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Abstract. A growing number of control systems are distributed and
based on the use of a communication bus. The distributed nodes exe-
cute periodic tasks, which access the bus by releasing the messages using
a priority-based mechanism with the goal of minimal message response
times. Instead of randomly accessing the bus, a dynamic scheduling of
messages technique based on adaptation of time offsets between message
releases is used. The presented algorithm, called DynOAA, is execut-
ing on each node of the distributed system. It takes into account the
current traffic on the bus and tries to avoid simultaneous release of mes-
sages by different nodes, hence reduces the likelihood of conflicts and
need for repeated release. In this paper, we first address single bus (seg-
ment) systems and then extend the model and the offset adaptation
algorithm to systems that use multiple buses (segments) connected by
a communication gateway. A rating function based on the average of
maximum response times is used to analyze DynOAA for the case of
CAN-bus systems based on bit-accurate simulations. Experiments show
the robustness of the algorithm (1) in case of fully asynchronous systems,
(2) ability to deal with systems that change their configuration (add or
remove message release nodes) dynamically and (3) model systems con-
taining multiple bus segments connected by a gateway. The approach is
also applicable to other priority-based bus systems.

1 Introduction

In this paper, we target distributed control embedded systems based on the use
of multiple computing nodes connected by a communication bus. Typical appli-
cations include automotive systems, industrial automation, home automation,
healthcare systems and robotics. The common characteristic of such applica-
tions is that the communication over the bus is triggered periodically and the
amount of data exchanged is relatively small. However, the time between send-
ing data from the source node to receiving it on the destination node, called
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message response time, is crucial and subject to real-time constraints. An ex-
ample of communication bus and protocol perfectly suited for this task is the
Controller Area Network (CAN) [1]. In this paper, we will focus on CAN, but the
methods introduced are in principle suited for any priority-based communication
protocol.

The design of the communication system in distributed control systems is a
very complex task, which is very often performed using hand-based procedures,
which is error prone, and time consuming when needed to repeat because of
the change of system configuration and requirements. The use of automated
methods and tools is a better option, but fails if the design is faced with large
design space, which increases the computational complexity of the task, hence
making design tools effectively unusable. Also, the use of design tools is based
on the assumption that all design parameters and inputs are known in advance,
which most often is not the case. For example, message release offsets [7], an
efficient technique to reduce response times of the communication bus, can be
calculated in advance, but the assumption that their statically calculated values
will be the best throughout system operation results in a pessimistic solution,
with non-optimal use of the system bus. We want to avoid these disadvantages
of offline methods by considering the current traffic situation and adapt online.

We recently proposed [12] a solution of dynamically adapting the message re-
lease offsets by individual nodes (and software tasks) of the distributed system,
which resulted in the reduced message response times for CAN-based systems.
Compared to our initial work, this paper presents several new contributions: (1)
The formal model is refined and extended to systems with multiple bus seg-
ments. (2) The rating function of the schedule is further improved to allow a
better comparison between schedules of different approaches and scenarios. (3)
We loosen the assumption that the monitoring period of DynOAA is synchro-
nized and demonstrate that it has only little influence on the performance of the
method. (4) We conducted experiments which incorporate dynamic changes of
the system configuration during run-time and show the robustness of DynOAA.
(5) The behavior of the system is experimentally analyzed for the case that
only a fraction of all nodes apply DynOAA. Finally, (6) first preliminary results
for using DynOAA on systems with multiple bus segments are obtained and
reported.

The rest of the paper is organized as follows. In Section 2, we define the
problem and position our work in the context of related work. Section 3 gives
the details of the proposed dynamic adaptation method, the dynamic offset
adaptation algorithm (DynOAA), and illustrates its operation for single-segment
systems. Section 4 further extends DynOAA to allow the use in multi-segment
systems and evaluates it by the developed simulator. Conclusions and future
work are given in Section 5.
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2 Problem Definition and Related Work

In this section, we outline the assumptions for the modeling of CAN-based sys-
tems and position our work to the existing related work. The measure of perfor-
mance in the form of a rating function is also introduced.

