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Abstract the increasing complexity of modern processors makes it
difficult to produce an accurate upper-bound of a task’s exe-
Modern operating systems frequently support applica- cution time [7], requiring conservative estimates of reseu
tions with a variety of timing constraints including hard usage.
real-time, soft real-time, and best-effort. To guarantee  Because actual application execution time often varies
performance, critical applications typically over-reser in data-, time-, or system-dependent ways, applicatiass fr
resources based on worst-case resource usage estimateguently use less resources than they have reserved, creat-
while others may reserve based on average-case or otheling dynamic slack—reserved but unused resodtcgani-
estimates. When resources are fully subscribed, the perfor |arly, all except critical hard real-time applications ngt
mance of soft- and non-real-time applications depends uponcasionally (or even frequently) need more resources than
the effective distribution of dynamic slack—reserved, butthey have reserved. The efficient reclamation and redistri-
unused resources—from other tasks. Motivated by severabution of dynamic slack to processes whose current needs
representative examples, we derive four general prinsiple exceed their reservation can significantly improve the per-
for the effective management of slack. We have implemente¢ormance of both soft real-time and best-effort applicagio
these principles in four progressively better slack sched- By its very nature, the availability of dynamic slack is
ulers that demonstrate their effectiveness. BACKSLASH,unknown beforehand and can On'y be scheduled dynami_

which employs all four principles, misses fewer soft real- cally, when it is detected. Similarly, overrun situatiome a
time deadlines than all of the other slack schedulers we €X-not known until a task has consumed all of the resources
amined. that have been reserved for it. The traditional solution is
to schedule slack-consuming tasks when all real-time tasks
are idle. This guarantees that all hard real-time deadlines
1 Introduction will be met. In traditional priority-based real-time syste
(such as RT-Linux [19]), this is accomplished by giving all
hard real-time tasks higher priorities than all non-hagdH
time tasks. Assuming that the rate monotonic schedulgbilit
conditions are met [14], all real-time deadlines will be met

The increasing demand for more powerful computing
platforms and applications requires modern operating sys-
tems capable of simultaneously supporting applications

with a variety of different time constraints. The hierarchi and non-real-time task; will only run,.and consume slack,
cal HLS scheduler [16], the flat integrated RBED sched- whenever all hard real-time tasks are idle. Modern general-

uler [4], the VRE model [9], the BEBS scheduler [2], and purpose systems such as Linux and others implementing the

the two-level hierarchical scheme [8] are examples. SuchPO?IX sttandz;rd [18] uset5|mc;I§r me:;hamsng;s. S_omledr_e-
systems simultaneously support (1) critical hard reaktim cent systems have begun to address this problem, inciuding

applications such as external signal sampling and processg:BS [1], CASH [5], GRUB [13], RBED [4], BEBS [2],

ing, (2) non-critical soft real-time applications such askt .IRlS .[15]’ and H|sReWr| [3]. These systems present var-
top multimedia, and (3) best-effort applications such as ious ideas that improve the performance of non-hard-real-

. time tasks.
compilers, word processomrstc. In such systems, hard real-

time applications typically make worst-case resourcerrese ~ Based upon a careful study of the ways in which slack
vations in order to guarantee that they meet all of their dead ¢@n P& more effectively used to meet the deadlines of tasks
lines, soft real-time applications reserve less than worst ——— _ _ _
case to achieve a desired level of performance, and best- " this paperwe are concerned only with dynamic slack. Seick—
.. . . unreserved resources—may be consumed by changing theatises of
effort applications make no reservations beyond what is gne or more applications that can vary their resource usEes, when-

necessary to avoid starvation. Exacerbating the situation ever we use the tersiack we are referring solely to dynamic slack.




whose resource usage exceeds their reservations, ingludinevenly distributed among the runnable best-effort prazgss
those in the systems above, we have derived four principlesa newly-entered best-effort task can cause others to tem-
for effective slack scheduling. These principles represen porarily starve; it also does not allow other classes of pro-
a new understanding of the mechanisms underlying the ef-cesses (notably, soft real-time) to take advantage of dy-
fective use of dynamic slack and capture the key ideas be-namic slack. In HisReWri [3], designed for fixed priority
hind the effective slack management implemented in theseschedulers, recent scheduling history is reviewed and con-
systems. Our principles are implemented in four progres-sumed slack is retroactively allocated to tasks that exetut
sively better slack schedulers: SRAND, SLAD, SLASH, if slack was available, tasks’ budgets are replenished &y th
and BACKSLASH. These schedulers demonstrate the in-amount of slack they consumed.
creasing effectiveness of each of the principles. BACK-  CASH [5] extends CBS to include a slack reclaiming al-
SLASH, which implements all four, misses fewer soft real- gorithm. When a server becomes idle with residual budget,
time deadlines than all other slack schedulers we examinedthe slack is inserted onto tlvash queuerdered by servers’
deadlines. Whenever a new server is scheduled for execu-
2 Related work tion it will first use any queued budget whose deadline is
less than or equal to its own. CASH has the disadvantage
of using deadline extension for servers: the earliest avail
able slack is always used for the current task whose server
has the earliest deadline, but a task that needs more budget
to complete will have its deadline postponed before it com-
pletes. CASH performs poorly with aperiodic tasks since
a task can'’t start to use its own server's budget until the
Server's previous slack in the cash queue is exhausted. Re-
cent modifications to CASH improve its bandwidth sharing
and allow it to work in the presense of shared resources [6].
The BWI algorithm [11] applies the idea of priority
inheritance to CPU resources in CBS, allowing a block-
ing low-priority process to steal resources from a higher-
priority process that it has blocked. The CFA algorithm [17]

Many researchers have examined this problem in vari-
ous contexts and have developed a number of effective tech
nigues for improving slack scheduling. Far from contradict
ing them, our research borrows from them, distilling out and
collecting the key principles that make for effective slack
management. Some of the most relevant related project
are discussed below.

