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Abstract

In this paper soft real-time scheduling approaches (Resource Reservations) are ap-
plied to multithread digital control design and implementation. The advantage of
this choice is the possibility of raising the sampling frequencies beyond the hard
real-time boundaries, while retaining control on the transient overloads. An impor-
tant component of the proposed framework is a simulation tool, which allows for a
fine tuning of the scheduling parameters. FExperimental and simulation results on
two case studies show a significant performance improvement with respect to hard
real-time scheduling, especially when the feedback controller operates on dataflows

requiring statistically widespread computation times.
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1 Introduction

Computer based control architectures allow to realize very complex and flexible real-
time controllers by using low cost off the shelf components. An important application is
represented by control system using multiple communicating loops activated at different
frequencies. Each of these loops is usually implemented as a concurrent computation ac-
tivity, called thread, which is periodically activated. The term multithread controllers is
used for this kind of controllers. A first important feature of multithread controllers is
that they are multirate digital systems. When dealing with linear systems, the analysis
and synthesis of multirate controller is a relatively well known issue (K.J. Astrém and
B. Wittenmak, 1997; T. Chen and B. Francis, 1995; P. Colaneri et al., 1992; S. Bittanti
et al., 1984; J. Tornero et al., 1999). As far as nonlinear multirate systems are concerned,
analytical tools and techniques are beginning to appear in the recent literature (S. Monaco
and D. Normand-Cyrot, 1996; Bo Hu and A.N. Michel, 1999; A.N. Michel and Bo Hu,
1999), but most of the work still lies ahead. Moreover, when a multirate controller is imple-
mented on a computer architecture, many problems due to the limitation of computation
and communication resources arise. In fact, many unmodeled phenomena — including data
dependent loops and conditional branches in the programs or random delays in the net-
work — introduce stochastic variations in the execution time of threads. A further source
of uncertain delays is the scheduling of multiple concurrent activities on the same com-
puter. To cope with these problems, an appropriate mixture of analytical and simulation
techniques, arising from a synergistic effort of control and computer engineers, is required.

A novel thread of research activities has been concentrating its attention in this direction.
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In (J. Nilsson et al., 1998) stochastic delays introduced by networks are explicitly consid-
ered in the control synthesis. In (Albertos et al., 2000), the authors consider the impact
of multithread scheduling on the controller performance. The investigation presented in
this paper offers a possible solution to this specific problem.

The focus of the paper is restricted to the case of controllers realized by locally connecting
a computer to a plant (without any network in between). Both the sensor data and the
controller outputs, applied to the actuators, are supposed to be sampled with fixed periods.
The communicating control loops are realized by periodic threads. Each thread executes a
jobupon the arrival of new sensor data. A typical approach for developing this kind of real-
time controllers is a downfall process comprising two steps. The first step is the synthesis
of an ideal controller, designed as if it should operate in the continuous time domain. The
second one consists of realizing a digital approximation for the control law by decomposing
it into a set of cooperating threads. The flow of information between the two steps is
often weak. The controller design phase includes the determination of upper bounds on
the sampling periods for preserving the system stability and its performance; most often
the choice can only be done on empirical basis. As far as the computational aspect is
concerned, a set of techniques, provided by the real-time community, guarantee that if
certain upper bounds on the activation frequencies are respected, the set of threads is
schedulable, i.e no job will ever execute beyond a time instant called deadline (usually equal
to the next periodic activation). However, concepts like schedulability and deadline cannot
easily be related to the quality of the dynamics of the controlled plant. In particular, the
strict respect of each deadline (hard real-time guarantee) potentially brings to a strong
underutilization of the system computational power; on the other hand it is known that
a limited number of failures in updating the actuators values can be tolerated (K.G. Shin
and Xianzhong Cui, 1995).

The main contribution of this paper is the application of novel scheduling policies, called
Resource Reservation (RR), to the multithread real-time control of dynamical systems.
These approaches permit to push the threads activation rates beyond the boundaries

of hard schedulability, introducing a controlled ratio of deadline misses; in this way the



control system performance can be remarkably improved. In order to assess the influ-
ence of the scheduling choices on the control quality, a codesign tool, called RTSIM
(Real-Time Controller Simulator) (L. Palopoli et al., 2001), has been realized by in-
terfacing the RTLIB scheduling simulator to the OCTAVE mathematical package (see
http://wuw.octave.org). The RTSIM tool is able, at one time, to reconstruct the func-
tional and timing behaviour of an embedded controller and to simulate the dynamical
evolution of the controlled plant. Moreover, it is possible to define performance metrics
and collect statistics over stochastic parameters. The application of the tool provides use-
ful guidelines for the choice of such parameters as the sensors’ sampling rates and, more
generally, permits to evaluate the impact of architectural choices on the system perfor-
mance. A similar approach was proposed by Eker and Cervin (J. Eker and A. Cervin,
1999). In their work a real-time kernel is simulated in a Simulink block; the advantage
is the good integration with a well known design environment. RTSIM, on the other
end, offers a wide choice of pre-defined objects to simulate state-of-the-art scheduling
algorithms; moreover its clear object oriented design allows for an easy extension of the
library to simulate novel scheduling solutions.

The effectiveness of soft real-time approaches in the multithread implementation of con-
trol systems using data from heterogenous sensor sources is shown in two meaningful
case-studies. The first case-study is the classical stabilization of an inverted pendulum
where the position of the cart is acquired through a digital camera, while the angle of
the pendulum is acquired through a potentiometer. The second case study is the tracking
of a moving target by a mobile robot. In both cases, the control scheme consists of two
hierarchical control loops fed with data having different timing properties. Both appli-
cations were modeled and simulated by RTSIM. Furthermore, experimental data were
collected for the first case study. Simulations and experiments reveal that releasing the
“zero deadline misses” requirement leads to actual performance improvements, which are
more evident if the RR scheduling is used.

The paper is organized as follows. In Sec. 2, some concepts of real-time scheduling are re-

viewed. Sec. 3 presents the proposed reservation mechanism for scheduling control threads



and the performance evaluation tool. The two case studies are described in Section 4,
along with the results of simulations and experiments. Finally, Sec. 5 summarizes the

most important contribution of this work and outlines future investigations.

2 Real-Time Scheduling Revisited

The real-time multithread controller model assumed in this paper consists of a set of
periodic real-time threads 7;, 7 = 1,..., N. A real-time thread 7; is a stream of instances,
or jobs J; ;, j € N, where N denotes the set of integer nonnegative numbers. Each job J; ;
is characterized by

e an arrival time 1, ;, i.e. the instant when job J; ; is required to start;

e an absolute deadline d; j;

® a job execution time c; j;

e a finishing time f; ;.

