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Abstract: In this paper a simulator to preview the timeliness of the transmission of
messages and of the execution of tasks in a distributed system is presented. The
simulator, called SIMHOL, builds on previous work by the authors in which a simple
mechanism to dispatch tasks and messages was proposed for CAN-based distributed
systems. The inputs to the simulator are the so-called data streams, which include the
producer tasks, the correspondent messages and the tasks that use the transmitted data.
Using the worst-case execution time and transmission time, the simulator is able to
verify if deadlines are fulfilled in every node of the system and in the network. Besides
discussing the simulator construction and operation, the paper presents some examples
of distributed systems requirements and the results obtained by using the tool to analyze
the respective timeliness. This is also used to illustrate the outputs of the simulator. One
important issue also discussed is the easy way, due to the object oriented approach
chosen, to extend the simulation to cover different networks and to use different
scheduling techniques either at the task level or at the message level. Copyright © 2003
IFAC
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1. INTRODUCTION

For this work, other simulators were studied.

In previous works we’ve proposed a simple
mechanism for distributed systems based in
nodes with low computational power that
allowed the dispatching of tasks and messages
in a time-triggered manner (Calha and Fonseca
2002; Fonseca, et al., 2002). These works led to
data flow analysis and to the derivation of
requirements to the tasks and messages
parameters.

The aim of this work is to demonstrate the
validity of the proposed analysis and
requirements presenting a simulator.

The proposed simulator, SimHol, is an
experimental platform for a centralized task and
message scheduling. The supported architecture
is based in a distributed control system with a
centralized dispatcher. A central node
dispatches both tasks and messages to other
nodes.

Henderson, et al.,, (1998) have developed a
design tool, Xrma, that supports the
schedulability analysis of hard, uni-processor
and distributed real-time systems. Xrma
automates the analysis and supports the
performance verification of diverse real-time
systems composed of tasks executing on
multiple processors which communicate using
the CAN fieldbus.

Vector Informatik GmbH  has developed
CANalyzer/DENalyzer (Vector Informatik
GmbH, 2002) that is a universal development
tool for bus systems. CANalyzer/DENalyzer
conforms to CAN specification V 2.0 B and
makes it easy to observe, analyze and add to bus
traffic on as many as 32 channels.

Our approach is different because this simulator
supports different architectures and scheduling
algorithms. The SimHol uses the flexible time-



triggered (FTT) paradigm for scheduling both
tasks and messages.

This paper is organized as follows. Section 2
details some background information about the
use of the FTT-CAN to the joint dispatching of
tasks and messages. Section 3 explains the
SimHol internals. Section 4 explains how to use
the simulator and describes some experiments.
In the last section some conclusions are drawn
and new directions are presented.

2. USING FTT-CAN TO THE JOINT
DISPATCHING OF TASKS AND
MESSAGES

In a typical distributed control system a process
is controlled by a closed loop, where a signal is
acquired, some data is processed and an actuator
is activated. Each node in a system represents a
processing unit with private memory. All the
nodes are connected with a common bus. At
each node there is, at least, a task that produces
and/or consumes one or more messages. In a
real world system there are, usually, several
tasks communicating. There is some probability
that the producer tasks try to send a message at
approximately the same time, in a way that a
collision would occur. To avoid such a
collision, some kind of synchronization is
required. Now if the system is expanded to a
higher number of nodes, each with several
tasks, all communicating through the same bus,
the probability of collisions is much higher. The
problem is how to guarantee a global
synchronization without compromising system
responsiveness to external events.

In order to describe a system like this, tasks,
messages and their relations have to be
characterized. In a distributed system, the
interaction between tasks can be classified
according to 2 basic types: stand-alone and
interactive. In the first type are included the
tasks that perform some kind of closed-loop
control and don’t communicate with other tasks.
While the tasks that exchange data with other
tasks are included in the second type. Each
interactive task communicates with other tasks
in the system, using the message-passing
paradigm, and can be decomposed to a simpler
form where, at most, they produce and/or
consume a single message.

