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Abstract: The Controller Area Network (CAN) is a widely used communications bus in current in-vehicle network.
Real-time constraint of CAN is particularly important, which requires that the worst-case response time(WCRT) of
a CAN message must not be longer than its deadline. In order to meet the constraint, offset assignment for CAN
messages has been proposed, which can effectively decrease the WCRT. However, neither existing WCRT analysis
method for CAN messages with offsets nor the offset assignment method consider the queueing jitter, while it can
not be ignored in the real systems. For the purpose of investigating the effects of the queueing jitter, we propose a
jitter-considered WCRT analysis method for CAN messages with offsets; and evaluate its effects on WCRTs of realworld CAN messages. Our results show that the queueing jitter weakens the effectiveness of the offset assignment and
worsens the WCRT.

1. Introduction
The Controller Area Network (CAN) is a serial broadcast bus
that sends and receives short real-time control messages. The
CAN bus is designed to connect several stations and to operate at
a maximum speed of 1 Mbit/sec [1].
CAN stations transmit messages to the CAN bus according to
their own clocks. Each message is required to have a unique identifier (ID). The ID may be 11 bits (standard format) or 29 bits (extended format). When a station attempts to transmit a message,
it has to wait until a bus idle period is detected. If two or more
stations start to transmit at the same instant, the bus arbitration
is triggered, and the ID is used as a priority (a message with a
smaller ID has higher priority) to determine which message will
be transmitted among those contending for the bus.
1.1 Related Work
Real-time constraint of CAN is particularly important, which
requires that all the messages should meet their deadlines. In order to analyze whether the constraint is guaranteed or not, the
theory of WCRT analysis for CAN messages has been proposed
by Tindell et al, which calculates the worst-case response time
(WCRT) of each message, and compare it with the deadline to
verify whether the constraint is met [2].A lot of the successive
studies then have been proposed for improving the theory. The
most recent achievements are the researches proposed by Davis et
al, which corrected some mistakes and revised the original analysis method [3]; and discussed the analysis when FIFO (First-InFirst-Out) queues are implemented [4].
However, the sophistication and complexity of in-vehicle communications have seen a notable increase in the number of trans1
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mitted messages, and make the bus utilization higher and higher
in recent years. In order to match the real-time constraint in this
situation, the offset assignment, an effective approach that decreases the WCRT and consequently enhances the possibility of
matching the constraint, has been proposed by Matustani et al
[5] and Grenier et al [6], respectively. However, a common flaw
of the methods is that they can hardly find the suitable offsets in
the complicated systems with high bus utilization. For this reason, Chen et al proposed their offset assignment method, which
has more advantages on decreasing the WCRT than the previous
studies [7].
Because assigning the offsets makes the system too complex
to be analyzed by Tindell/Davis’s analysis methods, Iiyama et
al provided a WCRT analysis method for CAN messages when
the offset assignment is conducted [8]. This study was pointed
out that the WCRT calculation algorithm is pessimistic. Therefore, Kurachi et al proposed an exact WCRT calculation method
[9]. Moreover, because both the studies of Ref. [8] and [9] did
not consider the implementation of the FIFO queues, Chen et al
proposed their WCRT analysis method for CAN messages with
offsets in the FIFO queues [10].
1.2 Motivation
Queuing a CAN message generally occurs with the jitter that is
the delay before the message is successfully queued [2], [3]. Because of the jitter, the instants that the messages are successfully
queued become dynamic, which could cause the changes of the
WCRT. However, to the best of our knowledge, neither existing
WCRT analysis methods for CAN messages with offsets nor the
offset assignment methods consider the queueing jitter.
For this reason, this paper focuses on the issue of the queueing jitter. First, We propose a jitter-considered WCRT analysis method for CAN messages with offsets. Second, based on
the proposed analysis method, we conduct experiments on real-
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world CAN messages to evaluate the effects of queueing jitter on
the WCRT. From the results we observe that the queueing jitter
weakens the effectiveness of the offset assignment and worsens
the WCRT. Moreover, we point out that in some situation assigning offsets can even cause the increase but not the decrease of the
WCRT.

