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Abstract— A basic problem introduced by the use of radio benefits of applying framelets is assessed analytically and
duty cycles as an energy saving technique is the need toan implementation of this concept for the DSYS25 sensor
establish rendezvous between transmitter and receiver. Ste platform [1] is presented and evaluated. The results shaw th

communication can only take place when the receiver’s radio bstantial . b hieved and th .
is active, the transmission of frames needs to somehow ovapl Substantial energy savings can be achieved an € communi-

with this active period. cation throughput can be increased if framelets are used.
This paper investigates the use of framelets - small, fixedzgd The rest of the paper is organized as follows. Section
frames - to achieve transmitter-receiver rendezvous and etrasts || describes the different methods for rendezvous in duty-

this technique with the use of long frames. The benefits of ¢ qjaq systems. Section 11l presents the framelet appraadh
applying framelets is assessed analytically and an impleméation

of the concept for the DSYS25 sensor platform is presented an describes framelet techniques that impact the performahce

evaluated. The results show that substantial energy savisgan be the communication stack. Section IV analyzes the framelet
achieved with framelets as well as an increase in communidan  approach in terms of energy efficiency and throughput. 8ecti

throughput. V overviews the implementation of the framelet approach for

the DSYS25 sensor platform. Section VI presents experiatent

results obtained by using the DSYS25 platform and compares
Wireless sensor networks are a collection of autonomous dee results with the analytical evaluation. Section VIl actéses

vices with computational, sensing and wireless commuioicat and comments on related work. The paper ends with conclu-

capabilities. A major constraint in the design of theseeyst sions and ideas for future work.

is the need of autonomous, untethered operation for extende

periods of time. The system lifetime is ultimately defined byll. TRANSMITTER-RECEIVER RENDEZVOUS WITHDUTY

the energy-efficiency of the design which is specially afdc CYCLES

by the way the communication system is operated.

Generally, a sensor transceiver can be set to one of four‘o‘I basic problem |ntrc_)duct:edh b_y th? ;Jhse of (;atdm ?ul?ll h
states:transmitting receiving listening or sleeping Energy cycdes as anbenergy saving tec nlql:je IS the neg_ 0 establls
efficient operation of transceivers is achieved esseptiay rendezvous between transmitter and receiver. Since commu-

keeping them in sleeping mode as often as possible. Tlp]iggtion can only. ta_ke place when the receivers radio is
sleeping state generally consumes orders of magnitude 18§ ve,hf[he tra}nsm|s§|o(;1_?f fram.es need§ 0 somdehow pverlap
energy than the active states (transmitting/receivisgiting). V'I" NiS active period.Transmitter-receiver rendezvous

However, as communication cannot take place between nogé% overlapping of data transmission and listening asit

while the transceivers are in sleeping state, sender amd/szc enabll_ng effective communication. .
actions must be synchronized for transmission. To implement the duty cycle approach, no time synchro-

Currently different strategies can be used to providg_zation between com_municating nodes is necessary. Haweve
transmitter-receiver synchronization such as the useaife- s can only be achieved at the expense of extra overhead
up radios shared time basjsapplication layer knowledger per frame communicated. In the following paragraphs, two

duty cyclesThe common element of all these techniques is ﬂpé)ssmle approaches to implement rendezvous in duty-gycle

need to establish, in an efficient way, an intersection oada?thtems dare ?lven. These wo ap%roa%hes rgmﬁly c_zhffer n
transmission and listening activities enabling effectoenmu- € Way data frames are constructed and used, thus incurring

nication between transceiver and receiver. Such an intiose different communication overhead.
is calledtransmitter-receiver rendezvoasd can be achieved . -
at different costs by each technique or a combination of the@r Assumptions and Definitions

Given its generality and simplicity, this paper focuses on It is assumed that the clock of transmitter/receiver omesrat
transmitter-receiver rendezvous in relation to transrsivop- at approximately the same rate. It is also assumed that a
erating with a duty cycle. In particular, this paper presenfixed rate radio duty cycle is used, i.e., each node peritidica
a detailed assessment of the use of framelets - small, fixedtivates its radio for a fixed time interval to monitor aityiv
sized frames - to achieve rendezvous and contrasts this teichthe channel. Theluty cycle periods represented a® =
nigue with the well-established technique of long framdse T A + A, whereA is the time the radio remains active ang

