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Abstract

The rapidly increasing user demand for more powerful
computing platforms and application requires modern op-
erating systems capable of simultaneously supporting pro-
cesses with a variety of different timeliness constraints. It
requires real-time applications to guarantee their timeliness
constraints by using worst case resource reservation. Non-
critical applications (such as soft real-time) do not reserve
worst-case resources, and may therefore execute with de-
graded performance. Reservation-based mechanisms may
overbook resources so that the system wastes large amounts
of resources in such a way that the unreserved reserva-
tions are not efficiently consumed. In this paper, we present
an integrated system with a flexible and efficient resource
management mechanism for soft real-time processes so that
slack time is better utilized. The simulation results show
that our mechanism results in significantly performance im-
provement in terms of reducing the deadline miss ratio and
tardiness for soft real-time processes.

1 Introduction

The rapidly increasing user demand for more powerful
computing platforms and application requires modern op-
erating systems to support scheduling of processes with a
variety of different timeliness constraints in an integrated
way. Example works are the hierarchical scheduler devel-
oped by Regehr et al. [9] and the flat integrated sched-
uler RBED by Brandt et al. [3]. In such systems, worst
case resource reservation or execution is usually used to
guarantee the performance of critical real-time applications,
such as external event/signal sampling and processing; non-
critical applications, including soft real-time (e.g. desktop
audio/video) and best effort (e.g. compiler), receive the left-
over resources. However the constant worst case reservation
mechanism always overbooks the resources that a real-time
application does not really need, so slack time is generated
when a process’ job completes before its reservation is con-
sumed. As a result, the system may waste resources.

In this paper, we present a slack reclamation mechanism
that improves the performance of soft real-time applications
and still guarantees the worst case reservation of hard real-
time applications. Our preliminary results show that this

flexible scheduling mechanism results in significant perfor-
mance improvement for soft real-time processes in terms of
reducing their deadline miss ratio and tardiness compared
to the well-known CBS [1] mechanism and the BEBS algo-
rithm [2].

2 Related work

A traditional slack stealing algorithm [6] schedules ape-
riodic jobs whenever the periodic tasks and sporadic jobs
have slack, that is, their execution time can be safely post-
poned without causing them to miss their deadlines. Its
main drawback is the incurred overhead to compute the
amount of the available slack at each scheduling decision
time.

CBS [1] provides a greedy slack time reclamation mech-
anism by immediately releasing the next job of an expired
process with the deadline set to the end of its next period.
Slack time is automatically used by acyclic or cyclic pro-
cesses that allow the system to re-phase! their jobs’ release
times. Our work aims at utilizing the slack time for periodic
soft real-time processes that do not allow re-phasing their
jobs’ release time. GRUB [5] is a CBS-alike algorithm. It
tends to dynamically allocate excess capacity to the current
running server or a few active servers in direct proportion to
their processor shares. It has to frequently decide the tim-
ing and duration slack time (idle time) is available. Further-
more the available slack time is dynamically re-allocated
to the needy servers by updating their reservations. These
dynamic operations incur a large overhead.

The IRIS principle [7] enhances CBS with a fairer slack
reclaiming strategy and guarantees a minimum execution to
a task in a fixed interval of time. Similar to IRIS, BEBS [2]
models best-effort applications as aperiodic tasks. In both
IRIS and BEBS, slack time is pushed back to the end of a
point only until which it is available to be used fairly. Our
work focuses on improving the performance of soft real-
time processes in terms of tardiness and deadline miss ratio
by consuming the slack time as early (and not fairly) as pos-
sible.

INote that to re-phase a job’s release time means to dynamically adjust
its pre-defined release time to a new one so that the job can be released
earlier or later than the pre-defined one.



Our previous work RBED [3] provides a CBS-like slack
time management mechanism in which only best-effort pro-
cesses consume the slack left by hard real-time and soft
real-time processes. It does so by immediately releasing
the next job of an expired best-effort process with the dead-
line set to the end of its next period. With this technique,
though slack time is evenly distributed among the runnable
best-effort processes, a newly-entered best-effort task may
cause others to starve; also it does not allow other classes
of processes (notably soft real-time) to take advantage of
dynamic slack.

3 System model and problem description
3.1 System model

The system we are considering is an integrated system
(as described in our previous work RBED [3]) consisting
of hard real-time, soft real-time and best-effort processes.
Our system uses separate rate-based resource allocation and
EDF scheduling algorithms for process management.

3.1.1 Rate-based resource allocation

The rate-based resource allocation mechanism, which is
similar to the reservation-based resource allocation (such as
Processor Capacity Reserves [8]), allocates a fixed mini-
mum resource budget to each process in a fixed interval.

