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Abstract—In this study, we consider timing synchro-
nization methods over groups of vehicles, which is im-
portant in intervehicle communications [1], [3]. Here, we
clarify whether a proper synchronization is always realized
and this is stably maintained, analytically and numerically,
when the Imai and Suzuki’s synchronization algorithm[1]
is applied. As a result, it is shown that the proper synchro-
nization is stably obtained for the case of two groups of
vehicles, but it is not always obtained for three groups of
vehicles. Also, as a byproduct, a refined synchronization
algorithm is constructed, realizing better synchronization
ability.

1. Background of this study

Applications of mobile ad-hoc networks are now actively
developed for vehicle-to-vehicle communications. For in-
stance, systematic researches have been carried out to real-
ize decentralized TDMA (Time Division Multiple Access)
intervehicle communications, which cover the timing syn-
chronization [1], and MAC protocol [2]. Recently, Imai
and Suzuki developed an efficient timing synchronization
algorithm [1] for vehicle-to-vehicle communications based
on a TDMA protocol [2]. Their synchronization algorithm
includes some new devices on efficiently synchronizing all
timers in two (or even multiple) groups of vehicles and its
effectiveness is verified for certain environments in their
simulations. However, as they point out in [1], their al-
gorithm sometimes suffers from a certain undesired syn-
chronous pattern; so called mode-lock state.

Although their algorithm takes some precaution to avoid
this mode-lock state, in around more than 10% of instances
this state still remains and synchronization cannot be ob-
tained [1]. In this study, we focus on more realistic situa-
tions where multiple groups of vehicles mutually synchro-
nize all their timers. This situation is practically important
in intervehicle communications, and has been studied so far
[3]. However, even in such rather simple situations, it is not
obvious if a proper synchronization is always realized and
this synchronization is stably maintained. Here, we clarify
this issue analytically and numerically, when the Imai and
Suzuki’s synchronization algorithm is applied. We show
the proper synchronization is stably obtained for the case
of two groups of vehicles, but it is not always obtained for
three groups of vehicles. Also, as a byproduct, a refined
synchronization algorithm is constructed, realizing better
synchronization ability.

This paper is organized as follows. In Section 2, we

briefly review the conventional distributed timing synchro-
nization methods proposed for intervehicle communica-
tions. In Section 3, we formulate the problem where mul-
tiple groups of vehicles synchronize each other, and we
clarify when the mode-lock state stably remains in their
algorithm. Then, we propose a simple, refined synchro-
nization algorithm to destabilize the mode-lock state. In
Section 4, we analyze the stability of synchronous patterns
for the Imai and Suzuki’s synchronization algorithm. Fi-
nally, conclusions and discussions are given in Section 5.

2. Conventional distributed, timing synchronization
methods and new synchronization algorithms by
Imai and Suzuki

For distributed timing synchronization methods in
vehicle-to-vehicle communications, there have been a few
studies reported so far [1], [3], [4]. These synchronization
methods are basically based on the ‘averaged timing’ over
mobile nodes (; vehicles in this study) directly communi-
cating each other, which is literally defined by the average
of all local times (timings) received from communicating
nodes; namely the average of a set of the most recently re-
ceived timing messages from neighbouring nodes. Then,
by using this averaged timings, it is expected that groups
of vehicles gradually and smoothly synchronize their tim-
ings each other, and therefore this method is assumed to be
suitable for the TDMA protocol in intervehicle communi-
cations [2]. This feature shows a contrast to other synchro-
nization methods such as timing synchronization function
(TSF) in IEEE 802.11 MAC, which uses only the fastest
timing from communicating nodes.

The synchronization method by Imai and Suzuki [1] is
equivalent to the previous methods [3], [4] in principle,
as these are based on the averaged timing. However, this
method includes two new additional devices as follows, and
this method can be advantageous over previous methods
when applied to larger, distributed intervehicle communi-
cation networks, because
(i) this method takes into account of the synchronization
process between two (or more) groups of vehicles, and in-
troducing a certain acceleration into the synchronization
procedure in each node, and also because
(ii) this method takes some precaution to avoid a certain
undesired synchronous state; so called a mode-lock state.

For the above point (i), we will provide a detailed de-
scription later in our presentation, and as for the point (ii),
explanation and analysis of it will be given in the next sec-
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tion.

3. Synchronization of multiple groups of vehicles

In this section, we start by formulating the problem re-
garding how multiple groups of vehicles mutually synchro-
nize each vehicle’s timer. Then, we carry out system-
atic numerical simulations for three typical and the most
commonly observed instances of group synchronization, to
clarify if the proper synchronization is always realized or
not, and to estimate how quickly this synchronization is at-
tained.