I. INTRODUCTION AND MOTIVATION



Preamble Payload|
7, of duty cycle must be such that:
. |,
P« A>2-0+6 (1)
> Furthermore, to ensure overlap between transmission and
Radio OFF Radio ON Rx listening activities, the number of retransmissionseeds to
comply with the following inequality whe\y > 0:
A, Ate €0 ply g q y 0
Radio OFF only after reception of payload ~ n Z A0 + 2 ° 6 + 50 (2)
0+ do
Fig. 1. Transmitter-receiver rendezvous using long frames In generaL the values of and do should be as small as
‘ possible, as this influences according to 1 the minimal péessi
Trail of Framelets active timeA of the duty cycle. The duration of the tim&
H H H H H H H H H H H > determ|_nes message o!elay, throughput and energy savings as
s g Tx shown in the next section.
0
> IIl. THE FRAMELET APPROACH
Radio OFF Radio ON | Radio OFF R* Framelets achieve transmitter-receiver rendezvous aud al
A, Ate e30 contain the data that has to be sent. A transmitter includes a

payload replica in every framelet transmitted. If all theadi®
_ _ . _ be sent fits in one framelet, then the receiver is spared from
Fig. 2. Transmitter-receiver rendezvous using framelets extending its active portion of the duty cycle to captureagat
as often occurs in the rendezvous technique with long frames
Data replica framelets can be applied even when fragmentati
is necessary, as explained later in this section.

The framelet approach offers a few techniques that impact
D A A the performance of the communication stack in terms of

uty Cycle = = = - o

P A+ Ap energy efficiency, transmission latency and throughpue Th

following paragraphs describe these techniques.

is the time the radio rests in sleeping mode. They cycle
ratio, or duty cycle for short, is defined as:

B. Rendezvous using Long Frames

A common approach to establish asynchronous rendezvéusAcknowledgment
between transmitter and receiver is the use of long framesFramelets can be individually acknowledged by the receiver
In particular, the frame adopts a long preamble to ensure @@mbined with the use of data replica framelets, this tegini
overlap between transmission and listening activitiesthéf allows the transmitter to stop resending framelets sharftigr
receiver captures a portion of the preamble, it keeps thie ragendezvous is established. If acknowledgments are not, used
active until the entire payload is received. This mechanisgt are used only after the successful delivery of the lashéra
was adopted in B-MAC [2]. In order to guarantee rendezvouge transmitter is forced to resend no less than the number of
the frame must be larger thak,(see Fig. 1). frames specified in inequality 2.

C. Rendezvous using Framelets B. Interleaving

Framelets are small, fixed-sized frames that can be trans?* Singularity of establishing rendezvous through framelet
mitted at high speeds. Certain types of ultra low-powé$ the possibility of mterle_aved reception of frames asictep _
transceivers, such as the Nordic nRF2401 [3], are able IfbFig: 3. Several transmitters can send a message to aeeceiv
transmit small frames at speeds of typically 1Mb/s. A sensBYer the shared media at the same time. Normally this would
network frame of 32 bytes can therefore be transmitted §RSUlt in @ collision of both transmissions with the restit o
1/4 of a millisecond. Framelets are defined as having a fixdgsing both. If interleaving is used, there is a greaterdilieod
size. Therefore it is not possible to achieve transmigepiver hat one framelet of each transmission is received coyrégtl
rendezvous through the extension of frame preambles. [R€ destination node. Thus, interleaving has the poteofial
stead, rendezvous requires the repeated transmissionesfise INcreasing the channel throughput.
frames containing the entire payload as depicted in Figf 2.¢. Fragmentation

the receiver captures_ one _framelet, the payload is recJe“/echlthough many applications of wireless sensor networks are
The trail of framelets is defined by three parameters:

expected to require very small frames, some deployments wil

. N_umber of transmissions. involve larger payloads. If the physical layer of the sensor
o Time between frgm_eleté_o node only supports framelets, a fragmentation layer besome
« Framelet transmission time necessary. The first fragment may be transmitted multiple

