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Abstract

Most of real-time scheduling algorithms are open-loop
algorithms as the scheduling decisions are based on the
worst-case estimates of task parameters. They do not
continuously observe the performance of the system
and do not dynamically adjust the system parameters
to improve performance. In many cases, it is prefer-
able to base scheduling decisions on average-case work-
load parameters and be ready to deal with bounded
transient overloads dynamically. In recent years, the
“closed-loop” scheduling has gained importance due to
its applicability to many real-world problems wherein
the feedback information can be exploited efficiently to
adjust task and/or scheduler parameters, thereby im-
proving the system’s performance.

In this paper, we discuss an open-loop dynamic
scheduling algorithm that employs a notion of task
overlap in the scheduler in order to provide some flexi-
bility in task execution time. Then we present a novel
closed-loop approach for dynamically estimating the
execution time of tasks based on both deadline miss
ratio and task rejection ratio in the system. This ap-
proach is highly preferable for firm/soft real-time sys-
tems since it provides a firm performance guarantee in
terms of deadline misses while achieving a high guar-
antee ratio. We design proportional-integral controller
and H-infinity controller for closed loop scheduling.
We evaluate the performance of the open-loop and the
closed-loop approaches using simulation studies. We
show that the closed-loop dynamic scheduling offers a
better performance over the open-loop scheduling un-
der all practical conditions.

1 Introduction

Modeling a computing system as a dynamic system or
as a controller is an approach that has proved to be
fruitful in many cases. In this paper we will develop a
similar notion for dynamic task schedulers for a real-
time system. In real-time systems, the system’s per-
formance depends not only on the logical correctness
of the result, but also on the time at which the results
are produced [1]. Based on the time criticality, these
systems are classified into : hard, firm or soft real-time
systems, in the decreasing order of damages caused due
to missing a deadline. So, in hard real-time systems,
missing a deadline can lead to catastrophic conditions
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whereas in firm/soft real-time tasks, missing a deadline
will not have such serious consequences. The problem
of scheduling real-time tasks in multiprocessor systems
is to determine when and on which processor a given
task is executed [1]. Though significant results have
been achieved in real-time scheduling with algorithms
such as RMS, EDF and Spring Scheduling, these algo-
rithms perform well when the workload of the system
can be accurately modeled, and does not perform well
for unpredictable workloads. Further, all the schedul-
ing algorithms discussed, work based on the worst case
execution time (WCET). Practically, identifying the
correct estimate for WCET is not easy and many analy-
sis tools come up with over-estimation strategies. Thus,
scheduling algorithms based on WCET leads to under-
utilized system. In many cases, it is preferable to base
scheduling decisions on average execution time and to
be ready to deal with bounded transient overloads dy-
namically. This approach is especially preferable in
firm/soft real-time systems since it provides a firm per-
formance guarantee in terms of deadline misses while
achieving high utilization and throughput (guarantee
ratio) at the same time. In an unpredictable environ-
ment, it is impossible for a system to achieve 100% uti-
lization and a 0% miss ratio all the time and a tradeoff
between miss ratio and utilization is unavoidable. The
approach proposed in [6], uses the closed-loop schedul-
ing based on average case estimation, where a low (but
possibly non-zero) miss ratio is maintained with high
utilization. When high misses happen due to underes-
timation of the execution time, the scheduler corrects
the system’s state back to the satisfactory state, i.e.,
a state with low miss ratio and high utilization and
throughput.

The key issue addressed in this paper is the relax-
ation of the requirement on a known worst-case work-
load parameters. Specifically, in this paper, we use an
open-loop dynamic (where task’s characteristics are not
known apriori) planning based scheduling algorithm
(e.g. Spring Scheduling) that employs a notion of task
overlap in the scheduler in order to provide some flexi-
bility in task execution times. This algorithm, dynam-
ically guarantees incoming firm tasks via on-line ad-
mission control and planning based on their AvCET.
We use feedback control theory to design a closed-loop
scheduling algorithm derived from the open-loop algo-
rithm that estimates the execution time of a task. The
loop is closed by feeding back both deadline miss ra-
tio and task rejection ratio. The result is that this
scheduling paradigm has low task miss ratio and high
guarantee ratio thereby improving the productivity of



the firm/soft real-time systems.

