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Abstract:  As FlexRay communication protocol is extensively used in distributed real-time applications on vehicles, signal
scheduling in FlexRay network becomes a critical issue to ensure the safe and efficient operation of time-critical applications. In
this study, we propose a rectangle bin packing optimization approach to schedule communication signals with timing constraints
into the FlexRay static segment at minimum bandwidth cost. The proposed approach, which is based on integer linear program-
ming (ILP), supports both the slot assignment mechanisms provided by the latest version of the FlexRay specification, namely, the
single sender slot multiplexing, and multiple sender slot multiplexing mechanisms. Extensive experiments on a synthetic and an

automotive X-by-wire system case study demonstrate that the proposed approach has a well optimized performance.
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1 Introduction

To meet the growing customer demands for safe
and intelligent vehicles, today’s automobiles use
several electronic control units (ECUs) to execute
various types of distributed applications. These ECUs
require signal exchanges among each other via
in-vehicle networks to support their functions. Cur-
rently, the most popular in-vehicle network protocol
is the control area network (CAN) (Robert Bosch
GmbH, 1991). However, because of its low data rate
and event-triggered nature (Navet et al., 2005), CAN
is incompatible with the latest real-time applications,
such as X-by-wire (Bertoluzzo et al., 2004), which
require predictable and high bandwidth communica-
tion. Therefore, the FlexRay protocol (International
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Organization for Standardization, 2013) has been
developed by a consortium of automotive manufac-
turers and suppliers to address the aforementioned
issues. FlexRay provides both time-triggered static
and event-triggered dynamic segments, and offers a
bandwidth of 10 Mb/s. This communication protocol
is expected to be the core of the next-generation
in-vehicle communication networks.

Similar real-time applications will be available
in the future (Lee et al., 2003), and the amount of
signal data on the FlexRay static segment will in-
crease significantly. Therefore, the optimal signal
scheduling that satisfies the timing constraints of each
signal with minimum bandwidth cost becomes a
critical issue in guaranteeing the operation of time-
critical applications and in complying with high data
volume demands of future automotive.

Communication in FlexRay takes place over a
set of periodic cycles. Each cycle contains four seg-
ments, namely, static (ST) segment, dynamic (DYN)
segment, symbol window (SW), and network idle
time (NIT). ST segment employs the time-division
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multiple access (TDMA) scheme and is composed of
a set of equal length slots. Signal scheduling in the ST
segment involves assigning a special TDMA slot
(identified by the pair of slot number and cycle
counter number) for every instance of every signal
according to both the timing and FlexRay protocol-
related constraints.

To support the efficient use of an ST slot,
FlexRay provides a proprietary slot multiplexing
mechanism that allows the alteration of frame con-
tents being sent to this slot from cycle to cycle. Spe-
cifically, FlexRay 3.0 allows an ECU to configure a
transmit/receive buffer for a set of slots sharing the
same slot identifier in a configurable set of commu-
nication cycles. The configuration of the set of
communication cycles is supported by the cycle
counter filter criterion, which could cover all cycles.
Therefore, FlexRay allows configuration of multiple
buffers for the same slot, where each buffer corre-
sponds to a frame content, thus enabling slot multi-
plexing. Slot multiplexing can be classified into sin-
gle sender slot multiplexing and multiple sender slot
multiplexing. This classification is based on whether
the FlexRay slots of the same slot identifier but dif-
ferent cycle numbers are allowed for different ECUs.

Several studies on optimal scheduling in the
FlexRay network have been performed. Pop et al
(2008) proposed a method to determine the timing
properties of messages transmitted to FlexRay and
optimization techniques to define a FlexRay bus pa-
rameter configuration that can guarantee that all time
constraints of the messages are satisfied. Park and
Sunwoo (2011) proposed another FlexRay network
parameter optimization method to determine the
lengths of the static slot and the communication cycle.
Hu et al. (2014) proposed a holistic scheduling algo-
rithm to handle real-time applications in a FlexRay
network that schedules tasks and messages in a flex-
ible way to enhance schedulability. Hua et al. (2014)
proposed a holistic scheduling scheme to schedule a
mixture of periodic and aperiodic tasks to guarantee
that all periodic deadlines are met and that the re-
sponse time for the aperiodic tasks can be as small as
possible in the FlexRay network. However, schedule
optimization that complies only with the timing con-
straints of signals is not sufficient due to the consid-
erable increase in the volume of signal data on the
FlexRay bus.

Similar to other time-triggered communication
protocols, all ST slots constantly have the same length
that is independent of the slot content. To optimize the
use of FlexRay bandwidth, signals with different
transmission periods are allowed to pack into the
same slot in FlexRay. Based on this idea, the optimal
scheduling that meets the time constraints of signals
while minimizing bandwidth cost has been studied.
Schmidt and Schmidt (2009) provided the frame
packing and message scheduling methods. In their
study, signals are first packed into message frames
while maximizing the utilization; the obtained mes-
sages are then scheduled in the FlexRay ST segment
while using a minimum number of slots. Kang et al.
(2013) developed a frame packing algorithm to
minimize the bandwidth consumption of the FlexRay
ST segment. Tanasa et al. (2011) proposed a reliable
frame packing method to ensure that none of the
signals violate their deadlines while maintaining the
desired reliability goal at minimum bandwidth cost.
Zeng et al. (2011) presented an optimization frame-
work that includes signal-to-frame packing and
frame-to-slot assignment and task schedule, with the
goal of minimizing the number of slots used. How-
ever, all the aforementioned studies merely focused
on traditional signals packing and neglected the slot
multiplexing mechanism, which is the most effective
measure to improve the use efficiency of the FlexRay
ST segment.