2.1 Context

The CAN specification [1] defines the data link layer and roughly describes
the physical layer of the ISO/OSI-Model. At the data link layer, a message-
oriented approach is chosen. Four different types of frames are used to transfer
messages: Data frames, Remote Transmit Request frames, Overload frames and
Error frames. The most important is the data frame that is used for data ex-
change. Each data frame has its unique identifier. This 11 bit long identifier
defines the message priority by which the bus access is granted. Bus arbitration
is done by Carrier Sense Multiple Access with Bitwise Arbitration (CSMA/BA).
The method of bitwise arbitration can be described as follows: Each node that
would like to have access to the bus, starts sending its message as soon as the bus
is idle for the time of 3 bits. Every sent bit is also watched. When the sent bit
differs from the watched one, then a message with higher priority is also sending
and transmission is stopped. After sending the identifier, only the message with
the highest priority is left and has exclusive bus access.

The major advantage of using CAN is that its huge popularity, particularly
in the automotive sector, which allows mass production of the CAN controllers
and their integration with the microprocessors used in the computation nodes,
resulting in very cheap solutions. Another advantage is availability of software
built for the CAN infrastructure [9], which is the result of many years of use of
CAN. On the other hand, a big disadvantage is the limited maximal data rate of
1 Mbit/s, which is the relic of the early conception of the bus, and significantly
limits its application domain. From this reason, other communication buses such
as Flexray [6] and real-time Ethernet [5], have been proposed. However, the
introduction of new buses is related to a significantly increased cost to design
and manufacturing of new computation nodes, which includes both hardware
and software which already exist for CAN-based systems. Our work therefore
goes in the other direction, where we are trying to breathe new life into CAN-
based systems by allowing better use of the available data rate and increasing
the performance of systems built on the CAN bus without changes of the system
infrastructure.

The main problem caused by the limited bandwidth is the increase in re-
sponse times, defined as the time between attempts to release the message to
the time when actual message transfer begins, especially when the workload of
the system increases (typically above 50%). This increase is caused by simultane-
ous attempts of multiple tasks to access the bus and release a message. Several
approaches try to optimize the scheduling of messages on CAN by adjusting
the priority of the messages. One way is to divide the message streams into
different categories and schedule them with known scheduling techniques such
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as earliest deadline first [13,4]. Another way is to use fuzzy logic to select the
priority [2]. The different priorities are established by using several bits from the
identifier. This has the disadvantage that the number of available identifiers is
reduced from 2048 to 32 and 128, respectively. Already in current automotive
applications more than 128 identifiers are needed, which makes this suggestion
infeasible.

Therefore, we are using a different, less interfering, approach: If tasks send
messages periodically, which is most often the case in distributed control sys-
tems, simultaneous access can be avoided by adding an appropriate offset to a
message release time. An approach that assigns statically calculated fixed offsets
of messages that are assumed to be synchronous by using off-line heuristics is
proposed in [8]. Although the approach results in better response times, it does
not take into account the dynamics of the system operation and resulting traffic.
Instead, the approach is based on a-priori given, static assumptions. Addition-
ally, it doesn’t consider the asynchronous nature of the nodes (and tasks) that
communicate over CAN bus, which is caused by each node running on its own
clock. Because of different clocks and clock drifts, the optimal offsets ideally
should change dynamically and adapt to the changing conditions on the bus.
This is further supported by the fact that the start of the tasks is not synchro-
nized, resulting in additional randomization of initial offsets. In order to solve
this, the dynamic offset adaptation algorithm (DynOAA) has been proposed
[12] recently as the solution to the changes of the recent bus traffic, resulting in
better response times and also in an increased level of scheduling fairness.

2.2 System Model

The system we are targeting can be described by a set of nodes communicating
over the bus as shown in Fig. 1. One or more tasks on each node may initiate a
communication, i.e. release messages.

Fig. 1. CAN-Bus based system model
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In our model, we abstract the tasks by considering only the mechanism used
to release messages called a stream. A stream si can be characterized by a tuple
(Ti, Oi) with 0 ≤ Oi ≤ T i, that is, by a period Ti (time between any two
consecutive messages generated by stream si) and an offset Oi. The offset is
relative to a global time reference. It can therefore drift over time, because the
local time reference can differ from the global one. The hyper-period P is the
least common multiple of all periods lcm{T1, T2, ..., Tk}. Assuming a synchronous
system, the schedule is finally periodic with the hyper-period. A scenario consists
of k streams. We assume the priorities are set by the designer, typically according
to the stream period so that a rate monotonic scheduling is achieved.