Queueing event
T1
J1Max
J1,0

2. Analysis Model
2.1 Basic Notations
The system is assumed to be composed of a single CAN bus
and several CAN stations. A station, denoted UI (I ∈ Z + ), is assumed to provide that the highest priority message queued at the
station is entered into the bus arbitration whenever it starts. All
the transmitted messages in the system are considered as a message set. Each message, denoted Mi (i ∈ Z + ), has static properties
which comprise fixed priority Pi , maximum transmission time Ci ,
period Ti and offset Oi .
Pi is equal to the ID of Mi . Mi has higher priority than M j
if Pi < P j . Because each CAN message has a unique ID in the
system, Pi ! P j holds for any two messages Mi , M j (i ! j).
The maximum transmission time Ci is determined by the number of data bytes, bit stuffs and the inter-frame space, which is
calculated by the formula below [3].
! g + 8s − 1
"
i
Ci = "
(1)
$ + g + 8si + 13 tbit
4
In the formula g = 34 for standard CAN(11-bit IDs) or g = 54
for extended CAN (29-bit IDs). tbit denotes the time it takes to
transmit one bit. si denotes the number of bytes in the data field
of the frame.
It is assumed that queueing Mi is executed by the sending task.
The task is either invoked by, or polls for, the event that triggers
queuing of the message. The event is assumed to occur with a
minimum interval time of Ti that is referred to as the message
period( T i is deemed infinite for a sporadic message).
Each the occurrence of Mi is defined as a f rame and is denoted
by τi, j ( j ∈ Z0+ ). The instant that queueing a frame is triggered is
defined as a release, and the release of τi, j is denoted by ri, j . Oi
is the instant at which Mi is firstly released, which is equal to ri,0 .
Moreover, all messages of UI are considered as to be transmitted
with the whole period — the least common multiple of periods of
all messages in UI . Let LC MI denote the least common multiple
of periods of all messages in UI . Because the analysis only needs
to consider the frames of UI that are released in the interval with
the length of LC MI , we assume that τi, j and ri, j are limited by
following conditions:
0≤ j≤"

LC MI − Oi
$
Ti
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(2)

J1Max

C1

J1,1
1

1

U1

t
r1,0

1.3 Organization
The remainder of this paper is organized as follows: Section 2
describes the analysis model. Section 3 concludes and proves the
worst case for CAN messages with offsets when the queueing jitter occurs. Section 4 proposes the WCRT calculation algorithms.
Section 5 explains the experiments that evaluate the effects of the
queueing jitter on the WCRT. Finally, Section 6 concludes the
studies and discusses future works.

Queueing event

O1

a1,0

r1,1

a1,1

Fig. 1 An example of the model of Mi

In any realistic system, queueing a frame will have a jitter
that is the delay from the release to the frame been successfully
queued. We define the instant that a frame is successfully queued
as an arrival. Denote JiMax is the maximum jitter that any frame
of Mi may experience; ai, j is the arrival of τi, j . Therefore, ai, j can
be any instant between ri, j and ri, j + JiMax ; and the corresponding
jitter of the ai, j , denoted Ji, j , is equal to ai, j − ri, j .
An example of the above notations is given in Fig. 1. In the
figure, the horizontal axis represents time; down-pointing arrows
represent the queueing events — the releases; up-pointing arrows
represent the arrivals. The white boxes represent message transmissions; and the number in each box represents the priority. In
the example, message M1 has a priority P1 = 1; maximum transmission time C1 = 1; period T1 = 6; offset O1 = 2 and maximum
jitter J1Max = 4. The first frame of Mi is released at the instant
2(r1,0 ); and arrives at the instant 4(a1,0 ). While the second frame
is released at the instant 8(r1,1 ); and arrives at the instant 11(a1,1 ).
2.2 Notations for Analysis
In order to group the messages that are related to the analysis,
we define a sequence as the follows:
Definition 1. A sequence of UK , denote γtKK (i), is defined as the
group of messages that belong to UK ; have priorities higher than
Pi ; arrive at or after the instant tK and are ordered by their arrivals (for the simultaneously arrived messages the one with the
highest priority has the first order).
The WCRT of a message Mi , denoted WCRTi , is the worstcase delay that Mi may experience between release and complete transmission. Mi is also assigned a hard deadline, denoted Di , which is the time constraint from release to the successful transmission of Mi . Therefore, Mi meets its time constraint if WCRT i ≤ Di . The system meets its time constraint if
WCRT i ≤ Di holds for all the messages.
When the CAN bus is continually occupied by the frame transmission, the occupied time interval is defined as a busy period.
An extension to this concept, the level i busy period, is defined
as a time interval during which the CAN bus is continually occupied by the transmission of messages with priority Pi or higher
[12]. The level i busy period is denoted by βi . A frame τi, j , which
arrives during a βi−1 , will be able to gain access to the CAN bus
after the end of the βi−1 .
2.3 Time Zone
Because in a CAN system each station transmits the messages
according to its own clock, in the analysis an instant is invalid
unless it is declared to belong to any one of the clock. For this
reason, we assume that there is a theoretical station time zone for
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the each station, which corresponds to the transmission clock of
the station; and there is a theoretical bus time zone for the CAN
bus, which corresponds to the bus transmission clock. Let t be
an instant in the time zone of station UK ; t(B) denote the corresponding instant of the t in the bus time zone; φK denote the phase
between the initialization of the bus and station UK . The relation
between the t(B) and t is described as the follows.
t(B) = t + φK