The set of all the synchronous tasks in the
system can be typically expressed as:

ST: {ST‘Z : (Cl')T'i ’Di)Pri)s l:]NSI }

Where Nst is the number of synchronous tasks,
and each task S7; is characterized by the
following parameters: Ci — The worst-case
execution time (on each release); 7i — The

period; Di — The deadline measured relatively to
the release instant; Pri — The priority.

In order to achieve a global synchronization,
other parameters have to be defined, namely: Ni
— Node where the task runs; Phi — The relative
phasing, which determines the first release
instant after system boot; MPi — Message
produced (only for interactive tasks); MCi —
Message consumed (only for interactive tasks).
Considering the new parameters, the set of all
the synchronous tasks in the system can now be
expressed as:

ST = { S]WI : (Cl ,E,Dj rPri r]vi rPhi ’MPf JMCi)a
i=1..Ny }
Every interactive task uses messages to
exchange data with other tasks. Particularly, the
periodic message set can be typically expressed
as:

Sy ={SM,,: (C,,,T,, ,Dy, ,Pry,), m=1..Ng, }

Where Nsm is the number of synchronous
messages, and each message SM, is
characterized by the following parameters: Cm
— The maximum transmission time; Tm — The
period; Dm — The deadline measured relatively
to the release instant; Prm — The priority.

In order to achieve a global synchronization,
other parameters have to be defined, namely:
Phm — The relative phasing, which determines
the first release instant, after system boot; P7Tm
— Producer task; CTLm,i — Consumer task list.
Considering the new parameters, the set of all
the synchronous messages in the system can
now be expressed as:

SM = { SMn : (Cm ;Tm me ;Prm;th ;PTm »
CTLm,i): m:]“]\]xm s i:]“]vsct }

Where Nsct is the number of synchronous
consumer tasks.

A data stream is a group of interacting tasks that
starts with a producer task and finishes with a
consumer task. Producer/consumer tasks will
appear inside the data streams. An example of
data streams is shown in Fig. 1. The analysis of
the data streams leads to the definition of the
relative phasing, Ph, of each task and message.
For this calculus the Ci, Di, Cm and Dm must be
considered. For each stream these task and
message parameters must be summed resulting
in an accumulated execution and transmission
times. This accumulated execution time is the
worst-case time because the deadlines are
considered.



Fig. 1. Examples of data streams.

In a data stream a task may communicate with
several tasks with the same message. This
means that either the message should be
consumed by every consumer task, or it must be
buffered in every node with a consumer task for
the message.

In order to guarantee a global (tasks and
messages) synchronization a reliable
mechanism to dispatch both tasks and messages
is required. In (Calha and Fonseca, 2002), a
distributed architecture and a dispatching
scheme were proposed to solve the problem.
The architecture uses a special node, known as
the Master, which is added to the remaining
nodes (Stations) that form the distributed
control system (Fig. 2). The Master triggers the
execution of tasks in the Stations and the
exchange of messages in the network, in a time-
triggered manner.

Master
Node

‘ Station ‘ ‘ Station ‘ ‘ Station ‘ ‘ Station ‘

Network

Node Node Node Node

Fig. 2. Distributed system architecture showing
the Master and Stations.

Each Station node acts upon a trigger event and,
in accordance, dispatches any task or message.
The Stations can have a variable number of
tasks to be executed and can produce both
synchronous and asynchronous/sporadic
messages (Fig. 3). The network acts as a
triggering vehicle for tasks and messages.
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Fig. 3. Triggering of task execution and
message sending.

Currently this architecture can be implemented
using the Controller Area Network (CiA, 1994;
Tindell, et al., 1994) and the FTT-CAN protocol
(Almeida, et al, 2002) to trigger the
dispatching. It is also possible to use FTT-
Ethernet (Pedreiras, et al., 2002) for the same
purpose.

A common property of the possible
implementations is the fixed periodicity of the
trigger events. The period value, usually

designated by EC — Elementary cycle, imposes
restrictions to some of the parameters of tasks
and messages. This is the case of the periods (7i
and Tm), the deadlines (Di and Dm) and the
relative phasing (Phi and Phm) which must be
integer multiples of the EC.

A Simulator, SimHol, that has as input a system
description using the above entities (nodes,
tasks and messages) and allows the task and
message scheduling is presented in the next
chapter.

