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Time synchronization is a fundamental middleware service for any distributed system. Wireless
sensor networks make extensive use of synchronized time in many contexts (e.g., data fusion,
TDMA schedules, synchronized sleep periods, etc.). We propose a time synchronization method
relevant for wireless sensor networks. The solution features minimal complexity in network band-
width, storage and processing, and can achieve good accuracy. Especially relevant for sensor
networks, it also provides tight, deterministic bounds on offset and clock drift. A method for
synchronizing the entire network is presented. The performance of the algorithm is analyzed the-
oretically and is validated on a realistic testbed. The results show that the proposed algorithm
outperforms existing algorithms in terms of precision and resource requirements.

Categories and Subject Descriptors: C.2.4 [COMPUTER-COMMUNICATION NETWORKS]:
Distributed Systems; C.2.2 [COMPUTER-COMMUNICATION NETWORKS]: Network
Protocols

General Terms: Algorithm, Design, Experimentation, Performance

Additional Key Words and Phrases: Sensor networks, Time synchronization

1. INTRODUCTION

Recent technological advances in low power radios, sensors and microcontrollers
enable a new monitoring paradigm for large geographical areas. The vision involves
a large number of inexpensive nodes equipped with one or more sensors, a small
microcontroller and transceivers capable of short-range communications. Wireless
sensor networks (WSNs) [Akyildiz et al. 2002a; 2002b; Asada et al. 1998] have the
potential to truly revolutionize the way we monitor and control our environment.
Many (if not most) WSN applications either benefit from, or require, time syn-
chronization. Sensed data is typically forwarded over multiple hops to one or more
base stations and encounters delays ranging from a few tens of milliseconds to sev-
eral minutes [Xu et al. 2004]. Many energy-efficient algorithms trade power savings
for increased delays. Therefore, without time synchronization, the time that sensed
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data reached the base station is often a poor approximation of the time the data was
sensed. If the entire sensor network is time-synchronized (with respect to the base
station), meaningful time-stamps can accompany sensed data. Target tracking, one
of the most popular sensor network applications, requires tight time synchroniza-
tion for beam-forming. Many WSN protocols (e.g., power-saving sleep schedules
[Lu et al. 2005], TDMA schedules for maximizing the networks’ capacity, security
mechanisms for preventing replay attacks, etc.) also rely on time synchronization.

In this paper, we present two closely-related algorithms suitable for pair-wise
time synchronization. In those algorithms, one node determines (tight) bounds
of the relative offset and drift of its clock with respect to the one of the other
node. We also present a scheme building on these algorithms, which is capable of
synchronizing the clocks of an entire sensor field. To avoid confusion between the
two algorithms, we will name them mini-sync and tiny-sync as they use limited and
very limited resources, respectively. The two algorithms feature:

—Drift awareness: The algorithms not only take the drift of the clock into account,
but also find tight bounds on the drift.

—Deterministic bounds on the precision: Most other algorithms provide best es-
timates for the offset and drift of the clocks, and possibly probabilistic bounds
on these estimates. Our approach delivers tight, deterministic bounds on these
estimates, such that absolute information can be deduced about ordering and
simultaneous events.

—Precision: Given small uncertainty bounds on the delays exchanged messages
undergo, the precision of the synchronization can be arbitrarily good.

—Low computation and storage complexity: Wireless sensor nodes typically feature
low computational power microcontrollers with small amounts of RAM. Both
algorithms have low computational and storage complexity.

—Low sensitivity to communication errors: Wireless communications are notori-
ously error prone, and thus one cannot rely on correct receipt of all messages.
The presented approach works correctly even if a large percentage of the messages
is lost.

— Hardware independence: The two-way data collection exchange does not require
hardware-dependent calibration, and allows the proposed algorithms to detect
and discard outliers.

The main contribution of the paper is the development and performance eval-
uation of two simple algorithms that deliver accurate offset and drift information
together with tight bounds on them. In short, the two algorithms select a bounding
box on the relative drift and offset that, in most cases, outperforms linear re-
gression by rejecting outliers while continuously monitoring and adapting to clock
non-linearity.

The two algorithms presented in this paper are not limited to wireless sensor
networks. They can synchronize the nodes on any communication network which
allows bidirectional data transmission. However, the algorithms provide very good
precision (microsecond if crafted carefully) and bounds on the precision while using
very limited resources, thus being especially well suited for wireless sensor networks.
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The rest of the paper is organized as follows. Section 2 presents a brief overview
of the related work. In Section 3, two time synchronization algorithms are presented
and their theoretical performance is analyzed. Section 4 presents the experimental
results on the performance of the two proposed algorithms. Section 6 concludes the

paper.

2. RELATED WORK

Time synchronization is a key service for many applications and operating systems
in distributed computing environments. Many protocols have been proposed and
used for time synchronization in wired and wireless networks. Mill’s Network Time
Protocol (NTP) [Mills 1991; 1994] has been widely used in the Internet for decades.
Nodes could also be equipped with a global positioning system (GPS) [Hofmann-
Wellenhof et al. 1997] to synchronize them. However, traditional synchronization
schemes and GPS-equipped systems are not suitable for use in WSNs due to the
specific requirements of those networks:

— Precision: Depending on the considered application, WSNs may require far better
precision than traditional networks. For example, a precision of a few milliseconds
is considered satisfactory for NTP, while in a WSN beam-forming application,
microsecond precision can significantly improve the performance of the appli-
cation [Simon et al. 2004]. Furthermore, when coordinating synchronized time
schedules, the higher the precision of the synchronization algorithm, the smaller
the guard times have to be (and, hence, the higher the efficiency of the scheduling
approach).

—Cost: Cost is of primary concern in WSNs as, typically, nodes have limited bat-
teries, computational and storage resources. Most of the protocols designed for
wired environments exchange many messages for statistical processing. Further-
more, the protocols also need to store the messages to process them.

Recently, a significant amount of research on time synchronization for wireless
sensor networks has been published [Sivrikaya and Yener 2004; Sundararaman et al.
2005]. An interesting approach called post facto synchronization was proposed by
Elson and Estrin [Elson and Estrin 2001]. In this approach, each node’s clock is
normally unsynchronized with the rest of the network; a beacon node periodically
broadcasts beacon messages to the sensor nodes in its wireless range. When an
event is detected, each node records the time of the event (time-stamp with its
own local clock). After the event (hence, the name), upon receiving the reference
beacon message, nodes use it as time reference and adjust their event timestamps
with respect to that reference.

