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Abstract subject of this paper. Specifically, we consider the issue of

_ . . how to best support resource sharing in LITMUS
In the domain of multiprocessor real-time systems, these ha

been a wealth of recent work on scheduling, but relativély liScope of this paper. The contributions of this paper are
tle work on the equally-important topic of synchronizationwofold. First, we report on changes made to LITMWUS
When synchronizing accesses to shared resources, four basienable real-time resource sharing. Second, we present
options exist: lock-free execution, wait-free executiEpin- an empirical evaluation of several multiprocessor reakti
based locking, and suspension-based locking. To our knog¢nchronization options; this study is directed at presipu
edge, no empirical multiprocessor-based evaluation o§¢heproposed mechanisms as implemented on our LITMUS
basic techniques that focuses on real-time systems has egstbed. It is important to note that the scope of this paper
been conducted before. In this paper, we present suchduoesnot include the development of new synchronization
evaluation and report on our efforts to incorporate synchranechanisms. It also does not extend to systems other than
nization support in the testbed used in this effort. LITMUSRT, though we do believe that many of our conclu-
sions are of a general nature. To the best of our knowledge,
d . the real-time synchronization options considered heraireh
1 Introduction never been empirically compared before on an actual testbed
) ) ) Before continuing, let us examine the options available for
There has been much recent interest in techniques fgL iime resource sharing. Of the available options, itugk
scheduling real-time workloads on multiprocessors. With t .\« chanisms are clearly the most commonly used. However,
advent of multicore technologies, this is an important¢opiyhen the resource in question is a shared data object;
in the future, multiprocessors will be increasingly COMMmOR4cking algorithms can be used instead. We consider two
and applications with real-time constraints will be impleryrms of non-blocking synchronization in this papéock-
mented upon them. To enable such implementations, alg@w=domand wait-freedordt In non-blocking implementa-
rithmic research on real-time scheduling must shift in a@NOfions, object accesses may occur concurrently; as explaine
applied direction. To this end, our research group recenflyer |ock-free and wait-free implementations providé di
developed a testbed called LITMUS (LInux Testbed for o on progress guarantees when such accesses “interfere”
MUltiprocessorScheduling inReal-Time systems), which it one another. In contrast, when locks are used, concur-
is an extension of Linux (currently, version 2.6.20) that &lgncy is eliminated by sometimes requiring tasks to block.
lows different scheduling algorithms to be linked as plugii/hen a task must block, it can do so either gginning
components [11]. The development of I_-ITM@S has oc-  (pysy-waiting) or by beinguspendedThus, four fundamen-
curred at an auspicious time, given the increasing intémesty| techniques exist that can be used for enabling resource
real-time variants of Linux (see, for example, [1]). Thesgaring: lock-free execution, wait-free execution, spased
variants will undoubtedly be ported to multicore pIatformﬁ)Cking, and suspension-based locking. The main goal of
and thus could benefit from recent algorithmic advances iy, empirical study discussed herein is to compare these fou
scheduling-related research. techniques (on our LITMUBT testbed) on the basis of real-
Like scheduling, work on the equally-important topic ofime schedulability. The specific focus of this study is re-
multiprocessor real-time synchronization must also shi#t sgqyrces for which interesting trade-offs existg, external

more applied direction. Unfortunately, this topic (in camp devices with long access times for which suspension-based
ison to scheduling) has been somewhat neglected. Clegslcking is inherent are less relevant.

for a platform like LITMUST to be truly useful, support
for synchronization must be provided. Such support is tivultiprocessor scheduling. We assume that the workload
to be scheduled is specified as a collection of sporadic tasks
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respectively. guarantees, and thus are unlikely to be a viable option irtirea systems.




Such a task repeatedly submits work to the system in the foimg platform was used in performing the empirical evaluatio
of sequentiajobs A sporadic task system can be scheduladentioned above. In this evaluation, we first obtained sys-
via two basic approachegartitioning and global schedul- tem and synchronization overheads by running benchmarks
ing. Under partitioning, tasks are statically assigned to pron LITMUSRT. Using these overheads, we then conducted
cessors and each processor is scheduled separately. Utwdersets of schedulability experiments. In each, both hard
global scheduling, all jobs are scheduled using a single rand soft real-time schedulability were considered.
queue, and inter-processor migration is allowed. In this pa In the first set of experiments, we considered only locking
per, we consider one representative algorithm from each aatechanisms. Our goal was to determine when (if ever) sus-
egory: in the partitioned case, thartitionedEDF (P-EDF) pending is better than spinning. In this study, we consitlere
algorithm, wherein theearliest-deadline-firs{ EDF) algo- a wide spectrum of lock nesting levels and critical-section
rithm is used on each processor, and in the global case, dlveations. Interestingly, suspension-based lockiegerre-
global EDF (G-EDF) algorithm. As explained later, thesesulted in better schedulability than spin-based lockingn (
choices were made becauB®F-based algorithms have athe other hand, more processor time may be available to back-
number of desirable properties. Additionally, we considground jobs if suspension-based locking is used.) In the sec
both hard real-time systems in which deadlines should naind set of experiments, we considered specifically the prob-
be missed, ansbftreal-time systems in which bounded deadem of implementing shared data objects. Our main objective
line tardiness is permissible. Under eitfeEDF or G-EDF, here was to determine when (if ever) non-blocking techréque
restrictive caps on overall utilization are required inchaal- are preferable to locking techniques. Our study focused on
time systems (see [12] for a discussion of this issue). In cahree representative objects: read/write buffers, quearss
trast, undeiG-EDF, a cap ofm on m processors suffices if binary heaps (listed in order of increasing complexity). In
bounded deadline tardiness is allowed [16]. this study, schedulability was generally better with loaki

_ o ) but wait-free implementations tended to be comparable and
Prior synchronization-related work. Rajkumaretal.[27]  often even superior (even for more complex objects for which
were the first to propose locking protocols for real-time mulyajit-free implementations are often dismissed as impracti
tiprocessor systems. They presented two multiprocesser vaa|). On the other hand, lock-free implementations were vi-
ants of the priority-ceiling protocoRCP) [30] for systems apjeonly for simple objects.
where partitioned, static-priority scheduling is usedlalier — \ye present these findings later in Sec. 4 after first provid-

work, several protocols were presented for systems SChﬁfE;'needed background in Sec. 2 and describing our modifi-
uled by P-EDF. The first such protocol was presented byations to LITMUST in Sec. 3.

