are set up to periodicallyl) Let us assume that arrival curves for the sensed iaput
report the condition in a sensor field. The set of sensible and service curves; for sensor node, i = 1,..., N,
arrival curve candidates is certainly larger than the arrival  are given.

curves described above. The more knowledge on the sensing) For all leaf nodes the output bound can be calculated
operation and its characteristics is incorporated into the arrival according to (6). Each leaf node is now marked as
curve for the sensing input the better the performance bounds “calculated”.

become. 3) For all nodes only having children which are marked
“calculated” the output boundy can be calculated

B. Rate-Latency Service Curve according to (6) and they can again be marked “cal-
culated”.

Next, the service curve has to be specified. The service curve . B " . .
depends on the way packets are scheduled in a sensor nodé? If node 1 is marked calculated” the algorithm termi-
which mainly depends on link layer characteristics. More nates, otherwise go to step 3.
specific, the service curve depends on how the duty cycle afyer the network internal flows are computed according to
therefore the energy-efficiency goals are set. this procedure, the local per node delay boumgsfor each

The service curve captures the characteristics with whiggnsor node can be calculated according to a basic network
sensor data is forwarded by the sensor nodes towards the sfigculus result (see appendix):

It abstracts from the specifics and idiosyncrasies of the link

layer and makes a statement on the minimum service that can

be assumed even in the worst case. A typical and well-know®: = (@, 8i) = S};Ig{inf{T >0:a;(s) < Bi(s+7)}} (7)
example of a service curve from traditional traffic control in =

a packet-switched network is To compute the total information transfer deldy for a
N given sensor nodeé the per node delay bounds on the path
Brr(t) =Rt —T] (4)  P(i) to the sink need to be added:

where the notatiofz] " equalsz if z > 0 and0 otherwise.
This is often also called a rate-latency service curve. The D; = Z D; (8)
latency termT" nicely captures the characteristics induced by ieP(3)
the application of a duty cycle concept, i.e., the sensor nodes _ _ _ _
periodically fall asleep for a certain amount of time if they are "€ maximum information transfer delay in the sen-
idle. Whenever the duty cycle approach is applied there is th@" network can then obviously be calculated Bs =
chance that sensed data or data to be forwarded arrives aftéxi=1....v Di- Note that this kind of analysis assumes FIFO
the last duty cycle (of the next hop!) is just over and thus %{:heqmmg at the sensor nodes, which however should be the
fixed latency occurs until the forwarding capacity is availab/@?S€ in most practical cases.
again. In a simple duty cycle scheme this latency would need
to be accounted for for all data transfers. For the forwarding I1l. SENSORNETWORK CALCULUS AT WORK
capacity it is assumed that it can be lower bounded by a fixed
rate which depends on transceiver speed, the chosen link laydh this section some numerical examples for the previously
protocol and the duty cycle. So, with some new parameters fhigsented sensor network calculus framework are described.

following service curve at sensor nodés obtained: These examples are chosen with the intention of describing
realistic and common application scenarios, yet they are
Bi(t) = By, 1, (t) = filt = L;]T (5) certainly simplifying matters to some degree for illustrative

purposes. The sensor network calculus framework allows,

Here f; and!; denote the forwarding rate and forwarding,,, 5 worst case perspective, to relate the following local
latency for sensor nodée characteristics:

C. Network Flow Analysis « Sensing Actmtytms parameter is Qescrlbed in the frame-
work by thearrival curve concept;

Finally, the output of sensor node i.e., the traffic which , Buffer Requirementsthe buffer requirements of each
it forwards to its parent in the tree, is constrained by the node are described by thmcklog bound:;

following arrival curve (see Appendix): to the following global characteristics:

n; « Information Transfer Delaythe delay in each node is
af = 0fi= i+ ahaaiy | @8 (6) described by thelelay bound;
j=1 o Network Lifetime the energy consumption is described
In order to calculate a network-wide characteristic like the PY theduty cyclerepresented in theervice curve

maximum information transfer delay or local buffer requireThe goal in using sensor network calculus is to determine
ments especially at the most challenged sensor node just bespecific values for these characteristics for a given applica-
the sink (which is called node 1 from now on) an iterativeon scenario. The scenario itself is characterized by further
procedure to calculate the network internal flows is requiredonstraints such a®pologyand routing.