In general, thread 7; is characterized by three parameters (C;, T;, D;), where C; = max;{c; ; }
is the thread’s Worst Case Execution Time (WCET), T; = min;{r; j+; — r;;} is the mini-
mum interarrival time, and D; is the relative deadline such that d; ; = r; j+D;. A real-time
thread is said to be periodic if r; j41 = 7; ; +T;; in this work, the controller is implemented
using periodic threads with the relative deadline equal to the period (D; = T;). Moreover,
c; is used to indicate the best case execution time of thread 7;; hence, each job J; ; will
have to execute for a time varying in the [¢;, C;] range; finally, ¢; indicates the thread
mean execution time.

In classical real-time scheduling theory, the goal is to guarantee that every job in the sys-
tem terminates before its absolute deadline (hard guarantee): V(i, j), fi; < d; ;. To respect
each job’s deadline, suitable scheduling algorithms based on fixed (Rate Monotonic, RM)
or dynamic (Earliest Deadline First, EDF) priorities can be used. Basic results on these
algorithms can be found in a seminal work by Liu and Layland (C.L. Liu and J. Layland,
1973). Two prongs of a consistent research activity were originated from these results

and a collection of well settled results has been produced and it is now systematically



summarized in different text books (M.H. Klein et al., 1993; J. Stankovic et al., 1998).
The most important result of (C.L. Liu and J. Layland, 1973) is that EDF and RM

guarantee that every job meets its deadline if the following admission test is verified:

Gi o
T =

; (1)

where U; < 1 is a constant depending on the scheduling algorithm.

The problem with this approach is that the admission test considers the worst case sit-
uation, so the system can be underutilized if C; >> ¢;. This overly conservative design
may lead to large activation periods and, potentially, to a poor performance. As a matter
of fact, the effectiveness of a controller is generally enhanced by the quantity of informa-
tion it collects from the plant dynamics and hence by choosing shorter sampling periods.
If more optimistic execution time estimates are used in the admission test, it is possi-
ble to decrease the activation periods, hopefully achieving improvements on the system
performance. A first possibility is simply using RM or EDF algorithms with a modified
admission test. The new admission test can use more optimistic choices than C; for the
execution time estimate. When the job execution time exceeds the optimistic estimates,
the system is said to be overloaded. In (L. Palopoli et al., 2000b), well known results from

the queuing theory (L. Kleinrock, 1975), are used to prove that, if

'ﬂ|°|

then the overload condition is not permanent. The typical situation using the RM algo-
rithm in overload conditions is that the threads having longest period miss their deadlines,
while the ones with shortest period, being assigned the highest priorities, tend to respect
their temporal constraints. Using the EDF algorithm, the situation is less formally pre-
dictable since the priorities are dynamically assigned. However, from a practical point
of view, the privileged threads result to be the ones that are activated more frequently.
Therefore, in both cases the only way for attaching importance to a thread is decreasing
its period. However, in some cases the threads having the biggest influence on the system

performance are necessarily activated with the longest periods (for instance the threads



using data coming from a camera sensor).

This problem can be solved by the scheduling techniques known as CPU reservations (L. Abeni
and G. Buttazzo, 1998a; R. Rajkumar et al., 1998). Using a CPU reservation technique,
each thread 7; is assigned a couple (Q;,T;), where T; is the thread period, and @Q; is the
amount of CPU time reserved to 7; in a period. If 3, %L < U, 7; is guaranteed to execute
for ); time units every T}, independently from the behaviour of the remaining threads.
It is remarkable that such a guarantee can be given individually on every single thread
whereas, in the case of classical hard guarantee, the schedulability is a property of the
entire set of periodic threads. By using this approach, the most important threads can
be made to respect more deadlines than the less important ones, independently from the
periods. Proportional share scheduling (I.Stoica et al., 1996) introduces similar concepts,
but gives less control over CPU allocation. In this work, a particular reservation technique,

called Constant Bandwidth Server (CBS), is used and it will be described in section 3.1.

3 A New View-Point on Multithread Control Software

The most frequent assumption made during the control synthesis is that the time interval
between the acquisition of the sensor data and the release of the controller output is
negligible or fixed. Considering the case of a single-input/single-output system, this ideal
assumption is depicted in Figure .4: the controller reacts in a negligible time to the arrival
of a new sensor data emitting its output. In this case the only degradation of the system
performance is due to the delays introduced by the sampling operation itself. A more
realistic situation is depicted in Figure .5: the feedback law computation is associated
to a periodic thread which has a non-null computation time and can be preempted by
higher priority threads. As a result, there is a stochastically varying time lag between the
data acquisition and the output emission. While the theory of digital controllers provides,
at least for linear systems, some tools for catering with sampling inherent delays, wide
stochastic parametric variations like the ones shown in Fig. .5 are much more difficult

to treat. This problem entails a good deal of efforts aimed at ensuring some form of



deterministic behaviour for the controller implementation.

Traditional real-time scheduling theory concentrated on a particular notion of determinism
based on respecting the jobs deadline. Referring once again to the example in Fig. .5, the
idea is that if the control thread is known to terminate within its deadline, at least an
upper bound on the maximum delay between the data acquisition and the output emission
can be established. However, considering more complex topologies, where multiple threads
activated at different rates communicate with each other, a real correlation between the
threads deadlines and the controlled system properties (stability, performance, robustness)
is much harder to find. As said earlier, this form of determinism can be very expensive
in terms of performance loss, since the worst case conservative assumptions impose slow
thread activation rates and sampling frequencies.

The alternative proposed in this paper is based on a looser form of determinism: the prob-
abilistic guarantee. As shown in the previous section, the reservation based approaches
decouple the importance of a thread from its activation rate and to perform individual
guarantee on every thread. In this section, a brief description of a particular RR algo-
rithm, named CBS is provided. The algorithm allows to perform a probabilistic guarantee
on each thread: i.e. given the distribution of the threads execution time, the scheduling
parameters can be chosen so that the probability of a deadline miss for a given thread be
lower than a required value. In other words, the activation frequencies of the threads can
be raised while a further adjustment is possible by concentrating the deadline misses on
the less important threads. A concrete utilization of this approach is possible only if the
scheduling parameters can be tuned so as to optimize the system performance. For com-
plex systems this goal is very difficult to be accomplished analytically; hence an extensive
use of simulation techniques is needed. To this end a simulation tool has been realized,

which will be described in the last part of this section.

3.1 The CBS Scheduling Approach

The Constant Bandwidth Server (CBS) is a reservation technique based on dynamic

priorities, first applied in the field of multimedia applications (L. Abeni and G. Buttazzo,



1998a). As previously stated, the goal of the scheduler is to reserve to thread 7; an amount

Q; of time for each period 7;.

The CBS uses a global EDF scheduler which gives the highest priority to the threads

having the shortest absolute scheduling deadlines (in practice, the ready threads queue is

ordered by absolute deadline).