Recent studies have considered using the slot
multiplexing mechanism on signal scheduling of
FlexRay to further improve bandwidth utilization.
Tanasa et al. (2012) proposed a new approach for the
timing analysis of the event-triggered DYN segment
while accounting for slot multiplexing. Schneider
et al. (2011) proposed definitions for both sustaina-
bility and extensibility from the FlexRay slot multi-
plexing perspective. However, both studies (Schnei-
der et al., 2011; Tanasa et al., 2012) considered the
use of slot multiplexing only in the FlexRay DYN
segment. Lukasiewycz et al. (2009) applied single
slot multiplexing to the scheduling of the ST segment
with the objective of increasing the utilization of the
FlexRay bus. Grenier et al. (2008) studied the con-
figuration of the FlexRay network ST segment. They
provided solutions to verify the freshness constraints
of the signals exchanged in the ST segment and
then proposed a method to construct the optimal
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communication schedule using the single slot multi-
plexing mechanism. However, these studies neglected
the more efficient multiple sender slot multiplexing
mechanism (i.e., the FlexRay slots of the same slot
identifier but different cycle numbers can be assigned
to different ECUs), thereby severely limiting FlexRay
performance on large-scale systems. To follow the
upward trend of data volume growth on automotive
networks, FlexRay 3.0 has improved the communi-
cation slot assignment mechanism, which allows
multiple sender slot multiplexing to be used in the ST
segment of FlexRay.

Moreover, in most of the abovementioned stud-
ies, the aspect of signal optimization scheduling was
based on the assumption that the signal offset is 0.
However, such an assumption is not in accordance
with the actual situation of automotive applications;
i.e., the time of signal is constrained by both lower
bound (offset) and upper bound (deadline).

In this study, we propose a rectangle bin packing
optimization approach to schedule communication
signals into the FlexRay ST segment. Our approach
computes an optimal communication slot assignment
which ensures that each of the signals complies with
its lower and upper bounds at minimum bandwidth
cost. The proposed approach supports both the slot
assignment mechanisms provided by the latest ver-
sion of the FlexRay specification, including single
slot sender multiplexing and multiple sender slot
multiplexing, and signal packing. This approach is
based on the integer linear programming (ILP) for-
mulation. To date, this is the first study to use the
multiple sender slot multiplexing technique on the
optimal scheduling in the FlexRay ST segment.

2 Problem formulation
2.1 System model

The target model is a typical time-triggered
in-vehicle system consisting of ECUs {E|, E», ..., Ex}
connected by the FlexRay bus. Each ECU E, is
composed of a host, a FlexRay communication con-
troller (CC), and a controller-host interface (CHI)
between them (Fig. 1a). The CC runs independently
of the host and implements the FlexRay protocol
services. The host processes time-triggered particular
tasks that exchange data signals via messages trans-

ferred on the bus.

For the system, we denote S={s, s, ..., sm} the

set of signals to be sent on the bus. Each signal s; is
characterized by the tuple (E;, B;, T;, O;, D;), where E;
is the identifier of the ECU that produces the signal
instance, B; the size in byte, 7; the period, O; the offset
that is the latest time at which its first instance is
produced and the offset is expressed with regard to
the start of the first FlexRay communication cycle,
and D<T; the signal deadline, which is the maximum
allowable duration between the production of the
signal on the sender side and the completion of the
frame transmission carrying this signal on the
FlexRay bus. Observing that all signals must be
scheduled in multiples of the FlexRay cycle duration,
it is necessary to use the FlexRay cycle as the greatest
common divisor (GCD) of the signal periods or an
integer divisor of that value.

We further define the application cycle H,p,, of
the entire time-triggered system as the least common
multiple (LCM) of the periods of all signals. It is
sufficient to analyze the behavior of the signal
scheduling in the FlexRay ST segment in only one
application cycle, on the assumption that the first
instance of each signal is ready for transmission be-
fore the first bus cycle. However, we consider that the
signal has an offset relative to the beginning of the
first FlexRay cycle in accordance with the actual
situation of the automotive applications. The allowa-
ble latest time instant O;+D; of the first instance of a
signal s;, which is relative to the start of the first
FlexRay cycle, may be greater than that of the appli-
cation cycle H,p,. Therefore, we should analyze the
signal scheduling within the hyperperiod H, which is
expressed as a multiple of the application cycle, with
the constraints as follows:

H=minin-H_|neN,n-H,_ ZmaSX{Ol. +D}:.
5 €

&)

In one hyperperiod H, each signal s; occurs H/7; times.
Let s/ denote the jth instance of each signal s;. The
signal scheduling problem consists of determining the
transmitting time on the FlexRay bus for every in-

stance s/ of each signal s; during one hyperperiod H.
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2.2 FlexRay communication protocol

This section describes the entire process in
which the signals generated by the host are transmit-
ted to the FlexRay bus. Consider the example in Fig. 1
where three ECUs, E, E», and Ej3, send signals sy, 7,
s3, 84, and ss using a FlexRay bus. The parameters of
these signals are listed in the overall set of the signals
(Fig. 1b). Given these parameters, the values of ap-
plication cycle and hyperperiod are 4 ms and 8 ms,
respectively.