Slack stealing algorithms [12, 18] schedule aperiodic
or periodic low-priority jobs whenever the execution of
high priority jobs may be safely postponed without caus-
ing missed deadlines. The main drawbacks areatpgori
knowledge of execution times that is required and the over-

head incurred when computing the available slack duringimproves the BWI algorithm by tracking stolen resources

Sd_ﬁ]du'(':ng deC|S|§ns.d idth S CBS) M1 diatel and allowing victimized tasks to reclaim them. Both of
e Constant Bandwidth Server ( ) [1] immediately these mechanisms improve the performance of CBS in the

_releases the nextjob of atask that has cc_)mpl_eted its Currenbresence of priority inversions caused by access to shared
job. By doing this, a task may borrow against its future bud- oo 1ces  Because our present research is concerned ex-

get fprdqurrenli exegultlonb. CBSﬁWOHfS fcr)]r bort]h penlodgand clusively with independent processes, neither BWI nor CFA
aperiodic task models, but suffers in that the early-réleas ., 4 affect the performance of CBS or any of the other

effef:t::/_ely Ir(])werfs the priorifty 0f|5|iCk|';?gSlirging rt]asks, algorithms we examined. In addition, neither of these algo-
punishing them for consuming slack. [15] enhances rithms directly manages slack, as ours do.

CBS with fairer slack reclaiming. BEBS [2] is similar to

IRIS, but designed for time-share applications. In these al . ..

gorithms, slack is not reclaimed until all current jobs have 3 Slack scheduling principles

been serviced and the processor will otherwise idle. Our

work focuses on improving the performance of soft real- Our goal is to derive an effective EDF-based slack sched-

time processes in terms of missed deadlines and tardinessler from first principles. We present a series of examples

by consuming slack as early (and not necessarily as fairly)demonstrating potential slack management problems. For

as possible. each problem, we present the solution to the problem, de-
GRUB [13] is a CBS-like algorithm that dynamically al- rive a general principle embodying that solution, and dis-

locates excess capacity to active servers. It requiresya ver cuss how the principle can be applied in practice.

fine granularity of time and must frequently compute the

duration that slack is available. The available slack is dy- 3.1 When to allocate slack

namically re-allocated to servers by updating their reserv

tions. These dynamic operations incur a large overhead. The first question we examine is that of when to allocate

RBED [4] also provides CBS-like slack management for slack. The traditional approach is to allow slack-consigmin

best-effort processes, which may consume the slack of hardapplications to run when all real-time tasks are idle, as im-

real-time and soft real-time processes. Although slack is plemented in RT-Linux, Linux, and other systems based
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Figure 1. When to allocate slack

the POSIX standard. This approach isolates the real-timereservation, preserving the correctness of the schedhbls. T
tasks from the non-deterministic behavior of non-complian leads to Principle 1:
or otherwise non—lreal-tlme tasks but, bec"’?use it delays thePrinciple 1. Allocate slack as early as possible, with the
use of the slack, it does not always allow it to be used for _ . - .
L2 o priority of the donating task.

overruns by other tasks, reducing its utility.

Figure 1(a) illustrates this problem. All three tasks (la-  Implementing Principle 1 requires that the slack gener-
beled T1, T2, and T3) are released at time 0. Task 1 has aated by all tasks is known at the time that they complete
reservation of 1.5 time units, but needs 2 units to meet itsthe processing for their current job. This is feasible in any
deadline at time 6. Task 2 has a reservation of 4 time units,scheduler that budgets resources to tasks and dynamically
but only needs 2 units to meet its deadline at time 8. Tasktracks their resource usage, as does our system and many of
3 has a reservation of 2.5 time units and needs all 2.5 unitsthe other systems and schedulers discussed above.
to meet its deadline at time 10. Although Task 2 has slack Our SRAND algorithm, described in Section 4.3, imple-
available at time 3.5 that could be used by Task 1, the sys-ments Principle 1. When a task completes, any remaining
tem is not idle until time 6, at which time Task 1 misses its budget (slack) is used to schedule a randomly selected task,
deadline. at the priority of the donating task. SRAND performs sur-

The solution is to provide Task 2's slack to Task 1 at time Prisingly well, providing fewer deadline misses than ttae tr
3.5, as illustrated in Figure 1(b). The system should not wai ditional approach, demonstrating the effectiveness df ear
until all tasks are idle, nor should it use the next deadline o slack donation. However, randomly allocating slack to$ask
the overrun task to determine its priority (as in CBS, IRIS, iS not optimal. The question of which task to donate slack
RBED, and BEBS). Because they are reserved by Task 20 is addressed in the next section.
the 2 time units of dynamic slack generated by Task 2 can
safely be used to meet the processing needs of Task 1, al3-2 Who to allocate slack to
lowing Task 1 to meet its deadline, without causing Task 3

to miss its deadline. This leads to a potential principle: The next question we examine is that of which task to
allocate the slack to. One possible solution is to just dive i

