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Abstract—Multi-sensor data fusion is crucial for modern au-
tonomous systems to accurately perceive their surrounding en-
vironments and make intelligent decisions. However, as different
sensor sources may have significant time disparity, it is necessary
to synchronize their data before sending them to the fusion
algorithm, in order to control such differences and get meaningful
fusion results. This paper discusses the message synchronization
policy in ROS, a popular framework for robotic systems. The
ROS message synchronization policy has proven to be highly
effective in reducing the time disparity, but it introduces a certain
level of latency. Therefore, to use it for real-time systems, it is
essential to establish an upper bound for the worst-case latency
that may occur. Specifically, we analyze two key latency metrics of
the ROS message synchronization policy, the passing latency and
reaction latency, which are needed to analyze the end-to-end delay
and reaction time on the system level. We conduct experiments
under different settings to evaluate the precision of our proposed
latency upper bounds against the maximum observed latency in
real execution.

I. INTRODUCTION

Multi-sensor data fusion plays a crucial role in the oper-
ation of modern autonomous systems, including autonomous
vehicles, robots, and drones. By using this technology, these
systems are empowered to perceive and interpret their sur-
rounding physical environment accurately. This capability en-
ables them to make intelligent decisions and execute complex
tasks with precision and reliability. However, in practice, the
sensor data obtained from different sources may not have
perfectly aligned sampling time, and they may experience
varying delays before reaching the fusion algorithm [1], [2].
Consequently, the input data from these diverse sensor sources
can exhibit significant time disparity, which indicates the time
difference between their actual sampling instances [3]. If the
time disparity is substantial, the fusion results may lose their
usefulness or even become completely meaningless. Therefore,
it is important to synchronize the data from different sensor
sources before transmitting them to the fusion algorithm to
manage the time disparity.

In this paper, we examine the message synchronization pol-
icy in ROS (Robotic Operating System) [4]-[6], a widely used
software framework for developing robotic systems. With its
extensive adoption by countless developers, ROS has powered
a diverse range of robots and autonomous systems. Recent
research [3], [7] has demonstrated excellent performance of

ROS’s message synchronization policy in terms of minimizing
time disparity and outperforms its competitors, such as the one
employed by Apollo Cyber RT [8]. Especially, The message
synchronization policy used in ROS-based applications, such
as Autoware [9], has proven effective and could be adopted in
other systems.

While the ROS message synchronization policy effectively
mitigates time disparity, it introduces a trade-off in the form
of latency. This latency arises from the temporary buffering
of messages until they can be grouped with others that share
similar sampling times, which is the key to reducing the overall
time disparity. The incurred latency plays a significant role in
affecting the timing behavior of ROS applications. To ensure
the applicability of the ROS message synchronization policy
in real-time systems, it is crucial to quantify the extent of this
latency and, more importantly, establish a safe upper bound
for its worst-case scenario. However, the challenge lies in
the absence of a definitive solution for bounding the worst-
case latency resulting from the ROS message synchronization
policy. Addressing this issue is the goal of this paper.

In this study, we examine two types of latency metrics
associated with the ROS message synchronization policy,
namely, the passing latency and the reaction latency. The
passing latency refers to the time gap between the time when a
message arrives and when it leaves the message synchronizer.
This metric is useful in determining the end-to-end delay for
sensor data going through the processing pipeline. Reaction
latency, on the other hand, considers both the passing latency
of a message and the time delay resulting from discarded
messages preceding it. This metric is crucial in calculating
another important system-level real-time performance metric,
i.e., end-to-end reaction time [10]-[14]. Section II will provide
a detailed explanation of the passing and reaction latency and
how they relate to end-to-end delay and reaction time.

We conduct experiments under different settings, including
the different number of channels, the varied data sampling
periods, and the random delay time experienced by messages
before arriving at the synchronization policy, to evaluate the
precision of our proposed latency upper bounds against the
maximum observed latency in real execution.
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Fig. 1: A system example with a message synchronizer.

II. PROBLEM DEFINITION
A. System Model

The ROS message synchronizer, called synchronizer for
short, is a software component to synchronize messages from
different sensor sources before sending them to the data fusion
component (as shown in Fig. 1). The synchronizer has N
input channels and 1 output channel. Each input channel of
the synchronizer has a buffer queue @); to temporally store
messages arrived at this channel. We assume that each queue
Q; is sufficiently long. This assumption does not pose any
limitation to our study since there is a known upper bound of
the size of each queue in ROS message synchronizer, by which
we can easily set a proper queue size to meet this assumption
[3]. For simplicity of presentation, we also use (); to refer to
the i-th input channel of the Message Synchronizer, when it is
unambiguous from the context. The synchronizer selects one
message from each input channel and combines them into an
output message set according to some policy, which is released
to the output channel. We will introduce the policy used by
the ROS message synchronizer in Section III.

We use m¥ to represent the k-th message currently in queue
Q. Also, we use m?"! to denote the p(i)-th message among
all the messages coming from the i-th input channel. It is worth
noting that the difference between the notations m* and m/"
is that m” only represents the message that currently in Q;,
while m? ) denotes the message currently in @); or the one
that has already been discarded from (;, which considers the
total number of messages from the ¢-th input channel. For
simplicity, sometimes we also use m; to represent a message
in ); when there is no need to specify which message it is
exactly. Bach message m/ has two key timing characteristics:

o 7(mF), the timestamp of m¥, which is the time point

when the sensor data carried by m” was sampled.