In order to ensure rendezvous, a proper relation betweese themes to guarantee rendezvous with the receiver. After ren-
parameters and, Ay must be obeyed. First, the active portiomezvous is established and the first fragment is acknowtedge
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collecting the transmitted data. The time frame for the ysial
Fig. 3. Interleaved reception of framelets is such thatt = 0 coincides with the beginning of the active
portion of the duty cycle at the receiver. Both rendezvous

. ._approaches (framelet and long frame) are assumed to require
each remainder fragment can be subsequently transmltt{?1 P ( 9 ) d

. : e ' same values ok and A.
It is assumed that the first framelet indicates of how many . . . L
. : .7 Transmitter sending timér). When communication takes
framelets the whole message consists. This allows thevecei : )
place using the framelet rendezvous approach, the tralesmit

to determine how long the radio must be kept turned on. sending timer is a function of the sending insta, which
V. ANALYTICAL EVALUATION is a random variable exponentially distributed with partene

This section compares analytically the transceiver enerdy !N particular,7 is defined as follows:
consumption of thérameletand thelong preambleapproach.

Here the impact of acknowledgments is examined. Addition- 5 0<t<A-§
ally, the impact of interleaving on the channel throughput i F(Ty=t) <AP+6+6—t A—6<t<P (3)
assessed. - T

Tt—k-P)  k=|L|,t>P

A. Energy Savings
9y -g i . If the probability distribution function off}, is represented
The presentation of the previous techniques suggests tha (T, = 1), then the expected value ofis:

a rendezvous approach combining data replica framelets an -
acknowledgments offers |mporta_ntenergy saving o_ppdlmm Eframeter(T) < / T(t) - f(t) - dt ()
over a rendezvous approach with long frames. Fig. 4 exem- —0
plifies such opportunities. A sender starts the transmissfo  or
the framelets and after receiving the acknowledgment from
a receiver the transmission can be terminated. Without theE rametet(T) <
acknowledgment the transmission would have to be continued
until all framelets are transmitted. Obviously the ackrexg-
ments help to reduce the number of energy costly framelet
transmissions.

The following metrics are used to compare a rendezvousOn the other hand, when communication takes place using
approach using long frames with one using framelets atfte long frame rendezvous approach, the transmitter sgndin

e AN (Ag+ 8+ — 1) +eM(:—6-6)+6
1 — e AP

acknowledgments: time 7 is fixed and must be such that:
o Transmitter sgndlng timér): defmed as t_he d|ffer§nce Elong(7) > Ao + 6 (5)
between the instani; a transmitter begins sending a
message and the instafit transmission stops. where ¢ is the time to transmit the payload. Therefore, the

« Radio activation time at receivefp): time the receiver reduction of transmitter sending time can be expressed as:

maintains its radio active from its last activation to the
Eframetet(T)

end of message reception. Reduction, = 1 — = (6)
The lower the expected values ofand p, the more energy tong ()
efficient is the rendezvous technique. Fig. 5 plots Reduction. as a function of the radio duty

It is assumed that a transmitter generates messages accoydle for normal parameters used in the implementationef th
ing to a Poisson distribution at a rate ofnessages per unit of framelets approach for the DSYS25 sensor platfosril(ns,
time. Each message fits entirely in a framelet and the traffig=9ms, A=15ms). The message arrival rate is one message
generated does not overload the capacity of the channelpgr nine radio duty cycles {=1/9P).
receiver operates at fixed duty cycle of periBd= A + Ay Radio activation time at receivagr). When communication



takes place using the framelet rendezvous approach, tie rad

activation time at the receiver is fixed and equal toA. Reduction,
Therefore, the expected value pfis: 08
Eframelet (P) =A (7) 0.6

On the other hand, when communication takes place using
the long frame rendezvous approach, the radio activatioa ti
at the receiverp is a function of instant,, which is a
random variable exponentially distributed with parameter 0.2
In particular, is defined as follows:

Average reduction

047 '\ Reductioq

P 0 S t < 5 03 o Radio Duty CycleO.(Jl 00!
A d<t<A
p(Te = t) > (8)
t A<t<P Fig. 5. Average reduction of transmitter sending tinfeequction.) and
p(t k. P) k= L%J t>P radio activation time at receiveReduction,) versus radio duty cycle.
The expected value fgs is calculated similarly to expres- 0.1

sion 4 and results in:

e —Npe M~ (P+1)e M+ P
Eframelet(p) Z A 1_ €_>‘P 2 (9)