(3)

Moreover, when a sequence is used in the analysis, the relative instants to the the start of the sequence are more concerned.
Therefore, we also assume there is a theoretical sequence time
zone for each sequence. Let t be an instant in the time zone of
station UK ; t(S ) denote the corresponding instant of the t in the
sequence γtKK (i) time zone. The relation between the t and t(S ) is
described as the follows.
t(S ) = t − tK

(4)

Based on the explanations, for a frame τi, j belonging to γtKK (i), the
release and arrival of τi, j in the sequence time zone are denoted by
ri, j (S ) and ai, j (S ), respectively, which are calculated by following
formulas:
ri, j (S ) = ri, j − tK

ai, j (S ) = ai, j − tK

(5)
(6)

The notations used in this paper are summarized in Table 1.
Table 1 Notations
Station U I

Message Mi

Frame τi, j

Sequence
Busy period
Time Zone

φI
Pi
Ci
Oi
Ti
JiMax
WCRT i
Di
ri, j
ai, j
Ri, j
Ji, j
γtKK (i)
ΓtKK (i)
βi
t
t(B)
t(S )

Initialization phase of UI
Priority of Mi
Maximum transmission time of Mi
Offset of Mi
Period of Mi
Maximum queueing jitter of Mi
WCRT of Mi
Deadline of Mi
Release of τi, j
Arrival of τi, j
Response time of τi, j
Queueing jitter of τi, j
Sequence(Definition 1)
Worst-jitter sequence(Definition 2)
Level i busy period
An instant of the station time zone
An instant of the bus time zone
An instant of the sequence time zone

3. Worst Case Analysis
Because in a CAN system each station transmits messages according to its own clock, the different phase relations of the stations will cause a message to experience different response time;
and results in the WCRT. Since it is impossible to check all the
phase relations, the theory of worst-case analysis has been proposed, which concludes the worst case in one or a few phase relations so that the WCRT can be calculated.
In this section we explain the analyses that conclude the worst
case for CAN messages with offsets. In Section 3.1, we will
firstly introduce the previous analysis method that assumes no
ⓒ 2012 Information Processing Society of Japan

occurrence of the queueing jitter. Then, in Section 3.2, we propose and prove theorems that concludes the worst case for offsetassigned CAN messages when queueing jitter occurs.
3.1 Existing Theory
Iiyama et al discussed the WCRT analysis for CAN messages
with offsets when queueing jitter is assumed not to occur [8]. According to the study, the worst case of a message Mi can be concluded by Theorem 1.
Theorem 1. The worst-case of Mi exists in the situations that a
sequence γtKK (i) of the each station UK starts simultaneously. Here
the start of each sequence meets tK ∈ {rk, j | Mk ∈ U K , Pk ≤ Pi }.
The phase relations of the stations that meet the description of
Theorem 1 must be treated as the worst-case candidates. In each
candidate, the first frame of Mi in γtII (i), assumed τi, j , is focused;
and its response time, Ri, j , is calculated. The maximum Ri, j of all
the candidates is the WCRTi .
Calculation of Ri, j in a candidate is given by following formula:
Ri, j = Qi, j + Ci