Sink s, supports a link speed of 19.2 kbit/s. The minimum idle time

LR A K e of the transceiver i/} = 11[ms] (3ms to begin sampling,
[\ \ \ \ 8ms minimum preamble length), the corresponding sleep time
o o o O, @ o, o is T, = 1085[ms]. Thus, a maximum packet forwarding
/ T \ \ \ \ rate of 0.89[packets/s]f(= 258[bit/s]) can be achievetiThe
o o5y Yoy o o resulting latency for the packet forwarding is= T + T5.
\ \ \ This packet forwarding scheme can be described by the rate-
S S latency service curve as described by equation (5) in Section
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Bilt) = Bralt) = F(t — 1) = 258(¢ — 1.096) " [pit]  (10)

Fig. 1. Sensor Field with Grid Layout. 4) Calculation: After defining the scenario, the sensor
network calculus framework can now be used to evaluate the
characteristics of interest and their interdependencies. Goal

A. Basic Scenario of the calculation is to determine these characteristics at the

The intention of this example is to analytically explor&€nsor nod_e yvith the worst possible traffi(_: c_ond_ition_s. In this
the possible range of the characteristics discussed above f*@MPple this is the node,. If the characteristics in this node
realistic scenario. Thereafter it is analysed in which operatiGh¢ deétermined and the node is dimensioned to cope with

range a state of the art sensor node could be used to form M. all other nodes in the field (assuming homogeneity) are
sensor field. dimensioned properly as well.

1) Topology and RoutingThe sensor field is assumed to To ca_llculate the total traffic patt_ern, the algorithm described
be a 9x9 grid, the distance between the sensors Big. 1 in Section II-C has to be used. First, thg output boutjgl of
shows the lower half of a grid shaped sensor field with tH8€ |eaf nodesy, has to be calculated using (9), (10) and (16):
base station (sink) located in its center (nogg). The size
of the field is8d x 8d, containingN = 80 sensors each with
an idealized transmission range @Rd. )

For the routing protocol, the Greedy Perimeter Stateless!N€ output bound for nodey, is also the output bound for
Routing (GPSR) protocol is used [6]. All nodes in GPSR mu#€ other leaf nodes (e.gxj, = aj, = aj, = aj;). Now the
be aware of their position within a sensor field. Each nod@!tPut bounds for the nodes one level higher in the tree can
communicates its current position periodically to its neighboR€ calculated using equation (11), (9), (10) and (6):
through beacon packets. In the given static scenario, these
beacons have to be transmitted only once. Upon receiving
a data packet, a node analyses its geographic destination. If
possible, the node always forwards the packet to the neighbor Qzg = Q30 @ B = Yap,7pi (12)
geographically closest to the packet destination. If there is no . . .
neighbor geographically closer to the destination, the protoc:oIThe calculation can now be repeated until nodg is

Q40 = Yp,05 Bao = Br1, 0y = a0 @ Bao = Yp (11)

30 = Vp,0 + 39 = Vp,0 + 3Vp,pl = Vap,3pl

tries to route around the hole in the sensor field. This routirﬁSaChed; .
around a hole is not used in the described topology. In Fig. 1 Q10 = Yp,0 + 2051 + A5y = Viep,34pl

the resulting structure of the communication paths is shown.

2) Sensing Activity:It is assumed that the sensor field is . _
used to collect data periodically from each of the sensors. ajp = 010 @ B = Y16p.50p! (13)
Each sensor can report with a maximum report frequency ofAfter the arrival curve for node, is calculated, the worst
p. Thus, the maximum sensing rate arrival curve described byse buffer requirement®,, and the information transfer

(3) is used to model the upper bound of the sensing activity @élay D can be calculated according to equation (14) and (7):
each node in the sensor field. A homogeneous field is assumed,

hence Big = v(ai, 8) = 50pl
34pl 13pl
ai(t) = pt = 7p.0(t) ®)  Dig=h(aw.f) =1+ Tp7 Dyo = h(ago, B) = 1 + Tp
Each node additionally receives traffic from its child nodes
according to the traffic pattern implied by the topology and the B 3pl B
routing protocol (see Figure 1). Therefore, the arrival cutye Dso = h(aso, 5) = 1 + o Dao = (a0, B) =1
for the total input of a sensor nodds given by (2). Later it 5001
will be shown in detail how the relevant; can be calculated. D = Dyo + Ds3p + Doy + Dyg = 4l + o
3) Network Lifetime:To achieve a high network lifetime a f

dUty CyC|e ofd = 1% 'S' set for the nodes '_n the network. _AS lvalues are taken from the TinyOS code (CC1000Const.h). The packet
a sensor node, the Mica-2 [13] platform is assumed. Micatdgth is 36 bytes, the preamble length for 1% duty cycle is 2654 bytes.