3. SIMHOL

The main concern for the development of this
simulator was to use an object oriented
approach due to its well known advantages.
Two sets of requirements were identified,
namely: external and internal.

The external requirements were:

Simple interface;

Input scenarios using plain text files;
All simulation data should be output to
plain text files;

e Fast execution time.

The internal requirements were:

e To allow the integration of different
node interconnection technologies,
currently Controller Area Network
(CAN) is already built-in;

e To allow the integration of different
algorithms for the scheduling of tasks
and messages, currently Rate
Monotonic  (RM) and  Earliest
Deadline First (EDF) are already built-
in;

e Function operation as close to actual
working system as possible;

e (Clear separation between the core
elements and the wuser interface,
allowing an easy porting to other
platforms;

e Exception handling, providing a good
fault coverage resulting in a smooth
operation.

The static diagram is organized in four areas:
e Entities,
e Algorithms,
e  Architectures and
e  Simulator

The entities are: nodes, tasks and messages.

The static diagram showing simplified classes
(stripped of more internal attributes and
functions) is depicted in Figs. 4, 5 and 6.



Entities
CNode CTask CMessage

+1d +d +1d

-LTasks +C +C

+CNode() +T +T
+D +D
+Ph +Ph
+PhReq +PhReq
+Aloc +NBytes
+N : CNode +PTask : CTask|
+LProd +LCTasks
+LCons +CMessage()
+CTask()
+Restrictions()
+Precedences()

Fig. 4. Static diagram of entities.

Algorithms Architectures
CAlgorithm CBus
+Name #Name
+Sort() #BitRate
+Schedule() -MsgSize()
%} fE +MsgTxTime()
CRM CEDF Lﬁ
CCAN
+CRM() +Sort()
+Sort() +Schedule() +MsgSize()
+Schedule() +CEDF() +CCAN()

Fig. 5. Static diagram of algorithms and
architectures.

Simulator

CSimulator

-Name

-Bus : CBus

-TAlg : CAlgorithm
+MAlg : CAlgorithm
-EC

-MC

-MaxStream
-LNodes

-LTasks
-LMessages

+Map
+CSimulator()
-CheckEC()
-CheckTasks()
-CheckMessages()
+CalcMC()
+CalcMessagesC()
+CheckData()
+Restrictions()
+Precedences()
+CheckPhReq()
+ScheduleMessages()
+ScheduleTasks()

Fig. 6. Static diagram of the simulator.

2.1.  Object oriented language

Due to the speed advantage, the simulator was
developed using the C++ programming
language instead of Java, but a future Java
implementation is being considered due to its
benefits in what concerns portability. All the
features of exception handling were used to
cover the critical areas of the code.

2.2.  Scheduler

The scheduler is invoked every EC. At every
invocation the scheduler considers all entities to
be scheduled. This can be either the tasks of a
node or the messages to be transmitted. The
simulator offers the possibility of using features
such as:

e To impose deadlines greater than the
periods, and to set the maximum
number of delayed tasks/messages;

e To set priority inversion on/off;

e To break the task execution for several
ECs, that may not be adjacent;

e To break the message transmission for
several ECs, that may not be adjacent.

With this simulator it is possible to test the
system allowing priority inversion, or not. If
priority inversion is allowed then the simulator
tries to use the remaining time in each EC to fit
whatever message is waiting to be transmitted,
independently of its priority. If priority
inversion is not allowed then if the highest
priority message, which is ready, can’t fit in the
remaining time in the EC, this interval is left
unused (inserted idle time).

If a task is allowed to be executed across several
ECs, than the MayBreak parameter is set to
TRUE. Because of this a task may be pre-
empted due to the arrival of another task with
higher priority. In this situation the context
switch overhead must be considered.

If a message is allowed to be transmitted across
several ECs, than the MayBreak parameter is set
to TRUE. In this situation the kernel has to be
aware of this possibility and break the message
in smaller pieces. This overhead has to be
considered. This technique may be acceptable
when the majority, and most frequently used,
messages are short and a few, and rarely used,
are much longer. In this case the EC might be
chosen to best suit the needs of the short
messages but without this possibility the
transmission of long messages might become
impossible.

The flowcharts for the task scheduling are
depicted in Fig 7.