The rest of the paper is organized as follows: In Sec-
tion 2, we define the system model, which includes the
task model and scheduler model, and the performance
metrics of the system. In Section 3, we present the re-
lated work and also discuss the system model and its
limitations on performance. In Section 4, we discuss
the design of the PI controller and a H, controller as
a part of the closed loop scheduling. We also study the
response of the PI controller and H,, controller and
verify the models. In Section 5 we study the perfor-
mance of the closed loop algorithms and compare it
with the open loop scheduler. Then we conclude in
section 6.

2 System Model

2.1 Task Model

Tasks are assumed to be aperiodic, i.e., task character-
istics are not known a priori. Every task T; has the
following attributes: arrival time (a;), ready time (r;),
worst-case execution time (WCET;), best-case execu-
tion time (BCET;), and firm deadline (d;). Further,
tasks are assumed to be non-preemptable, i.e., when a
task starts execution on a processor, it finishes to its
completion and tasks may have resource and/or prece-
dence constraint.

2.2 Scheduler Model

In our dynamic multiprocessor scheduling, all the tasks
arrive at a central processor called the scheduler, from
where they are dispatched to other processors in the
system for execution. These processors are identical
and are connected through a shared medium. The
communication between the scheduler and the proces-
sors is through the dispatch queues. Each processor
has its own dispatch queue and the scheduler will be
running in parallel with the processors, scheduling the
newly arriving tasks and periodically updating the dis-
patch queues. The scheduler considered in this paper is
a dynamic scheduler, which does an admission check,
wherein the tasks are rejected if they are found non-
schedulable and if the task is accepted by the admission
controller, then the scheduler constructs the appropri-
ate schedule and arranges the tasks in their appropriate
dispatch queues.

2.3 Performance Metrics

Task hit ratio (HR): This is the ratio of the number
of admitted tasks that meet their deadlines to the total
number of tasks admitted in the system. Though the
schedulability check of tasks are performed while ad-
mitting them, tasks can still miss their deadline when
their actual execution time (AET) is greater than their
estimated execution time (EET) or due to the occur-
rence of unanticipated faults in the system. Task miss
ratio (M R) is the ratio of the number of admitted tasks
that missed their deadlines to the total number of tasks
admitted in the system which is equal to one minus the
hit ratio.

Task guarantee ratio (GR): This is the ratio of the
number of tasks admitted into the system to the total
number of tasks that arrived in the system. The re-
jection of tasks happens at the scheduler and depends
on the schedulability check algorithm, estimated exe-

cution time, and the time at which the schedulability
check is performed for a task. Task rejection ratio (RR)
is the ratio of the number of tasks rejected to the total
number of tasks arrived in the system which is equal
to one minus the guarantee ratio.

Task effective ratio (ER): This is the ratio of the
number of tasks that meet their deadlines to the total
number of tasks arrived in the system which is equal
to the product of the task hit ratio (HR) and the task
guarantee ratio (GR).

3 Feedback Controlled Scheduling

Estimation of task execution time is very important in
dynamic scheduling of firm real time tasks. An under-
estimation of execution times may jeopardize the sta-
bility of the system and an overestimation will cause
performance degradation by wasting system resources
[9]. The actual execution time of a task varies between
its BCET and WCET due to non deterministic be-
havior of several low-level processor mechanisms (e.g.
caching, prefetching, and DMA data transfer), and also
due to the fact that the actual execution time for these
tasks are function of the system state, and the amount,
nature, and the value of input data [7]. In this section,
we present a novel approach in which the actual exe-
cution time of tasks is dynamically estimated based on
the current deadline miss ratio (M R) and task rejection
ratio (RR) in the system. This output feedback scheme
improved the scheduling performance of the algorithm
by accepting significantly more number of tasks and
meeting more deadlines. Thereby it can improve the
productivity of the firm/soft real-time systems.