5) Discussion: Now, after all nodes are calculated, it ishe concatenation result for general feedforward networks in
possible to determine specific values for the characteristi&§, introducing a principle called “pay multiplexing only
of interest for the given application scenario. Furthermonce” which makes optimal use of sub-paths shared between
it is possible to evaluate how these factors influence eaftbws and achieves improvements over the additive bounds,
other. As mentioned above, due to the channel speed amuich may be on the order of magnitudes depending on the
the selected duty cycle, the effective maximum forwardingcenario. A further extension of the basic sensor network
speed isf = 258[bit/s]. The arrival rate of packets cannotcalculus, which we also describe in [5], is the integration
be higher than the maximum forwarding speed. A high&f maximum service curves into the sensor network calculus,
arrival rate would result in an infinite queueing of packetsvhich allows to improve the bounds on the network-internal
Therefore, the sensing rate must be set such 16at< f. flows and thus in turn lowers the performance bounds, again
In the following, the highest possible integral sensing rate @édten very considerably. All these techniques, among other
assumedp = |f/16] = 16[bit/s]. This first result already general network calculus techniques, have been implemented
shows the limits of this specific sensor field regarding iis the so-called DISCO Network Calculator. As we believe that
maximum sensing frequency. Translated in TinyOS packdtol support is of great importance for a wide acceptance of
with a standard size 086 byte, the result shows that eactthe sensor network calculus we provide the DISCO Network
sensor can only send a packet every 18 seconds. Calculator in the public domain

The backlog bound at node is now given by:Byy = Apart from trying to push the sensor network calculus
50pl = 876.8[bit]. This result can be translated into TinyOSforward methodically, we have also illustrated how to apply
packets with the standard size of 36 byte. In this case,for several design and control issues in wireless sensor
[3.04] = 4 packets must be stored in the worst case in nodetworks. In [1] we have shown how a buffer dimensioning of
s10- As a Mica-2 node provides per default only a buffer spatke sensor nodes may be performed based on the worst case
of one, a node modification would be necessary to support tealyses of sensor network calculus such that no information
described scenario in the worst case. The maximum informg-ost due to buffer overflow inside the network. Furthermore,
tion transfer delay is given byD = 4] + prl = 7.85[s]. we also discussed in [1] how different choices of duty cycles

To improve the backlog bound and the information transfesffect the information transfer delay. In [3], we considered
delay, the duty cycle used in the nodes can be modifietlie case of a randomly deployed sensor network and how
Of course the improvements have to be paid in this cagés further dimension of uncertainty can be factored into
with a higher energy consumption in the nodes and thusti® sensor network calculus. In particular we discussed how
shorter network lifetime. If the duty cycle is set to 115% constraints from topology control may be used to improve the
a maximum packet forwarding rate of 0.54[packets/g]=f performance bounds from the sensor network calculus. Thus,
2488[bit/s]) can be achieved. The resulting delay for the packate proposed to guide topology control decisions based on the
forwarding is! = T1 + 1> = 11 4+ 85 = 96[ms]. Now the sensor network calculus models. In [4] we used the advanced
following is obtained:B;o = 50pl = 76.8. In this case now, sensor network calculus result discussed in the previous para-
only 1 TinyOS packets needs to be stored in negeeven graph to investigate scenarios with multiple sinks. In particular
under worst case conditions. The information transfer delayvig demonstrated how sensor network calculus can be used to
now given by:D = 4] + %”l = 0.41][s]. dimension the number of sinks as well as their placement in

the sensor field.
IV. ADVANCED SENSORNETWORK CALCULUS

After the brief walk-through of the sensor network calculus V. OPENISSUES ANDFUTURE WORK ITEMS
basics and the illustrative example of its operation, we will . )
discuss some of the more advanced technigques we have déVhile we believe the sensor network calculus to have
veloped to further customize network calculus to the wireleg§tential, there are still many open issues and correspondingly
sensor network setting as well as some of the applications@Portunities for future work. One immediate issue arising
the framework we have proposed. from .the use of a determlmst!c analytical framevyork is the

We have seen in the previous sections how the singlgestion how to capture the inherently stoch_astlc nature of
sink communication pattern typically found in wireless sens#fireless communications. Here, we plan to integrate lately
networks was used to iteratively work out the internal traffigPcoming stochastic extensions of network calculus [7], which
flow bounds inside the network and use these to calculdt@wever again need to be customized for the sensor network
delay bounds in an additive fashion. However, one of tH@S€. Another issue is how to take in-network processing
strengths of network calculus is its powerful concatenatid i frequently proposed for wireless sensor networks into
result, which allows in general to achieve better bound@$count. In [8] we have proposed a network calculus that
when a tandem of servers is first min-plus convoluted to @llows for the scaling of data flows. This development should
single system compared to an additive analysis of the sepa/@fi@Ple modelling of typical in-network processing techniques
servers. This concatenation result is not directly applicable iR for example aggregation of information. Furthermore, it
wireless sensor network scenario even when only considerfiPuld also be possible to accomodate the mobility of sensor
the simple single sink case. Therefore, we have generaliZéRfles and/or sinks. As in many scenarios this is a kind of

2A duty cycle value offered by the TinyOS code for the Mica-2. 3See http://disco.informatik.uni-kl.de/content/Downloads.