Hence, in order to be scheduled by EDF, each thread has to be assigned a proper schedul-

ing deadline: this is done by a dedicated mechanism, called server. Since the CBS is the

entity that enforces the reservation (by assigning proper deadlines), each thread 7; is
served by a dedicated CBS.

The server description and some remarkable properties are reported below.

Algorithm 1 The CBS is defined as follows:

e A CBS is characterized by a current budget cs and by a ordered pair (Qs, Ts), where Qs
is the mazimum budget, T is the server period, and ¢s € [0, Qs]. The ratio Bs = Q4/T
is denoted as the server bandwidth. At each instant, a fived deadline d; is associated
with the server. At the beginning dso = 0.

e Each served job J;; is assigned a dynamic deadline d;; equal to the current server
deadline dg .

o Whenever a served job executes, the budget cg is decreased by the same amount.

e When c; = 0, the server budget is recharged to the maximum value Q5 and a new server
deadline is generated as ds i1 = dsy + Ts. Notice that there are no finite intervals of
time in which the budget is equal to zero.

e A CBS is said to be active at time t if there are pending jobs (remember that the
budget cs is always greater than 0); that is, if there exists a served job J;; such that
ri; <t< fi;. A CBS is said to be idle at time t if it is not active.

o When a job J;; arrives and the server is active the request is enqueued in a queue of
pending jobs according to a given (arbitrary) non-preemptive discipline (e.g., FIFO).

o When a job J;; arrives and the server is idle, the server checks if the last assigned
deadline can be used. In particular, if cs > (dsy — 75;)Bs the server generates a new

deadline dg 1 = 155 + Ty and c, is recharged to the mazimum value Q,, otherwise the



job 1s served with the last server deadline dsj using the current budget.
e When a job finishes, the next pending job, if any, is served using the current budget and
deadline. If there are no pending jobs, the server becomes idle.
e At any instant, a job is assigned the last deadline generated by the server.
As shown in (L. Abeni and G. Buttazzo, 1998a), the CBS algorithm presents some im-
portant properties: the first one is the temporal isolation property, stating that
Consider a set of periodic threads 7; and assume that each of them is served by a
dedicated CBS with budget ; and, hence, has an assigned bandwidth B; = %’ If
>; B; <1 then each 7; executes for (); time units every 7;, whatever the behaviour of
the other threads.
In order to prove it, it is to be noted that, according to the algorithm definition, if no
scheduling deadline is missed, than each thread will receive the reserved amount of time.
On the other hand, since the EDF basic scheduling algorithm is used, no deadline is
missed if and only if the total CPU utilization is U < 1. Hence, the following theorem
(introduced in (L. Abeni and G. Buttazzo, 1998a)), is equivalent to the temporal isolation
property as stated above.
Theorem 1 A CBS with parameters (Qs,Ts) contributes to the total CPU utilization U

for an amount U; = %
8

Proof:

See Appendix. O

A second important property is the hard schedulability property, stated by the following
lemma:

Lemma 1 If B; > % (that is to say, Q; > C;), the T; thread will not miss any deadline;

Proof:
For any job, it holds r; ;11 —r;; = T; and ¢;; < @);. Hence, by definition of the CBS, each
job is assigned a scheduling deadline d; ; = r; ; +7; and it is scheduled with a budget

Qi > C;. Moreover, since ¢; ; < ();, each job finishes no later than the budget is exhausted,

10



hence the deadline assigned to a job does not change and is exactly the same as the one

used by EDF. O

Finally, if B; < C; but a stochastic distribution for the threads execution times is known,
the probability of a deadline miss can be bounded, as shown in (L. Abeni and G. Buttazzo,
1998b). In that paper, a CBS is modeled as a queue, and queuing theory is used to compute
a bound for the deadline miss probability (see the cited paper for theorems and proofs).
More formally, if U;(c) = P{c;; = c} is the Probability Distribution Function (PDF) of
the execution times, it is possible to find the probability Xy = P{f;; —r;; < 6} that a
job will finish within a relative probabilistic deadline 0.

Definition 1 A thread 7; is said to respect a probabilistic constraint (6, P) if X;(6) > P.
In order to compute the PDF of the probabilistic deadline X;(¢), a state variable v; ; has to
be introduced, representing the amount of work to be served by the i* CBS immediately
after the j** arrival:

Definition 2 The state v;; of a CBS S; is defined as

Vi1 = Cia

vig = maz{0,vij1 — Qi} + ciy

and indicates the length of the queue modeling the CBS at time jT;, that is the units of
times that are still to be served when the job J; ; arrives.

In (L. Abeni and G. Buttazzo, 1998b), the following lemma, relating § and v; ; was proven:
Lemma 2 The probability that a job finds a CBS state equal to v when it arrives (that
is to say, the probability of finding a CBS queue of length v) is a lower bound for the

probability that the job finishes within a relative deadline

v
0= H T

Moreover, a way for computing the PDF of v is provided (index i has been omitted in
order to simplify notation) by the following:

Theorem 2 If 7T,(€j) = P{v; = k} is the state probability of process v;, U(h) = P{c; = h}

11



is the probability that an arriving job requires h units of computation time (since c; is

time invariant, U(h) does not depend on j), and @ > ¢, then W,(Ci) can be computed by

solving the equation

9 = pé-v ’ (2)

where

09 = | 10) 26) 26) ()
and M s shown in Figure .2.
There are two observations to be made. First, for the scheduling system to remain stable
(i.e. for the overload to be transient), @; has to be chosen in the [¢; C;] range. Second,
reserving a bandwidth B; < % corresponds to the optimistic assumption that since Q; >
G;, if a job requires more than (); time units, then one of the following jobs could require
less than @);, so if a thread misses a deadline, it will be probably soon be able to respect
the following ones.
Summarizing, the use of a CBS scheduling approach for the control threads adds a degree
of freedom in the implementation design by allowing to reserve a fraction of the total

CPU bandwidth to each of them. In Section 4.2.2 it is shown that this approach permits

to achieve remarkable improvements on the control performance.
3.2 RTSIM Simulator

In order to evaluate the performance of a given Hardware/Software architecture when it
is employed to control a continuous time plant, it is needed a tool able to co-simulate
the continuous time system along with the scheduling of the controller threads. From
a practical viewpoint, a scheduling simulator has to reconstruct the controller schedule,
computing the time instants when each control thread starts and finishes, while an ODE
package is needed to integrate the equations describing the plant between such instants.
For this purpose, the Real-Time controller SIMulator (RTSIM) has been developed.

RTSIM is designed to achieve a high level of computational efficiency; this requirement

is motivated by the need for treating very complex systems (either in the plant equations

12



or in the controller structure) and for executing a big number of simulation runs to

collect statistics over stochastically varying parameters (e.g. the threads execution times).