. a(mf), the arrival time of mf, which is the time point

when the m¥ arrives at the synchronizer.

In general, 7(m?¥) is smaller than o (m?¥), since a message may

experience some delay before arriving at the synchronizer due
to, e.g., processing or transmission. We also assume that the

I'p can be a function whose specific form is not important in our context,
as we do not require the specification of which message mf(l) is.

2A message may pass through several processing tasks (callbacks in ROS)
before reaching the synchronizer. In reality, a callback “consumes” an input
message and “produces” an output message that inherits the timestamp of
the input message. To simplify our abstract model and focus on the problem
under study, we omit details about callbacks consuming input messages and
producing output messages, and instead consider that the initial message goes
through all processing tasks and eventually reaches the synchronizer.

messages in each channel arrive at the synchronizer in the
same order as their timestamps.

We do not assume to know the exact 7(m¥) and a(m¥) of
each message m¥. Instead, we assume to know the following
timing parameters for messages in each channel Q);:

o The minimum and maximum time difference between the

timestamps of two consecutive messages in @);, denoted
by TP and T)V. We have Vk:

TE < r(mf™) —r(mf) <1V

o The minimum and maximum delay experienced by each
message in Q;, denoted by DB and D}V. We have Vk:

DP < a(mf) —7(mf) <D}

The value of T2 and T}V are decided by the corresponding
sensor’s sampling rate. In some cases, the sensor data are
sampled in a strictly periodic manner, which is a special case
of our model where T2 = TV. However, in reality, sensor
data sampling is typically not perfectly periodic and can suffer
from jitters due to numerous reasons such as software and
hardware limitations [15]. Therefore, in this work, we presume
the general case in which T2 and T}V may be different.

DB and D}V refer to the processing and transmission delays
experienced by a message before it reaches the synchronizer.
For instance, a message is processed by a processing task (such
as a callback in ROS) before it arrives at the synchronizer,
then DZ-B (DZW ) represents the best-case (worst-case) response
time of this processing task plus the best-case (worst-case)
transmission delay, i.e., the time between the completion of
this task and the arrival of the corresponding message at
the synchronizer. Response time analysis for real-time tasks
is well-studied in existing real-time scheduling theory. There
are many mature techniques to bound the best/worst-case
response times under many different settings, including those
based on the ROS executor and its variance [16]-[24]. And,
transmission delay can also be theoretically analyzed [25]—[27]
or pragmatically measured. Therefore, in this paper, we will
not further explore how to estimate D? and D}V in various
system settings but focus on the new challenge we face in this
work, i.e., analyzing the latency incurred by the synchronizer
given known DZ and D}V estimations.

B. Passing Latency and Reaction Latency

We aim to analyze two types of latency metrics for the
synchronizer, the passing latency and the reaction latency.

Definition 1 (Passing Latency). If a message m/ @) is selected
into an output message set published at time t;, the passing

latency of mf@) is defined as ty — a(mf(i))_

In the synchronizer, not all received messages can be
selected into the output message sets. Before a message is
selected into an output message set, there is a possibility of
discarding certain messages.

Definition 2 (Reaction Latency). If a message m/ @ s

selected into an output message set published at time 1y, and



p(

m; )-e (z € NT) is the last message before mf(i) that was

selected into an output messa%'_e set, the reaction latency of
mf(z) is defined as ty — a(m? D,

The worst-case passing latency of a message channel is the
maximum passing latency of among messages in this channel
that are selected into output message sets. Similarly, the worst-
case reaction latency of a message channel is the maximum
reaction latency among all messages in this channel that are
selected into output message sets.

Briefly speaking, the difference between passing latency
and reaction latency is that the reaction latency includes
both the passing latency and the extra latency caused by the
discarded messages. As a special case, if no messages have
been discarded in a channel, then the passing latency and
reaction latency are identical for messages in this channel.

The passing latency is useful to track the end-to-end delay
for the information carried by a message to traverse the entire
processing system. For example, suppose a message is selected
into an output message set by the synchronizer, which is
further sent to the downstream fusion task and eventually
generates a control signal to the actuator. By tracking the
end-to-end delay for the message leading to each control
signal, we can assess the staleness of status information relied
upon by the control signal. This information is crucial for
designing proper measures to compensate for this staleness
when generating the control command.

The reaction latency is useful to calculate the end-fo-end
reaction time of the system regarding a sensor source. Loosely
speaking, the reaction time of a processing pipeline is the
time for it to react to an external event. The reaction latency
associated with the synchronizer is caused by discarding
messages and waiting for messages from separate channels
to synchronize. For example, suppose a system consisting of
two sensors for data sampling. Suppose one of these sensors
experiences an extended sampling period. In that case, the
synchronizer will have to wait for the messages from this
sensor to arrive, despite already having received messages
from the other sensor. This metric is essential for measuring
a system’s reaction time to external events. We will use the
following example to illustrate the passing latency and reaction
latency, as well their relationships with the end-to-end delay
and reaction time.