3.1 Related Work

The idea of feedback has been used informally in
scheduling algorithms for applications where the dy-
namics of the computation workload cannot be charac-
terized accurately for a long time, such as in [10, 11].
Feedback scheduling in real-time systems has been a
relatively new area and very few works have been done
in this area. In [12] and [13] the authors propose to
integrate the design of the system controller with the
scheduling of real-time control systems and present of-
fline open loop algorithms. A notable work in real-time
feedback scheduling is [4, 5] where the authors propose
the use of a PID controller as an on-line scheduler un-
der the notion of Feedback Control-EDF (FC-EDF). In
[9] the authors proposed an approach in which task pe-
riods can be dynamically adjusted based on the current
load. Load is estimated by monitoring the actual com-
putation time of each task. When the estimated load
is found to be greater than a certain threshold (e.g. 1
under EDF), the elastic theory is used to enlarge the
task periods to find a feasible configuration. In both
works [5, 9] the authors assume that each task has mul-
tiple versions that differ in their execution time, the
higher the execution time the better the quality (im-
precise computation). Instead, our work assumes only
one version for each task which is more general and
realistic. Moreover, in [5] the feedback mechanism is
used to reject tasks in order to keep the total number
of missed deadlines below a desired value. Instead, in
our work the feedback mechanism is used to obtain a
trade off between the guarantee ratio and the hit ratio



in order to improve the effective ratio. Also, in this
work the admission controller uses the WCET of task
versions to perform the schedulability test. Instead, in
our work we use an estimated execution time for each
task to perform the schedulability test. The estimated
execution time of the tasks are adjusted using the feed-
back mechanism. In [9] the control mechanism has not
been analyzed to prove its correctness and stability. In-
stead, in our work we analyze the control mechanism
and we present the block diagram for the system and
the analytical equations that connect the miss ratio and
the rejection ratio with the estimated execution time
of tasks.

3.2 System and Model Identification

Before applying feedback control techniques, we
present the measured variables, the control output and
the open-loop characteristics of the system.

3.2.1 Measured Variables: The choice of the
measured variables depends on the system goal. The
performance of firm real-time systems usually depends
on: (1) how many tasks it admits (rejects); (2) how
many tasks among the accepted task make (miss) their
deadlines. Therefore the deadline miss ratio (M R) and
the tasks rejection ratio (RR) are natural choices of the
measured variables.

The instantaneous miss ratio (M Ryr) and instanta-
neous rejection ratio (RRyr) are calculated every sam-
ple period (T) for the time interval [(k — 1)T, kT]. In
contrast, the average rejection ratio (RR) is defined as
the time average of the instantaneous rejection ratio
(RRyr) for the entire run-time.

3.2.2 Control Output: The control output
must be able to affect the value of the measured vari-
able. In the non-preemptive multiprocessor firm real-
time system, it is a widely known fact that the deadline
miss ratio and the tasks rejection ratio highly depend
on the estimated execution time of tasks. Thus the
estimated execution time (EET) of tasks is an appro-
priate choice for the control output. The estimated
execution time (EET;) of task (T;) is calculated using
the following equation:

EET; = AvCET; + etfyr [AvCET; — BCET;], (1)

where et fyr is the estimation factor at time instant kT
which can have a value in the interval [-1, 1].

In the case of open-loop scheduling algorithms etf is
fixed which is equal to 0 for the algorithms that use the
AvCET of tasks as an estimation for their actual exe-
cution time, and it is equal to 1 for the algorithms that
use the WCET of tasks as an estimation for their actual
execution time. In the case of closed-loop scheduling
algorithms the estimated factor (etf) is determined us-
ing the controller.

3.2.3 Open-Loop Characteristics: After
identifying the measured variables and control output,
we analyze the open-loop characteristics of the system.

From simulation the open-loop characteristic of the
real-time task scheduler system (figure 1) was obtained.