Task
Scheduling

ECremain = ECduration

For each task in the list

‘Schedule in the current EC
Continue to next task.

Fig. 7. Task scheduling flowcharts.

Continue to
next EC

Task can't be scheduled
‘Stop scheduling

To schedule a task several parameters need to
be checked, these are:
e the task’s initial phase (Ph),
o the task’s EC deadline (DeadlineEC),
e the task’s remaining execution time
(Cremain),
e the remaining time in the current EC
(ECremain).
Apart from these, another important variable is
the DelayedStart that is used whenever a new
task is scheduled to start but a previous instance
of the same task is still running. In this situation
the new instance is marked for execution as
soon as the previous instance finishes.
Scheduling continues until either the simulation
ends or a deadline is missed. If the deadline
was reached and the task is unable to finish in
the current EC then the scheduler stops due to a
missed deadline.

The flowcharts for the message scheduling are
depicted in Fig. 8.

Message
Scheduling

ECremain = ECduration

For each message in the list

Ph was reached

N

Cremain,,, = C,,
DeadlineEC,, = nEC + D,

Cremain,, >0

Continue to next message

Message can' be scheduled
Stop scheduling

Continue to
nextEC

- \
Fig. 8. Message scheduling flowcharts.

The message scheduling is very similar to the
task scheduling but priority inversion is also
considered.

2.3.  Upgrading

Currently all upgrades, to architectures and to
algorithms, are accomplished through a source
file that is added to the SimHol project and to
minor changes in the interface. So this means
that the project needs to be re-compiled.

2.3.1  Upgrading architectures

In order to add another architecture a new class
has to be defined. This class inherits the CBus
class and has to implement the method
MsgSize(unsigned NBytes) that returns the
number of bits necessary to transmit a message
in this architecture. The Bus class is shown
bellow:

class CBus

{
virtual unsigned MsgSize(unsigned NBytes);

protected:
AnsiString Name;
unsigned BitRate;

public:
unsigned GetBitRate() { return BitRate; }
AnsiString GetName() { return Name; }

unsigned MsgTxTime(unsigned);
void CheckBitRate();

e
The CAN architecture class is defined as:

class CCAN : public CBus

unsigned MsgSize(unsigned);
public:
CCAN(unsigned BR) { Name="CAN"; BitRate=BR;}
}’.

2.3.2  Upgrading scheduling algorithms

In order to add another scheduling algorithm a
new class has to be defined. This class inherits
the CAlgorithm class and has to implement the
methods Sort() and Schedule(). The Algorithm
class is shown bellow:



class CAlgorithm
{

protected:
AnsiString Name;

public:

AnsiString GetName() { return Name, }

virtual void Sort(TList*) {};

virtual unsigned Schedule(TList*, unsigned®,
unsigned*, unsigned*, unsigned, unsigned, char*, char,
char) {return 0;}
}’.

One of the algorithm classes, in this case the
CRM (refers to the Class Rate Monotonic), is
defined as:

class CRM : public CAlgorithm

{
public:

CRM() { Name="RM"; }

void Sort(TList*);

unsigned Schedule(TList*, unsigned®, unsigned*,
unsigned®, unsigned, unsigned, char*, char, char);

Jr

2.3.3  Connecting with other software

Due to the plain text and normalized data output
to files, it’s easy to develop tools that grab this
data and make further analysis allowing a
simple integration on a broader software suite.
The Fig. 9 shows an extract of an output file
containing simulation data.

—-—- MNodes List ---
N Id: 1
N Id: 2
N Id: 3
N Id: &4
——- Tasks List ---
T Id: 1 C: 528{ 1) T: 3128{( 2) D: 3120( 2) PhReq: a{ 0)
T Id: 2 C: 1048 1) T: 31208{ 2) D: 3120( 2) PhReq: a{ 0)
T Id: 3 C: 1248( 1) T: 3128{( 2) D: 3120( 2) PhReq: a¢  8)
T Id: 4 C: 398{ 1) T: 31206( 2) D: 3128( 2) PhReq: a¢  8)
T Id: 5 C: 2184( 2) T: 46806{( 3) D: 6240( 4) PhReq: a¢  8)
TId: 6 C 1ue4( 1) T: 46806( 3) D: 4686( 3) PhReq: a¢ 8
--- HMessages List ---
MW Id: 1 ¢: 528( 1) T: 8128( 2) D: 1568( 1) PhReq: 8 )
MW Id: 2 ¢: 528( 1) T: 8128( 2) D: 41568( 1) PhReq: [T
M 1d: 3 ¢: 528( 1) T: 4688( 3) D: 1568( 1) PhReq: [T
--- Scheduling Hap ---