Another important feature of the package is the modeling flexibility: it is possible to

describe arbitrary topological arrangements for the controller computational activities

and to test a wide variety of scheduling choices and mutual exclusion protocols. From
the modeling viewpoint, a plant is described by a set of ordinary differential equations

(ODE) depending on the physical parameters and on the external inputs. The real-time

controller is composed of the following elements:

e a set of samplers, which periodically read the output of the plant;

e a set of computing threads, described by statistical timing parameters; they perform
the computation and share the CPU according to the assigned scheduling policy;

e a set of memory buffers used to store intermediate results and to implement the commu-
nication between the threads; mutually exclusive accesses can be enforced by different
protocols;

e a set of ZOHs (Zero Order Hold), which convert the numerical outputs into piecewise
constant signals to be used as input variables for the plant.

RTSIM is entirely written in C+4 and is based upon the functionalities of two existing

packages: OCTAVE and RTLIB. OCTAVE provides a numerical library endowed with an

intuitive support for linear algebra and ODE integration. RTLIB is a real-time systems
simulator able to model a wide variety of scheduling algorithms and protocols. A high
level structural view of RTSIM is reported in Figure .6. As it is possible to see from the
figure, there are essentially three software components corresponding to logically different
operations. Roughly speaking, two modules are mainly used to simulate the controller

(RTLIB, and the data processing module) and the third one (numerical module) is used

to simulate the plant dynamics.

More specifically, the numerical module is used to perform the ODE integration for the

plant and provides all the support for the linear algebra and other numerical computation.

It is essentially based on the OCTAVE C++ library. However, a set of interface classes

encapsulate all the library technicalities providing an abstract interface; in this way the

13



base library can be easily changed (for example using MATLAB, GSL or others) without
affecting the rest of the RTSIM structure. Different plants can be described by simply
providing the implementation of a limited set of pure virtual methods; the most important
of these methods is the differential equation which can be written in a very natural way
using the mathematical abstractions provided by the numerical module.

RTLIB is a modular library devised to simulate distributed real-time systems. Some of its
basic features are reported here, referring the reader to the cited paper for further details.
A RTLIB simulation consists of a set of entities: entities react to events changing their in-
ternal status and possibly generating other events. All the computations in the simulator
are performed at certain particular instants corresponding to events triggering. Thus, the
status of an entity at any time ¢, depends on its status at any previous time ¢; and by the
sequence of events between t; and t,. RTLIB structure is layered. The lowest level, called
METASIM, offers a set of basic classes for creating entities and events, along with a set of
important utilities including execution tracers, statistics collectors and random variables
generators. The upper levels of RTLIB offer a wide set of predefined entities for simulat-
ing real-time systems. Real-time threads can be constructed as aggregations of pseudoin-
structions having fixed or random duration; they can be handled by kernels endowed with
different scheduling policies (Cyclic Executive, RM and EDF, Proportional share), or by
aperiodic servers (Polling server (J.P. Lehoczky et al., 1987), Sporadic Server (B. Sprunt
et al., 1989), Constant Bandwidth Server (L. Abeni and G. Buttazzo, 1998a), etc.). It is
also possible to simulate mutually exclusive accesses to resources handled by different pro-
tocols (FIFO, Priority Inheritance/Priority Ceiling (L. Sha et al., 1990), Stack Resource
Policy (T.P. Baker, 1990)). Another important feature under development is the support
for network distributed systems, but it is not in the scope of this paper. Summarizing,
once a structure of threads has been specified along with their scheduling policy, RTLIB
permits to construct a timed sequence of events associated with the jobs activation and
termination instants, with the beginning and the end of a pseudoinstruction and so forth.
Fig. .7 shows an execution trace reconstructed using the RTLIB simulator. The trace

visualization tool is part of RTLIB suite and is written entirely in JAVA.
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In the original RTLIB design, threads and their pseudoinstructions cannot perform “ac-
tual” computations. A third module (the data processing module) was introduced to fill
in this gap: its goal is essentially to simulate the computational part of a digital controller,
RTLIB being focused on reconstructing its timing behaviour. The data module offers two
types of components: computing units and storage units; both of these components are
framed within a hierarchy of classes. In order to specify a computing unit, the programmer
has to derive it from an abstract class and has to provide an implementation for three
pure virtual methods. The first method acquires data from storage units and save them
into the objects internal state. The second method is used to compute the output values
based on the current state. The third one writes the data onto storage units. The module
provides three type of storage units: input buffers, memory buffers, output buffers. Input
buffers are used to contain the data sampled from the plant; computing units are only
allowed to read from them. Output buffers are models of a Zero Order Hold behaviour for
the data applied to the plants simulated actuators; computing units are allowed to write
into this type of storage units. Finally Read/Write buffers model memory location used
by the computing units to communicate intermediate results one another; so they can
be accessed by the computational units in both directions. Computational and storage
unit are associated to a symbolic meaningful name; in this way their composition is less
error-prone and the simulation programs are easy to read. To conclude this bird-eye watch
on RTLIB, some simplified remarks on the interactions between the modules are given.
The information flow between the numerical module and the data processing module is
bidirectional (see Figure .6). A plant, when integrating its differential equations, needs
to read the data held in the output buffers. On the other hand, input buffers, whenever
requested, have to read the data from the plant.

The relation between RTLIB and the data processing module can be explained consider-
ing that the computation units operations and the plant sampling have to be triggered
at specific instants. Such instants are associated with the events produced by the RTLIB
module. For example, suppose a computation unit be associated with a thread; more

specifically, some of the pseudoinstructions of the thread can be associated with methods
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calls on the computation unit. In this way the event raised when the first pseudoinstruc-
tion is scheduled may cause the computation unit to read the input data and store them
into its internal state. After an arbitrary time, determined by pseudoinstruction tempo-
ral duration, a second pseudoinstruction could make the computation unit compute the
output, and so on. Similarly the plant sampling is executed by the input buffer object
whenever a periodic event is generated by an entity belonging to the RTLIB.

Finally the interaction between RTLIB and the numerical module is determined by the
plant ODE integration. Such an integration is performed by a method call requiring as
input a time interval. A useful property of this model is that the integration between two
RTLIB generated events can be performed assuming constant command signals. So the
RTLIB generated events can be used to drive the integration: every time a new event is
handled, the plant’s integrating method can be called using as parameter the time interval
separating the latest produced event and the one being handled.

In order to build a simulation, the user is required to program a C++ file where he/she
defines and connects the components of the simulation (plant, computing units, threads
etc.) as instances of the library classes. Moreover, objects for collecting statistics and/or
tracing the thread execution on files can easily be defined. Program templates are available
and alleviate the effort for constructing the program. In the near future, a graphical GUI
will be realized to further simplify this task.