3.1. Problem formulation

Here, we consider the three typical and the most com-
monly observed instances of group synchronization as
shown in Fig. 1. Figure 1 (a) and (b) respectively show
the case of two groups and three groups of vehicles driving
to the same direction, within a line of sight (LOS). Also,
Fig. 1 (c) shows three groups of vehicles meeting at the
intersection.

In each case, the time scales of synchronization is much
shorter than that of changing positions of vehicles during
group synchronization (which is explained later). Then, it
is natural to assume the area of mutual communications of
groups arises between the terminal vehicles in each groups,
as shown in Fig. 1. Also, since each group is formed be-
fore they meet each other, it is reasonable to assume syn-
chronization is attained in each group already.

Then, what we want to clarify is summarized as follows.
(i) Are all the groups always led to the proper (; perfect)
synchronization for any initial conditions of timers in each
vehicles ?
(ii) How quickly do all the groups attain the synchroniza-
tion ? In other words, how long do we have to wait until
the synchronization is obtained ?

Figure 1:Mutually communicating groups of ve-
hicles

3.2. Systematic simulations for synchronization pro-
cess

To evaluate the performance of the Imai and Suzuki’s
algorithm, comparative simulations are carried out system-
atically. Details of the simulation setup are summarized as
follows.
(i) As mentioned in 3.1, we assume vehicles in each group
of Fig. 1 have mutually synchronized their timings at the
beginning of the simulation. The initial timings of each
group in Fig. 1(a), (b) and (c) are respectively defined later
in this subsection.
(ii) Each vehicle periodically transmits a timing message
to neighboring vehicles at the beginning of its assigned slot
once per a frame as shown in Fig. 2. In this simulation,
one frame length is set to 0.1 [s]. Collisions or lost of these
messages are neglected as a first approximation in this sim-
ulation.
(iii) We assume each vehicle is uniformly placed in its
group, for simplicity. In each group, each vehicle can com-
municate with neighboring vehicles within theR-hop dis-
tance (R is set to 8 in this simulation for instance). Also,
only the terminal vehicles (circled in Fig. 1) can communi-
cate with terminal vehicles in other groups. Here, we con-
sider a relatively short time scale of events (up to a second)
in widely distributed, urban traffic environments. There-
fore, mobility of each vehicle can be ignored as a first ap-
proximation in these simulations, since its mobility is rela-
tively small with respect to the range covered by the groups
of vehicles.
(iv) We assumeN vehicles in each group, andN is set to
40, for instance.
(v) In the decentralized TDMA protocol[1], each vehicle is
assigned a fixed slot for periodic packet transmissions, and
the mutual synchronization between vehicles is required
within the precision of the guard interval in Fig. 2. Then
we regard every two vehicles being synchronized within
the range of the guard interval as properly synchronized, in
this study. The guard interval is set to± 8% of the slot
length for instance, in this simulation.

node A

node B

node C

node D

node A

node B

packet length
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slot length
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time

packet transmission

Figure 2:Time course of TDMA protocol in this
study

Then, we analyze the performance of the Imai and
Suzuki’s algorithm for the case of two groups and three
groups within LOS as shown in Fig. 1(a) and (b). Here, to
correctly visualize and measure the synchronization pro-
cess, we introduce a ‘unit circle’ as shown in Fig. 3. On
this unit circle, the timing of each vehicle is identified to

- 329 -



a certain point of the [0, 2π] span. Namely, the periodic
event in each vehicle (in Fig. 2) is (uniquely) mapped to
a ‘phase point’ on the unit circle. Then, synchronization
process for each algorithm in this study can be clearly visu-
alized by the temporal variation of ‘phase point’ on the unit
circle, and a fair comparison among different synchroniza-
tion algorithms become possible with this coordination. In
the simulation of two groups, as the worst case, the initial
timing difference between two groups is set to the half of
the slot length as shown Fig. 3(a), which is the maximum
of possible timing difference. Figure 4 shows the timing
distribution right after synchronization is realized, for two
groups within LOS. The ‘simple averaged’ algorithm in
Fig. 4(a) implies the Imai and Suzuki’s algorithm with-
out acceleration for synchronization between groups (men-
tioned in Section 2 (i)).

Similarly to the case of two groups, we analyzed the case
of three groups within LOS. The initial timing distribution
is given, as shown in Fig. 3(b). This setup is considered as
one of the worst cases where each group has the maximal
timing difference with each other. Figure 5 shows the tim-
ing distribution right after the synchronization is realized,
for three groups within LOS. As shown in Fig. 4 and 5,
proper synchronization is verified both for the case of two
and three groups within LOS.