Potential Principle. Allocate slack as early as possible. to tasks that have overrun their budget. However, a task that
is going to overrun its budget may not have done so at the
Because our goal is to meet timeliness constraints, earlietime that the slack is available, and thus may not yet know
allocation of slack should produce better results. Prongidi  that it needs slack.
slack to a task earlier may allow it to meet a deadline that  This problem is illustrated in Figure 2(a). All three tasks
it would otherwise have missed, as shown in Figure 1(b), are again released at time 0 and the deadline and reserva-
and should never cause it to miss a deadline that it wouldtions are as in Figure 1: Task 1 has a period of 6 and a
otherwise have met. reservation of 1.5 time units, Task 2 has a period of 8 and
There is one problem with this potential principle. Al- a reservation of 4 times units, and Task 3 has a period of
though a task should allocate slack as soon as it is avail-10 and a reservation of 2.5 times units. This time, however,
able, it cannot necessarily allocate all of its slack immedi Task 1 only needs 1 time unit to complete its processing,
ately. If a higher-priority task comes along, that task must generating .5 units of slack, while Task 2 overruns its bud-
be allowed to execute before the allocation of the slack get, requiring 4.5 time units to complete. Principle 1 does
proceeds. The solution is to execute the slack-consumingnot necessarily help in this situation because at the time th
task with the priority of the donating task. In this way, the the slack is available from Task 1, Task 2 does not need any
slack-consuming task will never delay the execution of any slack, and thus may not receive any.
task that would not have been delayed by the execution of The solution to this problem, as illustrated in Figure 2(b),
the donating task had the donating task consumed all of itsis to provide the slack to Task 2 as soon as it is available,
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Figure 2. Who to allocate slack to

even though it has not yet overrun its budget. This allows 3.3 Borrowing from the future
Task 2 to use both its allocated resources and the slack gen-
erated by Task 1 to meet its deadline at time 8. Again, be- In CBS, IRIS, RBED, and BEBS, when a task overruns
cause Task 2 uses the resources of Task 1 at the priority othe resources allocated for its current job, its budget-is re
Task 1, it does not interfere with Task 3 and all tasks meetplenished and its deadline is advanced one period. This al-
their deadlines, preserving the correctness of the scaedul lows the current job to borrow from the budget reserved for
This leads to Principle 2. the task’s next job. If the subsequent job underruns its bud-
get by at least the amount borrowed for the current job, then
Principle 2. Allocate slack to the task with the highest pri- this borrowing caused no problems. If the subsequent job
ority (earliest deadline). needs more resources, it may itself borrow from the job after
it. In this way, tasks whose actual execution varies around
Principle 2 says that not only should the system immedi- an average-case estimate may meet far more deadlines. Be-
ately make the slack available to other processes, as specicause the resources borrowed from future executions of the
fied by Principle 1, but it should give it preemptively to the task are executed at the priority of the following job (i.e.
task with the earliest deadline. The reasoning behind ¢his i with that job’s deadline), this borrowing preserves the cor
that the server with the earliest deadline is the most alitic  rectness of the schedule.
by virtue of being closest to its deadline, and thus the least  Although SLAD generally outperforms CBS, it can still
likely to benefit from any later donations of slack. If any be useful to allow a job that overruns its budget to borrow
task will overrun its budget, the first one to do so is likely to budget from a future job of the same task when no slack is
be the one with the earliest deadline. In that case, the slackcurrently available. This is illustrated in Figure 3(a).ska
given to it will increase the likelihood that it will be able 1 has a budget of 1.5 and a period of 3, Task 2 has a budget
to meet its deadline. And if it does not overrun its budget, of 1 and a period of 8, and Task 3 has a budget of 3 and a
then it will complete sooner and it will itself have slacktha period of 8. Tasks 2 and 3 always use their budget, but job 1
can be allocated to the task with the next earliest deadline,of Task 1 needs 2 time units to complete, while job 2 needs
and so on. This provides slack uniformly to many tasks, in only 1. Because no task has any slack to donate to job 1 of
order of deadline, carrying it forward until it is needed. Task 1, Task 1 misses its first deadline.
In a system based on EDF, the information needed to  The solution to this problemis illustrated in Figure 3(b).

implement this principle is easily accessible. The tasketor  The budget of job 1 of Task 1 can be replenished with the
ceive the slack is always the next task to be scheduled. Be-budget of job 2 of Task 1, and the deadline extended to that

fore consuming its own budget, the task will consume any of job 2. Because job 2 of Task 1 has an earlier deadline than

remaining budget of the donating task. Should a higher- the current jobs of Tasks 2 and 3, job 1 of Task 1 continues

priority task interrupt the task, it will consume any remain to execute and meets its deadline. Because Job 2 needs less

ing slack from the donating process before consuming itsthan its full allocation, it also completes before its dézell

own budgeted resources. The correctness of the schedule is preserved because job 1
Our SLAD SLAck Donation algorithm, described in Of Task 1 uses the resources of job 2 with the priority (i.e.