C. An Illustrative Example

We use Fig. 2 to illustrate the passing and reaction latency,
as well as their relationship with the end-to-end delay and end-
to-end reaction time. Fig. 2-(a) depicts a system comprising
two tasks for sampling sensor data, a synchronizer, a data
fusion task, and an actuator task. For ease of presentation, we
suppose that each task, including the synchronizer, is executed
on a dedicated processor without any interference, and there
is no communication delay between any two tasks. Suppose
that T8 = TV = 6 and TP = TJV = 20. Moreover, we
set the worst-case execution time of sensor task 1, sensor
task 2, data fusion task, and actuator task as 1, 4, 2, and 2,
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Fig. 2: Illustration of the passing and reaction latency. (a) A
system includes two sensor data sampling tasks, a synchro-
nizer, a data fusion task, and an actuator task. (b) An execution
sequence example illustrating the relationship between the
passing latency (and reaction latency) we focus on and the
end-to-end delay (and the end-to-end reaction time). The
dark upward arrows indicate the arrivals of messages sampled
before the occurrence of event B that occurs right after time
0, and the red upward arrows denote the arrivals of messages
that identify event B.

respectively. And the time required for the synchronizer to
choose an output message set is negligible and has been set
to 0. Accordingly, Fig. 2-(b) illustrates the execution sequence
of the system shown in Fig. 2. Upon completion of execution
of sensor task 1 or 2, the corresponding message is sent to the
synchronizer. Fig. 2-(b), the synchronizer is represented by
two channels to demonstrate the received messages from the
sensor task 1 and 2. Once an output message set is selected,
the synchronizer sends the message set (which comprises two
messages, each from one of the channels) to the fusion task.

At time 1, a message sent by sensor task 1 arrives at the
synchronizer. At time 4, the synchronizer receives a message
sent by sensor task 2, and it combines this message with
the one from channel 1 as an output message set, which is
sent to the fusion task at time 4. After processing, the fusion
task sends the message to the actuator task, which completes
execution at time 8. Right after time 0, an external event B
occurs, which is first captured by sensor 1 at time 6. And
then, three messages, which were published by sensor task
1 identifying event B, arrive at the synchronizer at time 7,
13, and 19, respectively. As no new messages are received
from channel 2, these three messages are buffered, awaiting
messages from channel 2. At time 24, a new message sent
by sensor task 2 arrives. At the same time, the synchronizer



combines it together with the message, which arrives at tirset and discards any messages without an exact match. As a
19into an output message set, which is sent to the fusion tasisult, any output message set published undeExaet Time
Then, the fusion task sends the message to the actuator faslicy will have a time disparity oD. However, in reality, it

at time 26, and the actuator task nishes its execution at timis too restrictive to require data from different sensors to have
28. Note that the messages arriving at timi@nd 13 will be  exactly the same timestamp, so teact Timepolicy is rarely
discarded and not included in any output message sets. used in practice. Consequently, we focus on Alpgroximate

In this example, the passing latency of the message arrivifigne policyin this paper, which is used to combine messages
at time 19 caused by the synchronizer is the time differencender a certain tolerance of time disparity. Please note that
between its arrival at tim&9 and the publishing of the outputthe model and results of this paper apply to both ROS 1
message set at tint®4, i.e.,24 19 =5. The corresponding (the rst generation of ROS) and ROS 2. More speci cally,
end-to-end delay is the duration from the start time of sensitve Approximate Time policys the same for all ROS 1 C++
task 1 at timel8 to the completion of the actuator task aversions since Diamondback and ROS 2 C++ versions until
time 28, i.e.,28 18 = 10, which includes the passing latencythe latest Rolling, which was also stated in [3]. For the sake
from time 19 to 24. The reaction latency is the time duratiorof brevity, we use the term “ROS” in this paper to include both
from the arrival of the message at tinido the publishing of ROS 1 and ROS 2. Throughout the remainder of this paper,
the output message set at tirgg, i.e.,24 1 =23, which we will use the term “policy” or “synchronization policy”
includes the passing latency and the extra latency causedifitgrchangeably to represent tA@proximate Timegoolicy. In
the discarded messages. And the corresponding end-to-#rid paper, we adopt the abstract model presented in [3], but
reaction time is the time duration from the occurrence of evettt keep our paper self-contained, we will provide a detailed
B at time 0 to the completion of the actuator task at ti@® explanation of this model in its entirety. We rst de ne some
i.e.,, 28 0 = 28, which includes the reaction latency fromconcepts, followed by the abstract policy model.
time 1 to 24. We useS = fmy;::;; my g to denote aegular setcontain-

It is worth mentioning that the reaction latency of the syring N messages, each of which comes from a different queue.
chronizer is de ned regarding the arrival time of the last nonFhe time disparity of a regular set is de ned as:
dlscarded_message but not the_occurrence time _of the eXterBalnition 3 (Time Disparity) LetS = fmy;::myg be a
event, which seems problematic. For example, if an externa ; . ; :

; : . regular set. The time disparity &, denoted by( S), is the
eventA occurs at timel, then the end-to-end reaction tlmemaximum difference between the timestamps of the messages
regarding this event should 8 10 = 18. However, by

- . ' .in S, i.e.
our de nition, the reaction latency of the synchronizer is S e,