(a) Case of two groups (b) Case of three groups

Figure 3: Initial timing distribution for simulations

Figure 4:Timing distribution right after the syn-
chronization is realized, for two groups
within LOS

As opposed to the case of vehicles within LOS (Fig. 1(a)
& (b)), we consider here the case of three groups meeting
at the intersection as shown in Fig. 1(c). Figure 6 shows
the timing distribution after 1000 frames of cycles for this
case, starting from the initial timings shown in Fig. 3(b).
When the ‘simple averaged’ algorithm is applied, although

vehicles in each group are completely synchronized each
other, the timings of three groups are evenly spaced on [0,
2π] and this state is stabilized as in Fig. 6(a). Even if
the Imai and Suzuki’s algorithm is applied, this undesired
synchronous pattern is maintained throughout the simula-
tion as shown in Fig. 6(b), and complete synchronization
is never obtained.

Figure 5:Timing distribution right after the syn-
chronization is realized for three groups
within LOS

Figure 6:Timing distribution after 1000 frames of
cycles, for three groups at the intersec-
tion

3.3. Elimination of incomplete synchronization

In the case of three groups at the intersection, above
mentioned undesired synchronous patterns; so called
mode-lock states are caused by terminal vehicles. The Imai
and Suzuki’s algorithm avoid this mode-lock state with
a kind of the randomly perturbing effect to certain vehi-
cles (; terminal vehicles in this case), but this does not
guarantee the remove of mode-lock states as pointed out
in [1]. In contrast, it is expected that the Shinohara and
Tanaka’s algorithm[6] destabilizes such mode-lock states.
The idea of their algorithm is certain nodes (; terminal ve-
hicles) temporally quit sending its erroneous timing mes-
sages and only receives timing messages from other vehi-
cles. Then, we propose a refined synchronization algorithm
to destabilize the mode-lock state by the another simple
idea. That idea is each terminal vehicle attain the synchro-
nization with other terminal vehicle which has the nearest
timing by priority. It is expected that the synchronization
of all groups is totally realized by repeating synchroniza-
tion for two groups.
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3.4. Synchronization ability for these algorithms
Then, to compare different synchronization algorithms,

we introduce the degree of synchronization for vehicles.
Using phase of timing which is mapped on the unit cir-
cle, degree of synchronization for group 1 and 2σ can be

clearly defined asσ(t) = 1
N1,2

∣∣∣∣∑N1,2

i=1 ejϕi (t)
∣∣∣∣ ,whereϕi(t) rep-

resents the phase of the i-th vehicle at timet andN1,2 is the
number of vehicles in group 1 and 2. By this definition,
σ becomes 1 when vehicles in group 1 and 2 are perfectly
synchronized, and becomes 0 when their phases (; timings)
are uniformly distributed. It is noted that thisσ takes a
value between 0 and 1, and as long as the mode-lock state
remainsσ always become less than 1.

Below, systematic simulations are carried out to compare
the performance for above mentioned algorithms, by using
the degree of synchronizationσ. The simulation setup fol-
lows the setup for the case of three groups in Fig. 1(c).
Figure 7 showsσ against time for these algorithms. As
shown in Fig. 7, the proposed algorithm realized the perfect
synchronization in shorter frames of cycles than the Shino-
hara and Tanaka’s algorithm. Then, we analyze whether
proposed algorithm can destabilize mode-lock states or not
in more general case. Figure 8 shows the results of 1,000
trials with random initial timings of groups at every trial.
Each mark in Fig. 8 represents the result of each trial at the
its initial timing difference. As shown in Fig. 8, mode-lock
states are eliminated by applying the proposed algorithm.
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Figure 7:Synchronization ability for these algo-
rithms

(a) Result from the Imai and
Suzuki’s algorithm

(b) Result from the proposed
algorithm

Figure 8: Synchronous pattern distribution for both algo-
rithm

4. Stability analysis of synchronous patterns
In this section, we analyze the stability of (proper or un-

desired) synchronous patterns. The purpose of our analysis
is described as follows.
(i)We focus terminal vehicles which obtained synchronous
patterns, to consider the essence of this analysis.
(ii)We put the Imai and Suzuki’s algorithm into the math-
ematical expression, and we examined the linear stability
analysis by using this expression.

As a result, we show the proper synchronization is stably
obtained for the case of two groups of vehicles, but it is not
always obtained for three groups of vehicles. Details of our
analysis will be presented in our talk at NOLTA.

5. Conclusions and discussions
Through the systematic simulations and analysis, we

clarified the following facts. (i) By using the Imai and
Suzuki’s synchronization algorithm, two groups of vehicles
always realize the proper (perfect) synchronization and this
synchronization is stable. (ii) On the contrary, for three
groups of vehicles, an undesired synchronous pattern ex-
ists and this is stabilized, depending on the initial timings
of vehicles.

And, as a byproduct, we constructed a refined synchro-
nization algorithm destabilizing to the proper, perfect syn-
chronization.

Further studies are required to (i) clarify the stability of
the proper and undesired synchronization patterns, for the
case of generalN groups, and (ii) construct a better syn-
chronization algorithm which applies to anyN groups.
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