Chen and Tripathi [13], but it is limited to periodic (not spo

radic) task systems. In later work, Lopetzal. [24] and Gai

et al. [18] presented protocols that remove such Iimitationg, Backgr ound

at the expense of imposing certain restrictions on criseat |n the following subsections, we present our task model and

tions (such as, in [18], requiring all global critical setts to describe thé&MLP.

be non-nested). A scheme fG-EDF that is also restricted

was presented by Dewt al. [17]. More recently, Blocket 2.1 Task Model

al. [8] presented thélexible multiprocessor locking protocol

(FMLP), which does not restrict the kinds of critical sectioné/e consider the scheduling of a systemspbradic tasks

that can be supported and can be used under egHeDF denoted’, ..., Ty, onm processors. Thg™ job (or in-

or P-EDF. In the FMLP, resources are protected by eithefocation) of taskl; is denoted’;. Such a jobI’ becomes

spin-based or suspension-based locks. AME&P is the only available for execution at itelease timer(77). Each task

scheme known to us that is capable of supporting arbitrafy is specified by itsworst-case(per-job) execution cost

critical sections unde®-EDF. Furthermore, the schemes ire(7;), and itsperiod, p(7;). The job7; should complete

[17, 18, 24] are special cases of it. Thus, given our focus erecution by itsibsolute deadling(77) + p(T;); otherwise,

G-EDF andP-EDF, it suffices to consider only thEMLP it is tardy. The spacing between job releases must satisfy

when considering lock-based synchronization. r(Tj*l) > r(T7) + p(T;). TaskT;'s utilization reflects the
The literature on non-blocking synchronization is too eyrocessor share that it requires and is givere68;) /p(7;).

tensive for us to be able to cite every related paper on this

topic. However, we do note that non-blocking algorithmacheduling. A hard real-time system is considered to be

have been considered before in the context of real-time s§ghedulableff it can be shown that no job deadline is ever

tems; relevant citations can be found in [2, 28]. missed. Asoftreal-time system is considered (in this paper)
to beschedulabléff it can be shown that deadline tardiness

Results. In the first part of the paper, we explain how wés bounded. Algorithms that are used to check schedulabil-
added synchronization support to LITMUE, The result- ity must be designed to account for overheads that arise in



practice. Sources of such overheads include context switahe used in real-time systems, bounds on retries are require
ing times, cache-related overheadt;. Such overheads arewhen checking schedulability. In a wait-free implemeraati
typically accounted for by inflating per-job execution st each object call is implemented using purely sequentia¢cod
As noted earlier, all multiprocessor real-time schedulirige., blocking by spinning or suspending is not allowed, nor is
algorithms follow either a partitioning or a global-schédg unrestricted retrying. Thus, progress is ensuredifdividual
approach. Prior research has shown that, for hard real-tijobs: each object access by any job completes after a bounded
systems, partitioning algorithms are usually preferalléle number of instruction executions by that job (regardless of
for soft real-time systems, global algorithms are bettethe the behavior of other jobs). Implementations of lock-frad a
hard real-time case, most partitioning and global-schedul wait-free objects require no kernel support and typica#ig u
approaches have rather similar schedulability tests irakhe strong synchronization primitives such@smpare-and-swap
sence of overheads (a survey of such tests can be fotménsure that operations linearize properly.
in [12]).2 As a result, partitioning approaches tend to be When locks are used, jolissue request®r exclusive ac-
better because they have lower run-time overheads [11]. ckss to resources. If a request is not satisfied immediately,
contrast, in the soft real-time case, partitioning appheac then the issuing job is said to Iidocked Once satisfied, the
are subject to bin-packing limitations that can be elimédat issuing jobholdsthe resource until it completes its associ-
through the use of global algorithms. In particular, Leoratedcritical sectionandreleaseshe resource. A request
tyev and Anderson [22] (in extending prior work of Devis contained(or nested within another requesk’ if the re-
and Anderson [16]) have shown that most global algorithmgsiesting job already hold®’ when it request®. A request
are capable of ensuring bounded deadline tardiness e ans outermositf it is contained within no other request.
processor platform for any sporadic task system with total As noted earlier, blocking, either by spinning or suspen-
utilization at mostm. In contrast, there exist task systemsion, is inherent under locking. In real-time systems, job
with total utilization slightly higher tham:/2 that no parti- blocking times must be accounted for when checking schedu-
tioning scheme can scheduéen if bounded deadline tardi-lability. Locking algorithms in which spinning is used are
ness is allowed16]. Such limitations are the reason for theommonly calledspin locks In this paper, we limit attention
better performance of global algorithms (in terms of schedio FIFO spin locks known agueue lockswherein blocked
lability) in the soft real-time case. tasks wait within a FIFO queue of spinning tasks [4]. Such
The above discussion motivates why we have selectedking algorithms are designed so that all spinnintpésl,
one partitioning and one global-scheduling algorithm im oile., via read-only spin loops that (in the absence of preemp-
study. We have opted to considEDF-based algorithms tion) give rise to only a constant number of shared-memory
in both cases because static-priority algorithms are imferaccesses when used in systems with coherent caches or dis-
from the standpoint of schedulability generally [12], alath¢ tributed shared memory. Suspension-based blocking is used
not guarantee bounded tardiness without severely résgictin OS-based synchronization protocols in which resources
overall utilization in the soft real-time case [16]. are acquired and released via system calls. The literature
on lock-based synchronization is vast and includes (for ex-
ample) mechanisms that are hybrids of pure spin-based and
suspension-based mechanismg([23]). However, for our

Resources and shared objects. A resource can be ac-
cessed either by using a lock-free or wait-free algorithimor
acquiring locks. The former is possible only if the resousce

ferring to lock-free or wait-free algorithms. are of no interest to us. THeMLP, mentioned earlier, was

~ In alock-free object implementation, each object call |go\e|0ped with such analysis in mind. We describe it next.
implemented using a “retry loop.” Each iteration of such a