Further details on the RTSIM package can be found in (L. Palopoli et al., 2001). All the
software components necessary to perform the simulations are covered by GPL license
and they can freely be downloaded from the RTSIM web site: http://rtsim.sssup.it.

Interested readers can take a look at the examples provided with the tool.

4 The case studies

In order to show how the scheduling algorithm can influence the controller performance, a
couple of case studies have been considered. In the first case (an inverted pendulum) the

controller performance has been evaluated both by simulation and by implementing the
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controller on real hardware. The results showed a good accordance between simulation
and experiment validating the use of the RTSIM tool. For the second system, consisting
of a mobile robot, only simulation results have been produced.

The considered applications cover an important class of control systems, using dataflows
from heterogeneous sources with different sampling rates (multirate systems); for these
systems an implementation based on a set of cooperating threads turns out to be the
most natural choice. Moreover, a very important point of contact between the two appli-
cations is the presence of multimedia threads (e.g. image processing) in the control loop.
This situation is more and more common in recent control applications and it appears as
particularly interesting, since a design based on worst case execution times, entails slow
sampling rates thus leading to a poor control performance. The assessment of the influ-
ence of the scheduling choices on the system performance has been based on well-defined
metrics. Following the directions in (K.G. Shin et al., 1985; D. Seto et al., 1996), the

following quadratic cost function has been introduced:

J = E| / (@TQz + uT Ru)dt |, (3)

0

where & and @ represent the appropriate state-space vector and actuator command, ), R
are two positive definite weighting matrices, and E| | denotes the statistical expectation
value. Actually, since the execution times are stochastic variables, an average of the cost
function over several runs is needed. Moreover, in both cases the performance assessment
is aimed at finding a good (possibly the best) digital implementation of a continuous-
time (ideal) controller. Thus, an unbiased performance estimation is obtained subtracting
from the cost function (3) the value J. which could be attained by the continuous-time

controller:

AJ = E[/ (27 Qx + u" Ru)dt | — J.. (4)
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4.1 Case study 1: inverted pendulum stabilization

4.1.1 Description of the system.

The case study consists in a state-space stabilization of a classical inverted pendulum
plant. The state vector is composed of [z, %, 6, é]T, where z is the linear position of the
cart, 2 is its velocity, # is the pendulum angle and 0 is the angular velocity of the pendulum.
The system is controlled by a dynamic feedback controller: the state vector reconstruction
is accomplished by an observer from the measured system outputs (cart position and pen-
dulum angle) and then the reconstructed state is fed back by means of a constant matrix
gain. The angular position of the pendulum is acquired through a potentiometer at a high
sampling rate, while the position of the cart is obtained through the tracking of a digital
camera image, and hence at a much slower rate. This leads to a multirate control scheme.
Asymptotic stability and convergence properties of the proposed control scheme, as well
as an effective design for the observer, can be derived from the application of standard
techniques for multirate design (P. Colaneri et al., 1992; S. Bittanti et al., 1984). However,
these techniques do not cater with stochastic effects due to execution delays and schedul-
ing jitter. In the following, effective scheduling solutions to minimize the performance
degradation due to these effects will be shown on a multithread implementation of the
system. The implementation is based on two control threads (except for those involved
in data logging and man/machine interface): the first one (Thread1) is dedicated to the
extraction of the cart position, while the second one (Thread2) manages the acquisition
of the angular position from the sensor, as well as the state reconstruction and the control

actuation through asynchronous communication channels. The architectural design of the

feedback controller, comprised of all threads, is shown in Figure .8.

4.1.2  Simulation and experimental results

The goal of the studied control application was to locally stabilize the origin [z, 1, 0, 0]T of
the system state-space given the cart position, pendulum angle and their velocities. In the
simulations reported in this section the pendulum initial state was set to [—0.1,0,0, 0].

Trajectories arising from different initial states were also examined both with the RTSIM
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simulator and with the experimental setup; in all cases, the obtained results are similar
to those reported below for the chosen configuration.

The control algorithm for the experimental device was implemented using the SHARK
real-time operating system (P. Gai et al., 2001), expressly designed to permit the easy use
of different scheduling policies (WEB site http://shark.sssup.it for details). The sim-
ulations were carried out by RTSIM using the dynamical parameters of the experimental
device, and also considering the effects of the computation delays. To include the latter ef-
fects, the probability distribution function (PDF) of the execution times were first profiled
from several experimental executions (for example, Fig. .9 plots the PDF for Thread1),
and then imported into the simulator through a suitable class for random variables’ gen-
eration. The good accordance between the dynamics resulting from the experiments and
from the simulations can be evaluated looking at Figure .10.

Every value of the cost function was computed as an average of more than 20 executions,
ensuring a confidence interval lower than the 3% of the mean value.

As it can be seen from Fig. .9, the execution times of the image processing thread are
spread over a wide range of values. In particular, it is evident that, in this case, the
mean calculation time ¢; is much smaller than the WCET Cj. The system performance
was examined using different scheduling algorithms. In each case the parameters used to
schedule the control threads have been varied, whereas the parameters of the remaining
threads have been left unchanged.

In a first experiment, the EDF priority assignment has been used. In this case, as shown
earlier, the real-time scheduling theory guarantees that no deadline is missed as long as
test (1) is enforced in choosing the threads’ activation periods: 3 % < 1. In order to show
the performance degradation due to this conservative choice, also scheduling alternatives
based on a “soft” EDF policy were used. In particular periods were chosen so that the
worst case load is greater than 1, but the mean system load is less then 1, thus ensuring
the absence of permanent overloads.

The system performance was measured varying the period 77 of the tracking thread and

keeping fixed the period T, of Thread2. Figure .11 plots the cost function, obtained both
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from simulations and experimental runs. In all the experiments, the WCETSs for Thread1
and Thread?2 are C'; = 12.1ms, and Cy = 0.5ms respectively; the CPU utilization assigned
to the remaining threads is 0.23, hence the guarantee test (1) imposes C/T; + Cy /Ty =
0.77 (U; = 1 for EDF). In the reported experiments the following periods are used:
Ty = 23.0ms, Ty = 2.0ms, Ty = 27.9ms, Ty = 1.5ms, and T} = 44.4ms,Ty = 1.0ms for
the hard real-time assignments; in the soft EDF case the same values for T, were used,
while 77 was allowed to vary.

As a first consideration, the behaviour of the cost function evaluated using the RTSIM
simulator is essentially the same as in experiments. The value of the cost function AJ is
higher in the experimental plots, mainly because of unmodeled dynamics and sensor noise.
From the figure it is clear that, for increasing activation rates, the controller’s performance
improves until a limit condition is reached.