The reference broadcast synchronization (RBS) protocol [Elson et al. 2002], uses a
data collection mechanism similar to the one in the post facto synchronization: one
node acts as a beacon by broadcasting a reference packet. All receivers record the
packet arrival time. The receiver nodes then exchange their recorded timestamps
and estimate their relative phase offsets. RBS also estimates the clock skew by using
a least-squares linear regression. The interesting feature of RBS is that it records
the timestamp only at the receivers. Thus, all timing uncertainties (including MAC
medium access time) on the transmitter’s side are eliminated. This characteristic
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makes it especially suitable for hardware that does not provide low-level access to
the MAC layer (e.g., 802.11). Although RBS synchronization only involves one
hop neighbors, the mechanism can be extended to synchronize a multi-hop network
[Karp et al. 2003]. In such a system, timestamps in messages can be reconciled as
they are being forwarded by the intermediate nodes (according to their next-hop
destination and its time difference to the current node) [Girod 2005]. The main
disadvantage of RBS is that it does not synchronize the sender with the receiver
directly and that, when the programmers have low-level access at the MAC layer,
simpler methods (e.g., TPSN) can achieve a similar precision to RBS.

Romer [Romer 2001] presented a synchronization protocol for ad hoc networks.
The authors assume clocks with known upper-bounds on the clock drift. The
basic idea of the algorithm is to compute timestamps using unsynchronized local
clocks. When a local time-stamp is transferred between two nodes, the timestamp is
transformed to the local time of the receiving node with guaranteed bounds based on
the assumed maximum clock drift. These protocols focus on temporal relationships
between the events such as ”event X happened before event Y” and "event X and
Y happened within a certain time interval.” [Meier et al. 2004] enhanced Romer’s
algorithm and achieved higher accuracy while reducing computation.

When implementing time synchronization protocols, significant challenge is mini-
mizing timestamping uncertainties. RBS reduces these uncertainties by timestamp-
ing only at the receivers. The time synchronization protocol for sensor network
(TPSN) [Ganeriwal et al. 2003] reduces the uncertainties by using timestamps at
the medium access control (MAC) layer. This eliminates the (large) uncertain-
ties introduced by the MAC layer, e.g., retransmissions, backoffs, medium access,
etc. TPSN takes advantage of the availability of the MAC layer code in TinyOS
[Hill et al. 2000]. For a single beacon, TPSN offers a two-fold increase in precision
in comparison to RBS (although, asymptotically, as more beacons are sent, they
achieve the same precision ).

The Flooding Time Synchronization Protocol (FTSP) [Maréti et al. 2004] was
designed for a sniper localization application requiring very high precision [Simon
et al. 2004]. FTSP achieves the required accuracy by utilizing a customized MAC
layer time-stamping and by using calibration to eliminate unknown delays. FTSP
is robust to network failures, as it uses flooding both for pair-wise and for global
synchronization. Linear regression from multiple timestamps is used to estimate the
clock drift and offset. The main drawback of FTSP is that it requires calibration
on the hardware actually used in the deployment (and thus, it is not a purely
software solution independent of the hardware). FTSP also requires intimate access
to the MAC layer for multiple timestamps. However, if well calibrated, the FTSP’s
precision is impressive (less than 2us).

Lightweight Time Synchronization (LTS) [Greunen and Rabaey 2003] was pro-
posed for applications where the required time accuracy is relatively low. The
pair-wise synchronization on LTS is similar to TPSN except for the treatment of
the uncertainties (LTS adopts a statistical model for handling the errors). The
simulation results show that the accuracy of LTS is about 0.5 seconds.

Li and Rus [Li and Rus 2004] presented a high-level framework for global syn-
chronization. The authors proposed three methods for global synchronization in
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WSNs. The first two methods, all-node-based and cluster-based synchronization,
use global information and are, hence, not suitable for large WSNs. In the third
method (diffusion), each node sets its clock to the average clock time of its neigh-
bors. The authors showed that the diffusion method converges to a global average
value. A drawback of this approach is the potentially large number of messages
exchanged between neighbor nodes, especially in dense networks.

Dai and Han [Dai and Han 2004] proposed two time synchronization protocols,
Hierarchy Referencing Time Synchronization (HRTS) and Individual-based Time
Request (ITR). HRTS uses an idea similar to RBS except for the synchronization
of the receivers after the beacon synchronization message was sent: instead of the
receivers exchanging messages among themselves, a designated node sends its time
to the beacon node that, in turn, broadcasts this message over the entire network,
thus, significantly reducing the number of message exchanges. Similar to RBS, the
beacon node has to be able to broadcast to the entire sensor network. The ITR
protocol is based on NTP. Multichannel support is integrated both in ITR as well
as HRTS to reduce the delay variations.

Delay Measurement Time Synchronization Protocol (DMTS) [Ping 2003] reduces
the number of message exchanges in RBS by accurately estimating the delay of the
path from the sender to the receiver. DMTS is similar to RBS on the sender side
and TPSN or FTSP on the receiver side.

Adaptive Clock Synchronization [PalChaudhuri et al. 2004] is a probabilistic
method for clock synchronization that uses the higher precision of receiver-to-
receiver synchronization. The protocol extended the deterministic RBS protocol
to provide a probabilistic bound on the accuracy of the clock synchronization. The
bound allows a tradeoff between the accuracy and the resource requirement.

Su [Su and Akyildiz 2005] proposed Time-Diffusion Synchronization Protocol
(TDP) for network-wide time synchronization. TDP maintains global time syn-
chronization within an adjustable bound (based on the application requirements).
TDP achieves global synchronization by multi-hop flooding: the base station initi-
ates the protocol by sending a special timing message to the entire network. Some
of the nodes, upon receiving the message, become masters by using a leader election
procedure (that uses a False Ticker Isolation Algorithm to discard outliers and a
Load Distribution Algorithm to balance the energy consumption of the network).
The master nodes start the time diffusion procedure involving electing diffused
leaders (similar to the master election algorithm), multi-hop flooding and iterative
weighted averaging of timing from different master nodes. TDP handles node mo-
bility and failures by using a Peer Evaluation Procedure. The method achieves a
precision of 0.1s.

3. PROPOSED ALGORITHMS

In this section, we present the two proposed algorithms and their expected perfor-
mance.

3.1 Data Collection

For the proposed algorithms, we will use a classical data collection algorithm
[Ganeriwal et al. 2003; Cristian 1989; Mills 1991; Lemmon et al. 2000; Rémer
2001]; however, we will process the data differently.
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Consider a wireless node ¢ with its hardware clock t;(t), where ¢ is the Coordinated
Universal Time (UTC). In general, the hardware clock of node ¢ is a monotonically
non-decreasing function of ¢. In practice, a quartz oscillator is often used to generate
the real-time clock. The oscillator’s frequency depends on the ambient conditions,
but for relatively extended periods of time (minutes - hours), the hardware clock
can be approximated with good accuracy by an oscillator with fixed frequency:

ti(t) = ait + by, (1)

where a; and b; are the drift and the offset of node i’s clock. In general, a; and b;
will be different for each node and approximately constant for an extended period
of time.

Consider two wireless nodes 1 and 2 with their hardware clocks t1(t) and to(t),
respectively. From (1), it follows that ¢; and to are linearly related:

t1(t) = arata(t) + bia. (2)

The parameters ai2 and byo represent the relative drift and the relative offset
between the two clocks, respectively. If the two clocks are perfectly synchronized,
the relative drift is equal to one, and the relative offset is equal to zero.