Section 4.3 implements Principles 1 and 2. It allocates deadline) of job 2. This gives us Principle 3:

slack as soon as it is available, to the process with the ear'PrincipIe 3. Allow tasks to borrow against their own fu-
liest deadline, with the priority of the donating task. SLAD ture resource reservations (with the priority of the jobrfro

always outperforms SRAND, demonstrating the effective- \y i, the resources are borrowed) to complete their current
ness of Principle 2. SLAD also outperforms CBS and some

ob
other algorithms using the early-release mechanism, but th :
early-release idea has additional benefits, as discussiegl in Principle 3 says that in addition to donating slack to the
next section. task with the earliest deadline as soon as it is available, as
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Figure 3. Borrowing from the future

specified by Principles 1 and 2, we should also allow tasksallocated to the task with the earliest original deadline re

to borrow against their own future allocations, as in CBS, gardless of whether or not that task has been dynamically

IRIS, RBED, and BEBS. assigned a new extended deadline. Implementing this re-
Strictly speaking, this principle is about the scheduling vised Principle 2 requires a little more record-keeping to

of potential future slack; resources are borrowed from fu- keep track of both the original and extended deadlines, but

ture jobs of the same task in the hope that the resources wilthe overhead is negligible.

turn out to have been slack. This principle in effect says:  Our SLASH (SLAD + CASH) algorithm, described in

always deal with the most critical job of a task first. When Section 4.4, implements Principles 1, 2, and 3. It allocates

a job overruns its budget, we know that it needs more re-slack as soon as it is available, to the task with the earli-

sources. Allowing it to use resources allocated to the nextest original deadline, and allows jobs to borrow from future

job of the same task, with the priority of that job, cannotthur jobs of the same task. SLASH generally outperforms both

any other task, and may help the current job of the overrunSRAND and SLAD. However, it introduces another prob-

task. Of course, borrowing resources from the future may lem. This problem and its solution are discussed in the next

cause future jobs to miss deadlines. But we know that if we section.

don’t borrow, the current job will miss its deadline, while

if we do borrow, the next job may use less resources than itg 4 Donating to the past

was allocated or get slack from another process—because

its deadline is later, it is more likely to get slack than the ) . . o .
current job. Even with the revised Principle 2, Principle 3 introduces

This principle is straightforward to implement. Once a another problem. A task which _has used up its budget, bor-
task's budget is depleted, it is immediately recharged and"@"ed resources from a future job, and then completed the
current deadline is extended to the next deadline. OncelOb may not be eligible for slack, even thoughit has already
the deadline has been extended, the system continues tgemonstratgd the need for t_he slack (qnd, effectively, has a
be scheduled with EDF. The deadline extension mechanisn{€2dy used it). The reasoniis that the job has completed and
provides resource isolation and prevents any violation to 'S O longer in the EDF task queue, so is not even consid-
other servers, preserving the feasibility of the schedule. ~ €red for donation by the slack scheduling algorithm.

Principle 3 alone may cause two problems. The first is This problgm is illustrated in Figure 4(a). The tasks are
that a task whose deadline has been extended may miss afff€ Same as in Figure 3: Task 1 has a budget of 1.5 and a
opportunity for slack donation, as occurs in CASH. Accord- Period of 3, Task 2 has a budget of 1 and a period of 8, and
ing to Principle 2, slack is always allocated to the task with sk 3 has a budget of 3 and a period of 8. This time, how-
the highest priority (i.e. earliest deadline). A task whose €Ver, we assume that both jobs 1 and 2 of Task 1 need their
deadline has been extended has effectively had its priorityfull @llocation of 2 time units and Task 2 requires only .5
lowered, possibly below that of another task, in which case ime units to meets its deadline. Attime 1.5 when Task 1
any slack that comes available will be given to that other N€€ds slack, no slack is yet available from Task 2 so, apply-
task. This takes slack away from the very task that needs iti"g Principle 3, job 1 of Task 1 is allowed to borrow from
the most—the one that already used up its original resourcd®P 2 0f Task 1 (with the priority of job 2) to meet the dead-

allocation. line of job 1 at time 3. Attime 2, job 1 of Task 1 completes
This problem may be addressed by a slight modification and Task 1 idles until its next release time at time 3. Attime
to Principle 2: 2.5, Task 2 completes with .5 units of slack time. As Task 3

) o ) is the only one that is active, it receives the slack from Task
Revised Principle 2. Allocate slack to the task with the 5 Then attime 3, job 2 of Task 1 is released with deadline
highest priority (earliestriginal deadline). of 6 and a budget of 1 time unit (depleted due to borrowing

The revised Principle 2 says that slack should always beby job 1). Task 1 runs from time 3 to time 4, consuming
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Figure 4. Donating to the past

its entire depleted budget. It then recharges its budget andearliest deadline, allows borrowing from future jobs of the
extends its deadline to time 9. Because Task 3 has an earliesame task, and allows jobs that have borrowed from future
deadline, it runs until time 6.5, at which time it finisheshwvit  jobs of the same task to remain eligible for slack donations
.5 units of slack (the slack carried forward from Task 2). It that occur before their original deadline. Our results show
now gives the slack to Task 1, but it is too late to help—Task that BACKSLASH, which implements all four principles,
1 missed its deadline at time 6. generally outperforms all of the other slack scheduling al-
The problem is that, although Task 1 needed slack, it gorithms we examined.
completed the slack-consuming job by borrowing from its
next job before the slack was available and the next job 4 Implementation details
(with depleted budget) has not yet been released, making
it ineligible to receive slack. The solution to this problem Thi . , . .
. L : . is section presents details of the implementation of
as illustrated in Figure 4(b), is for Task 2 to give the slack our slack schedulers
generated at time 2.5 to Task 1, which has already demon- '
strated the need for slack. This allows job 2 of Task 1 to
meet its deadline at time 6. This leads to Principle 4: 4.1 Task model

Principle 4. Retroactively allocate slack to tasks that have ~ Like RBED, VRE, and BEBS, our real-time system uses

borrowed from their current budget to complete a previous an integrated scheduler for hard, soft, and non-real-time

job. processes. The low-level scheduler is earliest deadlisie fir
(EDF[14]). Processes use the scheduler by associating thei