When the mean system load approaches 1, overload conditions become longer and longer
making the schedule completely unpredictable; as a result, the controller performance
degrades. Furthermore, in Figure .11, a cross on each curve marks the lower bound for the
choices of T} (T3 is fixed) making the worst case load less than 1 (hard schedulability).
Considering the experimental plot corresponding to 75 = 1.0ms the best value attained
in this situation is 116.6, whereas the minimum value is 60.8. This is a clear evidence of
the price to be paid for the strict respect of every deadline.

In the second experiment, the system performance has been analyzed using the CBS
scheduling policy, in order to compare the results with those previously obtained from
soft EDF scheduling. The activation periods were kept fixed, while varying the bandwidth
of the two control threads (the total bandwidth of the remaining threads was again set
to 0.23). Figure .12 plots the cost function AJ with respect to the bandwidth assigned
to Thread2, for 177 = 11.0ms and 15 = 2.0ms, obtained both from simulations and
experiments.

The horizontal lines represent, the value of cost function obtained using soft EDF schedul-
ing and the same periods (see Fig. .11). It is clear from the figure that the choice of the

bandwidth assigned to the control threads can greatly modify the system performance; it
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can be seen that a fine bandwidth tuning of the CBS bandwidth brings to the same results
as the EDF soft (actually slightly better). However, it is important to point out that the
properties of the CBS algorithm bring to more reliable results. Namely, it is possible to
decide, during the system design, the probability of a deadline miss for a thread starting
from the distribution of its execution time; this result is guaranteed independently of the
behaviour of other threads in the system. On the contrary, the lack of a precise knowl-
edge/control of the timing behaviour of tasks in overload conditions under EDF makes
the results more sensitive to the particular tasks configuration. A more effective control
on the overload conditions becomes a prominent performance factor when there is the

need for protecting as much as possible some important threads from deadline misses.

4.2 Case study 2: a mobile robot

4.2.1 Modeling and control
Consider a mobile robot modeled as a two wheels nonholonomic vehicle, endowed with an
external sensor (e.g. a camera sensor (F. Conticelli et al., 1999; F. Conticelli, B. Allotta
and P. K. Khosla, 1999)) able to determine the Cartesian relative position of a moving
target, whose coordinates with respect to an inertial frame < w > are &, = [z, y,|". The
analytical dynamics of the vehicle is determined using the principle of virtual displace-
ments and the d’Alembert-Langrange equations (J.I. Neimark and N.A. Fufaev, 1972).
In particular, the state of the mechanical system is given by five generalized coordinates
(see Figure .13): the point of intersection [z, y|" (expressed in the inertial frame < w >)
of the symmetry axis of the carriage with the wheel axle, the orientation angle # between
the symmetry axis of the carriage and a fixed axis of the frame < w > and the angles of
rotation of the left-hand wheel ¢; and of the right-hand one ¢,..

The control problem is formulated as follows: the mobile robot has to track a moving
target until the relative displacement, expressed in a frame attached to the robot < ¢ >,
a)]r

becomes a desired value '@ = [z{® 3(@]T. The relative displacement is given by x, =

[z, y,|" = R[xy — = y, — y|", being R the rotation matrix between the frame attached to
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the robot < ¢ > and the inertial frame e < w >

R= (5)

cos(0) sin(&)]
—sin(f) cos(f)

An analytical formulation for the control law is: lim; oo Z = [7, 7,]7 = =, — ¥ = 0.
The tracking control problem is solved using the backstepping approach (M. Krsti¢ et
al., 1995) which, in a natural manner, leads to a nonlinear feedback controller organized
in multiple levels. Details on the derivation of the nonlinear controller for this system
can be found in (L. Palopoli et al., 2000a). For the purposes of the present work, it is
sufficient to discuss the structure of the hiearchical controller and of its digital multirate
implementation. Introduce the vectors X, X9, X5 where X1 = (2, Yp,Zr, Ur, g, Yg)”,
X, = [¢y, & and X = [¢ ], where ¢* denotes reference values for the angular velocities
of the wheels. The control law is organized in two levels. The outermost level receives as
its input the quantities contained in the X; vector and produces a reference angular
velocity according to a continuos map C;. The innermost level uses a continuous map Co
to compute the value of the torques to be applied to the motors. Inputs to C, are the
reference value for the wheels’ angular velocities Cy;, the value of the actually measured
velocities X5 and inputs applied to the outermost subcontroller.

The overall structure of the control law can be written as

X;:C1(X1)
T:CQ(Xla X27 X;) (6)

here 7 is the vector of the motor torques and the maps C;,Cy can be derived as shown
in (L. Palopoli et al., 2000a). This notation enables us to expose the general structure
of controllers developed using the backstepping approach. As a matter of fact, this tri-
angular cascade of maps could be generalized for as many levels as required by different
applications. Moreover, observing that the C; maps are static, the controller results to be
stateless and its digital multirate implementation is straightforward.

Assume that X; and X, be sampled with the periods 77 and T5 respectively where

Ty > T;. Therefore, the subcontrollers will be fed with the piecewise constant signals
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X¢ X2 where:

X{(t) = X;i(kTy),Vt € [KT;, (k + 1)T;), i = 1,2 (7)
In general, each subcontroller

Ci(X1, X9, ..., Xio1, X5,..., X7_)), i=1,...,N

is implemented by a periodic thread 7;, ¢ = 1,..., N, which, upon every activation,
reads its input data, computes the output value and writes it out onto memory buffers
or output ports. The produced value is therefore held until the next activation of the
thread. Each thread’s activation rate is assumed to be equal to the fastest rate of its
sensor data. Therefore, in the considered case study, the outermost thread is activated
with a period equal to T whereas the innermost one is activated with a period equal to
T, (see Figure .14).

As can be seen the sensor data undergo a double sampling. For example the vector X is
sampled with periodicity 7} yielding the signal X ‘f; afterwards the threads sample X ‘f each
at its own period (i.e. 71 with period 77 and Ty with period T5). The same remark applies
to the reference values X7. Notice that the periodic threads are completely asynchronous
one another; in other words there is not any precedence constraint for their execution.
The communication of the reference values between the different levels can be achieved

by any kind of lock-free protocol (e.g. see (D. Clark, 1989)).

4.2.2  Simulation Results

In order to evaluate the influence of the scheduling choices on the control performance,
the closed loop dynamics of the system has been simulated by using the RT'SIM simulator.
The robot controller uses data having different timing characteristics. In particular the
outer loop uses data coming from an external sensor (e.g. a camera) while the inner loop
uses data sampled from a tachometer sensor. The weighting matrices used in the cost
function (4) were chosen as follows: @ = I, R = 10°]

A preliminary study of this system (L. Palopoli et al., 2000a), performed assuming zero
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computation delays, revealed that the activation rate of thread 7; is the one the influences
most the performance of the system.