24 1 =23, which is larger than the end-to-end reaction time ( S)=maxf (mj)g minf (m;)g
28 10 =18. This is actually not a problem as our interest is mi2s m;2s
to analyze theworst-caseend-to-end reaction time no matter Each queudQ; stores not only messages that are already
when the event actually occurs. The worst-case scenarioaisived (calledarrived messages), but also an arti cigre-
that the external event happens right after the sampling tirdistedmessage at the end @Qf . The timestamp of aredicted
of the last non-discarded message (evBnin Fig. 2-(b)). message is set based on the timestamp of the latest arrived
Therefore, the worst-case time gap between the occurrencengissage iQ; andT?2 . Itis important to note that the selection
eventB and the generation of the rst output message groyprocedure of the output message set is not solely based on the
containing the information of evel® (24 0 in this example) arrived messages but also considers the predicted messages,
equals the sum of two parts (1) the difference between thich can provide auxiliary information for the selection
timestamp of the last non-discarded message and its arrigepcedure. Nevertheless, a predicted message is never included
time to the synchronizerl( 0 in this example) and (2) the in output message sets. Suppose there are curientgssages
reaction latency 44 1 in this example). The former canfm?;::;;mkg in Q;, mk must be a predicted message and
be bounded using existing response time analysis techniques; :::;; m* * are all arrived messages. The timestampn{f
while analyzing the latter is the goal of this paper. In summarig set to be
we de ne the reaction latency of the synchronizer assuming (M= (mk H+ T8
the worst-case scenario, i.e., the external event occurs rig{]

L0

after the sampling time of the last non-discarded message{imestampo was initially put into each queue. Note that

this way, the de nition of the reaction latency is simple ye . .
. . spmetime a queue may only have a predicted message but
suf cient to serve the purpose of bounding the worst-case end- _ .
S no arrived message.
to-end reaction time.

ﬁen the system starts at tin@e a predicted message with

De nition 4 (Pivot). Let S = fm};::;m}, g, where each

mt is the arrived message with the earliest timestam@in
There are two synchronization policies in ROS, i.e., thEhepivot m; is the one with thdargesttimestamp among all

Exact Timepolicy [28] and theApproximate Timgolicy [29]. elements inS!. If several messages i@* all have the latest

The Exact Timepolicy only combines messages from differentimestamp, the message with the maximum queue number is

input channels with exactly the same timestamp into an outghe pivot.

IIl. ROS MESSAGESYNCHRONIZATION PoLicy



The queue to which the pivot belongs is denoted as th@lgorithm 1: Synchronization Policy
pivot queue, while the remaining queues are denoted as Tenput: the newly arrived message;
non-pivot queues. We use to denote all the regular sets; discard the last message @;
corresponding to the pivan.. Note that the regular sets in, pytm; to the end ofQ;;

consist of messages currently in queues (either arrived pigenerate a predicted message with timestamp
predicted) and must includen,. The selectedset has the (m;)+ T# and put it to the end o®; ;

smallest time disparity among all regular sets in 4 while each queue has at least oaerived messagedo

De nition 5 (Selected Set)Let m, be a pivot and be the 5 | Me  the current pivot (I:?e_nition 4);
corresponding set of the regular sets that incluse. The © | if all predicted messages' timestamps (M)

selected seis the set that has the smallest time disparity then N _
among all elements in . If multiple elements in all have 7 S the selected set (De nition 5) ;
the smallest time disparity, the selectedSet fmy;::;;myg 8 if all messages IS are arrived messageshen
must satisfy the following condition: there doest exist 2 publish S;
another regular se8°= fm?;::;mfgin st () ( SH= 1° for eachm; 2°S do
( S)and (i) 9m; 2 S: (M) < (m). 11 discardm; and all messages befone,
' in the corresponding; ;
A selected set can include both arrived messages and pre-
i o 12 else
dicted messages. We call a selected set containing only arrived returm -
messages published sefdenoted asPYB). The messages in L :

a published set are callguliblished messagel the selected 14 else

set contains any predicted messages, the synchronizer rus L return;
wait for them to arrive. Intuitively, the predicted message(sb) o

can be used to combine a regular set with a smaller tirlneretum’

disparity compared with the current selected set. However,

in the case ofT" > T8, a message may arrive with a

larger timestamp than predicted. If the difference betweenWe assume that the time required by Algorithm 1 to identify
the actual and predicted timestamp is signi cant, the messag&elected set is negligible, i.e., it is considered tdb&his
cannot be included in a selected set as expected. Theref@gsumption is made to simplify our analysis and to focus
the synchronizer can waste some time waiting for messag@iely on the latency caused by waiting for messages to arrive
to arrive, further contributing to passing latency or reactioand also the discarded messages. Furthermore, we use
latency. The insight here is that if the predicted timestamp figpresent the upper bound of time disparity for any published
too large (e.qg., the difference between the predicted timestaf®s, which is equal to the RHS of (12) in [3].

and the timestamp of the pivot exceeds the worst-case time
disparity of the published set), the synchronizer does not nekd
to wait for the predicted message, thereby to avoid wastingWe use Fig. 3 to illustrate Algorithm 1. The x-axis repre-
time. We will explain more about the above insights as well &ents the timestamp and the messages' arrival time is not ex-
the aspects relevant to the passing latency and reaction lateplgitly depicted in the gure. The downward arrows represent

