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In order to analyze the online communication delay of nonperiodic CAN message, the mathematical model of average on-line
delay is established based on M/G/1 queuing theory and an experimental platform is designed to analyze the delay of CAN
communication, with which the on-line delays of messages with a different ID are tested at different load ratios. The results show
that the model is very close to the actual situation indicating the high accuracy of the model. In the results, for the same message,
the average and maximum online delays both increase with the raise of load ratio. At the same load ratio, the maximum on-line

delay increases with the decrease of the message priority, and the average on-line delay remains almost unchanged.

1. Introduction

The vehicle distributed real-time control system is a specific
application of distributed real-time control system, which is
a closed-loop feedback control system consisting of a sensor,
a controller, and an actuator on a real-time network. Its
network medium is generally shared by several control loops
which is obviously different from the traditional mode. This
type of networked control mode is superior to the traditional
point-to-point centralized control mode, because of its shar-
ing of information resources, much decrease of connecting
wiring harness, digitization and modularization of control
assembly and components, and being easier to expand and
maintain as well as high efficiency, reliability, and flexibility,
and so forth [1-9]. On the other hand, the use of networked
control impacts on system performance. References [10-14]
analyze the relationship between network-induced delays
and system performance, introducing network-induced delay
in the system modeling, considering the network-induced
delays and random data missing occurrence, analyzing the
problem of stability control under a different network-
induced latency, pointing out that it is necessary to consider
network-induced delays in the choice of control algorithms.

In the network control system, apart from the trans-
mission of the time-triggered periodic message, the event-
triggered nonperiodic message is suggested to be taken into
account. The generation of nonperiodic message is not related
to time and as a result its transmission delay cannot be
analyzed according to the transmission mode of periodic
message. Nonperiodic message generally is not the regular
input and output information in the network control system.
Its generating frequency is much lower than the periodic one.
If this type of message is sent as periodic message, the load
of the network will get greatly increased. However, this type
of message is usually some detection data of the system, like
the warning message. Therefore, the request for the reliability
and real-time performance is much higher than the periodic
one. For example, considering the warning signal of the
battery in the monitoring system of an electric vehicle, the
sensor sends a binary warning signal when the battery breaks
down. If this message could not be sent to the monitoring
center in time, the consequence caused is more serious than
the transmission problems caused by regular controlling
information (like rotate speed, electricity, etc.). Therefore,
there is a high necessity to analyze the transmission delay of
nonperiodic message.



Nowadays, the mainstream bus of the vehicle distributed
real-time control system is Controller Area Network (CAN)
bus. The delay of CAN communication can be divided into
four parts: generating delay, queue delay, transmission delay,
and receiving delay [15]. Considering that the queue delay
and transmission delay are related to the process of message
transferring on the bus, these two parts should be defined
as on-line delays. In order to obtain the communication
delay of nonperiodic CAN message, two problems need to be
figured out. First of all, what kinds of laws are the generating
process of nonperiodic message consistent with? Secondly,
what characteristics dose the queue process possess when the
nonperiodic message with specific generating laws transmits
on the CAN network? Scholars around the world have already
done some research work on the communication delay of
nonperiodic CAN message [15-32].

References [15-19] take the nonperiodic message as peri-
odic one and consider the minimum value of interval time
between two transmissions of the message frame as its period.
References [20-23] utilize a dynamic priority strategy to
enhance the real-time performance of nonperiodic message.
Reference [24] adopts the time-triggered mode and analyzes
the scheduling and real-time problems of CAN. Reference
[25] builds an experimental platform for analyzing the real-
time performance of CAN. Reference [26] assumes that the
occurrence of error frame accords with Poisson process and
analyzes the influence on network-induced delays caused by
error frames; nevertheless, there is only theoretical analysis
but no experimental data. Reference [27] analyzes the waiting
time and the length of the queue of messages applying the
M/M/1 queuing process but does not provide corresponding
experimental data. References [28, 29] do not differentiate
between periodic and nonperiodic messages and uniformly
adopt an M/G/1 queuing process to establish the mathemat-
ical model of average delay. Reference [30] puts forward a
buffered estimation method aimed at the System on Chip
(SoC) based on a priority-ranked queuing model and builds
a buffered queuing model. The queue is an M/G/1 queue with
several different client levels and non-preemptive arbitration.
A mathematical model of average waiting time is deduced,
which can provide some reference value for us to build the
average waiting time model of the nonperiodic message on
CAN bus.

In this paper, a mathematical model of average on-line
delay of nonperiodic message is built using the queuing
theory. Moreover, on-line delays of messages with different
priorities at different load ratios are tested separately. After
analyzing and contrasting the measured and theoretical
values, basic characteristics and laws of the on-line delay of
nonperiodic CAN message are acquired.