(7)

In the formula, Qi, j is the delay that τi, j experiences in the candidate, which is the interval between the arrival of τi, j and the
instant where τi, j starts to be transmitted. Calculation of Qi, j is
composed of the following elements:
( 1 ) The delay caused by transmission of the higher-priority messages, which can be calculated by finding the length of the
busy period βi−1 in the candidate.
( 2 ) Because the message transmission on CAN bus is based on
non-pre-emptive scheduling, Mi can be delayed by a message with priority lower than or equal to Pi . Therefore, the
longest transmission time of a message with priority lower
than or equal to Pi is assumed always occupying the bus just
before the simultaneously start instant in the each candidate.
This is defined as the blocking time of Mi [3] . Let Bi denote the blocking time of Mi . Bi is calculated by the formula
below:
Bi = max C j
P j ≥Pi

(8)

( 3 ) The arrival of τi, j in the γtII (i) time zone — ai, j (S ).
Summarize the above, Qi, j can be calculated by the following
formula:
Qi, j = Bi + length(βi−1 ) − ai, j (S )

(9)

3.2 Analysis Method for Considering Queueing Jitter
When the queueing jitter occurs, the existing theory can not
obtain the correct analysis because of the following two reasons:
( 1 ) Ji, j should be considered into the calculation of Ri, j .
( 2 ) The jitters cause the arrivals of the frames to become dynamic. Therefore, the sequence defined by Definition 1 is
not unique. Consequently, the worst case can not be concluded by Theorem 1.
The solution for the reason (1) can be achieved by changing
the calculation formula of Ri, j to the follows:
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Ri, j = Qi, j + Ci + Ji, j
where

(10)

Qi, j = Bi + length(βi−1 ) − ai, j (S )
Ji, j = ai, j − ri, j

For the reason (2), a new theorem for concluding the worst case
when the queueing jitter occurs is necessary. In our approach, we
consider that a sequence, given by Definition 1, has infinite possible situations when queueing jitter occurs, in each of which the
messages has static arrivals. However, instead of checking all of
them, the situation that causes τi, j experiences the maximum delay among all the situations, which is defined as a worst- jitter
sequence, is concluded. Then the calculation only needs to consider the worst-jitter sequence. The definition of a worst-jitter
sequence is described as the follows:
Definition 2. A worst-jitter sequence of UK , denoted ΓtKK (i), is
defined as the sequence in which the messages of UK with priorities higher than or equal to Pi arrive as close as possible to the
instant tK .
According to the definition, a frame τi, j of ΓtKK (i) arrives at tK
if ri, j ≤ tK ≤ ri, j + JiMax ; whereas τi, j arrives at its release instant
(Ji, j = 0) if ri, j > tK .
Using the worst-jitter sequence, we propose and prove Theorem 2 as follows:
Theorem 2. Assume that in a phase relation each station UK
starts from φK , and it causes a message Mi experiences its WCRT.
Also assume this WCRT experienced frame of Mi is τi, j ; and τi, j
arrives in a busy period βi−1 that starts from the instant t0 (B).
Therefore, the sequence of each station started from t0 (B) is the
worst-jitter sequence.
Proof. Theorem 2
Assume a counterexample exist, in which Mi experiences its
WCRT — WCRT i∗ — but at least one sequence started from the
t0 (B) is not the worst-jitter sequence.
t0