The communication that takes place in FlexRay
is based on periodic cycles (Fig. 1c depicts eight
communication cycles). Each cycle contains two
major time intervals with different bus access policies,
i.e., the ST and DYN segments. The ST segment is
used to transmit the periodic and safety-critical data,
whereas the DYN segment is mainly for the mainte-
nance and diagnosis data. The focus of this study is
optimal scheduling of the ST segment. The ST seg-
ment is composed of several slots; each slot is filled
with a frame carrying the data signals of the applica-
tions. All the ST slots are of identical, statically con-
figured duration, and all frames are of identical, stat-
ically configured length based on the characteristics
of a particular automotive application. We denote /.y,
Ist, and [y the durations of the cycle, ST segment,
and static slot in milliseconds, respectively. ngr de-
notes the number of slots in the ST segment. Each
frame consists of header and trailer segments, and a
payload segment that is statically configured to carry
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bgot bytes. In the example in Fig. 1, we assume that
the values of Iy, Ist, and Iyo are 1, 0.55, and
0.0275 ms, respectively. The value of by is 16 bytes.
We need only to study the signal scheduling within
HJleyqie of the FlexRay communication cycle because
it will repeat for all hyperperiods. In this example, the
value of H/lqye s 8.

Within the ST segment, a TDMA scheme is ap-
plied to coordinate transmissions. A specific TDMA
slot (communication slot) in the ST segment of a
specific communication cycle is assigned to a unique
ECU for transmission by assigning the corresponding
slot number and communication cycle number to the
ECU. Therefore, signal scheduling in the ST segment
intends to assign an individual slot (slot number and
cycle number) for every instance of every signal
based on both its timing and FlexRay protocol-related
constraints. For each ECU, the set of all the trans-
mission times (all pairs of slot and cycle numbers)
assigned to all instances of all signals is called the
schedule table. For each of these slot identifiers used
in the schedule table, the CHI reserves one or more
buffers depending on whether the system uses the slot
multiplexing mechanism. The schedule table has to
support all combinations of sets of slots through
which the transmit buffers can be configured.

Signals are selected and placed into the associ-
ated ST buffer in the CHI according to the schedule
table. At the beginning of each TDMA slot of each
cycle, the CC verifies if the valid payload presents the

(b) The overall set of signals and their parameters
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Fig. 1 Example of a FlexRay system model
(a) Schematic of ECUs connected by the FlexRay bus; (b) Overall set of signals; (c) Transmission process of each signal instance
in the time-triggered system. ST: static; DYN: dynamic; SW: symbol window; NIT: network idle time
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associated ST buffer, and transmits it in a FlexRay
frame format to the bus.

Fig. 1a shows an example for scheduling the
signals set in Fig. 1b in the FlexRay ST segment,
without slot multiplexing. In this example, each ECU
holds the schedule table with the transmission time
(slot identifier and cycle number) of every instance of
every signal. Consider the schedule table of ECU FE,,
where the columns in the table show the signal in-
stance, assigned slot identifier, and cycle number

from left to right. For example, an entry s, |1|1 spec-

ifies that the first instance s; of signal s3 should be

sent in slot 1 of cycle 1. Given a hyperperiod of 8 ms
(eight FlexRay cycles), signal s; needs to be sent four
times with a period of 2 ms, and s4 needs to be sent
twice with a period of 4 ms. As shown in the schedule

table, the four instances s}, s;, s, and s; generated
by signal s3 are scheduled in slot 1 of cycles 1, 3, 5,
and 7 in turn, and the instances s, and s; of another

signal s4 generated by ECU E; are scheduled in slot 2
of cycles 2 and 6. This slot assignment can meet the
timing constraints of the signals. For example, slot 1

of cycle 1 assigned to the first instance s of signal s3

occurs within the time interval between its offset O
and its allowable latest time instant O;+Ds relative to
the start of the first FlexRay cycle.

For each of the slot identifiers used in the
schedule table, the CHI reserves a buffer that is con-
figured for all slots that share the slot identifier in all
the communication cycles. Fig. 1a depicts the asso-
ciated buffers in CHI. Buffers {1} and {2} are con-
figured for slots 1 and 2, respectively, in all cycles.
Before the transmission time for a signal instance, the
host needs to place it in its associated CHI buffer. At
the right time, the CC will read this buffer and
transmit the payload data within it to the FlexRay bus.

For example, signal instance s, is placed into buffer 1
before the slot 1 of cycle 1 starts. When the slot comes,
the CC reads buffer 1 and transmits s} in a FlexRay

frame format to the bus. Each signal instance is ex-
plicitly sent according to the schedule table of the
ECU to which it belongs; five slots are used in this
slot assignment scheme. Fig. 1c presents the detailed
transmission process of each signal instance in the
time-triggered system within the eight FlexRay
communication cycles, which corresponds to the

schedule tables in Fig. la. In this example, the ST
slots are not effectively used because the slot multi-
plexing mechanism is not used in scheduling signals.
In this case, an ECU will transmit the same frame
content in all slots with this number in all cycles. For
example, ECU E; transmits signal s3 in slot 1 in only
some cycles. However, assigning slot 1 in the other
idle cycles to other signals with the same ECU but
different periods and offsets (i.e., s4) or with different
ECUs (i.e., s5) is not allowed because such a situation
will lead to different frame content.

2.3 Slot multiplexing mechanism

Although the slot assignment scheme in Fig. la
can meet the timing constraints of each signal in-
stance in the aforementioned time-triggered system,
this case is not the optimal solution in terms of
bandwidth utilization. With the significant increase in
the number of signals in the FlexRay ST segment, an
optimal signal scheduling that satisfies the timing
constraints of each of the signals while optimizing the
minimum number of slots used is essential for future
automotive networks with large volumes of data.