2. Basic Introductions about Online Delay of
Nonperiodic CAN Message Modeling

2.1. Markov Process and Poisson Process. In classical mechan-
ics, the track at a given moment ¢ can be solved using the
state at some moment f, < t without knowing the state
before moment t,. Such principle can be adopted in systems
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following probability rules but not decisive rules, which
means when the state of the process at moment ¢ = ¢, is
known, the state at moment ¢ (+ > ¢;) dose not correlate
with the state before moment ¢+ = ;. Such feature that
there is no relationship between “future” and “past” with
the knowledge of “present” is called Markov property or
nonaftereffect property. A process possessing this property is
usually called a Markov process.

A Markov process is an important type of random process
in both theory and in practical applications. It is widely
applied in network simulation [31].

As for a Markov process, the following definitions should
be given.

A random process {X(t),t € T} is present; if considering
any n moments t; of the parameters, i = 1,2,...,n, t; <t, <
ce <t

P{X (tn) < xn | X(tl) = xl’
’X (tn—l) = xn—l} (1)

= P{X (tn) < xn | X(tn—l) = xn—l}

X (t,) =x,,...

then this random process {X(t),t € T} can be called a
Markov process. The property shown by expression (1) is
named Markov property or nonaftereffect property.

The value of X(t) in the Markov process {X(t),t € T} is
called state. X(f) = x means that the process is in a state x at
a moment ¢, and the whole value set in the process

E={x:X({t)=x,teT} 2)

is called state space. If both the parameter set T' and the
state space E are discrete Markov processes, it can be called a
Markov chain.

A Poisson process is defined as follows.

If the counting process {N(¢),t > 0} that takes nonnega-
tive integer value meets the following conditions:

(1) N(0) = 0;
(2) having independent increment;

(3) forany 0 < s < t, N(t) — N(s) is accorded with the
Poisson distribution whose parameter is A(t — s),

At -9 agg
e
Kl : 3)
k=0,1,2,...,

PIN(t)-N(s) =k} =

Then the random process {N(t),t > 0} is called a
(homogeneous) Poisson process whose parameter (or average
ratio, intensity) is A.

The following processes are typical cases of Poisson
process. During the time interval [0, ¢).

(1) The number of customers arriving at a supermarket
N(#).

(2) The number of machines breaking down in a work-
shop N(t).

(3) The number of error codes in a communication
system N(z).
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Suppose N(t) to be the number of times of event happen-
ing during the interval [0,t), {N(t),t > 0} to be a Poisson
process with a parameter A and 7, 7,, . . ., 7, to be the moment
of the event happening the Ist, 2nd, .. ., n time. t; represents
the waiting time until the event happens the k time, and
Ty (k > 1) represents the separation distance between the
k — 1 and the k appearance,

T =7 -7, k=12,...,n 1,=0. (4)

As can be proved, the variables in the interval sequence
{T,,,n = 1,2,...,n} are all independent and identically dis-
tributed random variables, which are changed by exponential
distribution with a parameter A,

AeM >0
p=pin,=1)-{

A>0. 5
0 t<0 g ®)

2.2. Queuing and Serving Process. Queuing is a common
phenomenon in our daily life. For example, people queue
up to wait for buses when on and oft duty and customers
line up to shop in the stores. Obviously, the queue consists
of two parties. One party asks for getting service and the
other party tries to provide service. The people or things
(like equipments) that require service are generally called
customers and the service staff or service agency that provide
service is called service staff or service counter. Then the
customers and the service counter form a queuing and
serving system, which can also be called a stochastic service
system.

A queuing system is determined by many conditions.
While for the sake of simplicity, 3~5 English letters with
diagonal lines between them are usually used to indicate a
queuing system. The first letter represents the distribution
pattern of input variables, the second one represents the
distribution pattern of the service time, the third one rep-
resents the number of service counter, and the forth one
represents the capacity of service system. Sometimes a fifth
letter may be used to represent the customer number in
the customer source. M/M/1 means that the input process
is a Poisson current, the service time follows a negative
exponential distribution, and the system has only one service
counter. The M/M/1 queuing and serving system has a quite
good Markov property at any moment. M/G/1 means that
the input process is a Poisson current, the service time is
independent and follows a probability distribution, and the
system has only one service counter, whereas M/G/1 queuing
and serving system has the Markov property only at some
special random moments but not any moment. These random
moments are called regeneration points which means that
the system restarts since the moment. Utilizing regeneration
points, a common queuing and serving system can be turned
into a Markov chain and get solved with relevant methods.
This kind of method is called imbedding Markov chain
approach [32].

In an M/G/1 queuing and serving process, the customers
arrive in Poisson current whose parameter is A (A > 0),
which means the sequence {T}, i > 1} showing interval time of
adjacent arrival is independent and is accorded with negative
exponential distribution.