Let γ JJ (i) be the exceptional sequence, in which t0J is the cort0

responding instant of t0 (B) in the U J time zone. If γ JJ (i) bet0J

comes the corresponding worst-jitter sequence ΓJ (i), the messages transmitted by UJ with priorities higher than or equal to
Pi arrive as close as possible to t0 (B). Therefore, more messages
may enter the βi−1 , which cause the βi−1 may become longer.
If τi, j does not belong to UJ , the changes of the βi−1 cause Qi, j
to be longer. Thus τi, j may experience longer response time than
WCRT i∗ .
If τi, j belongs to UJ , the changes of βi−1 cause Qi, j to be longer.
t0

t0

Moreover, γJJ (i) becoming ΓJJ (i) also causes that the arrival of τi, j
changes from ai, j to a(i, j . Here it is a(i, j ≤ ai, j because it is ai, j ≥ t0j .
Following these changes, the decrease of Ji, j , which is ai, j − a(i, j ,
is equal to the increase of Qi, j , which is ai, j (S ) − a(i, j (S ). Thus
ai, j changes to a(i, j does not cause any changes of Qi, j . Therefore, only the changes of βi−1 cause Qi, j to be longer, and τi, j may
experience longer response time than WCRTi∗ .
According to the above, the counterexample does not exist.
Therefore, the sequence of each station started from t0 (B) is the
worst-jitter sequence.
!
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Based on Theorem 2, we propose and prove Theorem 3 to conclude the worst case of Mi when the queueing jitter occurs as
follows:
Theorem 3. When queueing jitter occurs, the worst-case of Mi
exists in the situations that a worst-jitter sequence ΓtKK (i) of each
station UK starts simultaneously. Here the start of each sequence
meets tK ∈ {rk, j + JkMax |Mk ∈ U K , Pk ≤ Pi },
Proof. Theorem 3
Assume a counterexample exists: in a phase relation, denoted
ζ1 , Mi experiences its WCRT — WCRTi∗ — but at least one worst
t0

jitter sequence ΓJJ (i), started simultaneously with the others, does
not meet t0J ∈ {rk, j + JkMax |Mk ∈ U J , Pk ≤ Pi }.
Assume this WCRT experienced frame of Mi is τi, j ; and τi, j
arrives in a busy period βi−1 that starts from t0 (B). According to
Theorem 2, the sequence of each station started from t0 (B) is the
worst-jitter sequence.
Assume t1J is the earliest instant after t0J , which meets t1J ∈
{rk, j + JkMax |Mk ∈ U J , Pk ≤ Pi }. Consider another phase relation, denoted ζ2 , in which the start of station UJ changes from φJ
to φ(J (φ(J < φ J ) so that t1J coincides with t0 (B); and the sequence
t1

started from t1J becomes the worst-jitter sequence — ΓJJ (i).
Following the changes,
( 1 ) The messages, arrived at t0J and included in the βi−1 in ζ1 , can
arrive at t1J in ζ2 because that t1J is the earliest instant after t0J ,
which meets t1J ∈ {ak, j + JkMax |Mk ∈ U J , Pk ≤ Pi }. Therefore,
they are still included in the βi−1 in ζ2 , and the length of the
βi−1 does not change.
( 2 ) The messages, arrived after t0J and included in the βi−1 in ζ1 ,
are also included in the βi−1 in ζ2 because their arrivals become earlier but still later than t1J . Therefore, the length of
the βi−1 does not change.
( 3 ) The messages, arrived after t0J but not included in the βi−1
in ζ1 , may be included in the βi−1 because their arrivals are
earlier in ζ2 . Therefore, the length of the βi−1 may become
longer in ζ2 .
Let β(i−1 denote the corresponding busy period in ζ2 , it is
length(β(i−1 ) ≥ length(βi−1 ). If τi, j does not belong to UJ , the
change from the βi−1 to β(i−1 may cause that Qi, j becomes longer.
Thus τi, j may experience longer response time than WCRTi∗ .
Then, focus on the situation that τi, j belongs to UJ . When
ri, j ≤ t0J , the changes cause that Ji, j becomes longer; ai, j (S ) is
still 0 while Qi, j may become longer since the change of the busy
period. While if ri, j > t0J , Ji, j does not change; ai, j (S ) is decreased
thus Qi, j becomes longer. Therefore, τi, j may experience longer
response time than the WCRTi∗ .
Therefore, the counterexample does not exist. The worst-case
of Mi exists in the situations that a worst-jitter sequence ΓtKK (i),
where tK = {ak, j + JkMax |Mk ∈ U K , Pk ≤ Pi }, of each station arrives simultaneously.
!