To support the efficient use of the ST bandwidth,
FlexRay provides a proprietary slot multiplexing
mechanism that allows the alteration of frame content
being sent to this slot from cycle to cycle. Specifically,
FlexRay 3.0 allows the ECU to configure a trans-
mit/receive buffer for a single slot or for a set of slots
that share the same slot identifier in a configurable set
of communication cycles. The configuration of the set
of communication cycles can be defined using
Cyclerepetition and Cycleosxer. The transmit buffer is
configured for this slot in each cycle with

Cycle number=(Cycle,  +7n-Cycle ) mod 64,

Offset Repetition

with Cycleogme selected from the set of {1, 2,4, 5, 8,
10, 16, 20, 32, 40, 50, 64}, Cycleoss selected from
the set of {0, 1, ..., 63} with Cycleoger<Cyclerepetitions
and variable n=0, 1, ..., 63.

The configuration of the set of communication
cycles is supported by the cycle counter filter criterion,
which could cover all the cycles. A transmit buffer is
identified by a tuple (slot identifier, Cycleogset,
Cyclerepetition)- FlexRay supports the idea that multi-
ple buffers are configured for the same slot identifier
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with each corresponding to a frame content, enabling
slot multiplexing. Slot multiplexing can be classified
into single sender slot multiplexing and multiple
sender slot multiplexing. This classification is based
on whether the slots that have the same slot identifier
but different communication cycle numbers can be
assigned to different ECUs.

2.3.1 Single sender slot multiplexing mechanism

The single sender slot multiplexing in FlexRay
allows an ECU to transmit different frame content in
the same slot in different cycles. Fig. 2a shows an
example of applying the single sender slot multi-
plexing mechanism to schedule the same signals set
as in Fig. la. The schedule table of E, shows that
signals s3 and s, share the same slot number, where

the four instances s), s7, s;, and s; , generated by
signal s3, are still scheduled in slot 1 of cycles 1, 3, 5,
and 7. In this case, the instances s, and s; of signal

s4 are scheduled in the same slot of cycles 1 and 5.
Thus, two kinds of frame content will present in slot 1.
One content, which consists of signals s; and sy, is
sent every four FlexRay cycles starting from slot 1 of
cycle 1, and the associated buffer is identified by {1, 1,
4}. The other content, which consists of a single
signal s3, is sent every four FlexRay cycles starting
from slot 1 of cycle 3, and the associated buffer is
identified by {1, 3, 4}. At the beginning of slot 1 in
cycle 1 or 5, the CC will be read by the buffer identi-
fied as {1, 1, 4}, and the frame content within it will
be transmitted to the bus. At the beginning of slot 1 in
cycle 3 or 7, the CC will be read by the buffer identi-
fied as {1, 3, 4}, and the frame content within it will
be transmitted to the bus. Fig. 2b provides the detailed
transmission process of each signal instance corre-
sponding to the schedule tables in Fig. 2a. This ex-
ample uses only three slot numbers by using the sin-
gle sender slot multiplexing mechanism, thereby
making effective use of available bandwidth.

2.3.2 Multiple sender multiplexing mechansim

The multiple sender slot multiplexing in
FlexRay further allows several ECUs to transmit
different frame content in the same slot in different
cycles. Fig. 3a shows an example of applying the
multiple sender slot multiplexing mechanism to
schedule the same signal set as in Fig. 1a. In contrast
to the slot assignment scheme in Fig. 2a, signal ss,

generated by ECU Ej3, and signals s3 and s4, generated
by E,, share slot 1, where the two instances s, and s;

of signal s5 are scheduled in slot 1 of cycles 2 and 6.
The slot assignments for the other signals remain the
same. Therefore, a new frame content is available in
slot 1, which consists of signal ss. The frame is sent
every four FlexRay cycles starting from slot 1 of
cycle 2; the associated buffer is then identified by {1,
2, 4}. In this example, the number of slots used is
further reduced to two through the use of the multiple
sender slot multiplexing mechanism.

The aforementioned examples illustrate that the
optimal signal scheduling in the FlexRay network can
be reached only with the extensive and effective use
of the slot multiplexing mechanisms, particularly the
multiple sender slot multiplexing added in the latest
version of the FlexRay specification. Given that most
current chips support only the single sender slot mul-
tiplexing mechanism, this study separately adopts
each mechanism to optimize signal scheduling in the
FlexRay ST segment.

2.4 Problem statement

Our problem statement is formulated as follows:
Given the system model described in Section 2, based

on its signal set S={sy, s2, ..., S, }, we employ two

types of mechanisms, namely, the single sender slot
multiplexing and multiple sender slot multiplexing, to
construct an optimal slot assignment solution, re-
spectively, such that the timing constraints of all the
signals in the system are satisfied, including both the
lower and upper bounds, and that the total number of
slots used is minimized.

3 Signal scheduling optimization method

The goal of signal scheduling in the FlexRay ST
segment is to determine the pair of a slot number and

a cycle number for every instance s/ of each signal s;

during one hyperperiod H. Therefore, a signal in-
stance is the basic unit to which our optimization
method allocates bandwidth source. To formulate the
optimization problem, we define 7 = {Sll, Sf, - slﬂ i

HIT,,

1 1 HIT;
835 Sig

,S;,... 8, '} as the set of all instances of

all signals within a hyperperiod H. For simplicity,
signal instances are identified and denoted by a single
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Fig. 2 Example of single sender slot multiplexing mechanism
(a) Schematic of ECUs connected by the FlexRay bus; (b) Transmission process of each signal instance in the time-triggered

system
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Fig. 3 Example of multiple sender slot multiplexing mechanism
(a) Schematic of ECUs connected by the FlexRay bus; (b) Transmission process of each signal instance in the time-triggered

system

index ;. Each signal instance 7€/ is characterized by
a tuple (S, gk, ex, br, t, Or, d), where sy is the signal to
which it belongs, g, the sequence number of the in-
stance 7; within its own signal, e, the identifier of the
ECU that produces the signal to which it belongs, by
the size of the signal to which it belongs, #; the period
of the signal to which it belongs, oy the offset relative
to the start of the first FlexRay communication cycle,
which is calculated based on the offset O, of the

signal to which it belongs and its sequence number ¢
as O, +(q, —1)t,, and d; the deadline of the signal to

which it belongs.