Iopp is called arattempt An attempt may eithesucceed)r 22 TheEMLP
fail. A successful attempt causes the implemented object to _ _ _
be updated as desired, while a failed one has no effect on@igen that our focus is on evaluating previously-proposed
object and must be retried. In the absence of any contentichronization mechanisms, it is not our intent here to de-
for an object, any attempt will succeed. However, if an olscribe every detail of theMLP. A full description of this
ject is accessed concurrently, then progress is ensurgd giptocol can be found in [8]. Instead of repeating that de-
in a system-wide manner: some attempt will succeed, butggiiption here, we have opted to explain how the design
individual job may fail repeatedly. When lock-free objectehoices underlying theMLP were made. Such a descrip-

_ _ _ _ tion should (hopefully) suffice when trying to understanel th
‘ 2A category ofoptlmal_ global algor_lthms exists calledPfair algo- experimental evaluation given later.
rithms [7, 31] for which this statement is not true. However, Pfdgoa . . TR .
rithms are conceptually more complex thBDF-based algorithms, so we TheFMLP is conS|dgred to be_' .erX|bIe for two reasons.
defer consideration of them to future work. it can be used under either partitioned or global scheduling




and it is agnostic regarding whether blocking is via spimon-preemptivity (see [8] for a discussion of long-reseurc
ning or suspension. Regarding the latter, resources are &atking underiG-EDF, where preemptivity is allowed) om
egorized as either “short” or “long.” Short resources are agrocessors, a request can be blocked by endy1 preceding
cessed using queue locks and long resources are accessegizests.

a semaphore protocol. Whether a resource should be con- ) ) )
sidered short or long is user-defined, but requests for loH§e @ (very) simple deadlock-avoidance mechanism. It

resources may not be contained within requests for short @l be difficult to accurately bound blocking times when
sources. The terms “short” and “long” arise because (int%QmF"eX andlock-avmdance r_nechamsms are used (such as
itively) spinning is appropriate only for short criticalations, Priority-ceiling-related mechanisms [27]). Moreoverade
since spinning wastes processor time. However, our expdP£K is @ problem only when resource requests are nested,
mental results presented later call this view into question nd We give evidence later that suggests that nesting is rela
The remaining details underlying the design of ipdLp  tively rare. In theFMLP, deadlock is prevented by “group-
were resolved with the express purpose of trying to ease {ig" resources and allowing only one job to access resources
task of calculating worst-case job blocking times. In thi§ @ny given group at any time. Two resources are in the
regard, simple mechanismare much more desirable tharpamMe group iff they are of the same type (short or long) and
complex ones: with complex mechanisms, very conserygauests fqr one may be n_ested within those of the other. A
tive assumptions must be made when determining blocki#puP lockis associated with each resource group; before a
times, and thus estimated blocking times (which are used @ Can access a resource, it must first acquire its correlspon

scheduling analysis) may grossly overestimate actual.oned group lock. For short resources, group locks are acduire

With this in mind, theFMLP was designed by systemati-usmg queue locks, and for long resources, they are acquired

cally considering a number of issues, and for each, considéfing @ semaphore protocol. Note that, in the case of nested
ing different design choices. In each case, the choice taat (ESOUrce requests, all blocking incurred by a job occurswhe
adopted was that which resulted in better blocking-time esf a{tempts to acquire the corresponding group lock.

mates. From these design decisions, a number of underlying;,qerp-EDF, it is possible that all tasks that request long
principles of theFMLP emerged, as listed below. resources from a given group may be assigned to the same
processor. Such long resources are caltedl (others are

Discour agepreemptions of resour ce-holdingjobs. - When ?Iledglobal). In dealing with local resources unde+EDF,

a resource-holding job is preempted, other jobs waiting f ; . )
the same resource may be substantially delayed. Thus, %kers uniprocessor stack resource proto@RE) [5] is

the FMLP, such preemptions are discouraged. For shéﬁeq in theeMLP instead of the more comp_lex mechanisms
resources, this is done by actually executing requests outlined above. Lopeet al. [24] were the first to propose

preemptively For long resources und&-EDF, priority in- this optimization. Note that, since there is no notion ofllec

heritanceis used instead: a job that holds a resource iﬁy underG-EDF, the SRP cannot be used under it

herits the priority of the highest-priority job that it bke& It is worthwhile to note that unddp-EDF the synchro-
Under P-EDF, long resource requests are executed nofjzation protocol of Gaét al.[18] is equivalent to th&MLP

preemptively withlocal priority inheritance: priority is in- when all long resource requesits are local, and that of Lopez

herited only from jobs that reside on the same processoreééal' [24] is equivalent to théMLP when all long resource
requests are local and there are no short resource requests.

the lock-holding job. The reason for this is that priorities- . ) L
not be meaningfully compared across processors (twojobs.T refo.re, an expenmentallevaluanon of FMLP implic-
different processors with equal deadlines may have very di?Y applies to the aforementioned approaches.

ferent priorities from a per-processor perspective: ong ma )

have the highest priority on its processor, and the other Be | Mplementation

lowest on its processor). Note that the group-locking mech-

anism discussed below ensures that a job suspends at rR§épre presenting our experimental results, we briefly ex-
once per outermost long request. Suspensions are not an (4N how we added support for tHMLP to LITMUS™.