In effect, this principle says that a task that borrows from tasks with a rate-based server.

a future job to complete its current job should remain eli-

gible to receive slack with the priority of its original (wae 4.2 Rate-based server and EDF scheduling

tended) deadline. Having demonstrated the need for slack,

this task should receive slack before currently executing Resource allocation is achieved usingte-based

slack back-donation principle guarantees that any deadlin Beps, and other bandwidth servers. A server is charac-
extension of a task’s job should not affect the slack domatio  terized by a reservation tupl®s, Ps), whereBs is the ex-

mech_anisrn._ _ _ ~ ecution budget an® is the period (both in units of time).
This principle is an EDF version of the mechanism im- The server utilization i&)s = %, A dynamic deadlinels

plemented in HisReWri. HisReWri operates on static prior- (wherek is the period index) occurs at the end of each pe-
ity rate monotonic schedules, but effectively does the sameyjo(d.

thing: tasks that previously consumed slack are eligible to  Each hard or soft real-time task is associated with its
receive future slack donations. Implementing this princi- own server. Periodic and aperiodic best-effort tasks are
ple requires that the system maintain information about re- scheduled as soft real-time tasks. All other best-effaitsa
cently completed jobs that consumed slack. Alternatively, are served by a single server (called BEServer) in a time-

it can keep information about any depleted budgets, and thesharing fashion. The configurations of the servers for the
deadlines of the jObS that did the depletlng With this in- different kinds of tasks are as follows:

formation, slack can be back-donated according to the EDF

principle used for regular slack donation. e Hard real-time: Bs is the worst-case execution time
Our BACKSLASH algorithm, discussed in Section 4.4, (WCET) andPs is the period (for periodic tasks) or
implements this principle, in addition to Principles 1, Bda inter-arrival rate (for aperiodic tasks). Every hard real-

3. It allocates slack as early as possible, to the task wéh th time task is guaranteed to receive its worst-case CPU



budget in every period. The total utilization of hard 1. When a new task arrives, a new server is created for it
real-time servers iIgHRT. and its parameterd®s, Ps) are initialized as described
in Section 4.2. The server state is seidie.

e Soft real-time: Bs may be less than the worst case ex- . ) . .
2. When a new job arrives it is enqueued in the server

ecution time (e.g., average case execution time) and . : ! )
Ps is the period (for periodic tasks) or minimum inter- queue. If the server ile, its deadlinels is set to the
arrival time (for aperiodic tasks). Every task is guar- current time and a new period starts.

anteed a minimum CPU budget per period, allow- 3. Atthe beginning of a server period, the current budget
ing good average performance, though some jobs may of a servercs is set to its reservation budggy, its dy-
miss deadlines. A job whose deadline has been missed ~ namic deadlinelsy 1 is set tods + Ps, and its state is

may be dropped or may continue to run in the next set towaiting.
server period, depending upon the task. The total uti- 4. Thewaiting server with the earliest deadline becomes
lization of soft real-time servers i$ggry. running If there is nowaiting or running server, the

system becomes idle and the idle time is donated to the
same task as described in step 5.

5. Arunningserver executes its pending task on the CPU
until it has finished its task or consumed its budget,

o Best-effort: Pgg is set to provide good responsiveness
based on the system load, aBgk = Ugg x Psg, where
Ugk is the unreserved utilizatiofl — Unrt — Usgr).

The scheduling algorithm used in our system is earliest- and decreases its budggtby the actual amount of
deadline first (EDF). Since the system enforddggf + CPU consumed. If it has no pending task, it donates
Usrr+Uge) < 1 at all times, it always guarantees that all any remaining budget to:

deadlines of all servers will be met. Because the budget
Bs of the server for every admitted hard real-time task is
always set to the task’s WCET, this guarantees that all hard

(a) thetask of the server in theaiting or expiredstate
with the earliest deadline; or, if none exist, to

real-time deadlines will always be met. Other (e.g., soft (b) the idle task

real-time) tasks deadlines may or may not be metdepending g Whencs of a running server equals zero, if there is

upon theirseryers’ budgets and the availability and eiffect a pending job, its state is set éxpireduntil the start

use of dynamic slack. _ _ _ of the next period, atlsy. 1, at which time step 3 is
Under EDF, the server with the earliest deadline becomes repeated; otherwise, its state is setdie until a new

eligible to pick its next pending job to run on the CPU. If a job arrives.

server has consumed less than its budget and has no pending
tasks to execute, the remaining budget is slack and may be
donated to another server.

To ensure a feasible schedule under EDF, a task must not
overrun its server's reservation. Our system uses a one-sho#-4 SLASH and BACKSLASH
timer to prevent task overrun. Upon task execution, if it
reaches its server’s reservation (by using up its buddeg), t ~|deally, we would like to donate slack to the soft real-
one-shot timer interrupt handler will preempt the task and time tasks that need it the most, and execute overrun tasks
take the actions specified by the specific server schedulinggs early as possible (so that they improve their chance of

7. When arunningserver is preempted, its state is set to
waiting.

algorithm (described in the following subsections). meeting deadlines) by not forcing a server to remain in-
active when its budget is consumed. SLASH and BACK-
4.3 SRAND and SLAD SLASH address these two desires by improving the SLAD

) o ) EDF-based slack donation mechanism with Principles 3 and
SRAND implements Principle 1—it donates slack as 4 (as well as the Revised Principle 2).