In set /, the instances that belong to the same
signal are placed together and sorted by the sequence
of instances that occur, such that the first instance of
each signal is ordered to the front. We assume that the
total number of signal instances is n;. Consequently,

we assign an individual slot (the pair of slot number
and cycle number) for each signal instance 7€/ with
the objective of minimizing the number of slots used.

This slot assignment problem is similar to a
two-dimensional rectangular bin packing problem,
where, given a set of rectangular items having indi-
vidual height # and width w, the objective is to pack
them without overlapping into a minimum number of
identical rectangular bins, having height A and width
W (Lodi et al., 2004; Puchinger and Raidl, 2007). In
our problem, each signal instance 7€/ represents the
rectangular item with a height of 1 and width of by,
and each ST slot corresponds to one bin with the
width of the payload size by, and height of the
number of cycles //l.y.c within one hyperperiod H.
Our objective is to determine both the slot number
(bin number) and cycle number (the position in the
corresponding bin) for each signal instance. However,
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slot assignment is more complex than general bin
packing, because multiple constraints restrict the
manner in which the bins can be covered, including
both timing and FlexRay protocol-related constraints.

3.1 Integer linear programming formulation

In this section, we present the ILP approach to
solve the particularly constrained two-dimensional
bin packing problem that considers both single sender
and multiple sender slot multiplexing mechanisms.

3.1.1 Variables

Our ILP formulation relies on the following bi-
nary variables:

s

{1, slot s 1s used,

0, otherwise,

5 {1, instance 7, is placed in slot s at cycle /,
k,s,l

0, otherwise,

where s=1, 2, ..., ngo, =1, 2, ..., 1y, and n=H/lcye
denotes the height of the slot with unit of FlexRay
cycle.

{1, cycle / of slot s belongs to ECUE ,
76,,,x,l =

0, otherwise,

€,.8

{1, slot s belongs to ECU E s

0, otherwise,

where £,=1,2, ...,nand s=1, 2, ..., Ryt
3.1.2 Optimization objective

The goal is to minimize the number of slots used
in the FlexRay ST segment:

slot

min)_a,. (2)

s

3.1.3 Constraints

The core of the slot multiplexing mechanism is
its capability to allow altered frame content to be sent
to a slot from cycle to cycle. Therefore, signals with
different periods generated by the same ECU or sev-
eral ECUs can be scheduled to the same slot de-

pending on whether the slot multiplexing used is
based on the single sender slot multiplexing mecha-
nism or multiple sender slot multiplexing mechanism.
The various instances of signals would constitute
several kinds of frame content; the CHI supports slot
multiplexing by providing configurable buffers with
each corresponding to a kind of frame content. From a
signal instance perspective, each instance 7€/ can be
placed in any slot in any cycle, as long as both its
timing and FlexRay protocol related constraints are
satisfied. We present the constraints related to timing
requirements (Eqgs. (9)—(15)) and the FlexRay proto-
col (Egs. (16)—(21)) in the following paragraphs:

1. Timing constraints

Section 2 discussed the requirement that a fea-
sible slot assignment solution must ensure that the
timing constraints of each signal be met. This process
requires all the instances of a given signal be assigned
to a slot after its offset and before its deadline. Con-
sider the example in Fig. 1 where E,—F; send signals
through the FlexRay bus. The durations of FlexRay
(leycte) and ST segment (/gor) are 1 ms and 0.0275 ms,
respectively, the number of slots (ng,) in the ST
segment is 20, and the hyperperiod is 8 ms, which
includes eight FlexRay cycles. In this example, we
further consider a signal s, of an offset 0,=0.23 ms, a
deadline D,=2 ms, and a period 7>= 2 ms. This signal
generates four instances within one hyperperiod,

which are denoted as sj, 52, 55, and s; , to describe
their sending process more intuitively. The first in-

stance s, is generated at 0,=0.23 ms and the subse-

quent instances s,, s;, and s; are generated at 2.23,
4.23, and 6.23 ms, in turn, in the interval of the period
of the signal that generates it. The first instance s,
must be sent before the time instant O,+D,=2.23 ms;
the allowable latest time instants of s;, s, and s,
are 4.23, 6.23, and 8.23 ms, respectively (Fig. 4 de-
picts the first two instances of signal s5).

Therefore, each instance can be assigned only to
an ST slot in a range of the first available slot in the
cycle in which it is generated and the last available
slot in the cycle to which it must be sent. This range is
called the ‘feasible region’ of this instance on the
FlexRay bus, as shown in Fig. 4. We analyze the fea-
sible region on the FlexRay bus for the first instance

s;. The cycle in which s; is generated is LOz/lcycleJ=
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(32 O2+D> 02+ T3 O+2+T2+D2
| | | | | | | | | | I
0 0.230.25---1 1.25--2 2.232.25--3 325 -4 4234255
P Feasible region (s3) _ B Feasible region (s3) _
A
(112[3]4]s[6[7[8]o] .- [1[2[3]4[5[6]7[8][0] --- [1[2]3]4[5[6]7]8[o] - [1[2[3[4]5[6[7 8 ]0[ ... [1[2[3[4]5[6[7[8[] ]
Cycle 0 Cycle 1 Cycle 2 Cycle 3 Cycle 4

‘ + Instance generation }

Allowable latest time instant

Fig. 4 Feasible region for the instances generated by a signal

10.23 ms/1 msJ=0, and the first available slot in this
cycle is |_(02 mod lcycle)/lslotj+1:|_(0.23 ms mod 1
ms)/0.0275 ms_H1=9. The cycle in which the deadline
of s} is going to expire is \_(02+D2)/lcyclej=|_2.23 ms/1

msJ=2, and the last available slot in this cycle is
L((O1+D,) mod Lyere)/ Lgor-1=L.(2.23 ms mod 1 ms)/
0.0275 ms_-1=8.