Assume that node 1 would like to be able to determine the relationship between
t1 and to. Node 1 sends a probe message to node 2. The probe message is time-
stamped just before it is sent with ¢,. Upon receipt, node 2 time-stamps the probe
tp and returns it immediately (we will shortly relax this constraint) to node 1 which
timestamps it upon receipt t¢,.. Figure 1 depicts such an exchange.

tph B

to tr‘ tl

Fig. 1. A probe message from node 1 is immediately returned by node 2 and time-stamped at
each send/receive point resulting in the data-point (o, tp, tr).

The three time-stamps (t,,tp,t,) form a data-point which effectively limits the
possible values of parameters a2 and b12 in (2). Indeed, since t, happened before
tp, and t; happened before t,., the following inequalities should hold:

t, < aioty +bio, and (3)

tr > a1ty + b12. (4)

The data collection procedure described above is repeated several times; and each

probe that returns, provides a new data-point and, thus, new constraints on the
admissible values of a1 and b1s.

The linear dependence between t; and t5 and the constraints imposed by the
data-points can be represented graphically as shown in Fig. 2. Each data-point can
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tbl to
Fig. 2. The linear dependence (2) and the constraints imposed on aj2 and b2 by three data-points.

be represented by two constraints in the system of coordinates given by the local
clocks of the two nodes t2 and t1. The double subscript of the timestamps ¢,,, t», and
t., denotes the timestamps corresponding to data-point i. Inequality (3) imposes
a constraint on the line representing the relationship (2): the line has to be over
the point of coordinates (tp,t,). Similarly, corresponding to inequality (4), the line
has to be under the point of coordinates (s, %) (the second constraint). Satisfying
both constraints, requires the line to be positioned between the two constraints
determined by each data-point. The exact values of a2 and b2 cannot be accurately
determined using this approach (or any other approach) as long as the message
delays are unknown. But, a;2 and b15 can be bounded by:

a1z < arp < a2, and (5)

bz < bia < bya, (6)

where @13 (@12) is the maximum (minimum) of the slopes of lines that satisfy the
constraints, and bi2 (b12) is the value on the y-axis at the intersection with the line
corresponding to @iz (a12).

Not all combinations of a12 and byo satisfying (5) and (6) are valid, but all valid
combinations satisfy (5) and (6). The real values of a5 and bys can be estimated
as the midpoint of the range of possible values a5 and b/1\2:

—~ Aary Aaqs
a2 € (a2 — 9 jaie + 5
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bio € |br2 — A212;1)/1\2 + A;?lz ) (8)
where
= T ©)
Aap = @z — ai, (10)
by = %, and (11)
Abiz = biz — bia. (12)

The goal of the algorithms is to determine @1z, a12, b1 and b12 as tight as possible
(such that it minimizes Aajs and Abjs). Once a2 and biy are estimated, node 1
can always correct the reading of the local clock (using (2)) to have it match the
readings of the clock at node 2.

To decrease the overhead of this data-gathering algorithm, the probes can be
piggy-backed on data messages. Since most MAC protocols in wireless networks
employ an acknowledgment (ACK) scheme, the probes can be piggy-backed on the
data and the responses on the ACKs. Elaborate schemes with optional headers can
be devised to reduce the length of the header when probes do not need to be sent.
This way, synchronization can be achieved almost “for free” (i.e., with very little
overhead in terms of communication bandwidth).

3.1.1 Relazing the Immediate Reply Assumption. In Fig. 1, we assumed that
node 2 replies immediately to node 1 when it receives a probe. The correctness of
the presented approach is not affected in any way even if node 2 does not respond
immediately. Node 2 can delay the reply as long as it wants; the relations (3) and
(4), and, thus the rest of the analysis will still hold.

However, as the delay between t, and ¢, increases, the precision of the estimates
will decrease. In practice, node 2 may have to delay the reply due to any number
of reasons (e.g., it has something more important to send, it has to postpone its
transmission due to medium access contention, etc.).

t
tr tb 2
probe probe—reply
tg to P

Fig. 3. A probe message from node 1 may be returned by node 2 after being time-stamped at
both the send and receive points.

To counteract the possible loss in precision, node 2 can time-stamp the probe
message upon receipt (ty,-) as well as upon reply (¢;) (as depicted in Fig. 3). In this
case, node 1 can adjust ¢, as follows:

to=ts +an(ty —tw), (13)
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where ¢, is the latest time at node 1 that is known to have occurred before ¢,. The
same inequalities (3) and (4) hold for this case as well.

3.1.2  Increasing Precision by Considering Minimum Delay. If no information
about delays encountered by the probe messages is available, nothing else can be
done to increase the precision. However, if the minimum delay a probe encounters
between the nodes is known, the data-points can be adjusted for an increase in the
precision of the results.

To determine the minimum delay, one can take into account the minimum length
of such a probe and the time it takes to transmit such a probe (at the transmission
rate of the sensor node), and, eventually, other operations that have to be completed
before the probe is sent or upon receiving such a probe (e.g., encryption/decryption,
CRC calculation, etc.).

Assume that we are able to determine the minimum delay 15 that the probe
encounters between t, (ts) at node 1 and t, (t4.) at node 2. Also, denote with da1,
the minimum delay between the moment ¢; at node 2 and the moment ¢, at node
1. Then, (t, + d12, tb, tr — 621) should be used as a data-point as this will offer
increased accuracy over the data-point (t,,tp,t;).

If, for two probes, both minimums 12 and d2; are reached, the method presented
in this paper can achieve perfect synchronization (i.e., there will be no uncertainties
for relative offset and relative drift: Aajs = Abjs = 0).

3.2 Tiny-sync and Mini-sync - Processing the Data

After acquiring a few (at least two) data-points, the offset and the drift can be es-
timated using inequalities (3) and (4). An existing solution for finding the optimal
bounds on the drift and offset involves solving two linear programming problems
with twice as many inequalities as data-points [Lemmon et al. 2000]. By opti-
mal bounds (and the corresponding optimal solution) we mean the bounds that
minimize the difference between the bounds.

The disadvantage of this approach is that as more and more data samples are
collected, the computational and storage requirements increase (potentially un-
bounded). Also, one should not limit the number of collected samples to a fixed
window as the best drift estimates are obtained when a large number of samples are
available. The approach in [Lemmon et al. 2000] is clearly not suitable for systems
with limited memory and computing resources such as wireless sensor nodes. In
this paper, we will pursue another avenue.

The two proposed algorithms spring from the observation that not all data-
points are useful. In Fig. 2, the bounds on the estimates [a12, @12 and [bi2, bio] are
constrained only by data-points 1 and 3. Therefore, we do not need data-point 2,
and we can discard it, as data-point 3 produces better estimates than data-point 2.