A message mi is a single release or CAN frame of the stream. The time
between a message release and the start of its uninterrupted transfer over the bus
is the response time of the message. We don’t add the constant non-preemptive
time to transfer the message to the response time, because then a response
time of zero is always the best possible case for every message independent
of its length. This will simplify later comparisons between different schedules.
In Fig. 1, for example, the response time of message m2 is three time slots,
because it is delayed by the running message m1. The worst case response time
WCRTi(b, e) of a stream i during a certain time interval starting at time b
and ending at time e is the largest response time of all messages of the stream
recorded during that time interval. For example, an analytical approach would
calculate WCRTi(0,∞).

Fig. 2. System model for a multi-segment Controller Area Network

In this paper, we extend this model by allowing m buses connected by a
gateway. Each stream is connected to exactly one bus and can send messages
to one or multiple buses, as depicted in Figure 2. Therefore, a multi-segment
stream s′i is characterized by a tuple (Ti, Oi, Bi, Di), that is additionally by a
source bus Bi, it is connected to and a set of destination buses Di. The response
times of a multi-segment stream are the times between a message release and
the start of its uninterrupted transfer on the destination buses. The worst case
response time is, analog to the single-segment case, the largest of these response
times. A message that is transmitted on a different bus then the source bus will
be called a routed message. For the gateway, we make the following assumptions:
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– The gateway is central, so it is connected to every bus. It has to be ensured
that all connection requirements of the streams are fulfilled. Delays caused
by computational load on the gateway are neglected. This is a reasonable
assumption, because the operation speed of the gateway is multiples of the
communication protocol.

– The gateway uses priority-based transmission with unlimited buffers. This
means, in contrast to a first-in-first-out strategy, when several routed mes-
sages are pending for transmission, the message with the highest priority
will get transmitted.

– A routed message will be pending as soon as the complete message on the
source bus has been transmitted.

In our model, we assume discrete time with a minimal system time resolution
defined a priori. All stream characteristic times are multiples of this minimal
time resolution.

2.3 Rating Approach

In [12] a new metric for comparison of schedules in the form of a rating function
is introduced and used to show the advantage of an online approach. We will
use this as a basis for comparison. In this paper, we extend the definition by
dividing the rating function by the number k of streams that release messages,
thus enabling comparisons of schedules for different number of streams. It is
defined as follows:

r(t) =

∑k
i=1

WCRTi(t−P,t)
Ti

k
(1)

In words, the rating represents the average of all streams maximum response
time during the last hyper-period relative to the stream’s period. In the case of
multi-segment CAN systems, we distinguish between two cases: (1) if the whole
system is rated, the WCRTs as described in Section 2.2 are considered and (2)
for comparison of a single segment in a multi-segment system, the modification
of the rating is explained in Section 4.

3 Single-Segment Scheduling

In our approach, we exploit the dynamic adaptation of message release offsets
over time as the traffic on the CAN bus changes. Because it cannot be assumed
that there is a single global observer that knows the complete system status and
operation, the decisions to change offsets are based on traffic monitoring carried
by the individual streams. The algorithm, as well as examples of its operation,
are presented in Section 3.1. The robustness to an asynchronous and a changing
system are shown in Section 3.3 and 3.4, respectively.
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Fig. 3. DynOAA illustration - timing diagram and busy_idle_list on a single node

3.1 DynOAA

The dynamic offset adaptation algorithm (DynOAA) [12] is run on each node
independently and periodically. For the sake of completeness, we will illustrate
the operation of DynOAA in short as shown in Figure 3. In the upper part of
the figure, on the top of the time line, the periodically released messages of the
stream are indicated by small arrows. The larger arrows on the bottom of the
time line indicate the instances when the adaptations start or when DynOAA is
run.

Before the adaptation takes place, the bus is monitored by each stream for
a time interval being equal to the maximum period of all streams. A list, from
now on called busy_idle_list, is created. An example of it is shown in the lower
part of Figure 3. It contains for each time slot during the monitoring interval an
idle element if the bus is idle and a busy element if the bus is busy. The length
of a time slot is the transmission time of one bit. From the busy_idle_list,
we can find the longest idle time and longest busy time (LBT), which are the
maximum continuous intervals when the bus was idle or busy, respectively. The
variable time_since_last denotes the amount of time passed between the current
time and the time the last message was released for this particular stream. This
value is needed to calculate when the next message would be released. The
next_position is the time that indicates when in the next cycle a message should
be scheduled. It is chosen in the middle of the longest idle time interval. The
next message of the stream is then delayed, i.e., the offset is adjusted, so that a
message is released at the time specified by next_position.