Similarly, we calculate the first and the last
available cycles and slots for the other instances,

namely, s, s;, and s; . Table 1 lists the results. We

note that the interval between two neighboring feasi-
ble regions is an integral multiple of the FlexRay
cycle duration (leycie) because [oce is the greatest
common divisor of all signal periods or an integer
divisor of that value. Therefore, as long as we can
assign a slot within its feasible region for the first
instance of a given signal, and then simply assign the
same slot of the different FlexRay cycles for the other
instances in the interval of the period of the signal that
generates them, all timing requirements of all in-
stances will be met and the different frame content
that should be generated will be reduced. As a result,
the buffer resources will be economized and the
complexity of the system design will be decreased.

Table 1 Feasible regions for all the instances generated
by signal s,

Instance  Firstslot Firstcycle Lastslot Lastcycle
55 9 0 7 2
s 9 2 7 4
55 9 4 7 6
sy 9 6 7 8

The following presents how the feasible region
is computed for the first instance of all signals in the
general case. For any such instance, 7,/ with ¢;=1:

(a) The cycle sc; in which this instance is

generated and the cycle fc; in which its deadline is
about to miss are computed as follows:

Sck = Ok /chclejﬂ

3)
fe, =| (0, +d) /Ly |
(b) The first available slot ss; in the cycle sc; and
the last available slot fs; in the cycle fc; are computed
as follows:

ss, =| (0, mod [}/ L, |+1,

“)
fs, =| (0, +d,) mod L)/ 1, |.

Under normal conditions, we simply need to
send this instance between the first available slot ss;
in the cycle sc; and the last available slot fs; in the
cycle fc,. However, two types of special cases must be
considered. One of these cases is when the value of
the first available slot ss; is greater than the total
number of slots ng, in the ST segment, because a
FlexRay cycle also includes other segments (e.g.,
DYN segment). Therefore, this instance can be sent
only after the first slot in the next cycle. We com-

prehensively calculate the allowable first slot ss, and

the cycle sc; as follows:

ss,,S88, <nm
k> k lot >
SS;{ ={ slot (5)
0, ss,>ny,,
sc, ss, <ny
SC;{ — > slot » (6)
sc, +1,ss, >ng,,.

The other case is when the value of the available
last slot fs; is greater than the total number of slots
gt in the ST segment or is smaller than 1; thus, this
instance can be sent only before the last slot in the
previous cycle. We comprehensively calculate the
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allowable last slot s, and the cycle fc; as follows:

min(fs, ,n, ), fs, 21,
fS/ — slot 7
¢ {nsm, fs, <1, @)
, fc,, fs, =1,
fel = @®)
fc, -1 fs, <1

Therefore, for any instance 7,/ with ¢,=1, we
need to assign a slot between the allowable first slot

ss, in the start cycle sc, and the allowable last slot

fs, in the finish cycle fc,. Three further scenarios
are present in this feasible region:

(c) If the start cycle sc, is equal to the finish
cycle fc;, then the instance 7,el with g;=1 is sent
between the first slot ss, and the last slot fs, in this
cycle:

fs]

z ﬁk“ci =1, Vk|q, =1vsc, =fc;. O]

S=88)

(d) If the start cycle sc; is equal to the finish
cycle fc; +1, then the instance e/ with ¢;=1 is sent
between the first slot ss;, and the slot g, in the start
cycle sc, or between slot 1 and the last slot fs; of

the finish cycle fc, :

o
slot fs)

z ﬁksssscz +Zﬁk,s,fc; =1,

S=8S), s=1

Vk|q, =1vsc, =fc, +1. (10)

(e) If the start cycle sc, is equal to or greater
than the finish cycle sc; +2, then the instance el
with ¢;=1 is sent between the first slot ss; and the slot
nget in the start cycle sc; or between slot 1 and slot
ngot in all cycles after sc,'c and before Sc; , or between

slot 1 and the last slot fs; of the finish cycle fc, :

o
Nstot ngo foi —

1 fs),
z ﬂk,_yysc,'f +z Z ﬂk,s,l + Zﬂk,s,fc,'f = 1’
s=1

s=88), s=1 I=sc} +1

Vk|q, =1vsc, >fc, +2. (11)

As noted earlier, once the slot assigned to the
first instance of a given signal is determined, the other
instances just need to be placed in the same slot of the
different FlexRay cycles in turn, in the interval of the
period of the signal that generates them, to ensure that
their timing requirements be met and to save the
buffer resources. This constraint can be formulated as
follows:

ﬁk,s,l = ﬂk+n,(1+n-pk ymod H *

Vk|q, =1, n=1,2,..(H/p,)-1. (12)

2. FlexRay protocol related constraints

The signal instance 7€/ can be placed only once
into exactly one slot s at the specific cycle /. This
constraint can be formulated as follows:

Ngiot =1

Zzﬂk,s,l =1, Vk=12,.,n,.

s=1 1=0

(13)

The slot s has to be used if at least one instance 7
is packed in it:

ax = ﬂk,.v,l ’

Vk=L2,.,n,s=12,..,n4,[=L2,.,n. (14)

slot *

The length of all signal instances within each
cycle of every slot must not exceed slot payload
capacity b