It seems that only four constraints (the ones which define the best bounds on the
estimates) have to be stored at any time. Upon the arrival of a new data-point,
the two new constraints are compared with the existing four constraints and two
of the six are discarded (i.e., the four constraints which result in the best estimates
are kept). The comparison operation to decide which four constraints to be kept
is very simple, computationally (only 8 additions, 4 divisions and 4 comparisons).
At any one time, only the information for the best four constraints needs to be
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stored. We will name the algorithm described in this paragraph “tiny-sync.” The
four constraints that are stored at any one time instant may belong to two, three
or four different data-points. With the four constraints, the bounds of the clock
offset and drift are easily computed from the two lines that can be constructed with
the two lower bound and two upper bound constraints: the first line is determined
by the first lower bound constraint and the second upper bound constraint and
the other line is determined by the first upper bound constraint and second lower
bound constraint. The values of @12, bi2, a12 and b2 are the slope and offset of
those two lines respectively.

€]

B i ’ Tighter constraining line
’ only possibleif A, is stored

Fig. 4. In this situation, after receiving data-point Az — Bj, tiny-sync will discard constraints
Ao and Bz. However, after receiving A4 — By, it turns out that the most constraining constraint
would have been Ay — By.

Unfortunately, while tiny-sync is very efficient, it does not always produce the op-
timal solution. Consider the situation depicted in Fig. 4. For clarity, we labeled each
constraint individually, that is, for data-point 4, A; represents constraint (¢p,,to,),
and B; represents constraint ({p,,t,,). After the first two data-points (A;-B;) and
(A2-Bs) are received, the first estimates for the drift and offset may be computed.
After the third data-point (As-Bs;) is received, the bounds on the estimates improve
(i.e., Aajo and Abyy are smaller); so, the constraints A;,B;,As and Bjs are stored,
while Ay and Bs are discarded. The next data point (A4-By) could have used con-
straint As to construct a better estimate. Unfortunately, A, was already discarded
at this point; and thus, a less than ideal estimate for byo will now be imposed by A,
and A4. Thus, while producing correct results, tiny-sync might miss the optimum
result. We will compare the performance of tiny-sync with the optimal solution in
Section 4.

In Fig. 4, the constraint As was discarded by tiny-sync because it was not im-
mediately useful, but rather only potentially useful in the future. By a potentially
useful constraint we mean a constraint that, with the current data points, is not one
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of the constraints that is determining the values of a1, @12, b12 and b12, but which
may do so given future data points. This does not mean that all the constraints
are potentially useful. In fact, only the constraints A; (e.g., A2) that satisfy the
condition

for some integers 1 < ¢ < j < k are potentially useful in the future (by m(X,Y),
we denote the slope of the line going through the points X and Y').
Theorem 1 Any constraint A; which satisfies

for at least one set of integers 1 <1i < j < k can be safely discarded as it will never
constrain the bounds ai2,a12,b12 and b5 more than any existing constraints.

The proof is presented in the Appendix. Similar conditions for discarding upper-
bound constraints (B;) exist.

The resulting algorithm (called “mini-sync”), upon the receipt of a new-data
point, will check if the new constraints can eliminate any of the old constraints.
Potentially, many old constraints can be eliminated with one new data-point. We
use all the remaining constraints to obtain the (still optimal) solution using the
same procedure as in [Lemmon et al. 2000]. Since we only eliminate constraints
(inequalities) that are irrelevant, we still obtain the optimal solution with only a few
points (solving the set of all inequalities is shown to result in the optimal solution
[Lemmon et al. 2000]).

Storing only four points, as in tiny-sync, does not produce the optimal solution.
How many points have to be stored for the optimal solution? Theoretically, a
potentially large number. If the delay between nodes 1 and 2 is monotonically
increasing, (14) can hold for all of the constraints A;. In practice, the delays do
not continuously increase monotonically; therefore, only several constraints need to
be stored to obtain the optimal result.

3.3 Analysis of the Proposed Algorithms

In this section, we will analyze the expected performance of tiny-sync as a function
of the system parameters (round-trip time, probing period, etc.).

For the analysis, we make the simplifying assumption that the difference between
t, and t, is constant and equal to RTT":

tr, —to, = RTT  Vi>1. (16)

In other words, we assume that the sum of all unknown delays between the moment
the probe is sent and the moment the reply is received is always constant and equal
to RTT.

We justify this simplifying assumption by considering the following;:

—Tiny-sync only stores and uses in its computation the best two data-points col-
lected so far (in terms of constraining the uncertain relative drift and offset).
Data points with small round-trip times result in the tightest constraints, and,
hence, most often, the two stored data-points have their round-trip times equal
to the minimum round trip-time of the connection;
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—The variation of the round-trip delays is typically very small (microseconds) when
compared to the sampling intervals (seconds to tens of seconds); and

—As shown in Section 4.2, the theoretical analysis matches the experimental results
exceedingly well.

With assumption (16), the data points that define the best approximation are
always the first and last data-points collected. All of the other data-points can be
safely discarded. Thus, with this assumption, tiny-sync’s performance is identical
to the performance of mini-sync (the optimal algorithm). Denote with (¢,,, ¢, , )
and (to,, ty,, tr,) the first and last collected data-points, respectively.

ty
ty [y : - :
2 $RTT ) : : §
to, |'] - : : :
At T : 3 ;
° Dty :
trl I AR - %m%
|RrT . ;
toy |
— ,//4/)/312 P
b1 - - :
//4%?12 Atb
b1o ‘ ‘ 3
tb1 th, T to

Fig. 5. Setup for the simplified analysis of the algorithms.

We use the following notation:
At, = to, —to, and (17)
Aty = ty, —ty, . (18)
Solving the linear equations for the unknowns a;s, @12, bi2 and b12, we obtain:

At, — RTT

= Do b 19
a12 Ay (19)
At, + RTT

g = ————— 20

a12 Atb ) ( )

b1y = to, —ty, a1z, and (21)

bio = to, + RTT — ty, a12. (22)

Using (10) and (12), we obtain the following bounds on Aajs and Abis:
2RTT
Aaip = NP and (23)
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Ablg = RIT + tbl A(le. (24)

Equations (23) and (24) capture the essential behavior of the presented algo-
rithms. Equation (23) implies that the uncertainty bound on the drift decreases
continuously as the distance between the first and the last collected data-points
increases:

li Aas = 0. 25
a2, A (25)

Figure 6 depicts the evolution of the uncertainty bound on the relative clock
drifts Aaq2, which remains constant between data-points, and improves upon the
receipt of a new data-point.

Aa12

b1 tr2 tl’3 tr4 tI‘S tl

Fig. 6. Evolution of the uncertainty bound on the relative clock drifts Aaj2 as new data-points
are received.

Theoretically, the precision on the relative drift for the two clocks Aaio can be
made arbitrarily small. In practice, assumption (1) only holds for limited time Tp,
and, thus, the achievable precision is on the order of %.