In distributed systems, all streams are considered independent from each
other. If more than one stream starts to execute the adaptation simultaneously,
there is a high probability that the value of next_position at more than one
stream will be identical. Instead of spreading, the message release times would
in that case be clustered around the same time instance. Therefore, we need to
ensure only one stream is adapting its offsets at the same time. Ensuring that
only one node is adapting is achieved if all nodes make the decision whether
to adapt or not based on a unique criterion based on the same information,
the traffic on the bus in this case. The criterion we use is to select the stream
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belonging to the first busy slot of the LBT. The idea is that this stream causes
the biggest delay, because it potentially could have delayed all subsequent mes-
sages in the busy period and therefore should be moved first. If there are more
than one LBT of equal length, the first one is chosen. If the monitoring phases
of all nodes are synchronized, this mechanism ensures that all nodes elect the
same stream for adaptation.

The algorithm is best explained on the example from Figure 3. A stream with
a period of 12 time slots (ts) is considered. The transmission of one message is
assumed to take one ts. The algorithm passes through two phases. In the first
phase, monitoring, the busy-idle list in the lower part of Figure 3 is created. The
first message of the LBT belongs to the stream under consideration. Therefore,
in the second phase, it will adapt, i.e., the next release will be delayed. In order
to calculate the needed delay, the next position is determined first by choosing
the middle of the longest idle time, which is in this case 16 ts. The delay is then
calculated as:

delay = (next_position + time_since_last)mod period

= (16 ts + 12 ts)mod 12 ts

= 4 ts

The delay causes the move of the releases of this stream in the next hyper period
by additional 4 ts. For the messages at positions 1 to 4 this means, if they were
delayed, then their response time is reduced.

3.2 Evaluation

In order to evaluate the quality of our approach, we developed and used our
own CAN bus simulator. The reason for this was that no available simulator can
describe scenarios we needed and extract the required properties. Our simulator
is event-driven with the simulation step size being equal to the transmission time
of one CAN bit. The full CAN protocol is reproduced by assuming worst-case
bit-stuffing. We can only simulate the synchronous case, where all nodes have the
same time base. This means if the offsets are fixed, the schedule repeats after
time equal to the hyper-period. The asynchronous case is simulated by using
different random initial offsets. The simulation assumes the error-free case. Our
simulation engine is comparable to RTaW-Sim[11]. Although RTaW-Sim offers
more functionality, such as error insertion and clock drift, and runs much faster,
it does not provide provisions to change offsets at run-time that is needed to test
DynOAA.

The scenarios used for our experiments consist of synthetic scenarios automat-
ically generated by Netcarbench [3] and are typical for the automotive domain
with a bus load that can be freely adjusted. A bus speed of 125 kbit/s is assumed.
Typical for practical implementations is that there are not to many different pe-
riods (e.g., 5 - 10) that are mostly multiples of each other. This results in a small
hyper period. In the example scenarios, it is always 2 seconds, which is also the
largest period.
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Figure 6 shows the rating function of Eq. 1 over time for different scenarios.
The experiments were always run for 10 different random offset initializations.
The continuous lines in the plots represent the average of these 10 runs, while
the vertical error bars indicate the maximum and minimum value of the rating
function at that instance of time. We can see that it converges very fast to a
stable value. The plot also shows that we are always improving significantly
compared to the non-adaptive case which is represented by the rating values at
time zero.

3.3 Asynchronous Monitoring

In Section 3.2, we assumed the monitoring intervals were synchronized. How-
ever, in an distributed system, the monitoring intervals of the streams are asyn-
chronous, so choosing the adapting stream gets more difficult. We cannot guar-
antee anymore that exactly one stream is adapting, as is shown in the example
in Figure 4. In the example, the monitoring phase of the two streams overlap in
such a way that the longest idle time is the same, but the longest busy period
is different. Therefore, streams 1 and 2 would schedule their messages simulta-
neously. Nevertheless, given the monitoring phases have the same length, the
maximal number of streams scheduled to the same idle time is two. This means
the effect is not severe as the experiments in the following text will show.