D b Biss Sbys Vs=12,ny,, 1=1,2,..,n,. (15)
k=1

The single sender slot multiplexing mechanism
allows only the signals generated by the same ECU
and shares one slot identifier through multiplexing
cycles. Hence, the mechanism requires all slots
sharing the slot identifier in all communication cycles
to be owned by one specific ECU. Constraint (16)
ensures that if an instance is placed in the slot in a
specific cycle, then its source ECU must own the
entire slot. Constraint (17) ensures that every slot
identifier belongs to one ECU at the most. Constraint
(18) limits the slot ownership to null if no instance is
placed in this slot:
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B, < 5%5, Vs =12,...,0,,, (16)
2.0, S Ys=1,2,0,m,, (17)
epzl
n, m-1
5%5 < ﬂml, Vs=12,..,ny,. (18)
k=1 [=1

The multiple sender slot multiplexing mecha-
nism allows only the signals generated by several
ECUs and shares one slot identifier through multi-
plexing cycles, and the mechanism requires only a
specific slot of a cycle be owned by one specific ECU.
Similarly, constraint (19) ensures that if an instance is
placed at a specific slot in a specific cycle, then its
source ECU must own this individual slot. Constraint
(20) ensures that every slot of a cycle slot should
belong to at most one ECU. Constraint (21) also limits
the slot ownership to null if no instance is placed in
this individual slot:

Bisi SVesi» Vs=12,n, 1=1,2,...n,, (19)
Vews SL Vs=12,.,n, 1=1,2,.n, (20)
e‘,:l
Vews S Biss ¥Vs=12,m, 1=1,2,..n,. (21)
k=1

Constraints (9)—(15) together with constraints
(16)—(18) define the ILP formulation based on the
single sender slot multiplexing mechanism; con-
straints (9)—(15) together with constraints (19)—(21)
define the ILP formulation for the multiple sender slot
multiplexing. The ILP formulation combined with the
minimization goal (Eq. (2)) determines the optimal
slot assignment for each signal instance 7,/

3.2 Efficient integer linear programming

In this section, we further increase the efficiency
for the above ILP by reducing the search space,
thereby reducing the runtime.

1. Lower bound for the number of slots needed:
The minimum number of slots that are needed for
sending all instances in set / is obtained as follows:

I :{Zrkelb/‘ “
Y| byt my

slot

(22)

2. Upper bound for the slot identifier: We bound
the maximum slot identifier U; needed for scheduling
all signal instances in set / to reduce the runtime of
our ILP. The value of U; must not exceed the total
amount of slots ng in the ST segment, and this value
must be larger than both the maximum slot identifier

max, ((ok mod/, )/ ls]m—l, in which all instances

are generated, and the minimum number of needed
slots Ls. This upper bound is thus calculated as
follows:

U, = min [nslm ,max (LS ,max ((ok mod/ )/ L, _Iﬂ .

(23)

Therefore, based on the two bounds, we replace
ngot With the upper bound Us in all constraints in the
aforementioned ILP and then add a new constraint:

24

4 Experimental results and discussion

We conducted extensive experiments by running
our proposed ILP approach on synthetic test cases and
an automotive X-by-wire system case study. The ILP
solver for the special two-dimensional bin packing
problem was the CPLEX solver version 12.5. The
experiments were conducted using a Windows 7
computer running on an Intel Core i5 2.80 GHz pro-
cessor with 8 GB memory.

The synthetic case studies were based on the
following FlexRay configuration, which is in ac-
cordance with the configuration in the latest BMW
X5 SUV: the duration of the communication cycle
(leycte) is 5 ms, with 3 ms for the ST segment and 2 ms
for the DYN segment, SW, and NIT. The ST segment
is composed of 91 slots, with each slot having a
payload of 16 bytes. The duration of the slots is
0.032 ms. The test cases were generated by varying
randomly the signal parameters, such as periods,
deadlines, offsets, and lengths, to cover a wide range
of possible combinations. The periods of the signals
vary between 1%/ and 8%/, and both the dead-
lines and offsets of the signals vary between 1x/yc
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and 8x/y. and are smaller than the corresponding
period. The lengths of the signals vary between 1 byte
and 8 bytes. We considered a system composed of
eight ECUs, where each ECU generated 5, 10, 15, 20,
and 25 signals, respectively. We experimented with
20 examples for each case.

Fig. 5 shows the results of the scheduling using
both the ILP approach based on the single sender slot
multiplexing mechanism (ILP_SS) and the multiple
sender slot multiplexing mechanism (ILP_MS).
Fig. 5a shows the number of slots required by the
ILP_MS, ILP_SS, and the non-optimization approach
for the test cases. Fig. 5b shows the corresponding
runtime for both the ILP_SS and ILP_MS. As ob-
served in Fig. 5a, both ILP_MS and ILP_SS outper-
form the non-optimization approach in all test cases,
and ILP_MS typically achieves the best results. As
the number of signals increases, the slots saved by
either ILP_MS or ILP_SS become even more signif-
icant. As shown in Fig. 5b, the runtime of both
ILP_MS and ILP_SS depends on the characteristics
of real-time applications, i.e., the number of signals.
In our experiments, a timeout of 3600 s was used. For
the cases with 40, 80, and 120 signals on the FlexRay
bus (each ECU generating 5, 10, and 15 signals), the
solver returns the optimal result in a significantly
limited amount of time. For the case with 160 signals,
the solver returns the optimal result in longer running
times. For the case with 200 signals, the solver returns
a result that uses one more slot than the lower bound.