Equation (24) implies that the precision on the relative offset Ab;s is limited by
the round-trip time RTT"

Atp,—o00

In practice, if assumption (16) is eliminated, Abjy is slightly higher than the
minimum RTT. If MAC layer timestamping is possible and/or the minimum de-
terministic RTT delay is known (as described in Section 3.1.2), then the value of
the RTT in (26) reduces accordingly (to account only for the non-deterministic
component of the delay). In turn, this corresponds to an increase in the precision
of the approach.
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The second implication of (24) is that the performance of the algorithm depends
on the choice of origin: if ¢;, is large, the precision of the offset will initially be poor
(it will improve as Aajs — 0). To avoid the initial loss in precision, the origin can
be shifted:

ty, = 0. (27)

This shift can be easily achieved by subtracting t;, from every component of all
data-points and keeping the rest of the algorithms unchanged.

The goal of the synchronization is to be able to estimate the clock of the remote
machine t5 given the local clock ¢; after the two clocks have been synchronized. In
Fig. 5, node 1 estimates the value of node 2’s clock t3,, at the same real time that
node 1’s clock is reading t;,,.

Using (2) and writing 5, as:

— At
ty, =1a, + T2 (28)
we can find:

Aarg . ai2bia — a12bi2

Aty (T =t 29
2, (t1,,) I TG an =T (29)
Using (19)-(22), (29) becomes:
A t1, —to RTT
At?m (tlm) — a12( 1771, 1) + . (30)

ai2 a2 ai2

Fig. 7 depicts the qualitative evolution of the uncertainty bound Aty as more

m

data-points are received, (i.e. a sketch of Aty as a function of ¢, as in (30)).

At

A t2m(t I’i)

Fig. 7. Evolution of the precision of Ats,, as more data-points are received.

Equation (30) implies that the uncertainty in computing to  increases linearly
with the increase of t1,,. Intuitively, this can be observed in Fig. 5: the later the
moment ¢;  is chosen, the larger Aty =~ gets (i.e., the precision degrades). Since the
uncertainty of the relative clock drift Aaio decreases inversely proportionally with
Aty, the uncertainty in estimating to , Ata, returns to an (almost) fixed base-line
with each new data point:

2At, 1

Aty (t,,)=RIT| ———~+— — — | = const, Vi >2 31
2o () (amﬂﬁtb Cﬂ) (81

(because 2;: ~1, ap~1, ag =~ 1).
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After each new data-point, the precision on the relative clock drift improves (i.e.,
Aais decreases), and, therefore, the slope of the increase of Aty decreases.

3.3.1 Enforcing the Linear Clock Drift Assumption. The assumption of per-
fectly linear clock drifts (1) only holds for limited time, as a number of factors
(temperature, humidity, power source voltage, etc.) may change the oscillator’s
frequency over time. Thus, it is important to detect when assumption (1) no longer
holds since tiny-sync assumes linear drifts.

The analysis presented in this section can be used to determine when the linear
drift assumption (1) no longer holds: the expected bound on the relative drift Aa;o

should decrease as 28LT (according to (23)). If the linearity assumption on the

Aty
clock drifts does not hold, Aais will decrease faster than 212—271 (and, eventually,

if nothing is made to correct the situation, it will become negative as @12 and a12
intersect).

The reason for this decrease in Aajs can be understood if one imagines the set
of constraints imposed by all data points as a flexible pipe and the two lines that
determine a2, aia, b1 and bi2 as two thin rods inside the pipe, spanning the
diagonals of the pipe. If the flexible pipe bends (i.e., the clock drift changes), the
two rods will get closer to a parallel position, corresponding to a reduction in Aaqs
(with respect to Aajs for the perfectly straight pipe).

Thus, in practical terms, in the algorithm, after each probe, the computed Aa;s

is compared with 212%?, where RT'T is the minimum RTT of the stored data-points,

and Aty is the difference between the t, timestamps of the stored data-points. If
2RTT
Aajg < , 32
ai2 At, ( )

the oldest constraint is discarded and a new constraint is acquired. In essence, the
algorithm restarts upon detection of the failure of assumption (1).

3.4 Synchronizing an Entire Network

Extending a pair-wise synchronization scheme to global network synchronization
is relatively straightforward and has been previously explored [Ganeriwal et al.
2003; Mar6ti et al. 2004]. The simplest approach is to construct a tree using
a leader election algorithm [Mar6ti et al. 2004] and iteratively perform pair-wise
synchronization between each parent node and its children. In this section, we will
only present the bounds on the performance of multi-hop synchronization.

O——0O0—0

S u \'

Fig. 8. Synchronization transitivity: if s is synchronized with u, and u is synchronized with v,
then s is synchronized with v.

Consider the situation depicted in Fig. 8 where node s synchronizes with node u
that, in turn, synchronizes with node v. Node s is able to determine the bounds

Asu < sy < gy, and (33)

bsu < bSU S E? (34)
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and node u is able to determine the bounds
M S Qyp S m7 and (35)
buw < buv < buy. (36)

If node u sends its bounds @yy, Guy, buw, and buy to node s, then s can compute
the bounds

asp < sy < gy, and (37)
bso < bey < bsy, (38)
where
Asp = Qsu Quv, (39)
Usy = Tsy Typ, (40)
bsy = min {aﬂl’lt_v+l%_uva_mbﬁ+bs_U}v and (41)
bsy = max {subuv + bsus Gsubuv + bou } - (42)

In general, for k£ nodes in a chain it can be shown that:

k—1 k—1 (i-1
i1 = H ai(i+ 1)tk + Z (aigi+1)) bigi+1) (43)
i=1 i=1 | j=1
The corresponding bounds are:
k—1
a = JJ i, (44)
i=1
k—1
ar = | [ @, (45)
i=1
k=1 (-1
bur = min [T (aii+n) biisny ¢ ¢ and (46)
i(i+1) € {M7 Giirn ) |i=t |j=1
bii+1) € {M7 bi(i+1)}
k=1 (-1
bk = max H (ai(Hl)) bi(i+1) . (47)
aiti+1) € 10iti+1), Giairn ;| i=1 | j=1

biti+1) € {bi(i+1) Dii+1) }

Since a;(i+1) = sy ~ 1 (V)i = 1...k — 1, from (46) and (47) it can be
inferred that the precision bounds of the offset degrade linearly with the increase
in the number of hops (a somewhat intuitive result).

4. EXPERIMENTAL SETUP AND RESULTS

Although the theoretical analysis sheds some light on the expected behavior of the
proposed algorithms, several questions can only be answered by an implementation.
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Fig. 9. Experimental setup.

Therefore, we implemented the algorithms in a realistic testbed using state-of-the-
art sensor nodes.

4.1 Experimental Setup

In this section, we present the experimental environment we used to measure the
performance of the proposed time synchronization protocol.

For reasons explained in Section 3.3, we expect tiny-sync to perform very close
to the optimal mini-sync, while using fewer resources. The results presented in
Section 4.2.4 confirm our expectation. Thus, in the performance evaluation, we
focus on the performance of tiny-sync, which is more likely to be implemented in
practice.