The sequence {y;,i > 1} of the service time that customers
need is independent and follows a general distribution
G(t),t 20,and 0 < 1/pu = _[(;)O tdG(t) is taken as the average
service time. There is only one service counter in the system.
When a customer arrives, he can accept service at once if
the counter is free. Otherwise, he should wait in line and
accept service according to the arrival order. He leaves the
new system as soon as the service ends. In addition, the arrival
process and the service process are still independent of each
other.

Set N(t) to be the number of customers in the system
(the queue length) at the moment t. In an M/G/1 queuing
system, considering that the service time follows a general
distribution, the service for a customer who is accepting
his service at an optional moment ¢ could be unfinished.
Because the remaining service time distribution does not
have the no-memory property any more since the moment ¢,
the queue length {N(¢), t > 0} does not have Markov property
consequently. However, if N is set to be the number of the
customers left in the system when the customer # finishes his
service and leaves, which means the rest queue length, n > 1,
it can be proved that the sequence {N,n > 1} is a Markov
chain and should be called an imbedding Markov chain of the
queue length process {N(t),t > 0}. It can also be proved that
the necessary and sufficient condition of the chain {N,,n >
1} being positive recurrence is p = A/p < 1. When the chain
{N:lr ,n > 1} is positive recurrence, it is acknowledged that the
sequence {N;lr ,n > 1} owns the only stationary distribution,

p; = lim P(N; =j)>0, j=0,12.... (6)

As can be proved, when p < 1, the limit of the n-step
transition probability of the imbedding Markov chain always
exists and is a positive value which does not depend on the
initial state. That is to say, it is a stationary distribution. When
p = 1, no matter how large the positive integer m is, the
probability of the number of customers left in the system < m
as the customer 7 finishes his service and leaves is always
tending to 0 (n — o©0). This indicates that the queue will
get longer and longer and the system cannot reach a statistical
balance. In an M/G/1 queuing system, if p = A/u < 1, then the
generating function of the stationary distribution p}r, j=0is

(1-p)(1-2)g(A(1-2))
gA(1-2) -z

Thereinto, g(A(1 - 2)) = [~ e *""'dG(1).

Assume that customers get served according to the first-
come-first-serve (FCFS) rule and set Wq(t) and W(t) to
represent the waiting and stay time distribution under the
statistical balance; the inverse Laplace transforms of them are

P (z) = , lzl<1. (@)

w, (9= | e aw, ),
0
- (®)
w(s) = J e dW (1).
0
Then the specific expressions of w,(s) and w(s) in an

M/G/1 queuing system are deduced under the condition
p<l



Apparently, under a statistical balance, the number of
customers left in the system as a customer finishes his service
and leaves equals the number of customers reaching the
system during his stay, which means

p; = P(j customers arrive during his stay)

LleMaw (), j=0,1,2,....

o ]

00 (A )j (9)
_I !
Therefore,
© 0 [} Jj
P*@y:Zzwyzj a“}ﬁﬂﬁlmva)
j=0 o = T
(10)
=J M aw ) =w(A (1 -2)).
0
According to the formula (7) and (10), it can be deduced

that

(1-p)(1-2)g(A(1-2))
gA(l-2) -z

Set s = A(l - z) and the following expression can be
obtained:

—w(A(1-2). @)

wi= S0P
s=A[1-g ()]
The stay time W equals waiting time W, plus service time

x> which means W = W, + x. Moreover, W, and y are
independent of each other. Therefore,

(12)

w(s) =w,(s)- g(s). (13)

According to the formula (12) and (13), the following
expression can be obtained:

(14)

Based on the formula (14), utilize the inverse Laplace
transform,

W, (6) =Y (1-p)p"G" (1), t=0. (15)
n=0

Thereinto, G(t) = u Iot [1 — G(x)]dx represents the
equilibrium distribution of service time G(t), and G"(t) is
the n-fold convolution of G(¢), n > 1.

According to the formula (15), under the condition p < 1,

the average waiting time of the M/G/1 system is supposed to
be

_AE [XZ]
Ve 20-py

Thereinto, y represents the random variable of service
time.

(16)
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Formula (16) expresses the average waiting time deduced
under the FCEFS rules which can be divided into two parts,
2
ML) 17)
2

W, =pW,+

Apparently, the first part on the right side of the equal
sign in the formula (17) means the waiting time of customers
existing in the queue when a new customer arrives, and the
second part represents the current customer’s average rest
service time when a new customer arrives. Under the FCES
rules, it can be deduced that when a new customer arrives,
the current customer’s rest service time is supposed to be

2
W, - AE [ X ]
2

Because the average stay time equals average waiting time

plus average service time, the average stay time is

— 1 AE [XZ]
YTy

(18)

(19)

3. Modeling for Online Delay of
Nonperiodic CAN Message

The average on-line delay time of nonperiodic message in
a CAN bus system can be figured out with the knowledge
of queuing theory. The CAN bus communication system is
taken as a queuing and serving system. Each node that sends
information frame is the generation source of information.
According to the analysis in Section2 as well as some
relevant introductions in [28, 30], the nonperiodic message’s
generation process on each node is a Poisson process. The
intervals of the node’s request correspond to the customers’
arrival intervals, the transmission time of the bus after node’s
request corresponds to the service time in queuing theory,
and the CAN bus corresponds to a service staft. As a result,
the system can be described to be a queuing model which is
shown in Figure 1, and #n nodes can be taken as the arrival
sequence of # customers.