4. WCRT Calculation
Main of the WCRT calculation for a message Mi is to calculate
the length of the busy period βi−1 in each worst case candidate of
Mi . Then the WCRT of Mi can be calculated according to Formu122
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Algorithm 1 Calculate y = IFKtK (i, t0 )
Require: t0 ≥ 0, i > 0, a given sequence ΓtKK (i)
Ensure: y = IFKtK (i, t0 )
1: n ← 0, x ← 0, y ← 0
2: while True do
3:
τ j,k ← the n-th frame in ΓtKK (i)
4:
if x < a j,k (S ) then
5:
x ← a j,k (S )
6:
if x > t0 then
7:
break
8:
end if
9:
end if
10:
x ← x + C j, y ← y + C j
11:
if x > t0 then
12:
y ← y − (x − t0 )
13:
break
14:
end if
15:
n←n+1
16: end while
17: return y

las 10. In this section, we explain the calculations of the length of
the busy period βi−1 and the WCRT of Mi . Section 4.1 proposes
an exact algorithm that calculates the response time in the each
worst case candidate. The algorithm can calculate the exact results but costs a great computational time. Therefore, Section 4.2
proposes an approximate algorithm that can effectively decrease
the calculation complexity and provides the results are safety.
4.1 Exact Algorithm
In order to calculate the length of the busy period we use the
Interference Function (IF) to represent the interference time that
messages of a sequence interferes with the lower-priority messages [13]. Denote IFKtK (i, t) is the IF of a given sequence ΓtKK (i),
calculation of IFKtK (i, t0 ) is conducted by Algorithm 1.
In the algorithm, variate x represents an instant in the time zone
of ΓtKK (i); variate y represents the corresponding interference time
of x. Frames in ΓtKK (i) are loaded one by one. Their Ci are added
to x and y if their arrivals are smaller than or equal to x. However,
if the arrival of a frame is larger than x, no frame is transmitted
in the interval between x and the arrival. Therefore, x is moved
to the instant of the arrival firstly; then the Ci is added to x and
y. When x exceeds the t0 , the calculation is over and the corresponding y is the result of IFKtK (i, t0 ).
A IF can be depicted by a figure. An example of the figure is
given in Fig. 2. In the example, it is assumed that M1 , M2 , M3 ∈
U1 , T 1 = T 2 = T 3 = 8; C1 = C2 = C3 = 1; O1 = 0, O2 =
3, O3 = 4; and their jitters are all 0. As shown in the top part of
the figure, the frames of M1 , M2 , M3 arrive at the instants 0, 3, 4,
respectively. The IF of the sequence Γ01 (4), IF 10 (4, t), is depicted
by the bottom part.
Using IF, the sum of Bi and length(βi−1 ) in a each candidate
can be calculated by the following formula:
#
wn+1 = Bi +
IF KtK (i, wn )
(11)
all UK

In the formula, IF KtK (i, wn ) is the IF of ΓtKK (i, wn ) in the candidate. The calculation starts from an initial w0 = 0, and ends when
ⓒ 2012 Information Processing Society of Japan

U1

1

2

3
t

IF10 (4,t)

1

2

3
t(S)

Fig. 2 An example of the figure of a IF

wn+1 equals to wn . Then, the wn+1 is the value of Bi + length(βi−1 )
in this worst-case candidate. Therefore the Qi, j can be calculated
by the formula below.
Qi, j = wn+1 − ai, j (S )

(12)