An lllustrative Example

with an illustrative example in Section I11-B. the messages buffered in the quetgl= 3;T2=5;T§=10
o _ andTV =TV =Ty =+1.
A. Synchronization Policy At some time point, a message with timestaénarrives in

When a new messags; arrives, the synchronizer will in- Q3 and is set as the pivot as shown in Fig. 3-(a). The message
voke Algorithm 1. First, the last message (must be a predictsetf mi;m3; mig in Fig. 3-(a) is the rst published set and
message) is discarded fro@ (Line 1). Then,m; is put into the corresponding published messages will be discarded from
the end ofQ;, which then is followed by a new predictedthe queues. Then, a message with timestafarrives atQs,
message with timestamgm; )+ T2 (Line 2-3). After that, the which is set as the new pivot as shown in Fig. 3-(b). Please
pivot is set (Line 5) once there is at least one arrived messagse that the indexes of messages are automatically updated in
in each queue. And a selected set can only be obtained (LA&lgorithm 1 after discarding messages. For example, from Fig.
7) if all predicted messages have timestamps greater tt#fa) to Fig. 2-(b), the notation of the message with timestamp

(mp). If the selected set only contains arrived message,3in Q; is updated froom? to mi afterm? with timestamp

it will be published and all published messages should Beis discarded.

discarded from the queues. Additionally, the messages earlieThe regular sef m$; m2; mig in Fig. 3-(b) has the min-
than the published messages will also be discarded from theum time disparity, so it is the selected set. However, it
queues, which are not included in any published sets (Likannot be published singe3 is a predicted message. So the
8-11). Otherwise, if a selected set contains one or sevesghchronizer will wait form3 to arrive. At some later point,
predicted messages, Algorithm 1 exits immediately to wait$ andm3 arrive successively as illustrated in Fig. 3-(c). Then
for the predicted message(s) to arrive. the selected sdtm$; m3; mig in Fig. 3-(c) will be published
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Fig. 3: An example illustrating the synchronization policy, where the x-axis represents the timestamp not the elapsed time.

Each selected set is contained in the red dotted box.

since it only contains arrived messages. Furthermore, in Fig.
3-(c), it can be observed that m$ arrived in Q; quite some
time ago; however, it still had to wait for the arrival of both
m3 and mi, resulting in a passing latency for m$ until it
could be published. Meanwhile, the messages mi and m? in
(21 are not included in any published set, leading to an extra
latency, which is part of the reaction latency for m$ until it is
published.

At some point, the queue status is shown in Fig. 3-(d), and
m3 is the pivot. The regular set {m3, m3, mi} in Fig. 3-(d)
is the selected set with two predicted messages m3 and m3,
so the synchronizer will wait for them to arrive. However, m?
arrives with a timestamp 31, which is larger than predicted
(i.e., 21 in this case) as shown in Fig. 3-(e). The regular set
{m2,m3,mi} in Fig. 3-(e) is the selected set, so it will be
published. In this case, m$ arrives with a timestamp larger than
predicted and is not included in the selected set, which further
increases the passing latency and reaction latency (we will
further discuss this in Section IV) for the published message
m? in Fig. 3-(e).

IV. PASSING LATENCY UPPER BOUND ANALYSIS

In this section, we present the derivation of the upper bound
of the passing latency for a published message m” @ in Q;
(i € [1, N]), which is included in a published set SPUB.

A. Passing Latency Analysis

According to Definition 1, we should upper bound the
publishing time t; for the published set SPUB,

Lemma 1. Ler SPUB pe the published set published at time
ty. ty must be the arrival time of a message.

Proof. Once a new message from any channel arrives, the
synchronizer will invoke Algorithm 1. Recall that we assume
the time for Algorithm 1 to find a published set is 0. Hence, the
publishing time of a published set must be equal to the arrival
time of the message that triggers the execution of Algorithm
1. The lemma is proved. O

Definition 6 (Latest Arrived Message). Ler STUB be the
published set. The latest arrived message my € SPUB s the

one with the latest arrival time among all messages in STUB,
i.e., Ym € SPUB: a(my) > a(m). Without loss of generality,
let my, come from @Q; (I € [1, N]).

Intuitively, the Algorithm 1 is expected to publish a pub-
lished set upon the arrival of the latest arrived message.
However, this is not always the case due to the utilization of
predicted messages. Predicted messages can offer additional
information during the selection process, thereby affecting the
final publishing time of the published set. The insight is that
the greater the difference between T2 and T}V, the longer
the potential waiting time for the predicted message to arrive
until the publishing time. Therefore, when a predicted message
arrives with a later timestamp than predicted, it is possible that
Algorithm 1 would not obtain a better selected set as expected.
Consequently, the predicted message can further increase the
passing latency.

Below, we first prove that the publishing time of a published
set can be later than the arrival of the latest arrived message.

Lemma 2. Let SPUB pe the published set returned by Al-
gorithm 1 at time ty, and my, € SPUB 1o the latest arrived
message. Then, t; > a(my,) must hold.

Proof. We prove this by contradiction, assuming ¢y < a(my,).
According to Lemma 1, ¢y must be the arrival time of a
message m € SYUB ie., t; = a(m). Hence, a(m) < a(my)
and m,, has not yet been received at time t;. Therefore, it is
not possible to publish SPUB at ¢ ¢. This contradicts the fact
that SPUB is published at ¢;. So, t; > a(my) must hold.