We implemented tiny-sync on the Telos platform [Polastre et al. 2005], using
TinyOS [Hill et al. 2000] version 1.1.12 (that allows MAC layer time-stamping and
byte alignment correction, thus reducing the uncertainties in the delays). In the
experiment, we used the external 32kHz crystal clock to obtain current time-stamps.
We also implemented tiny-sync on the Mica2 platform [Crossbow | (using the 7.4
MHz internal clock).

4.1.1 Sensor Nodes Configuration. Consistent with the goal of the proposed
synchronization protocols, the experimental setup is primarily designed to test the
performance of pair-wise synchronization.

Three Telos motes were used to implement the algorithms and measure the syn-
chronization errors. Figure 9 depicts the experimental setup: nodes 1 and 2 run the
tiny-sync algorithm. In our experiment, node 1 estimates the time at node 2. The
third mote (the base station (BS)) is responsible for querying and collecting clock
readings. The base station generates an interrupt periodically (with a period of four
seconds). The interrupt is simultaneously transmitted to nodes 1 and 2 (through
two wires). Upon receiving the interrupt, node 2 sends its local time, and node 1
sends its estimation of the time at node 2 to the base station. After collecting time
readings from two nodes, the BS sends them to the host machine for analysis.

4.1.2  Tiny-sync Implementation. Figure 10 illustrates the moments we record
the four time-stamps in Section 3.1.1. We used the hooks provided by TinyOS to
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RX (PROBE_REQ) | TOS delay | MAC_delay

Node 2

,,,,,,,
Node 1 A
ts

Fig. 10. Time-stamping in tiny-sync.

time-stamp the packet just before the first byte of the packet is transmitted and
immediately after the last byte of the packet is received. Thus, all of the non-
deterministic delays (RT'T in Section 3.3) are due to the transceiver and scheduling
of TinyOS. Our measurements showed that the one-way delay is approximately
1.419 ms (2.838 ms round-trip time).

4.1.3  Synchronization Errors Measurements. We define the time synchroniza-
tion error as the time difference between the real clock reading of a sensor node and
the estimated clock value by the other sensor node. There are two distinct sources
of errors when measuring the synchronization error:

—the synchronization algorithm and
—the measurement procedure itself.

As previously mentioned, in the experimental setup, the base station triggers
simultaneous interrupts at the two nodes running tiny-sync. This measurement
method eliminates the radio transceiver delay uncertainties from the measurement
process. However, it introduces other sources of non-deterministic delays that may
result in erroneous measurements. Figure 11 shows the possible sources of delays
affecting the measurements. When an interrupt occurs, unless interrupts are sus-
pended, the processor first completes the current executing instruction, saves the
program counter (PC) and the status register (SR), then jumps to the correspond-
ing interrupt service routine (ISR). In our case, the ISR reads the current clock.
Unfortunately, if the processor is in the middle of a non-interruptible operation
at the time the interrupt arrives (i.e., the interrupts were suspended), or there
are other pending interrupts, the measurement interrupt will be delayed for an
unknown time (in our experiments, we found it to be up to 61 us).

There can be several ways to define the measurement error. Assume we measure
the synchronization error for each interrupt j, where j = 1,2,3,.... We define the
measurement error F; of the synchronization error between node n; and ng at
measurement j as

Ej=2n,j = Tnyj—1 — @12(Tny,j — Tny,j—1), (48)

where node n; estimates the clock of node n2, and z,, ; is the time-stamp of node n;
at measurement j, and ais is defined in (9). That is, the measurement error is the
inter-measurement time difference between participating nodes. The measurement
errors can be reduced by discarding the data-points whose measurement errors are
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greater than a threshold value 7. In this experiment, we set the parameter 7 to
33us (i.e., we discarded all measurements with an error higher than 33us). We
observed that 94.42% of the measurements have their errors of smaller than the
threshold value.

INT X INT X
:_P_er;jag_ T - (_ZO_m_pE;t; - Save Get : _P_er;jag_ 1|— - Eo_m_pk_at; - Save Get
| interrupt | current PC & time | interrupt | current PC & time
I I instruction SR | stamp I l instruction SR | stamp
: | (0~6cycles) | and go : i (0~6cycles) | and go
: I" Wakeup time LS : : Wakeup time LS
I i (6 us) I | (6 us) R
— _/ — o
Y Y
Measurement j-1 Measurement j

Fig. 11. Sources of delay in the measurement process error.

4.1.4  Global Synchronization. In order to evaluate global synchronization er-
rors, we added three more Telos motes to the existing two, thus forming a chain of
five nodes. Each node 7 + 1 estimates the clock of its parent (node ¢). The query
node periodically generates a measurement interrupt. Upon the receipt of each
interrupt, each node 7 reports the value of its local clock as well as its estimate of
the clock at node i — 1 (obviously, with the exception of node 1 that only sends its
local clock). The multihop configuration was enforced by static routing.

A AN x
i | \ S Local time and clock
|

s / \ AN estimation

G D@D
[ I

| Query node |

Fig. 12. Experimental setup for global synchronization.

4.2 Experimental Results

In this section, we present the results of the experiments. We focused on the
performance of tiny-sync as well as on comparing its performance with mini-sync
and other existing time synchronization protocols.

ACM Journal Name, Vol. V, No. N, Month 20YY.



20 . Suyoung Yoon, Chanchai Veerarittiphan and Mihail L. Sichitiu

— ba,
—— 2.0*MIN(RTT)/(sample times)

I I I 1 I I I I
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Fig. 13. The evolution of the bound on the relative drift Aai2 and the predicted evolution (23)
for the first experiment.

4.2.1  Time Synchronization Error of Tiny-sync. Using the setup described in
Section 4.1, we ran the first experiment for 2.1 hours. Figure 13 shows the bound
on the relative drift of the two clocks Aajz and the theoretical bound 2§2T in
(23). It is clear that the relation (23) holds exceedingly well, implying that the
assumption of linear drift (1) holds within the bounds of our accuracy for this first
experiment. In Section 4.2.3, we present the results of another experiment where
this assumption is purposely broken.

Figure 14 shows the synchronization error of tiny-sync as a function of time. The
average synchronization error achieved by tiny-sync is 12.075 ps. The synchro-
nization error is smaller than the quantization error: for the 32 kHz external clock
oscillator, each unit of time is equal to 31.21 us.

The algorithm converges quickly to the nominal precision: it achieves the average
precision with the first few probes. Considering that the entire network can be
synchronized as fast as a pair of nodes (Section 3.4), only a few seconds are necessary
to synchronize an entire network.

Figure 15 shows the distribution of the synchronization errors. The graph indi-
cates that most (about 99.48%) of the time synchronization errors are smaller than
30 ps. Thus, tiny-sync is suitable for applications that require good accuracy and
consistency.

Figure 16 shows the synchronization errors of tiny-sync algorithm as a function
of the number of hops as well as the synchronization interval. The synchronization
interval is the time between two consecutive probe messages. The synchronization
error increases both with the number of hops between two nodes as well as with
the synchronization interval.