In our system, each periodic real-time (hard and soft)
process T; consists of sequential jobs J;, where each job
has a release time r;, fixed period p;, deadline d;y, and
fixed minimum execution budget ¢;. The resource rate (uti-
lization) of T; is u; = % All best-efforts processes are man-
aged by a single pseudo periodic server (called BEServer)
which has a pseudo period ppeserver and a pseudo execution
budget epeserver (The detailed management conducted by the
BEServer is explained in [4]). Note that the release time of
a periodic process (except the BEServer) in our system can
not be re-phased dynamically during scheduling. The total
global system utilization is Uy = Uggt + UsRT + Upeserver
where Ux =Y rex T.u and X is the set of all tasks of type X.
Specifically, upon request at process creation time, the rate-
based resource allocation mechanism determines the execu-
tion budget e; for process 7; according to the following rules
subject to Ug < 1:

e If 7; is hard real-time process, e; is assigned to its worst
case execution time so that all its deadlines are guaranteed
to be met. T; is rejected if Uy > 1 upon the allocation.

e If 7; is soft real-time process, e; is assigned to an allocated
bandwidth, which is usually less than the worst case but
more than the average case. T; is rejected if U, > 1 upon
the allocation.

e For the BEServer, a minimum resource utilization P is
reserved for it to guarantee no best-effort processes is
starved, i.e., Upeserver = max(B, 1 — Unrr — USRT)-

3.1.2 EDF scheduling and one-shot mechanism

Our proposed mechanism uses EDF to schedule processes
with resource reservation and overrun protection enforced
by a high-precision one-shot timer. Since U, never exceeds
1, the EDF scheduling algorithm always provides the re-
quired guarantees to the different classes of processes in the
system (see [4] for details).

Note that process overrun is protected by issuing a one-
shot timer to the current running process with the timer
counter set to the process’ left budget ¢; (¢; of a process
is initialized to its assigned budget e¢;). When the one-shot
timer expires, processes are rescheduled as a normal pre-
emption happens. Here, we only consider soft real-time
process overrun since it uses average execution reservation.
We assume a job is never dropped in such a way that an
overrun soft real-time process may still re-start the overrun
part of a job upon its next release (Note that an alternative
is to notify the application to drop its overrun job if drop
is allowed). An example of process overrun is given in Fig-
ure 1(a), which shows the CPU allocation for three real-time
(soft or hard) processes T1, T2 and T3 in the system with
following configurations respectively: (p; = 6,e; = 1.5),
(p2 =8,e2=4) and (p3 = 10,e3 =2.5). Assume the first
job of T'1 has actual execution time 2, which is larger than
its budget e; = 1.5. Thus its first job overruns and the over-
run part is pushed back until the next release time.

3.2 Problem description

There are drawbacks when using the simple EDF
scheduling algorithm with the one-shot mechanism for an
integrated system in which hard real-time and soft real-
time processes may generate slack time at any time because
of highly varying execution times but constant reservation.
Figure 1 shows the problems. First, slack time may be not
used by a past overrun job of a process. In Figure 1(a),
the first job of T'1 has an overrun part of 0.5; the first job
of T2 has actual execution time of 2 and thus it generates
slack time of 2. Since there is no slack time management
employed, the overrun job of T'1 can’t start to execute until
time 6 and thus misses its deadline. Second, slack time may
be not used by a future (following) overrun job of a pro-
cess. In Figure 1(b), the first job of T'1 has actual execution
time of 1 and thus it generates slack time of 0.5; the first
job of T2 has an overrun part of 0.5. Again without slack
time management, the generated slack time is pushed back
to a far idle point until which it is available. As a result, the
overrun job of T2 misses its deadline.

4 Efficient slack time management

The basic principle for our slack time management is to
use slack time as early as possible for the soft real-time pro-
cesses that need it most. Note that our performance met-
rics for soft real-time processes are tardiness and deadline



T 1 L L L L L L L L L L L L ‘

0 1 2 3 4 5 6 7 8 9 10
Slack time

0 1 2 3 4 5 6 7 8 9 10

0 1 2 3 4 5 6 7 8 9 10
(a) case 1

Slack time
T Il il Il Il Il Il Il Il Il i Il Il Il Il ‘
0 1 2 3 4 5 6 7 8 9 10
Overjw—\
v L ) e
0 1 2 3 4 5 6 7 8 9 10
0 1 2 3 4 5 6 7 8 9 10
(b) case 2

Figure 1. Drawbacks of EDF scheduler with one-shot support
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Figure 2. Slack time management for soft real-time processes

miss ratio, but not fairness in using slack time. As described
in section 3.1.2, the currently running process is associated
with a one-shot timer that controls the process’ maximum
execution. The one-shot timer starts or updates its counter
value according to the process’ leftover budget when the
process starts or resumes to run.