A\ S

0.08 frameletgo = 0)

0.06
The reduction of radio activation time at the receiver is
expressed as:

frameletg§o = 2)
0.04

Throughput(frames/ms)

Reduction, =1 — M (20)
Elong (p) 002 long frames
Fig. 5 plotsReduction, as a function of radio duty cycle for
normal parameters used in the implementation of the fraimele 25 10 1520 25 30 35 40 45 SC
approach for the DSYS25 sensor platforoeIms, 6p=9ms, A
A=15ms). The message arrival rate is one message per nine
radio duty cycles X=1/9P). Fig. 6. Maximum receiver throughput versds, assuming duty cycle is

fixed at 10%
B. Interleaving Throughput

The maximum throughput at the receiver when commurfier the framelets technique is plotted for two valuesrofvith
cation takes place using the long frame rendezvous approast® being the maximum theoretical throughput.
is at most one message per duty cycle period or The price paid for increased throughput, as the value of
1 do increases, is larger transmission delays given that thg dut
Throughputiong = — (11) cycle periodP = A + A, also increases (even though the

) ) P .. ratio A/A 4+ Aj remains 10%).
In fact, if two or more transceivers attempt transmission in

the same duty cycle period, only one or zero messages can be V. PROTOCOLIMPLEMENTATION
received due to collisions. A. Platform

_ The_maximu_m receiver throughput using framelets is poten-the Dsys2s [1] sensor platform from University College
tially higher, given that framelets can be interleaved.uRS8 oy was used as the development platform and testbed for
transmitters can detect if the channel is busy and, in cdse itihe concepts presented in this paper. The DSYS25 basic
schedule their transmission no later thawnits of time after ,;qules are comprised of an Atmel AVR ATMEGA 128
the end of transmission present in the channel. In this caggcrocontroller and a Nordic nRF2401 transceiver [3]. ®@the
the maximum receiver throughput is: functionalities, such as sensing, are added by stackingrsay

1+ { 8 J to the basic unit.
Throughput frameiet = o+ (12) The trans_ceiver is able to operate in Shockburst mode. This
P uses on-chip FIFO to clock in bits at a low data rate and

If A =2-§+dp, which is the minimum value according totransmit them at a very high rate in a fixed length packet
inequality 1, then equation 12 can be rewritten as a functiof at most 256 bits. Putting all high speed signal processing
of A. Fig. 6 depicts the maximum receiver throughput farelated to RF protocols into the nRF2401 reduces current
both rendezvous schemes as a functiomdofor 6=1ms and consumption, lowers system cost (by facilitating the usea of
assuming the radio duty cycle fixed at 10%. The throughpless expensive microcontroller), and greatly reducesisieof



on-air collisions due to short (high speed) transmissioretiln St | o) | et
essence, the transceiver enables/enforces a frameleiaagbpr #l | #2 1-F1#2)
in the link layer. Energy
consumption 17 15 | 15 52% 43%

B. Implementation of the Rendezvous Mechanism ’ire;n’:r‘j:;:ge

The framelet rendezvous mechanism with data replicas Energy
acknowledgments and fragmentation described in Section Il ;‘;Tsr;‘]?spst;’g”e 1 | 779 87% 80%
was implemented in the DSYS25 sensor platform. The codg  received
was designed as part of a TinyOS tailored version for the TABLE |

DSYS25 module. TinyOS [4] is an operating system designed
at UC Berkeley and engineered to run in hardware platforms
with severe resource constraints.

ENERGY CONSUMPTION PER MESSAGE TRANSMITTEARECEIVED

In its default configuration, each module operates at a radio o
duty cycle of 10%. The radio transmits packets of 256 bits Interleaving Interleaving Incease
at a speed of 250Kb/s. Therefore, the framelet transmission
time ¢ is 1ms. The value ob, was determined empirically Delivery rate 0.61 0.47 20%
and equals 9ms. Such a high value & derives from (Experimental)
two factors: acknowledgment of individual framelets and th Delivery rate N 05 0%
Nordic nRF2401 radio requirement of re-clocking in frantele | (Theoretica) '