4.2.2  Comparison with Other Approaches. In this section, we compare the per-
formance of tiny-sync with two other time synchronization approaches for WSN:
TPSN [Ganeriwal et al. 2003] and FTSP [Mar6ti et al. 2004] as well as a simple
linear fit on the collected data. In order to make the comparison as fair as possible,
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Fig. 14. Tiny-sync pairwise synchronization error.
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Fig. 15. Distribution of the synchronization errors.

we did not filter out the measurement errors for any synchronization protocol (i.e.,
all measurement data were included in comparison).

TPSN uses a similar probing method as tiny-sync to estimate the clock of the
target sensor node. It also exploits the MAC layer time-stamping to reduce the
timing uncertainties. Thus, we used the same data collection to determine the time
synchronization error of tiny-sync and TPSN. For FTSP, we downloaded the latest
version of FTSP source code from [Maréti et al. 2005] and implemented it on the
same Telos motes. We used a test program provided by FTSP to evaluate time
synchronization errors of the sensor nodes running FTSP.

For the linear fit we used least square to minimize the error between a linear
fit and the data points (both (t,, ) and (¢,t.)). We also tested the performance
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Fig. 16. Tiny-sync global synchronization error.

of a one-way linear fit (that only considers forward probes (t,,t;)) and the results
were nearly identical. However, while a one-way linear fit only requires one probe
packet, it also requires hardware-dependent calibration. Thus, in what follows, we
present the results of the two-way fit (again, practically identical with the one-way
fit), as the two way fit match the properties of the proposed scheme (in terms of
need for calibration).

Since the results of the linear fit are sensitive to the number of data points
considered, we plotted synchronization error of the linear fit as a function of the
number of data points considered for the fit. The results are shown in Fig. 17. The
graph shows that the linear fit has a an optimum number of points - both a lower
and a higher number of points lead to a decrease in accuracy. Intuitively, if only
a small number of points are used, the accuracy of the linear fit is limited by the
quality of the data provided by these points. However, if the drift is non-linear, as
the number of data-points considered for the linear fit increases, the fit necessarily
becomes an increasingly poor approximation of the current relationship between
the two clocks (as it minimizes the error to all considered points). In the following
comparisons we use both 128 points that optimizes the performance of the fit for
our experimental setup as well as a 2 point fit that has a comparable computational
and storage complexity with tiny-sync.

Figure 18 shows the comparison of the synchronization errors as a function of
the number of hops between sensor nodes. When the synchronization interval is 4
s, tiny-sync and TPSN show similar results. However, when the synchronization
interval is 128 s, tiny-sync clearly outperforms TPSN and FTSP. Furthermore, the
synchronization error of FTSP increases faster than tiny-sync and TPSN with the
number of hops. The linear fit that uses 128 points (optimal for this data-set) at
four second synchronization interval, slightly outperforms tiny-sync for all number
of hops. This slight improvement is attained at a price of higher computational and
storage resources as well as at a loss of generality: the linear fit has to be optimized
for the particular degree of the non-linearity of the clock drift. When only two

ACM Journal Name, Vol. V, No. N, Month 20YY.



Tiny-Sync: Tight Time Synchronization for Wireless Sensor Networks : 23

-6~ Linear fit(1 hop)
—%— Linear fit(2 hops)
6~ Linear fit(3 hops)
—— Linear fit(4 hops)

o
o
T

Average Synchronizatin Error (s)

L L L
10 10

10°
# of data—points

Fig. 17. Synchronization errors as a function of the number of points considered for the linear fit
and tiny-sync.
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Fig. 18. Comparison of synchronization errors as a function of the number of hops.

points are used for the linear fit or when the synchronization interval is higher (128
seconds), tiny-sync outperforms the linear fit.

Figure 19 shows the comparison of the synchronization errors as a function of
the synchronization intervals. Tiny-sync outperforms TPSN and FTSP in terms of
synchronization error, and it shows reduced variation with the increase in the syn-
chronization interval. Synchronization error of TPSN increases faster than others
as the synchronization interval increases because TPSN does not compensate for
the clock drift. The synchronization error of FTSP increases slowly as the number
of hops increases, as FTSP uses the linear regression to compensate for the drift.
The accuracy of the linear fit decreases slightly with the increase in the synchro-
nization interval, as the number of points is also correspondingly reduced. The 128
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Fig. 19. Comparison of synchronization errors as a function of the synchronization interval.

points linear fit outperforms all synchronization algorithms for a single hop, and a
small synchronization interval.

4.2.3 Robustness Evaluation. In this section, we present results of the exper-
iment that tested the robustness of tiny-sync with respect to large variations in
the relative drift of the clocks. Essentially, we break the assumption (1) and study
its effect on the precision of the algorithm. To induce a variation in the drift, we
drastically changed the temperature of node 2, while keeping node 1 at a constant
room temperature. One hour into the experiment, we placed node 2 into a box
filled with ice and closed the lid. One hour later, we removed the node from the
ice box and continued the experiment for a total duration of 4.48 hours.

The change in temperature, as expected, negatively affected the bounds on the
relative drift of the clocks (Figure 20(a)). We used the procedure detailed in Sec-
tion 3.3.1 to detect the change in the drift of the clocks and restart the algorithm.
Figure 20(b) shows the moments when the algorithm detects the change in the
relative drift of the clocks and restarts.

Figure 21 shows the synchronization error for the second experiment. Despite the
significant change in the relative drift while node 2 was in the ice box, the average
synchronization error during that period did not change. The average precision of
this experiment (10.78 us) was actually better than that of the initial experiment
(12.07 ps in Fig. 14). This experiment validates that the restart detection algorithm
shows that tiny-sync is robust with respect to changes in the clock drifts.

Figure 22 shows the results of the robustness of tiny-sync with respect to packet
loss. In this experiment, we simulated the environment in which synchronization
packets experience random loss. Using the data collected from the first experiment,
we varied the packet loss rate (for both the probe request and reply) from 0 to 90%.
Except for cases with large packet loss rate and large synchronization intervals, the
precision was not significantly affected.
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Fig. 20. Behavior of tiny-sync when the clocks are forced to change their relative clock drift

by sudden changes in the temperature of one of them (by temporary placing it in an ice-box).
During the cool-down and warm-up period, tiny-sync restarts several times. (a) the evolution of
the bound on the relative drift Aai2 and the predicted evolution (23); (b) the evolution of the

bounds on the drift.
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Fig. 21. The synchronization error when nodes were subjected to variation of the relative drift.

4.2.4  Comparison of Tiny-sync and Mini-sync. In this section, we compare the
performance of tiny-sync and mini-sync, which is optimal (Section 3.2). Figures 23
and 24 show the synchronization errors of tiny-sync and mini-sync as a function of
the number of hops and synchronization interval, respectively. As expected, there
is no significant difference in performance between tiny-sync and mini-sync. Given
the fact that tiny-sync requires less resources (computational and storage) than
mini-sync, this result suggests that using tiny-sync is preferred to mini-sync.