early as possible. Whenever a server generates slack, |jnjike SLAD, SLASH and BACKSLASH have nex-
SRAND randomly selects another active server (Whose ,;req state. When a server consumes its budget, the bud-
deadline is necessarily greater than that of the curreks¢Yas get is recharged, its deadline is advanced by one period,
to execute with the remaining budget of the dona}ting SeIVer.and its state is reset waiting. To implement the revised

_ The SLAck Donation (SLAD) slack scheduling algo-  principle 2, SLASH and BACKSLASH use earliest virtual
rithm implements Principles 1 and 2—it donates slack as yeaqiine first (EVDF) for slack scheduling decisions. The

early as possible, to the task with the earliest deadline. ;5| geadline, which is theriginal deadline, of a server
SLAD was designed for periodic tasks, although it also 5 ¢ajculated as follows:

works for aperiodic tasks. In SLAD, a rate-based server has
four statesidle, waiting, runningandexpired The SLAD Osk—t
algorithm is as follows: Ve = sk — =X Ps




wheret is current time (note that the conditiods, >t and running task by the same amount of CPU con-

VOsk < dsk always hold). While a server’s deadline may sumed while increasing the budget (up to the same

be extended upon expiration, the virtual deadline remains amount) of the first servesyq in Q (If ¢y, ==

unchanged until the server’s job completes. Bs,.q» Sevd is dequeued fron® and it is assigned
The detailed algorithm of SLASH differs from SLAD the next available server @Q).

(described in Section 4.3) in the following manner:

1. Instep 2, if the server islle andcs > (dsx —t)Us, dsk 5 Performance evaluation

is set to current timéand a new period starts.

2. In step 5, for theunning servers without a pending
task: ifvdsk < dsk, the server's state is setitdie; oth-
erwise the serves donates slack using EVDF sched-
ule,i.e. it donates any remaining budget to the task of
anotherwaiting server with the earliestirtual dead-
line (instead of earliest deadline).

3. In step 6, whews of arunningserver becomes zero, if

We implemented SRAND, SLAD, SLASH and BACK-
SLASH in the Linux 2.6 kernel. For comparison, we
also implemented CBS, CASH, IRIS, BEBS, and “EDF”, a
reservation-based EDF algorithm that, when all other tasks
are idle, allocates slack to the task with earliest deadline
Our test machine was a 1 GHz Intel Pentium 3.

Our results showed that hard real-time tasks frequently
p S X : missed their deadlines with IRIS. Even when all hard real-

there is a pending job, the server is recharged with full 0 (35K met their deadlines, the performance of soft real
budgetcs = Bs, its dea_dllne IS mcr_e%mentetdg,kﬂ - time tasks was worse than in most of the other algorithms.
ds + PS’_ Qnd_|ts state Is re_set Wa'“”FJ (or remains BEBS performed better than IRIS, but similar to CASH. For
runningif it still has the earliest deadline); otherwise, ¢4y BEBS and IRIS were left out of our performance fig-
its state is set talle until a new job arrives. ures. In addition, because we are concerned with the effect
The modification to step 6 allows an expired server to Of slack allocation on the performance of the soft real-time

borrow from its future budget and remain in thaiting  tasks, our figures show only those tasks.

or running state. However, under the modified rule, a task ]

whose server has already borrowed some budget from thé-1  Performance metrics

future would have been donated slack but missed the op- ) . .

portunity. The modifications of step 5, maintains the orig- ~ Our metrics for soft real-time performance afeadline

inal slack donation mechanism (as in SLAD) regardless of Miss ratio(DMR)—the ratio of deadlines missed to the to-

whether the server has borrowed from its future budget. Thet@l number of periods (jobs)—anardinesgTRD)—the ra-

modification to step 2 allows SLASH to support aperiodic tio of the total accumulated lateness for all jobs to theltota

task arrivals. length of all periods. Lateness is O for jobs finishing on or
In order to support slack back-donation, BACKSLASH before their deadlines, and the amount by which the job has

uses a back-donation que@ewhich contains the servers missed its deadline for any job finishing after its deadline.

that have borrowed budget from their future. The detailed ~ The deadline miss ratio and tardiness for a set of soft

algorithm of BACKSLASH is similar to SLASH except real-time tasks can be computed in two ways: averaged over

BACKSLASH guarantees the task that should have beenthe tasks, treating alasksas equally important, or over the

donated the slack will be retroactively donated the slack, entire experiment, treating afleadlinesas equally impor-

which is shown in a modification tstep 5of the SLASH tant. Which one is more important depends upon the goals
algorithm: of the system and the behavior of the algorithms differs

somewhat under these two different set of metrics so we
1. Instep 5, for theunningserverswithout pending task:  have chosen to present both. Interestingly, our algorithms
if vdsk < dsk, the server’s state is set tdle and if  do somewhat better using the second set of metrics.
Cs < Bs (Whenvds < dsi is true), the servesis en- Average Deadline Miss Ratio (ADMR) and Average Tar-

queued in the back-donation queQen virtual dead-  diness (ATRD) average DMR and TRD over the tasks and
line order; otherwise the servsiis scheduled as fol-  gre defined as follows:

lows until its budget is gone:

_ Zidm . . . .
(a) if Qis empty, it donates slack using EVDF sched- * ADMR= n_’ wheredmr. is the deadline miss ratio
: o ! of soft real-time tasK;.

ule as in the SLASH algorithm; otherwise S trd: _ )

) L e ATRD= =L wheretrd; is the tardiness of soft real-
(b) it starts back-donating: it runs the next task whose time taskT n

server is not slack server and has the earliest dead- g

line (i.e. using a normal EDF but not slack sched- Overall Deadline Miss Ratio (ODMR) and Overall Tar-

ule); when running, decreasing the budget of the diness (OTRD) average DMR and TRD over all periods and
slack serves and the budget of the server of the are defined as follows:



e ODMR= 2"™ \wherendm is the total number of  5.3.1 Load effect on performance

Zinp
deadlines missed.¢. ndm=dmr-np)andnpisthe  the first experiment shows soft real-time performance as
total numgirrdofng;arlods of task. a function of system load. The workload consists of two
1 i

e OTRD= periodic hard real-time tasks and one periodic soft reaéti
task, given in Table 1 (the time units for all task parameters

ODMR and OTRD treat alleadlinesas equally important.  in this section are in milliseconds).