Fig. 4. Example where asynchronous
adaptation leads to scheduling of two
stream to the same position

Fig. 5. Example where the adaptation
stops because no stream is first of the first
longest busy period

Another problem with asynchronous monitoring occurs when there are several
longest busy periods with the same length. If the streams always choose the first
LBT, it can lead to a stop of adaptation, because no stream will adapt. How this
can happen is shown in the example in Figure 5. On the one hand, this problem
can be simply avoided by choosing randomly the LBT that is considered. On
the other hand, if the monitoring periods are synchronous, the random selection
can cause that several streams adapt simultaneously to the same position.

In Figure 7, the rating over time for a scenario with 50% load is depicted.
The meaning of the error bars is similar to the one described for Figure 6.
Table 1 shows the average rating values for cases from Figure 7. The results for
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asynchronous monitoring, and choosing which stream to adapt based on a ran-
dom LBT are not displayed, because, as described above, the adaptation in the
simulation gets stuck. As expected, the setup with synchronous monitoring and
choosing which stream to adapt based on the first LBT performs best. However,
the difference in performance is negligible considering the variation within the
results. Results with other scenarios, not shown here, reveal a similar behavior,
leading to the conclusion that DynOAA also works well for asynchronous moni-
toring, which would be the case in a real distributed system. The experiments in
the rest of the paper are always run with asynchronous monitoring and random
LBT.

Table 1. Average rating value over the whole simulation time for the scenario in
Figure 7

synchronous monitoring, first LBT 2.0011 · 10−4

synchronous monitoring, random LBT 2.3788 · 10−4

asynchronous monitoring, random LBT 2.5792 · 10−4

3.4 Adaptation in Dynamically Changing Systems

In this work, we model the first time the dynamic changes of the system config-
uration by allowing addition and removal of streams during system operation.
At this stage, only preliminary simulation runs are performed which indicate
behavior of the system when the configuration of the system changes. We start
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with the system operation with a fixed number of streams. When a stream
is removed from the system, the response times of the remaining streams will
either decrease or stay the same, depending on whether the removed stream
delayed the transmission of another stream or not. Similarly, when a stream
is added, the response times of the other streams increases or stays the same
depending on whether the added stream delays another stream or not. The goal
of the adaptation, keeping the response times as short as possible, is achieved
by adapting the offsets dynamically and finding a new set of offsets for the
current scenario that does not depend on the set of offsets for the case before
the change of system configuration. We demonstrate this behavior by running
DynOAA for different initial offset assignments and comparing the rating value
after the system has converged. The results of experiments in Figure 6 (see
Section 3.2) show exactly that, because the system converges to a certain rating
value depending on the used scenario and not on the initial offset assignment.
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Because the adaptation is constantly performed, the rating value fluctuates
even when the system is not changing configuration. Therefore, the reaction on
adding or removing one stream will not be obvious. However, we can show the
system reaction when several streams are added or removed. In Figure 8, we show
the scenario in which 64 streams are abruptly added to the system at time 100
min, and then removed at time 200 min. Corresponding system load increased
from 50% to 70% and back to 50%, respectively. Figure 9 illustrates the system
behavior when the change was not abrupt, but rather gradual. From time 100
min, 64 streams are added to the system at the rate of one stream per minute,
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and then after time 200 min the streams are removed from the system, one
stream per minute. It is obvious that the DynOAA adapts offsets and stabilizes
the value of the rating function in each case for each new configuration. Further
analysis of dynamic system configuration changes is part of our future work.

4 Multi-segment Scheduling

Data rate limitations of CAN can be overcome in some applications by using
multi-segment systems. In this paper, we present the case of the system where
the segments are connected through a single gateway. Firstly, multiple segments
can help to increase the capacity of priority-based communicating embedded
systems. Secondly, even though DynOAA reduces the message response times to
a minimum for a given load, the multi-segment approach can potentially reduce
the load of the individual segments and thus reduce the message response times
further. We consider a simple case where a single segment is split into up to
five segments. Gains can be expected if the inter-segment communication is not
too intensive. Finally, the reason for a multi-segment approach can be purely
practical. For example, in the development of large distributed systems, which
consist of multiple application domains, the systems are designed by multiple
teams whose efforts cluster around individual domains implemented on single-
segment system. The integration of the overall system becomes easier if it only
requires connection of multiple segments via a gateway.