Although one would expect mini-sync to always outperform tiny-sync, the results
show that, in practice, sometimes tiny-sync can show better precision than mini-
sync. It turns out that the selection of the first data-points to be used in the drift
estimation can affect the overall performance of the algorithm. Details on this effect
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Fig. 22. The synchronization error with packet loss.
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Fig. 23. Synchronization error of tiny-sync and mini-sync as a function of the number of hops.

are presented in Section 4.2.6.

4.2.5 FExperimental Results on Mica2 Platform. We also implemented tiny-sync
on the Mica2 platform [Crossbow | using TinyOS. In this experiment, we used the
far more accurate 7.4 MHz internal clock to obtain time-stamps. The average
pair-wise synchronization error achieved by tiny-sync on Mica2 was 1.3868 us.
According to published data [Mar6ti et al. 2004; Ganeriwal et al. 2003], the pair-
wise accuracies of RBS, TPSN and FTSP on the Mica platform are 7 us, 16.9 us
and 1.48 us, respectively. The seemingly poor result for TPSN is for a single time-
stamp exchange on a Mica 1 platform (that has a slower clock and radio transceiver).
We expect that an averaging implementation on the Mica2 platform would result
in a precision similar to FTSP and tiny-sync. The accuracy of tiny-sync is very
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Fig. 24. Synchronization error of tiny-sync and mini-sync as a function of the synchronization
interval.

close to the accuracy of FTSP (tiny-sync is slightly better). It is likely that both
approaches reached the lower bound of achievable accuracy on the Mica2 platform
(due to non-deterministic delays, most likely introduced by the transceiver and/or
clock inaccuracies).

Figure 25 shows the pair-wise synchronization errors for tiny-sync using Telos and
Mica2 motes. In this experiment, we varied the synchronization interval from 4 s to
1024 s. When the synchronization interval is short, the synchronization error on the
Mica2 platform is better than that on Telos due to the clock resolution on the Mica2
platform; however, the external crystal clock of the Telos platform is more stable
than the internal clock of Mica2 in the long run. Thus, for short synchronization
intervals, the synchronization errors on Mica2 are smaller than on the Telos motes;
however, the situation is reversed when the synchronization interval is longer than
128 s.

4.2.6 Tiny-sync Initialization. As mentioned in Section 4.2.4, the selection of
data-points in the beginning of the algorithm may affect the synchronization pre-
cision in the initial phase (especially for long synchronization intervals).

Figure 26 shows an example of a data set with high synchronization error for
the beginning of the experiment. The synchronization interval is 128s. The reason
for the poor performance is in the choice of the initial data-points. If the first
few data samples are of poor quality (i.e., with large non-deterministic delays), the
initial precision will suffer (until at least two reasonably “good” data-points are
received). A simple method of forcing tiny-sync to start with “good” data-points
is to start with the best two data-points out of the first N. Figure 27 shows the
synchronization error when N is 10.
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Fig. 25. Synchronization error of tiny-sync on Mica2 and Telos platforms.
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Fig. 26. Synchronization errors of tiny-sync without poor initial data.
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6. CONCLUSION

In this paper, we proposed and evaluated the performance of two simple time
synchronization algorithms suitable for wireless sensor networks. The algorithms
perform pair-wise synchronization and can be used as the basic building block for
synchronizing an entire network. While the performance of the two algorithms may
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Fig. 27. Synchronization errors of tiny-sync when the best two out of the first ten data-points are
used to initialize the algorithm.

vary in theory, in practice, they yield very similar results. Thus, the simplest one,
tiny-sync, is likely to be practically implemented. The main advantage of tiny-
sync is its simplicity and parsimonious resources requirements. Other advantages
include robustness to large variations in clock drift and its ability to achieve fast
synchronization of an entire network. Experimental results show that it performs
as well or better than existing time synchronization approaches for wireless sensor
networks.
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A. PROOF OF THEOREM 1

In this section we provide the proof for Theorem 1. Let us denote with (A, B)
the line determined by the points A and B and with m(A, B) the slope of the line
(A, B). We start by proving the following lemma:

y

Fig. 28. Illustration for Lemma 2.

Lemma 2 Consider three points A;, A;, Ay of coordinates (z;,y:), (z;,y;) and
(xk, yr) respectively with x; < x; < x. Then

m(A;, Aj) < m(Ai, Ag) < m(A;, Ak), (49)
if and only if A; is below the line (A;, Ag). Similarly,
m(Ai, AJ) > m(Ai, A}c) > m(Aj, Ak), (50)

if and only if A; is above the line (A;, A).

Proof Denote with yg the y-coordinate of point C' where the vertical line from
A; intersects the line (A;, Ag):
yo = Wk~ i) + itk — yri (51)
T — Ty
The expression “A; is below the line (A4;, Ax)” is shorthand for y; < yo. With
this notation, if and only if y; < v, then

SCj*JCZ‘ I’j*l’i xkf:rj LEk*JCj
(52)
which is (49). By a similar argument it can be shown that (50) holds if and only if
Yj > Yo-
Theorem 1 Any constraint A; which satisfies
m(A;, Aj) <m(A;, Ar) (53)
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for at least one set of integers 1 <i < j <k can be safely discarded as it will never
constrain the bounds a12,@12,b12 and bia more than any ewisting constraints.

ty

. 2
Fig. 29. Aj can be safely discarded as A; or Ay will result in better estimates in all cases.

Proof

Consider the situation depicted in Fig. 29. The constraints A;, A; and Ay
satisfy condition (53). Consider a constraint B, of coordinates (t2,,t1,) such that
ti, > t1, and to, > ty,. Constraint B, and one of the constraints A;, A; or Ay
may determine the upper bound @i3). Denote with @13(A,, B;) the upper bound
on a2 determined by the constraints A, and B,. We can distinguish two cases:

1. When B, is below the line (A;, Ax) (e.g., position B,, in Fig. 29). In this
case, because both A; and B,, are under the line (A4;, A;), Ay is above the line
(Aj, Bg,). From lemma 2 it follows that

m(Akanl) < m(Aj7BZC1)? (54)
which is equivalent with
@12(Ak, Bz,) < @ia(Aj, By, ). (55)

Thus, the constraint (A, B;) is tighter than the constraint (A;, B) for the case
when B, is below the line (A4;, Ay).
2. When B, is above the line (A;, Ay) (position By, in Fig. 29). In this case, by a
similar logic, it can be shown that
a_12(A17 Bzg) < a_u(Ag, Bmg)v (56)
i.e., the constraint (A;, B;) is tighter than the constraint (A4;, B;) for the case
when B, is above the line (A;, Ax)

ACM Journal Name, Vol. V, No. N, Month 20YY.



Tiny-Sync: Tight Time Synchronization for Wireless Sensor Networks : 33

Thus, in both cases, one of the upper bounds aiz(A;, Bs,) or a12(Ak, Bs,) is
tighter than the upper bound introduced by A;, @2(A;, B;), showing that con-
straint A; will always results in a looser upper bound than A; or Ay, and, thus,
enabling its disposal without any possible reduction in optimality of the solution.
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