for short resources since they are accessed non-preeiyptife detailed description of LITMUS" can be found
under bothG-EDF andP-EDF. in [10] and its source code can be downloaded from

http://www.cs.unc.edd/anderson/litmus-rt. We imple-
Prioritizelock requestson a FIFO basis. If lock requests mented thé-MLP through a combination of kernel- and user-
areEDF-ordered, then a job’s blocking time depends on fispace modifications. The kernel was modified to support pri-
ture higher-priority job arrivals. Usually, conservatigs- ority inheritance, th&RP, semaphores, and non-preemptive
sumptions must be made regarding such arrivals, which aattions. In LITMUS$T, schedulers are implemented as plu-
result in high blocking-time estimates. TIRMLP instead gin components that provide algorithm-specific functienal
prioritizes requests in FIFO order. With FIFO ordering anity [11]. We extended the scheduler interface to allow for



priority inheritance and added two new plugins that impléacludes any non-cache-related costs associated withréhe p
ment slightly-modified versions @-EDF andP-EDF as re- emption, while the latter two terms account for any costs due
quired by theFMLP [8]. We implemented non-preemptiveto a loss of cache affinity. Preemption (migration) overhead
sections by letting each real-time task register the addrésincurred if the preempted job later resumes execution on
of a flag in user-space during initialization. This flag ithe same (a different) processor.
set by the task prior to entering a non-preemptive section.Additional synchronization-related overheadsay also
When a delayed preemption is required because the taslkxist in real systems. In the case of #dLP, overhead is in-
preempt is executing non-preemptively (as indicated by #arred whenever any group lock (long or short) is acquired or
flag), the kernel sets a second flag in user-space. Whereleased and whenever aBRP-controlled resource (under
task leaves a non-preemptive section, it resets its flag @EDF) is acquired or released. In the case of lock acquisi-
checks the kernel’s flag. If it is set, then the task invokestians, these overheads exclude blocking times, which are ac
system call to both reset the kernel flag and call the schedunted for separately when checking schedulability. They
uler. This technique requires only one system call in the cdastead include such things as the time taken to enter the
of a delayed preemption, and zero otherwise. We createdueue-lock spin queue, the time needed to perform needed
user-space librarylibso, that uses the new kernel servicesystem callsetc. Note that synchronization overheads do
and themmap( 2) system call to provide the abstraction ofiot apply tonon-blockingapproaches—object-access costs
FMLP-controlled shared objects as well as process namifag such approaches are considered later in this paper.
and in-object memory management. We implemented short-
resource group locks in libso using T. Anderson’s arrayedad. imitations of real-time Linux. To satisfy the strict def-
gueue lock [4]. We implemented long-resource group lockstion of hard real-time, all worst-case overheads must be
via semaphores provided by the kernel. Our semaphore known in advance and accounted for. Unfortunately, this
plementation is modeled after that in Linux, with the exs currently not possible in Linux, and it is highly unlikely
ception that LITMUST semaphores require jobs to wait irthat it ever will be? This is due to the many sources of un-
FIFO order and priority inheritance is used as described epredictability within Linux (such as interrupt handlersdan
lier. So that theSRP can be used undé&-EDF, we added priority inversions within the kernel), as well as the ladk o
system calls to allow tasks to register (so that priority-ceideterminism on the hardware platforms on which Linux typi-
ings can be computed), acquire, and release local resourcally runs. The latter is especially a concern, regardlesgseo
When a job of a task subject to tB&P (i.e., it has registered OS, on multiprocessor platforms. Indeed, research on gmin
its intent to access aBRP-controlled resource) is releasedanalysis has not matured to the point of being able to analyze
the job’s priority (as given by its period) is checked. If itomplexinteractions between tasks due to atomic operation
does not exceed the processor’s priority ceiling, the jobhss locking, and bus and cache contention. Despite these ob-
suspended and added to a per-processor wait-queue, whegeritations, there are now many advocates of using Linux to
remains until the priority ceiling is lowered. support applications that require some notion of real-gmxe
ecution. As noted by McKenney [25],

4 Exper Iments | believe that Linux is ready to handle applications

requiring sub-millisecond process-scheduling and

In this section, we report on the results of experiments con- i ) “
interrupt latencies with 99.99+ percent probabili-

ducted using LITMUST to compare lock-free and wait- _ :
free algorithms and spin-based and suspension-based syn- {i€s Of success. No, that does not cover every imag-
chronization mechanisms as provided via fdLP. We inable real-time application, but it does cover a
compared these four approaches on the basis of both schedu- VeTY large and important subset.

lability and tardiness bounds, with various overheadsreet

mined empirically on our test platform. 8ur objectives in designing LITMUS' are in agreement

with McKenney'’s viewpoint. Thus, when checking schedu-
41 Overheads lability, we interpret task execution costs in a way that
is reasonable for a Linux-based system. Our main con-
In real systems, task execution times are affected by the feérn here (since this is not a paper on timing-analysis
lowing sources of overhead. At the beginning of each quamnols for determining execution costs) is accounting fa-sy
tum, tick scheduling overheaid incurred, which is the time tem and synchronization overheads. In doing this, we use
needed to service a timer interrupt. Whenever a scheduling
decision is made, acheduling cosis incurred, which is the 3By “Linux,” we mean modified versions of the stock Linux kelne

: : ith improved real-time capability, not paravirtualize@riants such as
time taken to select the next JOb to schedule. Whenevegﬁiinux[%] or L*Linux[20], where real-time tasks are not actually Linux

J:Ob .iS preempte(.bomext['SWi_tChing overhedd incurred, as tasks. Stronger notions of hard real-time can be provideidh systems, at
is eitherpreemptionor migration overheagthe former term the expense of a more restricted and less familiar developereironment.




experimentally-determined worst-case (average-casel ov |Overhead P-EDF 7‘V9/WC G-EDF /""Vg’WC
heads in the hard (soft) real-time case. Thus, in reality, w ;23?;2220” 15.70/42.00 12';8 /3421'88
interpret “h_ard real-time” to mean deadlines shoaldhost ~ [Context-switching 5 6579.05 2.5079.03
neverbe missed and “soft real-time” to mean that deadline|Scheduling cost 2.88/11.38 |4.317/22.96+0.075N
tardinesson averageremains bounded, even if some tasks | Tick_ _ 4.45/9.54 | 4.34/8.03+-0.067TN
misbehave. These are stronger guarantees than provided )\r_fea‘””g NIP'SECUO” ?gg;géi 8-?1;2-%
4 . . . . ong grp.-lock acqg. . . . .

most real-time Linux variants in commercial use today. Cong grpTock rel. 0057271 09271307

] . . . SRP resource acq. 1.07/4.48 —
Measurmg over heads. .Experlmentally estimating over SRP resource rel 1597801 —
heads is not as easy as it may seem. In particular, in repeaté@nort grp -lock acq, 01772.00
measurements of some overhead, a small number of samplé€Short grp.-lock rel. 0.0970.87
may be “outliers.” This may due to a variety of factors, such | Switching to kernel modg 0.31/0.34
as warm-up effects in the instrumentation code and the varit SWitching to user mode 0.54/0.89

ous non-deterministic aspects of Linux itself noted earlie Table 1:Measured average and worst-case overhead values for our
light of this, we determined each overhead term by discardifour-processor platform, ips. N is the number of tasks.
the top 1% of measured values, and then taking the maximum

