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Abstract

We evoke our non-preemptive model of real-time systems with strict periodicity constraints, which is
a latency-based model. We also evoke the classical non-preemptive model of real-time systems with
release times and periodicity constraints, which is a deadline-based model. We give an algorithm
which transforms an instance of the scheduling problem using the classical deadline-based model in
an instance of the scheduling problem using our latency-based model. We show that the two problems
are equivalent, thus the scheduling algorithm given for the problem using our model solves also the
problem using the classical model. We present a modified version of this scheduling algorithm,
which takes into account the deadlines instead latencies.
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1 Introduction and existing results

Real-time systems are first of all reactive systems, that is, to each event arriving in the system
through sensors corresponds an output event produced through actuators to the environment in
reaction to this input event. This behavior is, usually, described using periodic systems of oper-
ations. In the classical deadline-based model given in [1], an operation becomes available at its
release time which is repeated periodically and its start time is greater or equal to its release time.
The operation must be scheduled before its deadline which is relative to the release time. The
formal definition of this model is given in section 2. From now on the classical model is called
deadline-based model.

When the real-time applications are based on signal, image and control processing algorithms
[2], strict periodicity constraints are defined. In this case, an operation is always available and the
notion of release time has no meaning. The start times are periodic and there is no deadline.

In our model given in [3] beside the strict periodicity constraints, two other types of constraints
may be imposed on these systems. Firstly, because some operations can produce data consumed
by other operation(s) as it is the case when the application functionalities are specified with a tool
like Simulink, precedence constraints are imposed onto these operations. Secondly, for example in
the case of brake control in a car, when the driver presses the brake pedal, the wheels must stop
before a fixed delay, corresponding to the execution of control laws relating “pedal-press” event and
“wheels-stop” event. We call this constraint a latency constraint. The word “latency” was already
employed by the real-time community. For example, Hagmann [4] calls latency the necessary time
to obtain data when reading a hard disk or Aggarwal [5] the necessary time of communicating
data from memory to a processor. More theoretical definitions were given by Goddard [6] in the
case of data-flow graphs or by Van Beek [7] in the case of repeated precedence constraints. These
definitions are limited to particular cases and can not be employed to describe the elapsed time
between any two operations related by precedence constraints. Obviously if a latency constraint
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should describe this time then this constraint is “end-to-end” constraint and the interest in these
constraints was very well justified by Gerber [8]. Also, the examples given by Gerber are treating
only “end-to-end” constraints between sensors and actuators.

Our paper generalizes the results concerning the end-to-end constraints [8] [9] [10], allowing to
have several latency constraints which are not imposed only between sensors and actuators, but
also between the operations which are necessary to obtain output events from input events. For
example, it is possible to specify the brake system of a car (Figure 1) by a graph where PRESS
represents a sensor giving the information which indicates that the driver presses the brake pedal,
SPEED represents a sensor giving the wheel speed, DFE AC represents the deactivation of the speed
regulator, ESTIM represents the estimation of the pressure on the brake pedal, ABS represents
the anti-locking brake system (ABS) and BRAKF represents the actuator giving the pressure on
the brakes wheels. For example, we may need to impose a delay between PRESS and BRAKE,
and another delay between DEAC and BRAKE.

Figure 1: Example of brake control

The formal definition of our model is given in section 2. From now on our model is called
latency-based model.

The results on non-preemptive deadline-based of real-time systems with release times, period-
icity constraints and deadlines are poor [11]. Giving the results we have in the non-preemptive
latency-based problem, this paper presents a connection between the two models allowing to use
the latency-based problem in order to propose new results for the deadline-based problem.

This paper is composed of five sections. The following section introduces the two models. The
section 3 gives an algorithm indicating between available operations which is the most important
according to the deadlines of their successors. It is followed by the section 4 which proposes an
algorithm transforming an instance of a scheduling problem using the deadline-based model into
an instance of a scheduling problem using the latency-based model. The paper ends with section
5 which concludes and gives hints for future research.

2 Two real-time models

Before presenting the two models, we give the definition of a schedule and of the schedulability
of a system of operations, where by system of operations we understand a set of operations with
computation times and different constraints.

Definition 1 For a system of operations, a schedule S is a total order on the set of operations
associating to each operation A a start time s which is the instant when the operation is executed.
We denote by S the set of the possible schedules of a system of operations. An operation with the
start time known is called scheduled.

Definition 2 A system of operations is schedulable if there is at least one schedule satisfying the
constraints of the system.

We start by presenting the deadline-based model of operations given by Liu and Layland (see
Figure 2) in the non-preemptive case. An operation A becomes available at its release time s4.
The release time is periodically repeated with a period T4. So if the first release of an operation
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Figure 2: Model proposed by Liu and Layland

is ro then the " release time of the operation will be r4 + (i — 1)T4. Also the computation time
C4 is known.