To show the advantage of the proposed approach,
we also considered an automotive X-by-wire system
case study. We compared the performance of the
ILP MS approach with the existing methods de-
scribed by Lukasiewycz et al. (2009) and Tanasa et al.
(2011) in this real-life case. These three approaches
represent three different ideas on optimal scheduling
in the FlexRay ST segment.

The X-by-wire system consists of 11 ECUs and a
total of 128 signals. Table 2 shows the signal charac-
teristics, including the ECU that generated the signal,
the offset, the period and deadline of the signal, and
the size of the signal. The last column depicts the
number of signals with those characteristics that were
generated from the same ECU. The FlexRay bus
configuration is as follows: the durations of the
communication cycle, the ST segment, and the ST
slot are 1 ms, 0.8 ms, and 0.032 ms, respectively. The

(a) 70

[_—1ILP_MS
60 [ mmmmm ILP_SS i
1 Non-optimization

50 1
40t 1
30} 1
20t 1
mﬂ 1 '
0 80 120 160 -

Number of used slots

40 200
Number of signals
(b) 4000 T .
3500 —e— ILP_MS ]
—a— ILP_SS
3000 | g
@ 2500 | -
[0}
£ 2000 i
o
& 1500 | g
1000 R
500 g
0 2 n n
40 80 120 160 200

Number of signals

Fig. 5 Results of the synthetic case study

(a) The number of slots required by the ILP_MS, ILP_SS, and
non-optimization approach for the test cases; (b) The corre-
sponding runtime for both the ILP_SS and ILP_MS. ILP_SS:
integer linear programming (ILP) approach based on the
single sender slot multiplexing mechanism; ILP_MS: ILP
approach based on the multiple sender slot multiplexing
mechanism

ST segment is composed of 25 slots, with each slot
having a payload of 16 bytes.

The results of scheduling using the three ap-
proaches are presented in Table 3. Tanasa et al. (2011)
studied the reliability and schedulability problems of
signal transmission in the FlexRay network with the
objective of minimizing the bandwidth cost. Their
approach consists of the following components:
packing signals into frames, computing the number of
times each frame must be retransmitted to guarantee
the desired reliability level, and scheduling each
frame to a separate slot in the ST segment such that
the deadlines are met. In this case study, we focused
on the parts of their approach that involved sched-
ulability, without considering frame retransmissions.
Using their approach, all signals are packed into
24 frames, and these obtained frames are assigned to
24 slots accordingly. Lukasiewycz et al. (2009) tried
to improve bandwidth utilization by employing the
single slot multiplexing mechanism on signal
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Table 2 Signal list for an X-by-wire case study
Offset Period Deadline

Size

ECU (us) (1s) (us) (bit) Multiplicity
ECU; 7640 8000 8000 32 4
ECU, 7650 8000 8000 32 4
ECU; 105 1000 1000 32 5
ECU;, 530 1000 1000 32 5
ECU;, 530 1000 1000 16 4
ECU; 530 1000 1000 8 2
ECU, 120 1000 1000 32 1
ECU, 565 1000 1000 32 1
ECU, 565 1000 1000 16 4
ECU, 565 1000 1000 8 2
ECU;s 160 1000 1000 32 5
ECU; 160 1000 1000 16 2
ECUg 200 1000 1000 32 6
ECUg 450 1000 1000 16 2
ECUg 450 1000 1000 8 2
ECU; 1800 8000 8000 16 2
ECU; 5800 8000 8000 16 10
ECUg 1990 8000 8000 16 2
ECUg 5990 8000 8000 16 10
ECU, 2010 8000 8000 16 2
ECU, 6010 8000 8000 16 10
ECU;, 2040 8000 8000 16 1
ECU;, 6040 8000 8000 16 10
ECU,;; 4260 8000 8000 16 24
ECU;; 3490 8000 8000 16 7
ECU;; 3490 8000 3000 8 1

Table 3 Comparison of the optimal approaches proposed
by Tanasa et al. (2011), Lukasiewycz et al. (2009), and this
study

Number of Number of

Approach frames slots used
ILP in Tanasa et al. (2011) 24 24
ILP in Lukasiewycz et al. (2009) 24 17
ILP_MS in this study 24 12

scheduling in the FlexRay ST segment based on tra-
ditional signals packing. It is important to note that
the signal offsets in their approach are simply as-
sumed to be zero. To compare the optimal perfor-
mance levels, we added the constraints related to the
offsets of the signals in their ILP approach. The re-
sults obtained by their approach show that the number
of obtained frames is still 24, while the number of
slots that have to be allocated for these frame trans-
missions is reduced from 24 to 17, because it allows
an ECU to transmit different frame content in the

same slot in different cycles. By comparison, our
ILP_MS approach combines the more efficient mul-
tiple sender slot multiplexing mechanism (i.e., it al-
lows several ECUs to transmit different frame content
in the same slot in different cycles) and signals
packing to optimize bandwidth utilization; thus, it
produces the best results with the same number of
frames, but with only 12 allocated slots.

5 Conclusions

We presented a rectangle bin packing optimiza-
tion approach based on ILP that is capable of sched-
uling communication signals with timing constraints
into the FlexRay ST segment at minimum bandwidth
cost. The proposed approach supports both slot as-
signment mechanisms provided by the latest version
of the FlexRay specification, namely, the single
sender slot multiplexing and multiple sender slot
multiplexing mechanisms, by using their respective
special constraints and rules. We conducted extensive
experiments on synthetic test cases. Our experimental
results showed that the proposed approach, based on
whether single sender slot multiplexing or multiple
sender slot multiplexing mechanism, can achieve a
well optimized performance. Additionally, we ex-
amined an automotive X-by-wire system case to
emphasize the superior performance of the proposed
approach compared to those of existing optimal
scheduling approaches.
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