We observe that the relation of the estimation factor
(etf) with task rejection ratio (RR) and deadline miss
ratio (M R) is not linear for any task load (L). Also the
nonlinear relation varies with the system task load. It
can be noticed that M R starts from a maximum value
when etf = —1 and reduces quadratically as etf in-
creases. For all task loads that are plotted M R reaches
zero when (etf > 0.75). RR starts from approximately
zero when etf = —1 and increases quadratically to a
maximum value as etf increases to 1.
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Figure 1: MR (left) and RR (right) vs. etf
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The open loop scheduler is designed for a firm real-time
system and works according to the algorithm given in
[6]. The open loop algorithm schedules the incoming
tasks by taking into account their AvCET. The closed
loop algorithm schedules the incoming tasks by esti-
mating their EET. The goal of our closed loop sched-
uler design is to trade off between M R and RR in order
to achieve a high value of hit ratio and guarantee ratio.
In that case, the M R and RR values will be close to
each other and the system will operate in the linear re-
gion of the curve near etf = 0. Then the corresponding
system model in that region is given by,

—(mgf(L)etf(z) +mdf(L), o
(rgf(L))etf(z) +rdf (L),

where mgf and rgf are miss ratio gain factor and re-
jection ratio gain factor respectively. mdf and rdf are
miss ratio disturbance factor and rejection ratio dis-
turbance factor respectively. The values for the mgf,
rgf, mdf and rdf varies with, the scheduling algorithm
that is used, the system load, and the system param-
eter (e.g. number of processors). The values of these
factors can be found by studying the simulation model.

MR(z)
RR(z)

This linear model approximation may not be accurate
since scheduling system typically contains non-linear
factors which are not presented in the current simula-
tor. These figures have been generated using the sim-
ulation model. For each point in Figures 1, the sys-
tem was simulated for 10,000 tasks. This number of
tasks have been chosen to have a 98% confidence inter-
val within £0.0017, and £0.0022 around each value of
MR, and RR, respectively.

3.2.4 Limitation on Performance: From
equation 2 it can be derived that

MR(z) RR(z)
mg f(L)

_ mdf(L)  rdf(L)
T i @)~ mgi@) T rgr@y




Since M R(z) and RR(z) must satisfy equation (3) for a
given task load, we can not simultaneously make them
arbitrarily small. This is a limitation on performance
exerted by the system for any task-load. However we
can trade off between the miss ratio and rejection ratio
by applying feedback control or by designing a closed
loop dynamic scheduler and obtain an optimal perfor-
mance of the scheduler in terms of effective ratio. Note
that since the parameters mgf, mdf, rgf and rdf are
functions of load L, miss ratio and rejection ratio after
trade off remains high or low according to the task-
load. From equation (3), it is clear that a low rejection
ratio corresponds to a high miss ratio and vice versa.
In other words a high guarantee ratio corresponds to
a low hit ratio and vice versa. For a stable real-time
system both the guarantee ratio and hit ratio should
be high or effective ratio should be high. Therefore for
closed loop scheduler design we feedback both miss ra-
tio and rejection ration to obtain an high effective ratio
for optimal performance.

4 Developing Closed-Loop Scheduling
Algorithms with Controllers

In this section, we will incorporate control theory into
the open loop scheduling algorithm to develop the dy-
namic closed loop scheduling algorithms. We will de-
sign PI and H., controllers to develop the closed loop
model.

The closed loop architecture is given in Figure 2. The
new scheduler is composed of a controller, an execu-
tion time estimator and an overlap scheduler. In this
approach the task rejection ratio (RRyr) and dead-
line miss ratio (M Ryr) are periodically fed back to
the controller after each sample time T'. The controller
computes the estimation factor et f and calls the execu-
tion time estimator to change estimated execution time
of tasks. The overlap scheduler schedules the arrived
tasks according to their estimated execution time.
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Figure 2: Architecture of Closed Loop Algorithms

4.1 PI-Controller

Our primary goal behind using a feedback controller
is to obtain a trade off between hit ratio and guaran-
tee ratio, by controlling/estimating the execution time
of tasks, in order to improve the effective ratio of the
system. The closed loop system with PI-Controller is
given in figure 3.
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Figure 3: Block diagram of the Closed Loop System with
the PI-Controller

The suggested controller in Z-domain is given by,

z

etf(z) — Aetf(z), where (4)
Aetf(z) = fmr Kmr err™(2) = frm Kmr err”(2)

and f,/m = %g’;, e = ngf are normalization fac-
tors for task rejection ratio and deadline miss ratio re-
spectively. The idea behind using these normalization
factors is that the sensitivity of miss ratio (M Rgr) to
some variation in the estimated factor (Aetfyr) is dif-
ferent from the sensitivity of rejection ratio (RRyr) to
the same variation.