Zinp

5.2 Workloads

Table 1. Workload 1
Task Task Server Pa_lrameter
Although we have conducted extensive comparisons, in ef?(r%mmer; — P"’gim;tersu — A’(*S)IUS"Z?S;
the interest of brevity we discuss two representative work- [fArTT 558 500 258 600 | 4306 | +12 | +2%
loads: fixed task sets and random tasks sets. We first in-| HRT2 | NW(175) | 350 | 175 | 350 | 50% | -14 | —4%

. . SRT3 NA(15) 300 15 300 5% +6 +2%
vestigate the effect of load and period on the performance

of fixed sets of soft real-time tasks. Then we use extensive

random workloads to demonstrate the overall and average

per;\(l)lrr?at%ce of Sltz.ft real-tlrlr(1|e t?kf' test ecution times with its server budget equal to its WCET,
¢ do ne reat- |:ne Wgr ola sdofr Ol:r: ests were %e.n' and SRT3 has normally distributed execution times with its

eraled using a tool we developed for e purpose. LIVeNgq /o budget set to its ACET. SRT3 will often overrun its

a specification of a period (or minimum inter-arrival time) budget but should still be able to meet most of its deadlines

and execution time (worst-case execution time (WCET) or by taking advantage of the slack from HRT2 and borrowing
average-case execution time(ACET)), the tool generates Peitc own future budget as necessary.

riodic hard real-time or soft real-time tasks with constant . . : .
Figure 5 shows the deadline miss ratio and tardihes

variable (with a normal distribution) executlon_tlme_s. SRT3 as a function of its task load ranging from 5% to
In all of our experiments, the actual execution timef : . X
) . 25% under each of the slack scheduling algorithms, with
a task is a random value drawn from one of the following .
distributions: total server load equal to 100% with 2% reserved for best-
' effort tasks. Figure 5(a) shows that (1) SRAND outper-

In this workload HRT1 has constant execution time equal
its server budget, HRT2 has normally distributed ex-

1 ,@ forms EDF, demonstrating the benefit of donating slack at
1 NW) ={ vme > »0<x=H the earliest possible time, (2) SLAD outperforms SRAND,
0, x<0orx>p demonstrating the additional benefit of donating slack to

a normal distribution (with meap and standard de- the task with the earliest deadline, (3) SLASH outperforms
viation o = 0.1) except for the values that are non- SLAD, demonstrating the effectiveness of allowing jobs to

positive or greater thap borrow from future jobs of the same task, (4) BACKSLASH

. slightly outperforms SLASH, demonstrating the effective-

1o 5 0<x ness of slack back-donation, and (5) BACKSLASH out-

2. NA(Y) = q van ’ performs all of the other algorithms we examined. It re-
Qv XS O ] ) duces the deadline miss ratio of SRT3 to zero until SRT3's
anormal distribution with meapand standard devia-  pad exceeds 17% and in the worst scenarios still reduced
tion o = 0.1y, except for the non-positive values. SRT3's deadline miss ratio by about 21% compared to CBS

or CASH. Unsurprisingly, all of the algorithms perform bet-

S!ncg we are fogusmg on the performan_ce O.f real-time ter when the load of SRT3 is lovi.¢. the load of the HRTs
applications in a mixed environment we arbitrarily reserve .

a minimum of 2% of the CPU for best-effort tasks, enough is high and the amount of available slack is large), and per-

. . ) . : form worse as the load of SRT3 increases.
to provide a functional interactive system for running com- Fi 5(b) sh h di f SRT3 und h of
mand shells during the experiments. igure 5(b) shows the tardiness o under each o

the slack scheduling algorithms. The results are similar to
¢ | ith fixed Kload the deadline miss ratio results, except that SLAD has less
5.3 Performance results with fixed workloads tardiness than BACKSLASH when SRT3's load is equal to
25%. This is because SLAD may cause a soft real-time task
In the fixed workload experiments, we change one or two to mjss more deadlines by smaller amounts, while BACK-
task parameters (such as execution budget or period) whiles| ASH may cause it to miss fewer deadlines but by larger
keeping the other parameters and workload characteristicgmounts.
fixed. This allows us to investigate the robustness of the
slack scheduling algorithms to changes in these parameters 2with only one soft real-time task ADMR=ODMR and ATRD=OTRD.
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Figure 6. Period effect on performance (one soft real-time t ask, u=50%

5.3.2 Period effect on performance Figure 6 shows SRT6's performance as a function of pe-
. ) riod ranging from 60ms to 380ms. The results again demon-