EC T T N T N T N T T N L] H H Bus(%)

8 1 5 188 a a [ 8 8 8 a a a a (]

1 8 5 73 a a [ 8 8 8 a a a a (]

2 1 a 33 a a [ 8 8 8 a 1 a a 33

3 8 5 188 2 66 [ 8 8 8 a a a a (]

u 1 5 73 a a [ 8 8 8 a 1 a 3 66

5 8 a a 2 66 [ 8 8 6 98 a 2 a 33

6 1 5 188 a a 3 88 4 a 25 1 a a 33

7 a 5 73 2 66 [ a a a a a 2 3 66

8 1 a 33 a a 3 88 4 6 188 1 a a 33

9 a 5 188 2 66 [ a a 6 15 a 2 a 33

18 1 5 73 a a 3 88 4 a 25 1 a 3 66

" a a a 2 66 [ a a 6 98 a 2 a 33

—--- Execution Window Hap -—-—

EC T T N T ] T N T T N M
a 1 5 a a a [ a a a a a
1 255 5 a a a [ a a a a a

Fig. 9. Example of an output file.

@@ I
@@ I

The output file is organized in two main areas:
entities and maps. The first includes the
characteristics of all nodes, tasks and messages
in the system. The second includes the
scheduling map and the execution window map
(described in section 4). These maps are
organized in the following way. The first
column shows the current EC. The node

columns (N) relate the sum of the tasks
execution time in the current EC to the EC time.
The last column (Bus) shows the bus utilization
that relates the sum of the messages
transmission time in the current EC to the EC
time. The task columns (T) are organized
according to the node where they have been
allocated and are displayed to the left of their
node.

In the next chapter a simple example is used to
demonstrate the SimHol operation.

4. EXPERIMENTS

In order to begin a simulation a scenario file has
to be loaded. This file includes the details of the
simulation and the characteristics of every node,
task and message. See an extract in Fig. 10.

Bus type

B Type BitRate(b/s)
- Type: (CAN)ControllerAreaNetwork or ...

PR

CAN 1000008

Elementary cycle duration
E Tburation

®

m

1568

Scheduling algorithm

A Tasks Hessages

- Tasks: (RM)RateMonotonic or (EDF)EarliestDeadlineFirst

- Messages: (RH)Ratetonotonic or (EDF)EarliestDeadlineFirst

EXE )

ES

RH RH

Entity declaration

PR

The time unit is microseconds
The greatest allowed time value is aprox. 35 minutes (2147483647)

®

Node declaration

N Id
- Id: e<1d<255

zzzz
Fwna

Task declaration

Id C T D PhReq Allocation Hodeld
Id: 8<1d<255%

T: Only valid for independent tasks
PhReq: Phase Requested

Allocation: (F)ixed o (A)llocable

-

P

T

Fig. 10. Extract of an input file.

-

o520 8 8 8 F 1

The input file has two main areas: system
characterization and entity declaration. The
system characterization area is used to configure
the simulation selecting the network
architecture, the elementary cycle and the
scheduling algorithms used for task and
message scheduling. The entity declaration is
used to define the nodes, the tasks, the messages
and the transactions.

After this the simulator determines the size of
the macro cycle, i.e. the interval with a pattern,
of tasks and messages, that will be repeated
indefinitely, and displays the simulation
options, see Fig. 11.

The second step is applying all constraints.



Simulation Optiorss | Data Streams | Scheduling Map |

Property |[vatue |
Task Scheduing Algorithm RM

Messags Scheduling Algorithm | Ry

Bus Type can

it Rate 1000000
Elementary Cyele (EC) 1560

Macro Cycle &
Startlp Inlervel 5

Fig. 11. Simulation characteristics.