Note that in s-domain the PI controller is given by

_1_1
using bilinear-transforms as, etf(s) = —F—22Aet f(s),
where F' is the sampling frequency of the scheduler.

The control rule is obtained from equation (4) by using
inverse Z-transform and is given by,

Aetfid = fmsr Kmr erriie = frjm Kmr errir
etfer = etfp_1yr — Aetfur,

The PI controller is an ad hoc design and it needs tun-
ing of controller gain, K™" and sampling period, T for
optimal performance. Note that the bandwidth of the
system is decided by sampling period, T. If T is low,
the bandwidth will be high, the transient response will
be fast i.e. the settling time of the system will be low.
But in our system it is not possible to obtain arbitrar-
ily high bandwidth as the system will become unstable
when T is smaller than a certain value Tp = max(§, C),
where C' is the mean computation time of the system
and 6 is the mean arrival time of tasks. That is be-
cause, in the case of feeding back the rejection ratio,
if the sample period is less than the mean arrival time
of tasks, there is a chance that the number of tasks ar-
rived in the sample interval [kT, (k + 1)T] is zero or a
very small number. This results in feeding back an in-
accurate estimation for the rejection ratio. In the case
of feeding back the miss ratio, if the sample period is
less than the mean computation time of the system ,
there is a chance that the number of tasks finished in
the sample interval [T, (k+1)T] is zero or a very small
number. This results in feeding back an inaccurate es-
timation for the miss ratio. Apart from the sample



period T, the controller gain (K™") also needs to be
tuned in order to obtain better performance. Figure
4 shows that a low value of controller gain can make
the system extremely sluggish. After tuning for small
settling time and peak overshoot, we chose K™" = 0.5
for our simulations.

Figure 4: (a) Settling time Vs Controller Gain (b) Closed
Loop Block Diagram with the H, Controller
where G = [—mgf, 0; 0, rgf], d2 = [mdf rdf],
y=[MR RR]', r = [MRs; RR;]' and u = etf.

4.2 H,, Controller

A model for open-loop real-time scheduler behaviour
is obtained through extensive simulation so that closed
loop scheduling algorithms can be designed in order
to improve performance of the scheduler. The PI-
controller is the first step in designing such a closed
loop algorithm. Note that effective ratio is taken as
the performance metric which is related to hit ratio
and guarantee ratio of the incoming tasks. From the
model of the system it can be derived that maximum
effective ratio is obtained when g—’? = %. The PI-
controller designed is not able to satisfy this condition.
Therefore it is necessary to design advance controllers
using modern control theory to achieve desired optimal
performance.

The open loop characteristics and the system model is
given by figure 1 and equation 2 respectively. Under
varying load condition the system model can be treated
under Hy, controller design framework. Change in
task-load corresponds to perturbations in the system
parameters mgf, rgf, mdf and rdf. Therefore a gener-
alized parametric uncertainty model will best describe
the given system as shown figure 4(b). For simplicity
we considered a linearized model around an operating
point with uncertainty (See equation 5) to simulate the
varying load condition. Here the underlying assump-
tion is that in steady state under constant load condi-
tion the estimation factor, etf remains constant. The
H, controller was designed using the function ’hdfsyn’
in matlab.

MR(z)
RR(z)

—(mgfo)etf(z) +mdfo + Amdf, (5)
(rgfo)etf(z) + rdfo + +Ardf.

5 Model Verification and Performance
Evaluation

In this section, we have verified the closed-loop schedul-
ing models by comparing the results from the matlab
simulink models and the results from the simulator for
the real-time scheduler. The simulator software simu-
lates the open loop and closed loop algorithms (PT and
Hy) for the real-time schedulers for a multiprocessor
firm real-time system . The tasks for the simulator are
generated as per the rules given below:

The best-case execution time(BCET;) of a task T; are
chosen uniformly between 10 secs and 20 secs. The
worst-case execution time (WCET;) of a task T; is
chosen to be 4 times its BCET;. The average-case
execution time (AvCET;) of a task T; is the average of
its BCET; and WCET;. The actual execution time is
computed as an uniform random variable in the inter-
val [BCET, WCET]. The firm deadline of a task T; is
uniformly chosen between 2+ W CET; and 4« W CET;.
The arrival time of tasks follow exponential distribution
with mean 6. The task load L is defined as the expected
number of task arrivals per mean service time and is
approximately equal to C'/6, where C is the mean com-
putation time of the system.