O

Lemma 2 provides a lower bound for ¢;. In the case of
ty > a(my), a message arrives at ¢y and then the published
set is published. However, this message is not included in this
published set. To upper-bound the publishing time ¢, we first
introduce the earliest stable time, which indicates the earliest
time that each non-pivot queue contains at least one arrived
message with a timestamp larger than the pivot.

Definition 7 (Earliest Stable Time). Ler SYUB be the pub-
lished set and myp be the corresponding pivot. The earliest






B. The Second Upper Bound for Passing Latency thus disqualifying them from being included in a selected

Below, we derive the second upper bound for the passif§l thereby prolonging the passing latency. In this case, the
latency by dividing the published s&fYB into three casés PUblishing timet; > (m.) must hold. For example, in Fig.

. UB . 3-(d), m$ is a predicted message with a timestam@2af The
Case 1 all published messages 8YB from non-pivot 3. 5. 1 2 3

: selected set ifm3; m5; m3g. Suppose thamns andms arrive
gueues have timestamp later thafmy). E : . .

) UB . atQ, and thermj arrives with a timestamp &1, as shown in
Case 2 all published messages 8FYB from non-pivot . . . 5 o1

: . Fig. 3-(e). Therefore, the published set will b@{; ms; mzg,
gueues have timestamp earlier thgim).

— 3 — 2 i
Case 3 some published messagesShUB have times- and we havety = (mg) > (m.) = (m3). Actually, if

tamp earlier than (m;), while others' timestamp is later To 4 Algorithm 1 would not wait form3 to arrive.
thanp (my) P P In both Case 2andCase 3 the challenge is to identify and
P):

. _ ) exclude those predicted messages that will not be waited for
~ We begin by demonstrating that iBase 1 the termM  (5ter m, arrives), so that we can reduce the pessimism in
in inequality (1\)N can be simplied to only account for thehe analysis of passing latency. Below, we rst introduce how
delay elemenD;™ , without the need to consider the minimal, g this by adding constraints on the minimal timestamp
timestamp difference elemeif” . difference T? in Lemmas 7 and 8 foCase 2and Case 3
Lemma 5. Let SPUB be any arbitrary published set and, 2 Then we analyze hpw to incorporate these _constraints into the
SPUB pe the pivot. IfSPYB falls into Case 1 the passing termM for Case 2(in Lemma 9) andCase 3(in Lemma 10).

latency experienced by, 2 SPUB is upper-bounded by Lemma 6. Let m,» be any pivot, andS be a selected set
1_- 3 B. _ w corresponding tan,. If m; 2 S is a predicted message (@;
Up * M1 D where M, jT[%] Dj (2) (i 2 [1;N]), then it satis es:

Proof. The published message in each non-pivot queue must (Mj) > (me), and
be the rst message with a timestamp later thgm;). When @y: (me) < (mP)< (m).
the latest arrived message. 2 SPY8 arrives, a selected setpyqof, By line 6 of Algorithm 1,S can only be obtained when
can be obtained from Line 7 in Algorithm 1. This selecteg) predicted messages have timestamps later tigam.). m;
set does not contain any predicted messages and must bedhg predicted message s¢m;) > (m,) must hold. We
published setSPUP. So we havet; = (m.). Since both can assume that there exist® in Q; such that (mp) <
m. and m; are included inSPY®, we can have (m,) (md) < (m)). Therel‘ore,m]d must be an arrived message
(mp)+ . In the worst-casem,; © can bem,. So, we have ang (m° (mp) < (M) (mg). We can construct a
(i) _ () regular setS® with all messages i$, replacing onlym; with
t (m )= (mJ)  (m™) ‘ m{. Then, we have( S9  ( S), which contradicts the fact
( (m)+ D,W) ( (m; ('))+ DiB) that S is a selected set. The lemma is proved. O]

(m) (my)+ D" DF In the following, we analyze the constraints @ff under
+ DY DP "+ M, DP the context that for any pivah,, the corresponding published
setSPUB falls into Case 2or Case 3m, 2 SPUB is the latest
arrived message, arflis a selected set obtained by Algorithm

The key insight learned from Lemma 5 is that Gase 1 not earlierthan (m.).

1, the latest arrived message is precisely the last one trll%tm () - .
ma 7. If m;¥’ 2 S be a predicted message @; (j 2

Algorithm 1 should wait for, leading to the published seh_N]) Then T-é o P 9e @ (
being obtained at the tim& = (m.). In this case, the "7 )
algorithm only needs to wait for all published message®oof. We prove this by contradiction, assumiﬁ’ﬁ > 2 .
included in the pub!lshed set to arrive. However, Qase By Lemma 6.m, () 1is an arrived message satisfying:
2 or Case 3 there is a possibility that Algorithm 1 may _
need to wait for additional messages to arrive, even if the (m; Oy (my) 3)
latest arrived messag®e, has already been arrived (i.e., all bUB . .
published messages have already arrived). More speci calf§inceS™ " falls into Case 20rCas?§t)tle published message
certain predicted messages have the potential to be includédnust be an arrived message) 12 sPUB (x 2 N*)
a selected set with a smaller time disparity. If these messadjeist satisfy:
arrive with the predicted timestamps, the time disparity of the my — (m GQ) X (m, () ) 4)
published set could be reduced. However, it is possible that P I J
they may arrive with timestamps that are later than predictef},o predicted message,