The features of the queuing model include the following
ones.

(1) n arriving currents in the queuing model share one
public queue and the queue network is open loop.

(2) Customers have grade identification and the priorities
are 1,2,...,n from high to low. The service mech-
anism adopts non-preemptive discrimination with
priorities.

(3) The arrivals of customers are all Poisson arrivals, and
the speed of the arrivals are A,, A,,...,A,,.

(4) To enhance the adaptability of the model, it is
assumed that the service time follows a general
random distribution. The average service time for
customers in different levels is 1/p;, 1/py, ..., 1/,

In conclusion, the response time model for nonperiodic
messages in a CAN bus system can be taken as a non-
preemptive priority M/G/1 queue.
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Leave the bus
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finishing the
transmission

FIGURE 1: CAN bus queuing and serving model.

Meanwhile, the following instructions for message trans-
mitting in CAN bus are put forward.

(1) For real-time information, there is no local queuing
delay, which means that there is no sending buffer for
the message with the same ID.

(2) Considering the transmission process of the protocol
frame with the priority i and the uniqueness of
identifier of CAN protocol frame, and there are no
local queues, the time from a CAN message’s reach-
ing the network queue to getting sent successfully
consists of two parts. One part is called blocking
time that represents the remaining transmission time
of the message who is getting transmitted as the
frame arrives at the network. Another part is the
interference time of the protocol frames with higher
priority reaching the network during this period of
time.

(3) According to the message priority, the message with
the highest priority is called class 1 message and the
one with a higher priority is called class 2 message.
And so on, the message with the lowest priority
should be class n message.

Firstly, considering class 1 message, which means the
average queue delay problems of highest priority messages.

When a class 1 message requests to pass the bus and
transmit, its average waiting time W_q1 is expressed as follows.

(1) When a message requests to transmit, the remaining
transmission time of the messages (regardless of its priority
class) who are transmitting through the bus is supposed to be

= We. (20)

Thereinto, W_q1 represents the average waiting time of the
class 1 message which means the time quantum from request-
ing for transmission to taking the bus and W€ represents the
average remaining time of the messages who are transmitting
when the class 1 message reaches.

According to the formula (18), the average remaining
service time of the current customer is supposed to be

n \.E(y?
W - z# @

i=1

Thereinto, n represents the sum of message categories,
A; represents the request speed of class i message, and y;
represents the transmission time of class i message which is a
random variable.

Then, take class 2 message into consideration, which
means the average queue delay problems of higher priority
messages.

When a class 2 message requests to pass the bus to
transmit, its average waiting time W_q2 is expressed as follows.

(1) W€ is the remaining time of the messages (regardless
of its priority class) who are taking the bus to transmit
when the message requests for transmission.

(2) The total transmission time of class 1 messages in the
queue before the message’s arrival WY is supposed to
be

— AW,
Wb = % = p W, (22)
1

(3) The total transmission time of class 1 messages that

reach during the message’s waiting period W; is
supposed to be

We=—L = pW,. (23)
M

According to the formula (20), (22), and (23), it can be
deduced that the waiting time of class 2 message W_q2 is to be

Wy = We+ W2+ Wy
=7+p1V\T‘11+p1Wq2, (24)
— W (1+p)
S =
T (-p)

Finally, consider the average queue delay problem of the
class i message.
When a class i message requests to transmit through the

bus, its average waiting time W,; is derived in the following
possibilities:

(1) W€ is the remaining time of the messages (regardless
of its priority class) who are taking the bus to transmit
when the message requests for transmission.

(2) Before the mentioned class i message arrives, the total
transmission time of messages with priorities higher

than 7 is defined as V\_/'ib:

i-1

b _
wh=Y
j=1

AWl
=) W (25)
."‘j j=1
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(3) During the waiting period of the mentioned class i
message, the total transmission time of the arriving
messages whose priorities are higher than i, is defined
as W

i

-1
wi=)
j=1

j=

AW, i
= 2 (26)
M4

According to the formulas (25), and (26), it can be
deduced that the waiting time of class i message W,
is to be

j=1 ' j=1 o (27)
W — WQ(I—U (1 - 23;21 pjt Pz—l)
! (1 - le;ll PJ)

Then consider the transmission delay of messages, the on-
line delay is supposed to be

W= —+W, (28)

which is corresponding to the customer’s average sojourn
time in the queuing theory. In this paper, extended data frame
is adopted. The first part of the right side of formula (28) can
be computed according to the following expression:

#l = (67 +8s,, + {M} ) Thie T Peons- (29)

Thereinto, s, represents the byte numbers included in the
data field of message m, which should be an integer between
0 and 8. All eight bytes of data field are used in the paper,
so the value should be 8. p_, represents a constant related
to electrical specifications of physical media of a bus and the
value for per meter length of shielded twisted-pair cable could
be 5ns. 7y,;; represents the time that is needed for a data bit to
transmit on the transmission medium. The Baud rate of the
network in this paper is 250 kbit/s, so the value for 7, should
be 4 us.