controlled mobility there is hope to capture even this difficult Definition 2: The output functionR*(t) of a systemS is

characteristic of advanced wireless sensor network scenarithe number of bits that have leff in the interval[0,¢]. In
Apart from these fundamental issues for the sensor netwgrérticular R*(0) = 0, and R is wide-sense increasing, i.e.,

calculus, it is also important to demonstrate its usefulne&s (¢;) < R*(t2) for all t; < ¢s.

in further applications. At the moment we design a task Definition 3: Min-Plus Convolution. Letf andg be wide-

admission control scheme based on sensor network calcuesse increasing ant{0) = g(0) = 0. Then their convolution

for sensor networks that may have several concurrent tasésder min-plus algebra is defined as

Another work item could be a scheme where sleeping nodes o

are activated such that certain performance bounds can still . (f ®g_)(t) a ogfgt{f(t B S_) +9(s)}

be satisfied. Apart from these issues the presented framework€finition 4: Min-Plus Deconvolution. Letf and g be

should also be validated by packet-level simulations in ord&#de-sense increasing anfi(0) = g(0) = 0. Then their

to increase the fidelity in the predictive power of our model§€convolution under min-plus algebra is defined as

Especially this last point deserves our immediate attention and (fog)(t) = Slilg{f(t +5) —g(s)}

is already currently under investigation. 52> . .
y y 9 Now, by means of the min-plus convolution, the arrival and

service curve are defined.
Definition 5: Arrival Curve. Leta be a wide-sense increas-
[1] Jens Schmitt and Utz Roedig. Sensor Network Calculus - A Framewojigg function such thatv(t) = 0 for ¢ < 0. « is an arrival curve

for Worst Case Analysis. In Proc. of IEEE/ACM Int. Conf. on Distribute ; : : : ;
Computing in Sensor Systems (DCOSS’'05), pages 141-154. Springrgrr an input functioni iff R < R® a. Itis also said thaf?

LNCS 3560, June 2005. IS @-smooth orR is constrained byv.
[2] J.-Y. Le Boudec and P. Thiran. Network Calculus - A Theory of Definition 6: Service Curve. Consider a systethand a

Deterministic Queueing Systems for the Internet. Springer, LNCS ZOSQOW throughS with R and R*. S offers a service curve to
2001. ’

[3] Jens Schmitt and Utz Roedig. Worst Case Dimensioning of Wirelef8€ flow iff 3 is wide-sense increasing atf > R ® 3.
Sensor Networks under Uncertain Topologies. In Proc. of 3rd Internkrom these, it is now possible to capture the major worst-
tional Symposium on Modeling and Optimization in Mobile, Ad Hoc, ; . ; ;
and Wireless Networks (WiOpt'05), Workshop on Resource AIIocatioﬁalse properties for data ﬂO\.NS' maXImum delay and maximum
in Wireless Networks, Riva del Garda, Italy. IEEE, April 2005. acklog. These are stated in the following theorems.
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v(a, ) is also often called the vertical deviation between
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As a system theory network calculus offers further results on
Network calculus ighe tool to analyse flow control prob- the concatenation of network nodes as well as the output when
lems in networks with particular focus on determination afaversing a single node. Especially the latter for which now
bounds on worst case performance. It has been successftHly min-plus deconvolution is used will be of high importance
applied as a framework to derive deterministic guarantees ipnthe sensor network setting as it potentially involves a so-
throughput, delay, and to ensure zero loss in packet-switchgglled burstiness increaswhen a node is traversed by a data
networks. Network calculus can also be interpreted as a systgqy.
theory fordeterministicqueueing systems, based on min-plus Theorem 3:Output Bound. Assume a flowR(¢) con-
algebra. What makes it different from traditional queueingtrained by arrival curvex traverses a systerf that offers
theory is that it is concerned with worst case rather thanservice curve3. Then the output function is constrained by
average case or equilibrium behaviour. It thus deals withe following arrival curve
bounding processes called arrival and service curves rather aF=a0f>a (16)

than arrival and departure processes themselves. Theorem 4:Concatenation of Nodes. Assume a fldu{t)

Next some basic definitions and notations are provided q?'verses systems, and S, in sequence where, offers
1 2 1

fore some basic results from network calculus are summariz% tvice curved, and S, offers 3,. Then the resulting system
1 2 2.

. ?ﬁ f|n|t|onb1: Thf gptputtkl:u?ctlo_nR(t_) otfhan _a:rlval ptroc:ass S, defined by the concatenation of the two systems offers the
is the number of bits that arrive in the intervig,¢. In following service curve to the flow:

particular R(0) = 0, and R is wide-sense increasing, i.e., _ 17
R(t1) < R(t,) for all t; < t. f=01®b (17
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