The lemma is proved. O

) has a timestamp (m; (j)) =

0 1y, T8 SRR
3We emit the cases that the timestamp of a predicted message exact@nj )+ T;°. Combining it with (4) and (3), we have

equals (mp) to simplify the presentation of the following proofs. This does (m_ (i )) (m;) > . Therefore, any regular set containing

not compromise the generality of our analysis, since we can add (or subtract) (jl) ] ) ) . .
an in nitesimal value to (or from) its timestamp to t our analysis. m; andm, will have a time disparity greater than. Since



S is obtained not earlier than(m, ), there must exist a regularwaits form, 1) to arrive only iijB 2 . Whenj 2 5, by

set that contains only arrived messages (which actually is themma 8, the messag®, )1 has a maximum timestamp
published set fom;) and it has a time disparity less than value of (m @) 1y = m.)+ — TB. Therefore. the
So, the synchronizer will not wait fom, ) to arrive in any (m, i) ) (, °) , o '

) i) ) ) timestamp ofm; ™’ (when it arrives) must satisfy
case, i.e.m; can not be included in the selected &t

which contradicts the prerequisite; ) 2 s. Therefore, our (m Dy (mp)+ TP + TV (7)

assumption is incorrect arnf® 2 must hold. O _ Q) 1 .
. Whenj 24, the messagm; ) has a timestamp not later
Lemma 7 states that in bo@ase 2andCase 3 the selected than (m,). In the worst case, we have
set obtained not earlier than(m_) for a given pivot can

only include the predicted messages from the non-pivot queue (m; 1)y (mp) + TjW (8)

Q; that satis es the conditiolf® 2. These predicted (h} .
messages will be waited to arrive until the publishing time. It Supposem, ™~ (h 2 1 [ 2) be the rst message with a
is noted that the above condition is necessary but not suf ciefifnestamp larger than(ms) in Qp, and let it be the last one

0) . ] to arrive among all such messages in the queues. Based on
Lemma 8. If m;™" 2 S be a predicted message @& ( 2 Egs. (7) and (8), we can derive

[LNDand”  TB 2, (m 9 1) must satisfi: . :
i j t (mi(l)) (mh(h)) (mi(l))

(i) 1 - B :
(m= ) ma)e T, ® (m™+ o) )+ DP)
Proof. Since the predicted messageg 0) s included inS, = ( (mp) (mi(')))+( (mh(h)) (my))+ D)V DP
(m; )y (mp) must not be large than, i.e., (m; i)y “+max M3i;M3 DP
- Qi () () 1 B
(mpzl;r . Since (mL ) (m; )+ T°, we have Proved. 0
(m* %) (me)+ TE. Proved. O

_ _ Lemma 10. Let SPYB be any arbitrary published set and
Lemma 8 reveals that for any pivot, when T® 2, 2 SPUB pe the pivot. IfSPYB falls into Case 3 the

the predicted messages @) can be included into a SeleCtedggssing latency experienced by, () 2 gPUB js upper-
set and then be waited for arrival before the selected set f4nded by

this pivot can be published, but only if the condition speci ed U=+ M, DB

in Eq. (5) is satis ed. P '

~ To derive the upper bound fd@@ase 2andCase 3we rst  Pproof. Letm; ?? (j 2 [1;N]) be the rst message that arrives
mtrodqce sqme auxlllary not§t|ons. For any pivot, the time in Q; before puinshingSPUB and (mj (J)) > (mp). Let
disparity of its published set is upper-bounded byWe de ne

two sets for the queue indgx (mp)+ (0< < ) be the timestamp of the published

message that has the latest timestamp among all messages in
1= i 2[LN]NO<TR < SPUB. By Lemma 7,T® 2 must hold. Similarly, we
have (m?)  (me)+ TR+ TWifj 2 , And

we have (m; 1y (me)+ TV ifj2 4. Supposemh(h)
Lemma 9. LetSPUB be any arbitrary published setamd, 2 (h 2 1[ 2) is the rst message with a timestamp larger
SPUB pe the pivot. IfSPYB falls into Case 2 the passing than (mg) in Qn, and let it be the last one to arrive among
latency experienced by, ) 2 SPUB is upper-bounded by all such messages in the queues. We have

2= jjj2[LN]AT TR 20

U="+ M, DP 6) . m®  m™ m®)
where ( (m™)+ DY) ((m ")+ DP)
Mz=max M3M3 = (m)+ mO)+ m™)  (my)
M3z=max T" +D} +Dy') Df
12 +max M1 ;M2 DE
M%zrjnzmgi T+ T+ D < + M, D
Proof. Suppose that before publishingPUB, m, WG 2 In conclusion, the lemma is proved. O

[1;N]) be the(‘ )rst message, that arrives @ , with a times- Theorem 2 (Passing Latency Upper Bound 2 LetSPYB be
tamp of (m;"’) > (me). By Lemma 7, the synchronizer any arbitrary published set. The passing latency experienced
by m, ") 2 SPUB is ypper-bounded by