FIGURE 3: Using the experimental platform to test communication
delay of CAN.

4. Testing Analysis of Communication Delay of
Nonperiodic CAN Message

The trigger process of actual working conditions are simu-
lated under the circumstance of taking the external event
trigger mode as the trigger mode of nonperiodic CAN
messages. The specific way to carry out is described concisely.
Firstly, a pulse signal whose interval is an index distribution
with a parameter A is built. Then the pulse signal is plussed to
the external interrupt interface of the singlechip and trigger
CAN messages according to the level of fluctuation of the
interface. Finally, the communication delay of nonperiodic
CAN message at different load ratios is analyzed by changing
the value of parameter A.

4.1. Topological Structure Design of Test Platform. In order to
test and verify the above-mentioned mathematical model for
online delay during the process of periodic messages trans-
mitting in the bus, an experimental platform is developed and
designed to test the communication delay of CAN message,
which is shown in Figure 2. Meanwhile, Figure 3 is a real
photograph of using the experimental platform.

The experimental platform consists of computer network
node system and network-induced delays testing system. The
node system is made up of 5 CAN controller nodes. All nodes
are designed by ourselves and the structures are exactly the
same. The testing system is used to track the sending and
receiving process of CAN message. The system uses a CAN
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TABLE I: Partial data that is monitored by network-induced delays
testing system at a load ratio 13.33%.

D Receiving D Receiving
moment (ms) moment (ms)
Ox11111115 20,736.30 Ox11111111 20,791.45
0x11111114 20,739.95 Ox11111114 20,793.95
Ox11111111 20,744.25 0x11111111 20,801.05
Ox11111112 20,756.50 0x11111114 20,802.75
Ox11111111 20,758.65 Ox11111112 20,803.35
0x11111114 20,765.55 Ox11111114 20,804.75
0x11111115 20,767.10 0x11111113 20,808.45
0x11111114 20,770.75 0x11111114 20,818.35
Ox11111111 20,776.25 Ox11111114 20,819.95
Ox11111112 20,787.70 0x11111113 20,832.05

network analyzer SE70000 from company NEC to finish the
test, with which the sending and receiving process of message,
recording the sending and receiving moment of message,
recording the message ID, and counting the average and peak
load ratio of the bus and some other functions can be realized.

4.2. Testing Results of Online Delay at Different Load Ratios.
The test and analysis is carried out on the experimental
platform for testing communication delay of CAN message
which is shown in Figure 2. The on-line delays of messages
with a different ID at different load ratios are tested in an
actual communication process and are compared with the
theory model for on-line delay which is built in Section 3.

4.2.1. Testing Results of Online Delay at a Load Ratio 13.33%.
The load ratio being 13.33% is measured by SE70000. Under
such working condition, the data of network part measured
in real time is shown in Table 1.

Every actual receiving moment of message with a differ-
ent ID is obtained. Apparently, the difference between two
receiving moments of the same message is the actual receiving
interval. The difference between the actual receiving interval
and the actual trigger interval is the queue delay in the trans-
mission process. The transmission delay in the transmission
process of message with different ID can be tested with an
oscilloscope. The sum of the measured transmission delay
and the queue delay should be the on-line delay of message.
The measured on-line delays data of messages with a different
ID at a load ratio 13.33% are shown in Figure 4. The abscissa
of the figure represents the sending times of message. 300 sets
of data are tested totally, which means that the message with a
same ID transmits for 300 times. And the ordinate represents
the on-line delay size of transmission process with a different
ID. After statistics and analysis, the average on-line delays of
messages with different ID are acquired as well, which are
shown in Table 2.

In Table 2, the theoretical average on-line delay is com-
puted according to the formula (28). As can be seen in Table 2,
the maximal difference value between the theoretical value
and the measured value is 5.38%, which indicates that

7
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FIGURE 4: Measured on-line delays of messages with a different ID
at aload ratio 13.33%.

TaBLE 2: Comparison between the measured and theoretical average
on-line delay value at a load ratio 13.33%.