(for hard real-time) or average (for soft real-time) of tiee r time. WSSs of 4K, 32K, and 64K were considered in [11],
maining values. Given Ourobjectives for LITM @g, stated but we On|y consider the 4K case here’ due to space con-
above, we believe that this is a reasonable approach. Mosgaints. However, data for the other cases can be found in
over, the overhead values that we computed should be maghendix B. Note that larger WSSs tend to decrease the com-
than sufficient to obtain a valid comparison of differentsymetitiveness of methods that suspend. Thus, we concentrate
chronization options, which is the main focus of this paperon the 4K case to demonstrate that, even in cases where such
The hardware platform used in our experiments is a cachigethods are most competitive, spinning is still preferable
coherent SMP consisting of four 32-bit Intel Xeon(TM) pro- The other overheads in Table 1 are newly-measured and
cessors running at 2.7 GHz, with 8K L1 instruction and daf@ere determined by recording timestamps at the beginning
caches, and a unified 512K L2 cache per processor, and 2 &8 end of the overhead-generating code sectierswe
of main memory. Overheads were measured and recorgggorded a timestamp before starting a context switch and
usingFeather-Tracea light-weight tracing toolkit developedafter the switch was completed. To obtain costs associated
at UNC [9]. We calculated overheads by measuring the sygith entering and exiting the kernel, we modified the kernel
tem’s behavior for task-set sizes between ten and 100 taskg)jishare a Feather-Trace buffer [9] with user-space andiinst
steps of ten. For each scheduling algorithm and task-set siaented both the kernel and real-time tasks to record the star
we measured 80 task sets generated randomly (using thezg¥ end times of system calls. Thus, four timestamps were
ponential and uniform distributions described in Sec. 4d) gptained per system call, from which we deduced the costs
a total of 800 task sets per scheduling algorithm. Each taglolved in transitioning to and from kernel mode.
set was traced for 60 seconds after five seconds of warm-upp the experiments presented in the next section, only
time (needed for task initialization, shared-library 188 5 four-processor system is considered. However, in Ap-
etc). In total, more than_lOO m|II.|on individual overheacbeno”X B, a 16-processor system is considered as well, to pro
measurements were obtained during more than 26 hourggfe some indication of how the tested approaches would fare

tracing. For each overhead term, we plotted the measuggl; |arger system. Each approach exhibited similar trends i
values obtained as a function of task-set size (discardifg 0ygth the four- and 16-processor cases.

liers, as discussed above), and then computed maximum and
average values. The resulting graphs are presented in Apekingtrendsinreal syssems. To better understand lock-
pendix A. Only two graphs showed a clear (linear) trenidg patterns in “real-world” systems, we used Feather-drac
(worst-case tick and scheduling overheads ur@d€EDF). to trace the locking behavior of the Linux kernel under var-
All other overheads could be characterized well by thein{coious loads, two video players, and an interactive 3D video
stant) average and maximum values. The results are sh@ame (details can be found in [9]). Although Linux is not
in Table 1. (The linear expressions in the table were obthing real-time system, its locking behavior should be simibar t
using linear regression analysis.) that of many complex systems, including real-time systems,
The preemption and migration costs in Table 1 were dehere great care is taken to make critical sections short and
rived in previous work [11], so we do not discuss the methodfficient. The video players and the video game need to en-
ology used to obtain them. In [11], these costs are givenage that both visual and audio content are presented to the
a function of working set size (WSS). These WSSs@ae user in a timely manner, and thus are representative of the
guantumthus reflecting the memory footprint of a particulalocking behavior of a class of soft real-time applications.
task during a Ims quantum, rather than over its entire life- Interestingly, in spite of the diversity of the systems é@c



we observed similar trends. Of the tested applicationg; omlccess in the contention-absent case, excluding any synchr
Linux uses spin locks. With Linux, we found that roughlyization overheads. Such overheads are discussed belew. Th
83% of critical sections protected by spin locks were nhomanner in which access costs and nesting levels were deter-
nested, 13% were singly-nested, and deeper levels of gestitined is also explained below.

occurred only rarely, with the deepest being six. More than . .
96% of critical sections were shorter thaps5in this case. >chedulability tests. - Schedulability can be checked for a

Each tested application uses semaphores, and the pereerqa’gn task set by using a schedulability tes; that has been
of non-nested critical sections in this case varied by app"ﬁu mented to account for both resource-sharing costs and th

cation and ranged from roughly 70% to nearly 100%. Tﬁlgrious overheads mentioned in Sec. 41 Overhgads can be
deepest nesting level observed was three. For the videe p ounted for by using standard accounting techniques to in

ers and video game, more than 97% of critical sections p ite task execution costs, as described in [_15]' .
tected by semaphores were shorter thas, &nd over 99% Resource-sharing costs must be determined differently for

were shorter than 1. For Linux, semaphores are used t8ach tested scheme. Wait-free sharing is the simplestisn th
protect longer critical sections (spin locks protect shioctit- Ease_, bezausi tgsks r:jever Z:O_Ck or r_efpeatehdly_ retry, tiney ca
ical sections), so critical-section lengths are slightigder. e viewed as being independerg,, as If no sharing occurs.