The execution times of 7; the were assumed to be uniformly distributed between the values
¢1 = 40ms and C; = 100ms; the bounds chosen for 75 were ¢, = 1ms, Cy = 2ms. In order
to model computation activities different from the control threads - for example data
logging - a periodic thread 73 has been used having a fixed computation time C3 = c3 =
4ms and an activation period 75 = 20ms. This activity “steals” a processor utilization
factor uz = 2 = 0.2.

The vehicle is initially located at the origin of the inertial frame and is required to track a
target located at ¢, = [3 1.5]". The final displacement in the robot frame < ¢ > is required
to be /¥ = [0.2 1]". Every value for the cost function was computed averaging through
twenty runs and yielding a 90% confidence interval lower than 9% of the obtained average.
Simulation plots for the cost function are reported in Figure .15. Each plot is obtained
computing the cost function with respect to the choice of T}, while T, is kept constant.
As in the first case study a cross on each plot is used to mark the lower bound for the
choice of T} respecting the EDF schedulability test (1). From the figure, it is evident that
conservative choices for the activation periods lead to poor performance. As an example,
consider the curve obtained by choosing T; = 4ms: pushing the activation period beyond
the hard schedulability limit pays off a 50% performance improvement. On the contrary, if
T; does not even respect the relaxed test test (obtained using the mean execution times of
tasks) the schedule becomes completely unpredictable and the performance worsens (the
curves have been interrupted when this situation occurs).

As explained above, the RR approaches allow to obtain a more reliable management of the
overload situations, permitting to decide the importance of threads independently from
their activation periods. To show the effectiveness of this approach, a set of simulations
using the CBS scheduler have been performed. Figure .16 shows the results when the
periods of the control tasks are kept fixed and their assigned bandwidth is made to vary.
In particular, the chosen periods were 77 = 200ms and 75 = 6.5ms. The thread 73 was

assigned a fixed bandwidth of 20 %. Consequently the bandwidths assigned to 7; and 75
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respect the condition By + By = 0.8. The chart shows that the performance improves as
more importance is attached to 7; (by raising Bj), until a local minimum is reached. If
B; is increased beyond the local minimum the performance begins to degrade since the
bandwidth B, reserved to the 7, thread becomes too little. Notice that the minimum is
reached at B; =~ 0.65, By ~ 0.15, that is B; > B,. This effect can be observed also with
other frequency choices and on other trajectory and it is a remarkable evidence that the
71 thread has a greater importance than 7. Another interesting effect is that the cost
function does not vary lowering B; below 0.55. To understand this point, recall that in
the considered situation there are only three threads in the system: the 7;, 75 control
threads, and a dummy thread 73. A property of the CBS scheduler is that it is possible to
guarantee all the jobs of an individual thread if it is provided with a bandwidth greater or
equal than to the ratio between the maximum execution time and the activation period.
For the 73 thread, it holds B3 = 0.2 > %f; thus all of its jobs are guaranteed to terminate
within the deadline. The jobs of 75 enjoy the same property if By > %; in this case a
conservative choice is By > 0.31, that is B; < 0.49. Lowering B; below 0.49 do not give
any further advantage to 75. On the other hand, decreasing B; exposes 7; to being slowed
down by other threads. However in this case there is no other thread to take advantage
from this effect. Hence, 7; executes in background with respect to 75, 73 independently
from its assigned bandwidth and the cost function remains constant.

A visual assessment of performance using different scheduling policies can be made by
looking at the dynamics for the &, variables and for the torques, for some of the simulations
in Figure .17. As it is possible to see, the evolution obtained with the CBS scheduler is
the closest to the ideal (continuous time) curve. The advantages are even more evident
if attention is restricted to the output dynamics. If different weights were chosen for the

cost function penalizing the command dynamics, the quantitative improvement using CBS

would have been higher.
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5 Conclusions and Future Work

In this paper a novel scheduling policy for realizing software architectures targeted to
multithread real-time controllers has been presented. Two meaningful cases have been
reported to show that the performance of classical real-time scheduling approaches, based
on a strict respect of every deadline, can be poor, if compared to soft real-time approaches
able to tolerate transient overload situations. Practical evidence of control performance
improvements by using the real-time controller simulator RT'SIM has been given.

Future work will be aimed at achieving a deeper analytical insight into this problem.
In particular, open analytical issues are the derivation of stability conditions in the case
of real-time overload situations based on optimistic EDF scheduling and RR techniques,
and the analysis of control robustness with respect stochastic perturbations (delays, jitter)
introduced by the real-time implementation. The final goal is to devise a nonlinear optimal
control design procedure and a software tool able to produce either the control law and

the scheduling parameters to be assigned to each control thread.
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Appendix
Proof of Theorem 1

To prove the theorem, it is shown that a CBS with parameters (Qs, Ts) cannot demand a
CPU bandwidth greater than U; = Q;/Ts. That is, if Ds(t,t2) is the processor demand

of the CBS in the interval [t, t5], it holds:

Vt1,t2 e N :ty > t1, Ds(tl,tz) < S(tg — tl).

S|9

Recall that under a CBS a job J; is assigned an absolute time-varying deadline d; which
can be postponed if the thread requires more than the reserved bandwidth. Thus, each
job J; can be thought as consisting of a number of chunks H;;, each characterized by
a release time a;; and a fixed deadline d; ;. An example of chunks produced by a CBS
is shown in Figure .3. To simplify the notation, all the chunks generated by a server are
indicated with an increasing index k (in the example of Figure .3, Hy; = Hy, Hy 2 = Ho,
H,, = Hs, and so on).

The release time and the deadline of the £ chunk generated by the server will be denoted

by ar and dg, ¢ will indicate the actual budget and n the number of requests in server
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queue. These variables are initialized in the following manner:

dy =0
c=0
n=>_
k=0

Using these notations, the server behavior can be expressed as in Figure .1.
Indicating with ey the server time demanded in the interval [ag, di] (that is, the execution

time of chunk Hy), it holds:

k2
th, t2, Elkl, k'g : Ds(tl, t2) = Z € = z €L.
k:ap>tiNdg <tz k=k1

If ¢4(t) is the server budget at time ¢ and f; is the time at which chunk Hj ends to
execute, we can see that cg(fi) = cs(ax) — ex, while cs(agy1) is calculated from c¢s(fy) in

the following manner:

¢s(fr) if dgs1 was generated by Rule 2
Cs(ak+1) =

Qs  if dyy1 was generated by Rule 1 or 3.

Using these observations, the theorem can be proved by showing that:

D (k) + €4(Fi) < (dy — ) 2.

The demonstration proceeds by induction on ky — k1, using the algorithmic definition of

CBS shown in Figure .1.