D Mee}sured average The(?retical average oo e
online delay (ms)  online delay (ms)

Ox11111111 0.58267 0.60833 4.22%

0x11111112 0.6035 0.61069 1.18%

0x11111113 0.58467 0.61326 4.66%

0x11111114 0.58767 0.61607 4.61%

0x11111115 0.58583 0.61915 5.38%

the theoretical average on-line delay model is practicable and
has a high accuracy.

4.2.2. Testing Results of Online Delay at a Load Ratio 27.64%.
The measured on-line delays data of messages with a different
ID at aload ratio 27.64% are shown in Figure 5. After statistics
and analysis, the average on-line delays are acquired as well,
which are shown in Table 3.

In Table 3, the theoretical average on-line delay is com-
puted according to the formula (28). As can be seen in Table 3,
the maximal difference value between the theoretical value
and the measured value is 7.89%, which indicates that the
theoretical average on-line delay model is practicable and has
a high accuracy.

4.2.3. Testing Results of Online Delay at a Load Ratio 37.92%.
The measured on-line delays data of messages with a different
ID ataload ratio 37.92% are shown in Figure 6. After statistics
and analysis, the average on-line delays are acquired as well,
which are shown in Table 4.

In Table 4, the theoretical average on-line delay is com-
puted according to the formula (28). As can be seen in Table 3,
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FIGURE 5: Measured on-line delays of messages with a different ID
at aload ratio 27.64%.

TaBLE 3: Comparison between the measured and theoretical average
on-line delay value at a load ratio 27.64%.

D Megsured average The(?retical average g e
online delay (ms) online delay (ms)

Ox11111111 0.62733 0.64866 3.29%

Ox11111112 0.63633 0.65837 3.35%

0x11111113 0.64967 0.66995 3.03%

0x11111114 0.654 0.68391 4.37%

0x11111115 0.64567 0.70095 7.89%

the maximal difference value between the theoretical value
and the measured value is 18.50%, which indicates that the
theoretical average on-line delay model is practicable and has
a high accuracy.

4.3. Analysis for Testing Data of On-Line Delay. Charts are
drawn to show the measured average and maximal values of
on-line delays of messages at different load ratios based on
Tables 2 to 4 and Figures 4 to 6, which are shown in Figures
7 and 8.

The analysis results are given based on Tables 2 to 4 and
Figures 7 to 8.

(1) The average on-line delay values calculated with the
mathematical model is very close to the measured
ones for the messages with all priorities at three kinds
ofload ratios. The maximal error is 18.50%, indicating
that the theoretical model is reasonable.

(2) For the same message, the measured average and
maximal on-line delays are both increasing with the
increase of load and reaching speed, which means that
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FIGURE 6: Measured on-line delays of messages with a different ID

at a load ratio 37.92%.

TaBLE 4: Comparison between the measured and theoretical average
on-line delay value at a load ratio 37.92%.

D Measured average ~ Theoretical average

online delay (ms) online delay (ms) Difference
Ox11111111 0.63083 068898 S
0x11111112 0.6805 0.71152 4.36%
OxI1111113 0.66217 0741 10.64%
Ox11111114 0.68333 07806 B
Ox11111115 0.681 0.83556 18.50%

it conforms to the law that on-line delay increases
when the load increases.

(3) To the same load, the priority has little impact on
the average on-line delay. This phenomenon indicates
that the queue delay for nonperiodic message comes
from no arbitration delay mostly, which is in line with
the characteristic of small trigger probability in the
same phase position for nonperiodic message.

(4) The on-line delay of message consists of queue delay
and transmission delay. For the extended frame mes-
sage whose data field is 8 bytes, the length of a
single frame is generally the same and the difference
of transmission delay is small. Queue delay consists
of arbitration delay and no arbitration delay. The
arbitration delay means the delay of the message with
a lower priority caused by the one with a higher
priority when two messages are sent simultaneously,
which includes the arbitration delay in the nodes and
the one on the bus. The arbitration delay is related
to the message priorities. The no-arbitration delay
is a delay for the message frame because of there
having been other message frames transmitting on
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FIGURE 7: Average on-line delays of messages with a different ID at
different load ratios.
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FIGURE 8: Maximal on-line delays of messages with a different ID at
different load ratios.

the bus (no matter the priority of the message is
high or low). The no-arbitration delay is independent
of the message priorities. At a low load ratio, the
probability for several messages triggering at a same
phase position is extremely small. That is to say,
priority has little influence on the maximal on-line
delay value. While at a high load ratio, the probability
for several messages triggering at the same phase
position increases, which is to say, priority has a
large influence on the maximal on-line delay value.
Therefore, the priority affects the maximal on-line

delay value a little at a low load ratio but a lot at a high
load ratio. This result indicates that the probability of
messages with a different ID getting triggered at the
same time increases with the increase of load, which
results in the message with a high priority getting
arbitration and then reducing the on-line delay.

(5) In a few cases, the on-line delay of the message with
a higher priority is higher than that with a lower
priority at the same load ratio. This is because the
transmission cycle is different for each message. Then
the collision chance of some higher priority message
is great, making the no-arbitration delay of higher
priority message high.