Figure 5: Plots from Matlab (left) and Simulator (right)
of MRyt (top) and RRyr (bottom) for the PI-
Controller based closed loop algorithm.

Figure 6: Plots from Matlab (left) and Simulator (right)
of MRyr (top) and RRyr (bottom) for the
H,-Controller based closed loop algorithm.

Figure 5 and 6 show the time response of the closed loop
schedulers implemented in the matlab simulink and the
real-time simulator. They verify that closed loop sched-
uler algorithm in the simulator behaves consistently as
predicted by the closed loop model in simulink. The in-
stantaneous values of steady state miss ratio (M Ryr)
and rejection ratio (RRyr) are used as the performance
metrics to verify accuracy of the modeling.

5.1 Effect of Task Load on HR, GR and ER

Experiments were carried out to study the performance
of the closed-loop scheduling algorithms as compared
to the open-loop scheduling algorithm under varying
load condition. The performance metrics are chosen to



be hit ratio, guarantee ratio and effective ratio of the
system. The results obtained from simulation are plot-
ted in figure 7. Each point in the plots is the average
of 20 runs. In each run the system was simulated with
10,000 tasks. This number of runs has been chosen
to have a 98% confidence interval within +0.013 and
40.015 around each value of M R and RR respectively.

Figure 7: Hit Ratio (top left), Guarantee Ratio (top right)
and Effective Ratio (bottom) of the open loop
and the two closed loop algorithms.

As shown in the figure 7, all the three algorithms per-
form equally well when the system load is less than
80%, with respect to GR, whereas the open loop sched-
uler’s HR decreases with increase in task load L. This
implies during overload cases the open loop schedulers
give a poor MR, as it is insensitive to the change in
workload conditions. Since the closed loop schedulers
observe the change in system dynamics by constant
feedback of the MR and RR, they give a better perfor-
mance during overload scenarios. In the context of real-
time systems, hit ratio is important and completing
all the accepted tasks successfully is highly desirable,
which is done efficiently by the closed loop schedulers.
Among the closed loop schedulers, the PI controller
gives a better HR and GR than the H, controller for
all task loads. The PI-controller is an ad hoc design and
it can adapt to the system dynamics that changes with
the task load. Whereas the Hy-controller designed,
which is a model based design, performs well near the
nominal task load L = 1 only. Figure 7 shows the ef-
fective ratio under different load conditions for all the
three algorithms. It can be seen that the closed loop
schedulers perform better than the open loop sched-
ulers for all load scenarios. This proves the effective-
ness of the closed scheduling algorithms developed in
this paper.

6 Conclusion

In this paper, we have viewed the problem of schedul-
ing firm real-time tasks in multiprocessor systems as
an input/output system. We have used feedback con-
trol theory to design two closed-loop scheduling algo-
rithms, which work based on estimated execution time,
estimated by feeding back both the deadline miss ratio

and task rejection ratio. We have shown that the pro-
posed closed-loop dynamic scheduling algorithms per-
form better than the open-loop scheduling algorithm
for all the stated performance metrics. Further, we
would also like to point out that the open loop schedul-
ing algorithms will perform well only when the tasks ex-
ecute with average case execution time and will perform
poorly when the task’s execution times are more or less
than its average execution time. However, the closed
loop schedulers will react to the change in the task
workload and will estimate the task load characteris-
tics resulting in the correct estimation of the task’s ex-
ecution time, resulting in a better system performance
under dynamic workload settings. Further, we have
shown through our experiments that the closed loop
algorithms perform better than the open loop algo-
rithm for various task loads. Thus, we feel that closed
loop scheduling algorithms are a proper solution to
real-time scheduling, leading to improved performance,
especially when the workload cannot be characterized
easily.
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