replicas as the radio empties its buffer after each trarsoms TABLE Il
X The Q.Ctlve portlon. Of dUty CyCliﬂ was defInEd to Observe RECEIVER DELIVERY RATE FOR THE FRAMELET RENDEZVOUS APPROACH
inequality 1. The minimum possible value would be 11ms,
but a slack of 4ms was added to overcome problems that
could arise from jitter. Therefore\=15ms. For a duty cycle
of 10%, Ay assumes the value of 135ms. Finally, the number
of framelet retransmissions was computed as the minimumagainst a long preamble rendezvous scheme adjusted to the
value allowed by Irjequa_llty 2. . _ DSYS25 platform. As the transceiver of the platform is packe
The default configuration prevents interleaving. A trartsmipased with a small size limit, long preambles are not possibl
ter senses the channel for a period equaltbefore sending @ and thus an emulation of the scheme was implemented. The
message. If there is any activity in the channel, the trattsmi emulation consists of a trail of beacon packets followed by a
backs-off a random amount of time before probing the channgicket containing the data to be transmitted. If the receive
again. _ _ captures a beacon packet, it extends its listening perididl un
A second implementation of the framelet rendezvoufe data packet is received. In this experiment only source 1
scheme allows interleaving. In this implementation, traits generates traffic.
ters send message |mmed|ate|y without probing the Channel.The energy Consumption peanessage transmittes as-
VI. EXPERIMENTAL EVALUATION sessed by the number of packets (framelets) a transmittdsse
. . vi,/lhen communicating the message. This metric is correlated
The platform and implementation of the framelet approac : . . ) : .
o X . : S with the transmitter sending time defined in Section IV-
as it is described in the previous section is used for tlAe - : .
. . MR L . Similarly, the energy consumption penessage received
experimental evaluation. The objective is to verify in fiece
. . . . is measured by the number of message packets (framelets)
the analytical results of Section IV. The evaluation corsgsi . : g ; .
) . . captured at the receiver. This metric is equivalent to thikora
two experiments to assess energy savings and mterleavmé.) Co . ) . .
throughput as detailed next activation time at receivey defined in Section IV-A.
' The results obtained by the described experiment and the
A. Experiments corresponding analytical investigation (see Section ¥ a
The setup used in the experiments consists of a three-né#@wn in Table I. For each point in the table, 10 independent
network where two sensors act as a source and one opertggts are conducted and the results obtained are averaged. |
as a sink. Sources generate and transmit messages to the &af test, 200 messages are sent by the source. Messages are
periodically according to a Poisson distribution. A dutycley not frz.:\gmented; _ _
of 10% is imposed on the sink’s radio. The topology is simple, As indicated in Table I, the experlmeqtal and ar_lalytlcal_ re-
but able to capture the desired characteristics of the mdis  Sults are close for the energy consumption reduction aetliev
techniques. by the framelet approach over the long preamble scheme.
Energy Savings Experimenthe goal of this experiment is  Interleaving ThroughputThe goal of this experiment is to
to verify in practice the analytical results obtained inBet investigate the possible throughput gain that can be aetliev
IV related to energy savings. by interleaving in a practical environment (see Section V)
In order to achieve this goal, the implementation of the Implementations of the framelet approach with and without
framelet approach described in Section V was compargderleaving were compared. In this experiment both sairce