(6) In a few cases, for the same message, the maximal on-
line delay decreases with the increase of the load ratio.
That is because the probability of collision is related
to message’s transmission interval and transmission
phase. The increase of the load does not guarantee
more collision chances of multiple messages at the
same time. Consequently, the condition of low on-line
delay at a high load ratio for a message could happen.

(7) The average on-line delay can reflect the trend of load
ratio affecting on-line delay better than the maximal
one.

5. Conclusion

In this paper, a Poisson process is adopted to simulate the
reaching process of nonperiodic message in vehicle network
system and a mathematical model is built to analyze the
average on-line delay of nonperiodic real-time CAN message
based on queuing theory. In addition, the reliability of the
model is tested and verified with the measured data. For
the messages with each priority at different load ratios, the
values of average on-line delays which are computed by the
mathematical model are very close to the measured values.
That is to say, the theoretical model is quite reasonable. To
the same message, the measured average and maximal on-
line delays are both increasing with the increase of load
and reaching speed, which means that it conforms to the
law that on-line delay increases when the load increases. To
the same load, the priority has little impact on the average
on-line delay. This phenomenon indicates that the queue
delay for nonperiodic message comes from no arbitration
delay mostly, which is in line with the characteristic of small
trigger probability in the same phase position for nonperiodic
message. The priority affects the maximal on-line delay value
a little at a low load ratio but a lot at a high load ratio. This
result indicates that the probability of the messages with a
different ID getting triggered at the same time increases with
the increase of load ratio, which results in the message with a
low priority losing arbitration and then increasing the on-line
delay.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this article.



10

Acknowledgments

This work is sponsored by the Aerospace Support Tech-
nology Fund (2013-HT-HGDO09), the National Laboratory
for Electric Vehicles Foundations (NELEV-2013-004), Shan-
dong Province Outstanding Young Scientists Research Award
Funds (BS2012NJ001), and Beijing Science and Technology
Project (Z121100005612001).

References

[1] A. S. Tanenbaum and M. van Steen, Distributed Systems:
Principles and Paradigms, Tsinghua University Press, Beijing,
China, 2004.

[2] C. M. Krishna and K. G. Shin, Real-Time Systems, Tsinghua
University Press, Beijing, China, 2001.

[3] C. M. Krishna and K. G. Shin, Real-Time Systems, Tsinghua
University Press, Beijing, China, 2004.

[4] J. M. Jeon, D. W. Kim, H. S. Kim, Y. J. Cho, and B. H.
Lee, “An analysis of network-based control system using CAN
(controller area network) protocol,” in Proceedings of the IEEE
International Conference on Robotics and Automation (ICRA
’01), pp. 3577-3581, Seoul, Republic of Korea, May 2001.

[5] D. Heffernan and A. Bohannon, “Real-time design in a dis-
tributed control network application layer environment,” IEE
Proceedings: Software, vol. 148, no. 5, pp. 149-155, 2001.

[6] Y. Wang and Z.-Q. Long, “Analysis of real time ability of
message transmission based on CAN systems,” Journal of
Tianjin Polytechnic University, vol. 24, no. 2, pp. 43-46, 2005.

[7]1 Y. Zhong, Z. Zhong, Q. Yu, and Z. Zeng, “A research on a
general protocol for CAN bus in electric vehicles,” Automotive
Engineering, vol. 28, no. 5, pp. 423-438, 2006.

[8] Y. Li, J. Zhang, and Q. Lu, “An analysis on real-time capability
of CAN networks for hybrid electric vehicle, Automotive
Engineering, vol. 27, no. 1, pp. 16-19, 2005.

[9] J.-B. Wang and B.-G. Xu, “Analysis and online evaluation of
CAN message real-time performance,” Control and Decision,
vol. 22, no. 4, pp. 448-452, 2007,

[10] Z. Shuai, H. Zhang, J. Wang, J. Li, and M. Ouyang, “Combined
AFS and DYC control of four-wheel-independent-drive electric
vehicles over CAN network with time-varying delays,” IEEE
Transactions on Vehicular Technology, 2013.

[11] H. Zhang, Y. Shi, and J. Wang, “Observer-based tracking
controller design for networked predictive control systems with
uncertain Markov delays,” International Journal of Control, vol.
86, no. 10, pp. 1824-1836, 2013.

[12] H. Zhang, Y. Shi, and M. X. Liu, “H step tracking control for
networked discrete-time nonlinear systems with integral and
predictive actions,” IEEE Transactions on Industrial Informatics,
vol. 9, no. 1, pp. 337-345, 2013.

[13] H. Zhang, Y. Shi, and A. Saadat Mehr, “Robust static output
feedback control and remote PID design for networked motor
systems,” IEEE Transactions on Industrial Electronics, vol. 58, no.
12, pp. 5396-5405, 2011.