The second experiment shows soft real-time performance ag,ate that (1) SRAND outperforms EDF, verifying princi-

a function of server period. The workload consists of five ple 1, (2) SLAD outperforms SRAND, verifying principle

periodic hard real-time tasks and one periodic soft reaéti 2, (3) SLASH outperforms SLAD, verifying principle 3, (4)

task, given in Table 2. BACKSLASH always slightly outperforms SLASH, verify-
ing principle 4, and (5) BACKSLASH always outperforms
Table 2. Workload 2 all of the other algorithms, again reducing the deadlinesmis
Task Task Server Parameter ratio by 100% in the best case.
Parameters Parameters Adjustment

e=f@ [ p [ B] P JU=F]4@ [ A
HRT1 | NW(20) | 200 | 20 | 200 | 10% 0
HRTZ | NW(30) | 300 | 30 | 300 | 10%

0 8 5.4 Performance results with random workloads
HRT3 NW(40) 400 | 40 | 400 10% 0 0

0 0

0 0

HRT4 NW(50) 500 | 50 | 500 10% H
HRTS |~ Rw@s) | 600 |48 | 600 8% The purpose of our random workloads is to show how

SRT6 | NA(30) | 60 | 30 | 60 | 50% | +20 | +40 well each algorithm performs in different dynamic ran-
dom scenarios in which the number of hard real-time and
soft real-time tasks, the task model (periodic or aperipdic

In this workload, every hard real-time task has normally and the tasks’ parameters (periods or minimum inter-drriva
distributed execution times with server budgets set ta thei time, and execution budget) all differ. The periods and exe-

WCET. SRT6 has normally distributed execution times with cution budgets vary randomly from 1 ms to 1000 ms. These

its server budget set to its ACET. The first four hard real- workloads allow us to study the average performance of dif-

time tasks each reserve 10% of the CPU, the last one referent slack scheduling algorithms.

serves 8%, and SRT6 reserves the remaining 50%. The first random workload consists of 12 task sets, each
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Figure 7. random workloads with 8 tasks

of which has 8 periodic tasks with a random distribution of age/overall tardiness. In the best scenarios it achieves re
hard and soft real-time tasks. Each task has random loadspectively 65% and 66% lower average deadline miss ra-
and period such that the total load is high enough to over-tio and 77% and 86% lower average tardiness compared to
load the CPU. The second random workload is the same a<CBS and CASH. SLAD does not perform well in terms of
the first one except that all the tasks are generated randomlyleadline miss ratio for aperiodic task sets although it does
in aperiodic or periodic mode (called aperiodic task sets fo well for periodic task sets; however it always has lower tar-
simplicity). We run each task set for 100 seconds and mea-diness than CBS and CASH. Although CBS is designed for
sure the performance on average using both metrics. both periodic and aperiodic tasks, it achieves much better
Figure 7 shows the performance of the different slack performance with aperiodic task sets. CASH is designed
scheduling algorithms on the random workloads. The per-for periodic tasks, so it performs much better with them than
formance results for the first random workload (Figures 7(a) With aperiodic tasks.
and (b)) are very similar to those for the fixed workloads.
BACKSLASH again outperforms all other algorithms ex- Additional experiments (not shown) are consistent with
cept that SLAD has lower average tardiness than SLASHthese results. The exact performance depends upon the load
and BACKSLASH. Compared to CBS and CASH, BACK- ratio of the slack-donating and slack-consuming tasks, but
SLASH achieves respectively 88% and 44% lower averagein general BACKSLASH outperforms all other algorithms.
deadline miss ratio and 90% and 58% lower average tar-
diness (BACKSLASH achieves even better performance in  We also measured kernel overhead in terms of total
terms of overall deadline miss and overall tardiness). scheduling time spent in the schedule() function and total
The performance results on the aperiodic workload (Fig- context switch time incurred, during a 100s run for a task
ures 7(c) and (d)) are similar to those for the periodic ran- set with nine tasks used in the last random workload (not
dom workload, with a few notable differences. In gen- shown). Our results indicated that the overhead for all-algo
eral, BACKSLASH outperforms all the other algorithms in  rithms was similarly acceptable, averaging around .06% of
terms of both average/overall deadline miss ratio and aver-the CPU.



6 Conclusion

We have presented a set of principles for effective slack

management in an EDF-based system that supports mixes 6

of hard real-time, soft real-time and best-effort tasks:

Principle 1. Allocate slack as early as possible, with the
priority of the donating task.

Principle 2. Allocate slack to the task with the highest pri-
ority (earliestoriginal deadline).

Principle 3. Allow tasks to borrow against future resource
reservations (with the priority of the job from which the re-
sources are borrowed) to complete their current job.

Principle 4. Retroactively allocate slack to tasks that have
borrowed from their current budget to complete a previous
job.

[10]

We developed four slack scheduling algorithms,
SRAND, SLAD, SLASH and BACKSLASH, each adding
one principle to the previous algorithm. We implemented
them in the Linux 2.6 kernel and compared them to
CBS, CASH, (and IRIS and BEBS), and "EDF”, a naive
hierarchical EDF-based slack management algorithm.

Our results show that each of our progressively modi-

fied algorithms performs better than the previous ones, with [12]

BACKSLASH generally outperforming all others both in

terms of deadline miss ratio and tardiness. Compared to
CBS, and CASH, BACKSLASH reduces average deadline
miss ratio by 100% and 100% respectively in the best sce-

narios of our fixed workloads; and by 88% and 66% in [13]

the best scenarios of our random workloads. Although de-
signed for our system, these techniques should work equally
well in any deadline-aware scheduler. In the future we plan
to investigate the applicability of these principles tatista
priority schedulers.
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