More than 93% of all critical sections were shorter thapn4.3 In corl1trast, retr)i bounds_a.r% ﬁeedgd n Lhe Ior::k-free c&a_e: !
under load; average lengths were significantly shorters THELY 00p comp ete_s on _'tﬁt |_terat|_on, then the processing
data, from four substantially different, real-world syste capacity needed for — 1 iterations is wasted. Retry bounds

supports the wide-spread assumption that short, noneéheS@" be comput_ed using form‘ﬁ'as from [15, 17]. Such_for-
critical sections are by far the common case in practice. rﬂ‘ulas are obtained by bounding the number of potentially-

more detailed discussion of these results can be found in [ginflicting accesses that can occur while some lock-free ac-
cess is in progress, and this is a function of the number of job

. releases that can occur over such an interval.
4.2 Experimental Set-Up Lock-based resource-sharing costs can be estimated us-

We determined the schedulability of randomly-generatskd t4n9 theFMLP analysis presented in [8]. For short resources,
sets under each scheme, for both hard and soft real-time {)§-needed analysis is straightforward, since jobs waftng
tems, using the overheads listed in Sec. 4.1. We used distHEh resources consume processor time. For long resources,
butions proposed by Baker [6] to generate task sets. Task peWever, the situation is more complex, since jobs wait by
riods were uniformly distributed ovét0ms, 100ms]. Task Suspending. Suspensions are notoriously difficultto dealw
utilizations were distributed differently for each expeent; " Scheduling analysis. Even in the uniprocessor case, Ri-

(i) uniformly, over the range [0.001, 0.1], [0.1, 0.4], or [0.5(’10uardet gl. [29] ha.lv.e. shown t_hat the problem of.checking
0.9]; (i) exponentially, with average 0.05 (range [0.00ﬂard real-time feasibility when jobs may suspend is NP-hard

0.1]), 0.25 (range [0.1, 0.4]), or 0.7 (range [0.5, 0.9])(iéi) in the strong sense. Because of such difficulties, suspemnsio

bimodally, distributed uniformly over [0.001, 0.5) withgls- &r€ Often dealt with by viewing a job that suspendssfome
ability 8/9, and over [0.5, 0.999] with probability 1/9. Tas units as if it hf';ld actually executed for thaseéme units. For
execution costs excluding the cost of resource-access tifisEPF: this is the approach we take. To our knowledge,
were calculated from periods and utilizations (and may I Same approach is used in all prior work on multiproces-
non-integral). Each task set was created by generating ta$k” Synchronization und&DF, where suspensions can arise
until either a specified cap on total utilizatioso@ for soft, due to inter-processor blocking [13]. FBFEDF, it is pos-
65% for hard) was reached or 100 tasks were generated, &€ t0 do slightly better: Devi [14] has presented sufficie
by then discarding the last-added task, thereby allowinggsot€chniques for accounting for suspensions on uniprocessor

slack to account for overheads. (We considered other cap&fl§l these techniques can be used uREDF, since each
some experiments, but they are omitted here.) processor is scheduled independently. We have used these

techniques in our analysis, but it should be noted that the al
Resource access generation. The number of shared re.ternative of viewing suspensions und&EDF as computa-

sources in a task set was determined using the fordiga tion produced nearly identical results. The difficultieset

The parametek’ denotes the maximum number of ﬁéé"ouré%ere asspciated with qnalyzing the impact of suspensidhs wi
accesses per task and was varied from 1 to 9. The paramBf Major repercussions, as we shall see.

a € {1,2) was used to control the degree of sharing. Each With overheads and resource-related costs accounted for

resource has aaccess coswhich is added to each access2S discussed above, we checked schedulability as follows.

ing task’s execution cost. This cost represents the cost of " P_'EDF’ we checked Wh_ether a given task_sgt could be
partitioned using the worst-fit decreasing heuristic, wité
4n the case of nesting, measured outermost critical-sedtizations in @dded constraint that tasks accessing common long resource

all cases included nested requests and any associated bistking. be assigned to the same processor. (This is less pessimistic




than using available closed-form tests and increaseske liobtained but not shown support these conclusions.
lihood of being able to implement long resources more ef- The remaining insets of Fig. 1 pertain to soft real-time
ficiently via the SRP.) If the added constraint could notsystems; schedulability results are shown in insets ({)—(f
be met, a second attempt was made to partition the taska®sd tardiness results fas-EDF are shown in insets (g)-
without it. If this failed, then the task set was deemed to i§§. Again, there are several interesting things to notestFi
unschedulable. Note that, und@/EDF, the distinction be- because the same schedulability test is used (with differen
tween hard and soft real-time schedulability only differs ioverheads) in the soft and hard cases, the schedulabiity re
the use of maximum or average overheads: under partiti@its shown foP-EDF in insets (d)—(f) are similar to those
ing, if tardiness is bounded, then it is zero, so the only weay $hown in insets (a)—(c). Of course, und®EDF, if a task
schedule a soft real-time task set is to view it as hard. set can be scheduled, then tardiness is zero. Second, the us-
To determine schedulability und&-EDF, the sufficient age of short resources undérEDF always results in the
schedulability test in [19] was used in the hard real-timme¢a best schedulability (often by a very wide margin). Third, in
and a simple check that the system is not over-utilized in tttee long-resource case, schedulability un@eEDF is quite
soft real-time case. In the latter case, tardiness bounds wgood if task utilizations are low and critical sections aot n
computed using formulas from [15, 17] (which can be appligdo long (see the left part of inset (d)) or if task utilizaiso
when jobs have non-preemptive sections). are fairly high (insets (e) and (f)). Fourth, tardiness unde
In the next two subsections, we present results from tW&EDF tends to be lower if resources are implemented as
sets of experiments, one conducted to compare spin-baskdrt rather than long (insets (g)—(i)). As above, otheultes
and suspension-based synchronization under FMLP that were obtained but not shown support these conclusions.
when implementing arbitrary critical sections, and a sécon A major reason why long resources yield poorer results
that focuses specifically on shared data objects. Consiglerihan short resources is the difficulty in analyzing the intpac
all possible combinations of parameters in our experimeoi-suspensions noted earlier. Given the earlier-citedtresu
tal set-up, it takes almost 1,500 graphs to present all of dRidouardet al. [29] pertaining to hard real-time uniproces-
data. Although we only present some representative exasnf systems, we are doubtful that significantly better analy
ple graphs here, the complete set of graphs can be foungiftechniques can be found for dealing with suspensions in

Appendix B. the hard real-time case. However, there is some hope that
o . better techniques may be found for soft real-time systems.
4.3 Spinning vs. Suspending Nonetheless, it remains to be seen whether better anafysis,