4.1 Partial Adaptation

An obstacle for applying DynOAA to multi-segment systems is that the current
traffic information for the whole system is no longer available to each node,
because a certain fraction of messages is routed by the gateway. This means
that the nodes change their offsets based only on information on local traffic of
the segment they are connected to. Section 4.2 will demonstrate the influence of
this on the system performance.

Another problem in multi-segment case is that it is not possible to influence
the release of all messages on a segment directly. For example, messages received
from the streams of the other bus segments are not aware of the traffic situa-
tion on the receiving bus segment and cannot perform correct adaptation. The
knowledge of the full traffic situation would be possible by using the gateway
to collect the traffic information and transmit (broadcast) it to all nodes on
all segments, but it would result in additional overhead and require additional
bandwidth. Therefore, this option is left out in our work.

Based on the above analysis, our decision was to first analyze the case in which
only a part of the streams, belonging to the messages on one segment, perform
DynOAA and adapt their offsets, while the others are not doing that, and we call
this partial adaptation. This type of behavior can then be extrapolated to the
multi-segment systems directly. The problem with the partial adaptation is that
the DynOAA can select a stream that does not adapt as one that should adapt,
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and the intended goals would not be achieved. In the case of our synchronous
simulation, it even can lead to complete stop of the adaptation. However, a slight
modification of the DynOAA corrects the algorithm operation and makes it
suitable for the partial adaptation case. The solution is outlined in the following
paragraphs.

During traffic monitoring, in addition to the information whether a slot is
busy or idle, we record the information whether the busy slot is allocated by an
adapting or non-adapting stream in the annotated busy_idle_list. This infor-
mation can be provided by using an indicator (flag) associated with the current
message with two possible values, adapting or non-adapting. This indicator could
be statically assigned to each message stream at design time, but the flexibility
of dynamic adaptation and self-organization would be lost in that case. There-
fore, we propose to use the last (least significant) bit of the CAN identifier to
assign a priority to the stream to indicate whether it is adapting or not. This
has the additional advantage that there is no need to keep the list of all streams
and at the same time allows flexible insertion and removal of nodes from the
system. The penalty for the adopted approach is that the number of available
identifiers is halved. In our opinion, this is not a big disadvantage because the
number of still available identifiers is large enough to cover the needs of real dis-
tributed systems. The number of available identifiers becomes 2032/2 = 1016,
which is large enough to represent real-life systems. For example, in the current
VW Golf VI (2010 model), 49 nodes with an average of 140 streams are used
[10]. In addition, due to the limited capacity of the CAN bus, the number of
needed identifiers will most probably not grow.

Fig. 10. Example of an annotated busy_idle_list, storing for each time slot during
monitoring whether it is idle or busy by an adapting or non-adapting stream

From the annotated busy_idle_list, each node again calculates the longest
idle time and longest busy time (LBT). The longest idle time is determined
similar to the description given in Section 3.1. As for the LBT, we choose the
maximum continuous interval in which the bus was busy starting with an adapt-
ing busy slot. This way we ensure that the first slot of the LBT belongs to an
adapting stream and, therefore, the adaptation is done. This stream also rep-
resents the adapting stream that potentially delays most other streams. In the
example in Figure 10, even though the second busy time has four adapting busy
slots, the first slot of the first busy time, i.e., here LBT, potentially delays four
time slots, while the first one of the second busy time only delays three slots.
Therefore, it is better to adapt the first, as it is chosen by the algorithm. In
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adapting for a scenario with 70% load

Figure 11 and 12, it is shown how the enhanced DynOAA performs for differ-
ent numbers of adapting streams (and nodes) expressed as a fraction of total
number of streams. The experiments carried out for this case are similar to the
experiments from Figure 4. For the 50% load scenario, if none of the streams
are adapting, the rating value in average is constant at 0.00376. If 50% of the
streams are adapting, the rating value converges to an average of 0.00124. This
is less than a half of the value of for the non-adapting ones:

0.00124 <
0.00376

2
= 0.00188.