As said in the first section, in the latency-based model, the operations are always available and
the start time s4 of an operation A is repeated periodically with a period T4 (see Figure 3). The
computation time C4 is known.

S ! TA ! TA
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Figure 3: Model of strictly periodic operations without release time

In the deadline-based model the instant when an operation becomes available is always known
(release time), but not the instant when it is scheduled. Knowing the start time of the first
repetition of an operation does not imply knowing the start times of all the other repetitions of
the operation.

In the latency-based model the instant when an operation becomes available and the instant
when it is scheduled are unknown only for the first repetition of the operation. Once the first start
time of an operation is known, the start times of all the other repetitions are also known and the
release times of these repetitions are useless.

The difference between the two models is depicted by comparing them for some operation A in
Figure 4. The first schedule is given for the deadline-based model and the second one is given for
the latency-based model.

The latency-based model allows to impose two other constraints: the precedence constraints and
the latency constraints. We use a graph-based model to specify the precedences between operations
through an algorithm graph. The graph is a directed graph G = (V, E) where V is the set of
operations and £ C V x V the set of edges which represents the precedence constraints possibly
due to data transfer between operations. Therefore, the directed pair of operations (4,B) € E
means that B must be scheduled, only if A was already scheduled. When precedence constraints
are defined, we say that an operation is available when all its predecessors are already scheduled
[12].

The edges of the graph define a partial order on the set of operations. The operations which do
not belong to an edge define a “potential parallelism” [13]. Moreover, because the graph describes
a real-time system, which is reactive, this latter graph has a pattern infinitely repeated [14] which
induces an infinite repetition of all operations (see Figure 5).

For the sake of simplicity and because we use only directed graphs, from now on we will use
the term path instead of directed path.

We denote by P the set of all paths of graph G and we say that P(A, B) € P, if there is at least
a path from A to B. If AP(A, B) € P, then there is no path from A to B. Moreover, we denote
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Figure 4: Difference between the deadline-based model (above) and the latency-based model
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Figure 5: Graph describing a real-time system
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by D(A) = {B € V such that P(4, B) € P}.

Definition 3 [3] On a pair of operations (A, B) with 3P(A, B) € P and A and B belonging to the
same pattern, we say that a latency constraint L(A, B) is imposed if the operations are scheduled
such that sg +Cp —s4 < Lap, Lap € Nt. Let L be the set of all latency constraints imposed for
a system.

Without any loss of generality we assume that all characteristics, i.e. the computation times,
the periods and the latency constraints, are defined as multiples of a clock tick 7 (time is discrete).
Afterward the integer values of the given characteristics are implicitly multiplied by 7.

3 Deadline-marking algorithm

In this section, we present a theorem proving that a latency constraint is a deadline. Thus we may
solve the non-preemptive problem of systems with precedence, strict periodicity and deadlines. This
problem is a case of latency-based problem with the latency constraints replaced by deadlines. The
results of this section may be applied for both uniprocessor and multiprocessor cases.

The following theorem gives the relationship between the deadlines and the latency constraints.

Theorem 1 A latency constraint L(A, B) is a deadline for the operation B, once the operation A
is scheduled.

Proof We prove the theorem by double implication.

First, we demonstrate that a latency constraint L(A, B) of a pair (4, B) € £ may be expressed
as the deadline of operation B, once A is scheduled. Because (4,B) € L, then we have sp <
L+ ss — Cpg. If we denote by Dg the expression Lapg + s4 — Cg, we obtain

SB SDB (1)

Once A is scheduled, s4 is known and D g becomes known, also. Because s4 is calculated from
the beginning of the schedule then the equation (1) defines a deadline for B.

Second, we express the deadline of an operation B as a latency constraint L(-, B). Because B
has a deadline Dp, then sg < Dp. We denote by A the first operation which was scheduled, then
s4 = 0. Because the deadline is defined from the start of the schedule, we obtain that sg—s4 < Dp.
Moreover, because all the operations without predecessors may be the first scheduled operation,
we have sgp — s¢ < Dp,VC € V with Prec(C) = § and B € D(C), where Prec(C) is the set of
predecessors of operation C'. So, in order to satisfy the deadline of B, we define several latency
constraints Lop = Dp for each C such that Prec(C) = 0 and B € D(C). The theorem is proved
O

Due to this theorem, we may use the scheduling algorithm given in [3] for systems with prece-
dence, strict periodicity and latency constraints to schedule systems with precedence constraints,
strict periodicity constraints and deadlines. This algorithm uses a latency-marking algorithm. The
Theorem 1 allows to modify this latter marking algorithm in order to take into account the dead-
lines. In this case the function mark of the operation A must be equal to the mingepa){DB}-
These latter marks are obtained using the following algorithm, called deadline-marking algorithm:

Algorithm 1

Initialization: W = Uucy and suc(a)=p Prec(A) is the working-set. If A has a deadline D4, then
mark(A) = D 4, otherwise mark(A) = oo.