The first set of . ¢ ducted t it can be obtained, would alter our conclusion that spinigng
e irst set of experiments was conducted to compare {f ally preferable. We in fact believe that it would not. hi

short and Ior_lg resource variants of 1IF1I€‘ILI_3. Base(_j on the belief is based upon empirical evidence, discussed next.
trace data discussed in Sec. 4.1, we varied maximum outer-

most critical-section lengths (access costs) from 1 tad4 Spin-based utilization loss. Spinning clearly wastes pro-
Nested requests were generated in a manner that reflectc#®sing capacity where suspending would not. By determin-
distribution of nested calls discussed in Sec. 4.1. ing the conditions under which such waste leads to poorer

Fig. 1 shows results obtained for = 4, « = 1, K = 5, performance, we can gain insight into the extent of conser-
and tasks of low (left column), medium (middle column), andatism in our analysis techniques for suspensions, because
high (right column) utilizations. The:-axis of each graph these techniques do not reveal any performance advantages
gives the maximum outermost critical-section length; S&tafor suspending. In an attempt to determine such conditions,
sets were generated for each data point on this axis. we conducted experiments on LITMUS in which we mea-

In examining these graphs, we consider first insets (aured the utilization available to background jobs over an
(c), which concern hard real-time schedulability. There ainterval of 60s in the presence of real-time tasks exhibiting
several things to notice here. First, as critical sectioms tdifferent levels of lock contention. We assessed the impact
come longer (or, equivalently, nesting levels become d@gpef spinning in comparison to suspending by measuring the
schedulability tends to worsen. Second, schedulability psocessing capacity available to the background jobs: when
very poor undeP-EDF whenever the long-resource variantapacity is lost due to spinning, the background jobs receiv
of the FMLP is used, unless task utilizations are high. THess capacity. We varied the number of resources, relatide a
latter may seem counter-intuitive, but when task utili@as absolute critical-section lengths, and task periods aeduex
are high, fewer tasks exist, so synchronization costs are tien costs. Theelative critical-section lengtfRCSL of a
duced. Third, in the short-resource case, schedulabdityjob is the fraction of its execution time spent in criticatse
very good under botR-EDF andG-EDF if task utilizations tions. Of the listed parameters, we found that only RCSLs
are low (inset (a)). Finally, it is much better (from the stan and the number of resources had an impact on the observed
point of schedulability) to implement resources via spirgni results, so in the discussion that follows, performancesis a
(short) rather than suspending (long). Other results tleséw sessed with respect to these parameters only.
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Figure 1: (a)«(c) Hard real-time schedulabilityd)—f) soft real-time schedulability, an@)—(i) tardiness bounds (ips) for G-EDF
as a function of maximum critical-section length for thraekt utilization ranges. In comparing (a)—(c) with (d)-(Bcall that different
overheads and utilization caps are used in the hard andas#sc(Numeric identifiers have been included to help distit the curves.)

We implemented six task sets, each consisting of 8entical in all cases). Note that, when resources are imple
identical real-time tasks. Each task had a period withmented as long resources, the background jobs receive about
[40ms, 1000ms] (different periods were used for differen75% of the system’s capacity, as expected.
task sets) and a utilization of 0.125, but was configured The impact of spinning can be seen by comparing the three
to actually consume only about a quarter of its utilizatioghort-resource curves to the long-resource curve. Witi onl
Thus, if no utilization is lost due to spinning, then the baclone resource, spinning becomes detrimental when the RCSL
ground jobs should receive about 75% of the system’s capgarpasses 0.2. With less contention, the impact of spinning
ity (equivalent to a utilization of 3.0 on our four-processds lower: with two (four) resources, spinning becomes detri
test system). Each task’s RCSL was configurable and waental when the RCSL surpasses roughly 0.4 (0.6). Note
the same for all tasks in a set in each system run. Our tRat, in our experiments, all tasks of a given set have thesam
sults are shown in Fig. 2, which plots the processing capadffarge) RCSL. Thus, for example, an RCSL of 0.6 means that
available to the background jobs in different scenarios vehe real-time component of the systeaa a wholespends
sus RCSL. Each curve in the figure was obtained by aver@®% of its time in critical sections (ignoring spinning tijne
ing values obtained from the six implemented task sets. Rehis is a highly unlikely scenario. In practice, we would ex-
sources were implemented as either short or long, with opect any utilization loss due to spinning to often be neglai
two, or four resources in total. For the scenario in which
resources are present, the tasks were partitioned intggroy 4 Blocking vs. Non-blocking
of 32/z, with the tasks in each group accessing a separate re-
source. Note that, with one resource, contention is verly hi@ur main objective in the second set of experiments was to
(likely much higher than would ever arise in practice). FAg. determine when non-blocking techniques are preferable to
depicts curves for each implemented scenario (only onescublocking technigues when implementing shared data objects
is shown for long resources because the curves are almdsh-blockingimplementations that allow nested accesses a



i Object | Scheme|  Avg. Access Cost Max Access Cost
2 3l e T T Buffer | Short 0.38 us 0.67 us
S Tl Tl Buffer | LF 0.84 s (1.12+0.01 - N) us
3 25¢ Tl Buffer | WF | (2.62+0.01 - N)ps | (5.43+0.20- N) s
k] Tl Queue| Short 0.32 s 0.58 s
g 27 Queue| LF 0.66 us 1.25 us
e 5 Queue| WF 11.97 s (13.49+ 0.68 - N) us
5 Heap | Short 1.04 ps 2.60 us
T 1) Heap | LF | (11.31 4+ 0.04- N) us | (19.43 4+ 0.09 - N) s
g —Tong resource Heap | WF | (16.28 +0.08- N)ps | (34.22 + 2.49 - N) us
% 0.5 - - -4 short resources, 8 tasks contending
N -= 2 short resources, 16 tasks contending
£ . 1 short resource, 32 tasks contending Table 2:Formulas for determining object access costs in spin-based

02 03 04 05 06 07 08 09 1
critical section length (relative to job execution time)

0 o1 (Short), lock-free (LF), and wait-free (WF) implementaisp where

the number of tasks that share an objedVis (2, 32]. In the lock-

Figure 2:The effect of spinning on best-effort job utilization. free case, the term “access cost” refers to one retry-laption.

impractically compllcate(_j, so we only considered nonmdast_ In describing our schedulability results, we limit attemti
accesses. We also considered only the short-resourcauar@