WITH AND WITHOUT INTERLEAVING



1 and 2 transmit messages at an average rate of one mesgageschedule-based protocol and thus employs a pure shared-
per 180ms (according to a Poisson distribution). Thus, thiene rendezvous approach.
transmission rate of one node is close to but below theA more generic discussion of a rendezvous scheme, de-
theoretical channel capacity of 1 message per 150ms definached from any specific MAC protocols, is found in [7]. The
by the duty cycle period of 150ms. Framelet acknowledgmerné&ehnique proposed, called STEM, imposes a fixed radio duty
are not used in the experiment. cycle on nodes. A transmitter sends a sequence of beacon
Theoretically, if no interleaving is allowed, close to 50%packets to the node it wants to wake-up. After a beckon is
of the messages should be delivered to the sink. In this cassgeived, the receiver's radio stays on until communicatio
two sources with a packet rate close to maximum availakike concluded. [8] proposes a related approach and compares
channel bandwidth compete for the media. If interleaving is with a receiver initiated beacon scheme. Both STEM and
allowed, 100% of the messages can be delivered to the sitile approaches in [8] are framelet-like since rendezvous is
In fact, according to Equation 12, 10 sources would be akdehieved through a trail of short packets. However, these
to use the channel at the same time. papers do not explore the design space of framelet based ren-
As shown in Table I, the delivery rate without interleavinglezvous techniques. The beacons transmitted for rendgzvou
is around 50%. When interleaving is allowed, the delivetg raare control packets and interleaving is not discussed.dBssi
change from 0.47 to 0.61, a 30% increase. This numberrie experimental data with real devices is presented.
less than expected. This is due to the hardware limitatidns o The use of low-power wake-up radios to establish ren-
the used nRF2401 radio. The microcontroller needs time dezvous between transmitters and receiver is discussé.in [
empty the buffer of the nRF2401. During this time periodNake-up radios are the technique of choice in systems with
no additional incoming frames can be received. Thus, sorwsv-load where a high level of responsiveness is required.
interleaved frames are lost at the receiver side. This faet élheir main disadvantage is the need of extra hardware and
plains why the interleaving success rate is reduced. Howeuénited communication range.
the experiments show that the throughput can be increased byhe demand for standards in the area of low-power net-
using interleaving techniques. working prompted the creation of the IEEE 802.15.4 [10].
This standard addresses applications with relaxed thimutgh
and latency requirements while favoring a low-cost and low-
The described experiments demonstrate in practice the @ower design. IEEE 802.15.4 covers both the physical and
ergy benefits of employing a trail of framelets to achiev®IAC layer. Physical packets of at most 133 bytes can be
rendezvous over the use of long frames. Such benefits derirensmitted at a speed of 250Kb/s. Preambles are 4 bytes
from the ability of reacting early to communication everits. long. Such characteristics make this standard suitabl¢hfor
particular, the use of acknowledgments frees the transmitimplementation of framelet approaches in contrast withglon
from having to send blindly a fixed amount of frame replicas fpacket rendezvous schemes.
ensure rendezvous. As soon as the first frame is acknowledged
new frames can be scheduled for transmission. Furthermore,
the use of data replicas spares the receiver from unnedgssar This paper investigated the use of framelets - small, fixed
extending the active period of duty cycle for the receptiosized frames - to achieve transmitter-receiver rendezaods
of the first bits of data or for deciding whether the frame isontrasts this technique with the use of long frames. The
addressed to a different node. This capability to decidey eabenefits of applying framelets were assessed analytically a
if a frame is addressed to a different node has the poterftialam implementation of the concept for the DSYS25 sensor
significantly reducing the overhead caused by overhearing platform was presented and evaluated. The results showéd th
The results also indicate that interleaving is able to impro substantial energy savings can be achieved with frametets a
the receiver throughput in practice when multiple tranwmit well as an increase in communication throughput
contend for the medium. There are several aspects of the framelet approach that were
not explored in this paper and are left for future work. Ralia
ity of data delivery was not assessed for the framelet teghai
Several media access control protocols have been propokdd expected, however, that multiple retransmissions atbhd
addressing the issue of energy spent in idle listening tittoureplicas increase the overall data delivery reliability tire
synchronous rendezvous techniques. B-MAC [2] for instanpeesence of lossy channels. Another important aspect\deser
is a contention-based protocol that adopts a fixed duty cydtey further analysis is the definition of effective intenasy
rendezvous strategy in which packets have long preambleshniques. Finally, as the efficiency of the framelet sahésn
SMAC [5] uses a combination of duty cycle and shared-timgghly dependent on the radio technology, an implementatio
strategies to establish rendezvous between transmitterean of the approach in a different transceiver is planned. The
ceiver. According to this scheme, nodes define a periodid fixaRF2401 Nordic radio, for instance, is unable to store packe
duty cycle and communicate it to its neighbors. Transnsttebetween retransmissions. Packets need to be reloaded after
therefore know when a potential receiver will be awake arehch replica transmission, decreasing the efficiency of the
can schedule transmission at the correct instarJAC [6] framelet implementation. The Chipcon CC2420 ZigBee-ready

B. Discussion

VIII. CONCLUSIONS ANDFUTURE WORK

VII. RELATED WORK



RF

transceiver on the other hand is able to buffer packets

between retransmissions. It also has several built-irufeat
such as automatic generation of acknowledgments.
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