Put the value of Qi, j into Formula 10 to calculate Ri, j in the
candidate. Finally WCRTi can be calculated by searching for the
maximum Ri, j in all the candidates.
4.2 Approximate Algorithm
Although the algorithm proposed in Section 4.1 can calculate
the exact WCRT, the calculation checking all the worst-case candidates will spend an unaffordable time for a real-world message
set. For this reason, we also propose an approximate algorithm
that can effectively decrease the calculation complexity and provides the results are safety — the approximate WCRT is equal
to or larger than the exact WCRT, which is acceptable from the
WCRT analysis point of view.
In the exact algorithm, the calculation focuses on each worst
case candidate. It uses IF to calculate the Ri, j , then finds the
WCRT from all the candidates. Assume NK is the number of the
IFs of U K , which meet the descriptions of Theorem 3. The exact
$
algorithm has to run Formula 10 NK times for calculating the
WCRT.
In contrast to this, in the approximate algorithm we firstly
group the worst jitter sequences of the same station, which meet
the descriptions of Theorem 3. The sequences group of UK thus
is {ΓtKK (i)} where tK ∈ {rk, j + Jkmax |τk ∈ U K , Pk ≤ Pi }. And the
corresponding group of the IFs is {IFKtK (i, t)}.
Then, we calculate the maximum interference time of a station UK by finding the maximum of the group of IFs, {IFKtK (i, t)}.
This calculation of the maximum interference time is achieved by
using the Maximum Interference Function (MIF) [13]. Denote
MIF K (i, t) is the MIF of {IF KtK (i, t)}, the calculation of MIFK (i, t)
is given as the follows.
MIF k (i, t) =

max

tK ∈{rk, j +Jkmax |Mk ∈UK ,Pk ≤Pi }

IF KtK (i, t)

(13)

Same as IF, a MIF can also be depicted in a figure. Based
on the same example given in the explanation of the IF-figure,
MIF 1 (4, t) is the maximum of IF10(4, t), IF 13 (4, t), IF 14 (4, t),
which is depicted in Fig. 3.
Using MIF, calculation of the WCRT of Mi (Mi ∈ U I ) changes
to follows:
123
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U1

1

2

3
t

MIF1 (4,t)

βi−1 , started from tI (B), and Bi can be calculated by the following formula:
#
wn+1 = Bi +
MIF K (i, wn ) + IF ItI (i, wn ) (14)
all UK (K!I)

t(S)
IF10 (4,t)

1

2

The calculation starts from an initial w0 = 0, and ends when
wn+1 equals to wn . Then, the wn+1 is the maximum sum of Bi
and length(βi−1 ).
( 2 ) For the frame τi, j that arrives in this βi−1 , its maximum Qi, j ,
Max
denoted Qi,Max
j , and maximum Ri, j , denoted Ri, j , thus are
calculated by the formulas below.

3

Max
Ri,Max
j = Qi, j + C i + Ji, j
IF13 (4,t)

2

where

3

n+1
− ai, j
Qi,Max
j =w

1

(15)

Ji, j = ai, j − ri, j
IF14 (4,t)

1

3

Fig. 3

2

An example of the figure of a MIF

( 1 ) Focus on the group of worst-jitter sequences {ΓtII (i)} of U I ,
which meet the descriptions of Theorem 3 — tI ∈ {rk, j +
JkMax |Mk ∈ U I , Pk ≤ Pi }. Let tI (B) be the corresponding instant of the tI in the bus time zone, the sum of the longest

( 3 ) Put each sequence of the group {ΓtII (i)} into the calculation.
The longest Ri,Max
j thus is the WCRT of Mi .
Assume NK is the number of the IFs of UK , which meet the
descriptions of Theorem 3. According to the above explanations,
the approximate algorithm only needs to run NI times of Formula
15 to find the WCRT.