After this the simulator checks the restrictions
imposed by the messages to the tasks, builds the
data streams (Fig. 12) and makes the precedence
analysis. The start-up interval is also
determined, i.e. the time between the first EC
trigger message and the EC trigger message
corresponding to the highest relative phasing of
all tasks and messages.

Below is depicted an example scenario with 6
tasks, running in 4 different nodes and that
exchange 3 messages.

Simulation Options Dt Streams | Scheduiing Map |

Task - Id:1

Property || abs. value Reel. Value (EC)
Mode 1 .
c 520
T 120
D 320
Fhiin 0
PhReq 0

comn =

Fig. 12. Data streams.

The Fig. 12 shows the two data streams. For
instance task 5 sends message 3 to task 6.

The task and message parameters can be
changed and a new scenario file, reflecting the
changes, can be saved.

The last step is to execute the scheduling.

For the scheduling the user has two alternatives.
Either message scheduling is selected, or
message and task scheduling is selected. If
message scheduling is selected than only
messages will be scheduled to the bus, which
means that each task is considered to be
executing in a different node, see Fig. 13. If on
the contrary, message and task scheduling is
selected then messages will be scheduled to the
bus and tasks will be scheduled at their nodes of
execution (according to the allocation node), see
Fig. 14. The scheduling takes place at an EC
basis, i.e. at every EC messages and tasks are
scheduled.

The scheduling is executed until either the
simulation terminates or until a task, or
message, misses its deadline.

Another option for the simulation is to choose
between the requested initial phases (Phreq) or
the minimum initial phases (Phmin) that were
determined during the analysis.

The area depicted in the Fig. 13 shows the
transition from the startup cycle (that finishes in
the EC 5) to the first macro cycle. In this figure
we can check the bus utilization (or we can
check the output file).

Simulation Olptions | Data Streams  $eheduling Map |

ecloJ12]3]«]5]e]7]a]am]n]
i
7]

HE B B
I EIIEIINI
Fig. 13. Area of the message scheduling map.
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The Fig. 14 also shows the nodes utilization.
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Fig. 14. Area of the task and message
scheduling map.
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Fig. 15. Area of the task and message
scheduling map with display of the
execution windows.

An execution window represents the interval, in
ECs, between the minimum and maximum
allowed time for the task execution. Examples
of execution windows can be seen in the Fig.
15.

Even for large macro cycles, the simulation is
executed within a very short time frame. An
example (shown in Fig. 16) with 10 nodes, 12
tasks and 8 messages, is organized in 4 data
streams, and has a resultant startup time of 804
ECs and a macro cycle of 3510 ECs.

The task and message scheduling of this
example stops at EC 3534 due to a missed
deadline by message 4. An extract of the
scheduling map is shown in the Fig. 17.



Simulation Options Data Stieams | Scheduling Map

[T Task - 1d:1
BE-M1 Property_|[ Aks. Value Rel. ‘alue (EC) |
BT 2 Mode 1 -
BM 3 c 2000 ]
-T 3 T 270000 270
BT 4 D 278000 278
=2-M2 Phifin o ]
BT5 PhRey |0 0
BEM4
Ts
BT 7
EMs
=T 8
BM7
T3
BT 10
E-M &
BT 11
=Ma
T 12

Fig. 16. Data streams.
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5. CONCLUSIONS

The SimHol offers a suitable experimental
platform for the simulation of distributed
systems based on the time-triggered (FTT)
paradigm. Using a simple interface it allows the
simulation  of  various interconnection
architectures, although currently only CAN is
supported. Different scheduling algorithms can
also be chosen. At this moment SIMHOL
operates with Rate Monotonic and Earliest
Deadline First. The user can start with a simple
message scheduling in order to make a first
essay to the system and then proceed to the full
scheduling (tasks and messages) that takes into
account the load of each node. The scheduling
takes place at an EC basis closely resembling an
actual system.

This simulator has validated the set of
requirements previously derived, namely the
data flow analysis and precedence requirements.
The migration of the SimHol to a Java
implementation is foreseeable due to a possible
full integration with the execution environment.
Other advantages are: improved portability and
the wuse of standardized XML for the
input/output files.
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