For the 70% load scenario, this observation is strengthened further. The per-
formance difference between all (100%) adapting and 75% adapting streams is
very small. In addition, the experiments show that the time needed to converge
to a stable state depends on the number of streams that are adapting. The
converged state is reached faster if fewer streams are adapting.

4.2 Multi-segment Systems

The conditions to run DynOAA on multi-segment systems, by allowing some
messages no to adapt, have been outlined and established in Section 4.1. In the
multi-segment system case, the routed messages are simply considered as non-
adapting messages. In order to evaluate the performance of DynOAA for multi-
segment networks, we first generated single-segment scenarios by Netcarbench [2]
and then provided additional information on the source and destination segments
for each message stream, given a number of segments in the system.

We performed a number of experiments to analyze the performance of multi-
segment systems using our rating function in Eq. 1. All the results should be
considered as preliminary and a work in progress. These experiments were per-
formed under certain conditions and assumptions which are outlined below. We
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first assumed that the source segment of each stream is assigned by uniformly
distributing all the streams to the available segments. The destination segment
is characterized by two parameters, percentage of routed and percentage of re-
ceived segments. The first parameter specifies the percentage of streams that are
routed at all, i.e., whether the destination bus is different than the source bus.
The second parameter specifies the percentage of segments, from all available
segments, which are included in the destination segment set. Which stream is
routed and which segment is chosen as the destination is determined randomly,
excluding the case when the source and destination segment are the same. For
example, for the case of eight streams in the system with four segments with 50%
routed and 25% received messages, two streams are assigned to each segment.
One of these two streams has one other segment as its destination.
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Fig. 13. Rating function as a function of
time for a scenario with two segments
with different fractions of streams routed
to the other segments
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Fig. 14. Rating function as a function of
time for a scenario with 4 segments with
different fractions of streams routed to the
other segments

For the experiments presented in this section, the streams of the scenario with
80% load from Section 3.2 are used. The received parameter is set to 50%. In
Figure 13 and 14, it is shown how the enhanced DynOAA performs for different
multi-segment scenarios. The experiments carried out for this case are similar
to the experiments presented in Figure 4. These experiments show that when
using DynOAA for the multi-segment systems, the rating value decreases,i.e.,
performance improves compared to random chosen values, as denoted by the
value at time zero.

The experiments shown in Figure 15 are done under assumption of the same
workload on each segment, because all streams from the initial set at every
segment are either directly scheduled or are routed streams. First, it has to
be noted that the rating value is increasing with the number of segments for
DynOAA at the converged state, as well as for randomly set offsets at time zero.
Also, it can be noted that the decrease of the rating value is most likely due
to the increased routing and not the result of degradation of performance of
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DynOAA, which uses information local to the segment on which it performs.
However, more experiments are needed in future to validate these assumptions.

5 Conclusions and Future Work

Self-organization through dynamic adaptation of message scheduling is a promis-
ing way of giving a new life to the existing communication buses used for dis-
tributed embedded systems in applications such as automotive or industrial
control. We specifically target communication buses, which use priority-based
scheduling schemes. The main idea of adapting message offsets in bus-based sys-
tems and avoidance of conflicts by simultaneous release of multiple messages
has been refined into the algorithm for dynamic offset adaptation, DynOAA.
The algorithm is first developed and analyzed for single-bus systems in which
all streams adapt the offsets dynamically, and then further enhanced for the
case when only certain nodes are adapting. It is shown that by allowing par-
tial adaptation it is possible to use DynOAA also for multi-segment systems in
which all segments, consisting of one bus, are homogeneous (the same bus type)
and use a single central gateway for their interconnection. The results of exper-
iments run by using a newly developed bit-accurate simulator that incorporates
DynOAA and its variations show significant improvement of performance over
existing, static scheduling approaches. In particular, the proposed approach re-
sults in significantly shorter response times of messages and allows therefore in
consequence a much higher utilization of the bus (in our case CAN bus), thus
extending applicability of the existing bus technology. The price paid for adap-
tation is relatively small additional work that has to be performed on the side of
system nodes. Our future work includes a closer analysis of the stability of the
adaptation process, implementation and its analysis of DynOAA on real micro-
processor platforms and further extension of the multi-segment approach with a
more realistic model of the gateway.
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