40f course, there exists a minimal limit as well, i.e.(mj ) 1) >
(mp) . However, our focus here lies on the maximum limit. Up = max Ug; Ué 9)









reach the same evaluation conclusion for all other channatsordinate system using these existing techniques. Our focus is
To further demonstrate this, we also illustrate the results of alh the problem that arises after timestamping, i.e., the latency
six channels in Fig. 6-(b) as an example, where we use tt@used when managing the sensor data ows in the computing
same setting as Fig. 6-(a), except that the number of chanmalstem based on these timestamps.
was kept constant &. In Fig. 6-(c), the messages are no |n recent years, some work has been conducted on formal
longer generated periodically, but with timestamp separatiggal-time performance analysis of ROS2, such as exploring
randomly distributed betweei® and T, and the ratio response time analysis by modeling execution of ROS2 ap-
betweenTV and T® varies as indicated by the x-axis. Inplications as processing chains or a DAG [16], [17], [20],
Fig. 6-(d), we use the same setting as in Fig. 6-(a), but §ep], [24] executing on the ROS2 default scheduler, i.e.,
the number of channels % and change the range of delaythe executor. [18], [21], [23], [24] proposed to address the
experienced by each message as shown by the x-axis.  limitations of the default scheduling strategy of ROS2 by
For the reaction latency evaluation, we use the same sett#ighancing or redesigning the executor. In [19], the authors
in Fig. 7-(a), (b), (c) and (d) as Fig. 6-(a), (b), (c) and (dpropose an automatic latency manager that applies existing
respectively. Again, we only illustrate the results (values egal-time scheduling theory to latency control of critical call-
Upper Bound and Observeq for the rst channel in Fig. 7- back chains in ROS2 applications. [14] proposed an end-to-end
(a) (as well as in Fig. 7-(c) and (d)). And an example with thgming analysis for cause-effect chains in ROS2, considering
results of all six channels is illustrated in Fig. 7-(b). the maximum end-to-end reaction time and maximum data age
From the experiment results in Fig. 6-(a) to (d), we caetrics. However, all of the research mentioned above focuses
see that our upper bounds for the passing latency (Theorgslely on the executor component in ROS2 only for the end-
1 and 2) have good precision. As depicted in Fig. 6-(c), a-end latency (response time) analysis without considering
the ratio betweeV andT® increases, particularly at ratiosthe Message Synchronizer. [37] proposed a synchronization
of 1:6 and 1.8), the difference betweetpper Bound 1and system implemented in a node to harmonize communication
Upper Bound 2 becomes negligible. The reason is that as thgstween nodes, which works similarly to the message syn-
ratio increases, it exacerbates the difference bet@i¢erand  chronization policy in ROS. Recent work [3], [7] modeled the
T\ . Since is calculated based 6R"Y, T® > can always message synchronization policy in ROS and formally analyzed
hold, and the constraints introduced in the second upper bound worst-case time disparity of the output message set as
for the passing latency become invalid. From the experimenell as the important properties of the policy. However, their
results (Fig. 7-(a) to (d)), we can know that our upper bounghalysis only focuses on the time disparity metric and neglects
for the reaction latency (Theorem 3) has a certain level @f consider the latency caused by the policy, which is closely
pessimism. Further analysis and re nement may be necessgéy to end-to-end latency and is a critical factor in the reaction
to assess the upper bound accurately. time of the system as a whole.

Based on the experiment results, we can observe that therevious research on real-time scheduling and analysis has
synchronization policy can produce considerable latency. Aestigated various real-time performance metrics, including
illustrated in Fig. 6-(a), (c), and (d), the passing latenggsponse time [38], [39], tardiness [40] and data freshness
increases as the number of channels, the ratio betWgén [10]-[13], [41]. However, these analysis techniques cannot
andT#, or the range of delay experienced by each message directly applied to ROS systems. Furthermore, analyzing

before arriving at the synchronizer becomes larger, in terms|gfency associated with the message synchronization policy in
Upper Bound 1, Upper Bound 2 and Observed As shown RQOs remains an open research question.

in Fig. 6-(b), the passing latency is almost the same across
different channels, in terms &fpper Bound 1, Upper Bound
2 and Observed For the reaction latency, we can reach the VIIl. CONCLUSION
same conclusion based on Fig. 7-(a) to (d).
In this paper, we explore two types of latency metrics asso-
ciated with the ROS message synchronization policy, i.e., the
Data fusion algorithms are commonly developed with theassing latencynd thereaction latencyand formally analyze
assumption that data from multiple sensors are perfectlye upper bounds for both latency. We conduct experiments
aligned, although this is rarely the case in reality. To addresader different settings, including the different number of
this issue, various techniques have been proposed to compdrannels, the varied data sampling periods, and the random
sate for the temporal inconsistency of input data [30]-[33dlelay time experienced by messages before arriving at the syn-
which only work when the temporal inconsistency falls withichronization policy, to evaluate the precision of our proposed
a certain range. Message synchronization before data fusiatency upper bounds against the maximal observed latency in
is a crucial component that warrants careful consideratioeal execution. In the future, we plan to improve the design and
and attention. Previous studies [2], [34]-[36] have focused amplementation of the ROS message synchronization policy,
precisely timestamping sensor data in the context of multensidering both the time disparity and latency aspects, with
sensor data fusion. In this paper, we assume that sensor diagaultimate goal of achieving better real-time performance in
has already been associated with valid timestamps in the saR@S systems.
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