5. Evaluation of Queueing Jitter Effects on
WCRT
In order to investigate the effects of queueing jitter, we conduct

(a) The maximum jitters are 0

(b) The maximum jitters are 1% of the periods

(c) The maximum jitters are 10% of the periods

(d) The maximum jitters are 25% of the periods

Fig. 4

WCRTs of messages in a real-world message set when the queueing jitters occur. The maximum
jitters are determined as the ratio of the periods.
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the WCRT calculation on a real-world message set provided by
an automobile manufacturer, and analyze the results in this section. In Section 5.1, we explain the factors of the message set,
evaluation index and the results. In Section 5.2, we point out that
in some situations the offset assignment could cause the WCRT
to be worse when queueing jitter occurs.
5.1 Experiments
The evaluating message set has 65 messages that are distributed in 14 stations. For each message Mi , its Pi , Ci , T i are
statically configured by the automobile manufacturer, while Oi is
assigned by the method of Ref.[7].
The maximum jitters are inherited from the response time of
the sending tasks [2], [3], [11]. Therefore, in general, the precise
values are not given in the message set, and this is also the case
in our experiments. However, in existing studies the maximum
jitters are usually determined by the following two ways [14]:
( 1 ) The maximum jitters are determined as the ratio of the periods. This way is considered that a station uses unique task to
send each message, and the priority of the message is inherited from the task. Moreover, because the tasks prioritis are
generally assigned according to the rate monotonic rule —
the task with shorter period have higher priority, the longer
period task will have longer response time thus the corresponding message will have longer jitter.
( 2 ) All messages are determined to have the same maximum jit-

ter. This way is considered that a station uses the same task
to send all the messages, as it is described in the AUTOSAR
Specification of Communication [15].
Both the determining ways are considered in our experiments.
Results of the experiments that the maximum jitters are determined as the ratio of the periods are shown in Fig. 4, in which the
maximum jitters are determined as 0, 1%, 10%, and 25% of the
periods, respectively. Meanwhile, results of the experiments that
all messages are determined to have the same maximum jitter are
shown in Fig. 5, in which the maximum jitters are determined as
1ms, 2.5ms, 5ms and 7.5ms, respectively.
In the figures, the red line with triangle markers depicts
WCRTs of the messages without offsets; the green line with circle markers depicts WCRTs of the messages with offsets. The
WCRT results are calculated by the proposed approximate algorithm explained in Section 4.2, which take 25 minutes at most.
While the exact algorithm based calculations spend more than 3
days on the same computer that is equipped with a 1.86GHz Intel
Core 2 Duo processor and 4GB memory.
From all the results we observe that following the increase of
the jitters, both the WCRTs of the messages with and without
offsets increase; and their differences become close. When the
jitters are equal to 25% of the periods, the WCRTs of the messages with offsets are quite near to that of the messages without
offsets, which indicates that the offset assignment almost loses
the effectivness. Moreover, from the zoom parts in Fig. 4(d) we

(a) The maximum jitters are 1ms

(b) The maximum jitters are 2.5ms

(c) The maximum jitters are 5ms

(d) The maximum jitters are 7.5ms

Fig. 5

WCRTs of messages in a real-world message set when the queueing jitters occur. All messages
are determined to have the same maximum jitter.
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observe an unexpected result — the WCRTs of the two messages
are increased but not decreased when offsets are assigned.
5.2 How Offset Assignment Gets In The Way
The result — the WCRT becomes worse when the offset assignment is conducted — is contrary to the popular understanding that offset assignment can always decrese the WCRT, hence
leads us to investigate how the offset assignment gets in the way.
An example is given in Fig. 6 to explain the unexpected results. In the example, M1 , M2 are two messages of U1 . It is
assumed that the maximum queueing jitter of the messages are
J1Max = 3, J2Max = 6. In Fig. 6(a) where no offset is assigned, the
worst case of M2 occurs when it arrives with the maximum jitter.
Thus WCRT 2 is 7. On the other side, Fig. 6(b) depicts the results
when M1 is assigned an offset 3. This time M1 is able to arrive at
the instant 6 at which M2 exactly arrives with its maximum jitter.
Hence WCRT2 becomes 8.

the decrease of the effectiveness of the offset assignment. Moreover, in some situations assigning offsets can even cause the increase but not the decrease of the WCRT.
For these reasons, we suggest that it is important to consider
the queueing jitter into the WCRT analysis for CAN messages
with offsets — otherwise the WCRT results could be optimistic.
Meanwhile, when the offset assignment is conducted for the system, the assignment method should consider the jitters for improving its effectiveness. Especially, the counteractions, pointed
out in Section 5.2, is necessary to be taken into account for avoiding that the offset assignment betrays the puropose.
In future works, we are considering a new offset assignment
method that can take the queueing jitter into account. Meanwhile, an exactly analysis for concluding in which kind of the
situations the offsets will cause the increase but not the decrease
of the WCRT is also considered.
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