[14] H. Zhang, Y. Shi, and A. Saadat Mehr, “Robust weighted H_,
filtering for networked systems with intermittent measurements
of multiple sensors,” International Journal of Adaptive Control
and Signal Processing, vol. 25, no. 4, pp. 313-330, 2011.

(15] K. Tindell, A. Burns, and A. J. Wellings, “Analysis of hard real-
time communications,” Real-Time Systems, vol. 9, no. 2, pp. 147-
171, 1995.

Mathematical Problems in Engineering

[16] J.Li, Y. Zhu, and G. Tian, “Response time analysis for CAN and
TTCAN communications,” Journal of Tsinghua University, vol.
46, no. 2, pp. 261-265, 2006.

[17] K. M. Zuberi and K. G. Shin, “Non-preemptive scheduling

of messages on controller area network for real-time control

applications,” in Proceedings of the IEEE Real-Time Technology
and Applications Symposium, pp. 240-249, Chicago, Ill, USA,

May 1995.

K. Tindell, A. Burns, and A. J. Wellings, “Calculating controller

area network (CAN) message response times,” Control Engi-

neering Practice, vol. 3, no. 8, pp- 1163-1169, 1995.

[19] J. Tian, Y. Huang, L. Wang, and G. Li, “Application of fixed pri-
ority schedule algorithm in CAN bus,” Computer Engineering,
vol. 32, no. 23, pp. 94-96, 2006.

[20] L. Xue, “The dynamic priority assigning mechanism and non-
RT data exchange on CAN field-bus,” Computer Engineering
and Applications, vol. 12, pp. 33-35, 1999.

[21] S.Hasnaoui, O. Kallel, R. Kbaier, and S. Ben Ahmed, “An imple-
mentation of a proposed modification of CAN protocol on
CAN fieldbus controller component for supporting a dynamic
priority policy;” in Proceedings of the IEEE Industry Applications
Conference, pp. 23-31, Salt Lake City, Utah, USA, October 2003.

[22] J. Shi, P. Liu, and P. Zhang, “On the real-time performance
of CAN data transfer and its applications,” Information and
Control, vol. 33, no. 3, pp. 342-346, 2004.

[23] H.-S. Choi and J.-M. Lee, “A dynamic precedence queue
mechanism to assign efficient bandwidth in CAN networks,”
in Proceedings of the IEEE/ASME International Conference on
Advanced Intelligent Mechatronics (AIM ’05), pp. 1354-1359,
Monterey, Calif, USA, July 2005.

[24] W.Lu, L. Liu, and Y. Wang, “Study and performance analysis of
TT- FPS based on CAN bus,” Engineering Science, vol. 8, no. 5,
pp. 45-48, 2006.

[25] L. Wang, X. Tang, and C. Zhou, “Research and application of in-
vehicle CAN bus evaluation platform,” Chinese High Technology
Letters, vol. 15, no. 1, pp. 58-61, 2005.

[26] Z.-J. Wu, M.-Q. Hu, J.-Y. Zheng, and Y.-S. Du, “Study on the
delay of CAN bus at the process level of substation,” Automation
of Electric Power Systems, vol. 29, no. 11, pp. 34-39, 2005.

[27] Z. Xie and ]. Guo, “Priority allotment and time delay analysis
of CAN bus line in underground mine,” Coal Science and
Technology, vol. 32, no. 11, pp. 32-34, 2004.

[28] J. Shi, Real-time study of NCS, University of Science and
Technology of China, Hefei, China, 2003.

[29] J. Shi and P. Zhang, “The study of CAN networks application
in real-time system,” Journal of University of Science and
Technology of China, vol. 35, no. 2, pp. 196-201, 2005.

[30] X. Wu and J. Yang, “Queuing network based model for bus
buffer estimation,” Journal of Applied Sciences, vol. 24, no. 1, pp.
45-49, 2006.

[31] L. Chen and Q. Zhu, Stochastic Processes and Its Applications,
Higher Education Press, Beijing, China, 2003.

[32] Y. Tang and X. Tang, Queuing Theory Basis and Applications,
University of Electronic Science and Technology of China Press,
Chengdu, China, 2000.

(18



Advances in Advances in Journal of Journal of
Operations Research lied Mathematics ability and Statistics

il
PR
S Rt
£ 2 §

\ ‘

The Scientific
\{\(orld Journal

International Journal of
Differential Equations

Hindawi

Submit your manuscripts at
http://www.hindawi.com

International Journal of

Combinatorics

Advances in

Mathematical Physics

%

Journal of : Mathematical Problems Abstract and Discrete Dynamics in
Mathematics in Engineering Applied Analysis Nature and Society

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Journal of
'

al of Journal of

Function Spaces Stochastic Analysis Optimization

Journal of International Jo