Inductive base. If in [t, t5] there is only one active chunk (k; = ko = k), two cases have

to be considered.

Case a: dy, < ay, + Tj.

If di, < ay + T, then d is generated by Rule 2, so a; + “%%OTS < dy and ay = fi_1,
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that is

cs(ak)

Qs
Being ¢,(fx) = cs(ax) — ex = cs(ax) — Ds(ag, di), it holds

ai + T, < dy.

D,(ag, dy,) + cs(fx)

Qs T, < dk

ar +

hence

Ds(ak,dk) + Cs(fk) < (dk - ak)%

Case b: d, = ap, + T.

If dy = a + Ty, then Dg(ay, dy) +cs(fi) = ex +¢s(fx) = Qs. Hence, in both cases, it holds:

S QS
Dy(ag,, dr,) + ¢s(fr,) = Ds(ax, di) + ¢s(f) < (di — ak)g_ = (dk, — akl)?-
Inductive step. The inductive hypothesis
Qs

Dy(ak,, dg,—1) + ¢5(fr—1) < (dgy—1 — akl)?

is used to prove that

Ds(ak17 dk2) + cs(flcz) < (dk2 - a’kl)%'

Given the possible relations between d and dj_1, three cases have to be considered:
® di > di_1 +T,. That is, dj is generated by Rule 3 or Rule 1 when r; > d;_;.
o dy = dy_1. That is, dj, is generated by Rule 2.

® dy_1 <d <dy_1+Ts. That is, d is generated by Rule 1 when r; < d;_;.

Case a: dy, = dy,—1 + Ts.

In this case di, can be generated only by Rule 1 or 3. Adding e, to both sides of the

inductive hypothesis, it follows:

ko—1 Q
Z e, + €k, S (dszl - a’kl)?s - Cs(szfl) + €ks
k=k1 s
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and, since c,(fi) = cs(ag) — ey, it holds

Z ex < (diy—1 — akl)Q__

s
k=k1 TS

Cs(flc2—1) + Cs(akz) - CS(sz)'

Since dy, is generated by Rule 1 or 3, it must be ¢;(ax,) = @5, therefore:

5 ek < (dhas = ) 2 — cuforms) + Qe — (i)

k=ki
b2 Qs Qs
D en+ cs(fr) < (dio—1 — ag,) 7 T Cs(fra—1) + Qs < (diy—1 — le)? + Qs
k:kl S S
and finally
Qs _ Qs
Dy(agy, di,) + cs(fry) < (dro—1 — agy) 5 T T Qs = (do—1 + T, — %)?
Qs

Ds(a'k1: dk2) + CS(fk2) < (dkz - akl)T'

Case b: dy, = dg, 1.

If di, = di,—1, then dy, is generated by Rule 2. In this case,

ko—1

D e ter, < (di, 1 — akl)Q

(fk2 1) + €ks
k=k1 TS

but, being dy, = dy,_1, ¢s(fx,) +ex = ¢s(ax,) and cg(ak,) = ¢s(fr,—1) (by Rule 2), it holds:

Z er < dkz ak1)% —GCs (ak2) + €, = (de a'kl)Q (fk2)

k=k1 TS

hence

D (kla k?) + Cs fk2 Z ek dk2 akl)%‘
k=k1 TS

Case c: di,—1 < dg, < dg,—1 + Ts.

If di, < dg, 1475, dy, is generated by Rule 1, so ax, + s(fk2 1)T > dy, 1, hence c(fx, 1) >

(dky—1 — akz) . Applying the inductive hypothesis, it follows

ka—1 Q
Z er + ey < (dpy—1 — akl)T Cs(fro1) + exy
k=k: s

from which

Qs

Qs
T = (dgy—1 — Qgy) 7 + €k,

Z er < (dpy—1 — agy) a

k=k1
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Z er < (dp,—1 — dy,—1 — ag, + ax,)
k=k1

Now, being ek, = Qs — ¢s(fk,), it holds:

T

Qs

T, Qs - CS(sz) = (a'kz +T -

Z er < (—ag, + ag,)
k=k1

but, from Rule 1 and 3, it follows d; = ay + T, hence
Z er < (di, — akl)?v ¢s(fra)
k=k1 s

and

D (k‘l, k‘g) + Cg sz Z ep < dk2 a’kl)Q_

k=k1
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When job J; arrives at time 7y

enqueue the request in the server pending request queue;

if (n == 1) /* (the server is idle) x/

if (rj + (c / Qs) * Ty >= dy)

[H—mmmmmm - Rule 1-------—-——-——-- */
k=k +1;
ag = Tj;
d = ap + T;
¢ = Qs;
else
[Rmmmmm Rule 2--—-—-—————————- */
k=k + 1;
ag = Tj;
dy = dy_1;

/* ¢ remains unchanged */
When job J; terminates
dequeue J; from the server queues;

n=n-1;

if (n !'= 0) begin to serve the next job in queue with deadline dj;

When job J; served by S, executes for a time unit

When (c == 0)

ap = actual_time();
dy = dp1 + T;

c = Qs;

Figure .1. Thé€'BS algorithm.




Figure .2. Matrix for computing the probabilistic deadline PDF.
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Figure .3. Serving some jobs divided in chunks.
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Figure .4. Timing of an ideal digital controller: the execution time is neglected.
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Figure .5. Timing of a real digital controller: the execution time and scheduling jitter determine

stochastic delays in the output release.
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Figure .6. Structural view on the RTSIM software package.
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Figure .7. An example of a thread schedule reconstructed using the RTSIM simulator.
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Figure .8. Architectural design of the inverted pendulum controller.
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Distribution of execution times for Thread1 (tracking thread)
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Figure .9. Statistical distribution of execution times for the tracking thread.
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Figure .10. Dynamics resulting from experiments on the real system (dotted line) and from

simulations (solid line).
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Performance index using soft EDF scheduling (simulation)

Performance index using soft EDF scheduling (experiment)
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Figure .11. Inverted Pendulum Cost function vs T} (7% fixed) using EDF: simulations (left) and

experiments (right).
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Figure .12. Cost Function vs. bandwidth using CBS: 77 = 10.0ms, Ty = 2.0ms.
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Figure .13. Schematic representation of the nonholonomic vehicle.
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Figure .14. Implementation scheme for the discrete-time multithread controller.
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EDF Scheduling (simulations)
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Figure .15. Mobile Robot Cost function vs T1 (T fixed) using EDF.
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Figure .16. Mobile Robot Cost function vs B; bandwidth using CBS: 77 = 200ms and

Ty = 6.5ms.
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First Output Dynamics
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Figure .17. Mobile Robot: dynamics of the displacement &, and for the command variables in a

simulation run. The initial relative dispacement error is &,(0) = [2.8, 0.5]7 . a)
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