Step 1: For A € W, mark(A) = min(mark(A), minpegyc(ay{mark(B)}) and W = W\{A}. We
add to W the operations for which all the predecessors has been removed from W.

Step 2: Repeat Step 1 until W = 0.
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Remark 1 Recursively, each operation inherits the deadline of its successors. At the end of this
latter algorithm, the mark of an operation may be equal to either its inherited deadline or its initial
deadline. Therefore, the algorithm does not modify the marks of the operations without successors.
This algorithm is, also, applied to the pattern.

first pattern second pattern third pattern

B, @
@/dQ@/UUd

Figure 6: Graph of example 1

Example 1 Let G = (V,&) be a graph given in Figure 6 with the deadline D¢, . In Figure 6, the
letter d on the edge from Ay to Ci implies that the precedence constraint is due to data transfer.
All the operations will have the mark D¢, except Ca. The algorithm is given in table 1, where by
m(A) we understand mark(A).

m(A1) | m(Asz) | m(4s) | m(B) | m(C1) | m(C»)
Initialization 0o 00 00 00 D¢, 00
DC1 D01 DC’1 DCl DCl DCl ‘DCI

Table 1: Marks obtained using the marking algorithm

4 Transformation from deadline-based problem to latency-
based problem

In this section, we give an algorithm transforming an instance of a scheduling problem using the
deadline-based model into an instance of a scheduling problem using the latency-based model. We
prove that the two problems are equivalent from the complexity point of view. Thus, the deadline-
based problem may be solved in the non-preemptive case using the results for the latency-based
problem. The results of this section may be applied for both uniprocessor and multiprocessor cases.

We consider a system with n operations and for each operation A, we have the computation
time c4, the release time r4 and the deadline D 4. The operation A is periodic with the period
T4. We transform this system using the following algorithm:

Algorithm 2

Step 1: for each operation A we add a fictive operation A’ with the computation time equal to 0.

Step 2: we add a precedence constraint between A’ and A. We obtain the graph of precedence
constraints with 2n operations and n edges.

Step 3: we impose latency constraints for each (A’, A) with L4 = D 4.
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Step 4: we impose strict periodicity constraints for each operation A’ with T equal to the period
of operation A.

Example 2 This example illustrates the Algorithm 2. For a system of three operations A, B and
C' with no precedence constraints, we obtain the graph given in Figure 7.

@
@
@

Figure 7: Graph obtained using the Algorithm 2

ONONO

We denote by PRE the decision problem associated to the scheduling problem of periodic
systems with deadlines. We denote by PPLc the decision problem associated to the scheduling
problem built from PRE using the Algorithm 2.

Theorem 2 The decision problem PRE has, as solution, the answer “yes” if and only if the
decision problem PPLc has, as solution, the answer “yes”.

Proof We prove the theorem by double implication.

For the decision problem PRE each operation A has a release time r4 which gives the instant
when the operation becomes available, a deadline D 4 defined from the release time, a period Ty
and a computation time Cy.

First, we suppose that the problem PRFE has the answer “yes” and we prove the decision
problem PPLc has also the answer “yes”. We denote by S one of the schedules which satisfies the
constraints of the scheduling problem PRE. This implies that for each operation A we know the
start time s4 € S such that r4 < s4 < Dy.

From the schedule S, we build a schedule S’ for the problem PPLc. Each operation A" associ-
ated to an operation A of an instance of the problem PRFE has the start time of its first repetition
514,1 equal to r4. Each operation A of an instance of the problem PP Lc has the start time equal
to the start time of the operation A in the schedule S. The Figure 8 illustrates this construction.
The operation A’ with the computation time equal to 0 is marked with non-continuous line on
the figure. Consequently, because the deadlines are satisfied in the schedule S then all the latency
constraints are satisfied in the schedule S’. Because the operations A’ has the computation times
equal to 0 and their start time periodically repeated due to the periodicity of release times in the
schedule S, then the periodicity constraints are satisfied in the schedule S.

Second, we build similarly a schedule for the problem PRE from a schedule of the problem
PPLc. Consequently,there is at least a schedule for the first problem if and only if there is a
schedule for the problem built using the Algorithm2. The theorem is proved [

We expressed the scheduling problem with release times, periodicity constraints and deadlines
using the latency-based model.

5 Conclusion and further research

We compare two real-time systems models in the non-preemptive case. We first give an algorithm
which allows us to solve a particular case of the latency-based problem, the scheduling problem
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L(A’,A)

Figure 8: Construction of a schedule for PPLc from a schedule for PRE

with precedence, strict periodicity constraints and deadlines. Moreover we give an algorithm which
transforms an instance of the deadline-based problem into an instance of the latency-based problem.
This allows to particularize the latency-based scheduling algorithm to the deadline-based problem.

We want to extend these results to the non-preemptive in the multiprocessor case, where the
results for the deadline-based problem are also poor.
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