When the one-shot timer expires before the running pro-
cess completes, a predefined timer handler is called to set
the status of the currently running process to expired and
trigger process re-schedule. In re-schedule, the currently
expired process is preempted and at the same time the EDF
scheduler selects the next runnable process with the earliest
deadline in the run queue.

When the currently running process completes or blocks
before the one-shot timer expires, slack time is generated.
Upon process completion or blocking, re-schedule is again
triggered. In this case, the expired process with the earliest
deadline is selected to run with the remaining one-shot timer
(see Figure 2(a) for example). This is done by resetting the
status of the selected expired process to runnable and artifi-
cially creating for it a virtual deadline equal to the deadline
of the process which generates slack time. Note that the
actual deadline (i.e., the next release time) of the selected
process is kept unchanged because its next job release can’t
be re-phased. During this whole process, no dynamic com-
putation or resource re-allocation is needed. In this way, the
slack time is allowed to be consumed by the expired pro-
cesses using EDF until the timer expires. In case there is no
expired process available, the next runnable real-time (hard
or soft) process with the earliest deadline is instead selected
to run with the remaining one-shot timer. Note that the BE-
Server is an exception, in which the slack time is transferred
to the future runnable processes until the one-shot timer ex-
pires (see [4] for details).

The run queue is sorted by earliest deadline first. We use

two list heads, expired-head and runnable-head to respec-
tively index the first expired process and the first runnable
process with the earliest deadline in the run queue. Thus
no overhead is incurred to pick a process (either expired or
runnable) with the earliest deadline to run.

Our slack time solution solves the problems presented in
Figure 1. The corresponding resulting schedules are showed
in Figure 2. Clearly, in both examples, with slack time man-
agement, no job misses their deadlines even though there
are overrun jobs. The advantages of using EDF scheduler
with one-shot mechanism are summarized as follows:

e Slack time is always consumed as early as possible by pro-
cesses that need it most. Thus the tardiness and deadline
miss ratio of soft real-time processes are reduced.

e EDF is used as a universal scheduling algorithm both in
normal process scheduling and slack time management.

e Scheduling overhead is low since no dynamic complex
computation on scheduling parameters are required.

In our system, in order to reduce the overhead caused by
dynamic schedule, all best-effort processes are in turn se-
lected to run by a BEServer, which is a pseudo soft real-time
process scheduled by the EDF. The BEServer is treated as
a normal soft real-time process, with the exception that BE-
Server is not allowed to use slack time produced by other
real-time processes until there are no expired or runnable
real-time processes in the system. For space limitation, we
do not show the detailed design of the BEServer and its ad-
vantages (refer to [4] for more details).

5 Preliminary results

We simulated our slack time management technique and
compared its performance to CBS as well as BEBS. Note
that in both CBS and BEBS, we artificially allow the jobs’
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Figure 3. SRT performance comparison among CBS, BEBS and RBED

release times of a process to be re-phased so that compar-
ison can be conducted. For simplicity, we call our system
using EDF with one-shot mechanism as RBED.

One of our simulation workloads consists of five hard
real-time (HRT) tasks and one soft real-time (SRT) task.
All the HRT tasks have the same scheduling parameters
(p = 40ms, e = 4ms) and thus each of them takes 10% of
the CPU usage; the SRT task has fixed period p = 40ms,
but varying average reservation by increasing its average
usage from 40% (corresponding to e = 16ms) to 50% (cor-
responding to e = 20ms) during the simulations. The actual
execution times for each job of the five HRT tasks and the
SRT task are generated randomly in such a way that the ac-
tual execution time of each HRT task is never larger than
its reservation e = 4ms and the average actual execution
time of the SRT task is more or less equal to its reserva-
tion e. Figure 3 shows the performance comparison in terms
of average tardiness (fraction of the SRT period) and dead-
line miss ratio for the SRT task in CBS, BEBS and RBED.
Clearly, RBED outperforms CBS and BEBS regardless of
the load of the SRT task. For space limitation, we do not
show the other results from our simulations with multiple
SRT tasks (please refer to [4] for more detail), but the re-
sults are similar. We also recorded the context switch num-
ber for each run in our simulations. The result is by using
our slack time management no extra overhead is introduced
compared to CBS or BEBS.

6 Conclusion and future work

We present a slack time management technique, which
allows soft real-time processes to use generated slack time
as early as possible. Our simulation results show signifi-
cant performance improvement for soft real-time processes
in terms of smaller tardiness and lower deadline miss ratio
by using this technique other than CBS or BEBS.

Our future work is to implement the efficient soft real-
time resource management technique (including slack time
management and best-effort management) in a real system,

such as Linux 2.6, and thoroughly investigate its perfor-
mance by performing extensive experiments.
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