L . . Tt soft real-time systems, due to space constraints. We also
of the FMLP, as it is superior to the long-resource varian . .
consider only buffers and heaps (the simplest and most com-

as e§tabllshed_ above. This study focused_ on three shared X objects we considered). As before, other omitted tgsul
jects: read/write buffers, queues, and binary heaps (which . . ;
) o support the conclusions drawn here. Fig. 3 shows tardiness
can be used to implement priority queues). For each, we sur-
) . results forG-EDF for buffers (top row) and heaps (bottom
veyed the literature and chose algorithms that we felt woul _ - -
) row) for the case wheren = 4 anda = 1 and task utiliza-
have the best performance. (In some cases, we implemente . .
~fions are low (left column), medium (middle column), and

and evaluated multiple algorithms before choosing.) We s . . :
. : . igh (right column). Fig. 4 shows corresponding schedu-
plemented lock-free buffers using an algorithm of Tsigas Iagilin(/ ?esults for)both(g-EDF and P—EDF? The ?c—axis

al. [32] and wait-free buffers using an algorithm of Ander- . .
son and Holman [2]. We implemented lock-free queues of each graph gives the value &f (access frequency); 50

ing an algorithm of Michaest al. [26]. The remaining algo-lﬁSk sets were generated for each integral point on this axis

. . . . Fig. 3 illustrates several conclusions. First, non-blagkim-
rithms were implemented using lock-free and wait-free un|-g 9

versal constructions of Anderson and Moir [3] plementations are generally better than spin-based omes fo

We determined access costs for lock-free aﬁd wait-free imple objects (insets (b)—(c)), while spin-based impleme
jects as follows. For each object implementation, we timz tions are roughly as good, and sometimes better, for com-
one task in anV-task implementation wher& € [2,32]. plex objects (insets (d)—(f); note that, given the scalget

. ; ) e)r, there is not much difference between the three schemes
Average and maximum execution costs were obtained after) . : :
.IN this case). Second, lock-free and wait-free algorithnes a

discarding the top 1% of values, as done earlier in obtainin . . . .
overheads, to account for outliers. For both buffer imple-aua”y preferable for simple objects, butwhen implentegti

. . ) . omplex objects shared by tasks of low to moderate utiliza-
mentations, we considered 10,000 read/write operatiotas on P ) y

buff L ¢ q h imol tion, wait-free algorithms are better (insets (d) and (€his
tign:rvc\:/gncsc;itéri](?e?e(;elr:),v(\)lg:) (Seﬁqlfjoerutese/ dqelaiueig:? \%&?Qt&ﬁerence is due to excessive retries in the lock-free.case
(40%) of the operations were enqueues (dequeues). For the .

heap implementations, we considered 10,000 operations®on Conclusion

a heap with a maximum size of 1,000 elements, witefé _ ) ) _

(40%) of the operations were insertions (extractions of th¥Ith the advent of multicore technologies, multiprocessor
maximum element). In the case of lock-based sharing, \R@forms_are _Of growing importance in the real-time do-
considered sequential versions of each object, and obotaiffé": Wh'le th's. realization has fu_eleq much recent work on
timings in a similar way. The measurements obtained a%hedullng, thg issue of synchronlzatlon has been somewhat
summarized in Table 2. As seen, roughly half of the impl8€dlected. Motggted by this, we have produced an extension
mentations were seen to have a clear linear dependence offig€ LITMUS™ testbed that incorporates support for syn-

number of tasks. (The listed linear expressions were oairfronization, and have used the resulting testbed to campar
by linear regression analysis.) several synchronization approaches. To our knowledgé, suc

a comparison has not been attempted before.
SUniversal constructions can be used to implement any type of object. The major conclusions of our study are as follow)

They are the only choice for implementing "complex” objetts which —\,hen jmplementing shared data objects, non-blocking algo-
specialized implementations do not exist. Universalityssially achieved

by requiring tasks to copy portions of the constructed disjestate. The rith-ms are gen.era”y preferable for small, simple objeats]
constructions in [3] are designed to lessen copying overhea wait-free or spin-based implementations are generalliepre
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Figure 3: Tardiness bounds (ips) as a function of access frequendy X for soft real-time systems scheduled ByEDF for (a)—(c)
buffers andd)—f) heaps for three task utilization ranges.
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Figure 4: Schedulability results corresponding to the cases in Figngets (a)—(c) correspond to insets (d), (c), and (f),eetyely, in
Fig. 3. Schedulability results for the other cases are edhithecause schedulability under each scheme was 100%.

able for large or complex objectgii) wait-free algorithms mentation sometimes relies on coarse-grained lockingmvith
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rent analytical techniques, suspension-based lockingyusr
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Appendix A G-EDF. However, this is not the case. The Linux implementation of
task switching performs cache pre-fetching of the taskrebbtock,
Inthis appendix we present and briefly discuss the overttbatisre which causes significant system bus traffic. UnBeEDF, con-
obtained by tracing LITMUS". Fig. 5 shows th@®-EDF specific text switches can be carried out in parallel on differencpssors,
overheads; the traces obtained un@eEDF are displayed in Fig. 6. in which case the burst of bus traffic coincides. In contraster
As discussed in Sec. 4, we instrumented the kernel with EeathG-EDF, context switches are serialized because a processor holds
Trace [9] to obtain timestamps of the start and end of the sede the (single) ready queue lock when carrying out a contextchwi
tions responsible for the overheads. We used the instriedé®@r- e believe that this leads to significantly reduced bus cuiume,
nel to measure the overheads for task sets with sizes raff@img thereby lowering the context switch overhead un@eEDF. Note,
ten to 100 tasks in steps of ten. For each point, we generated khat this is not a real reduction in overheads, as it onlytsthife
domly 80 tasks sets, for a total of 800 traces per scheduly®; a costs to the scheduling overhead (which is largerGeEDF) due
rithm. For each trace and each operation, we computed thé mag increased blocking times. The graph for context switatrbead
mum and average cost for each of the traced overheads (&fter dnderG-EDF, displayed in inset (c) of Fig. 6, shows a decreasing
carding the top one percent of the data, as described in)Séd:4 trend for the worst-case costs und&EDF. The reason for this is
nally, we plotted the average and maximum costs for eachs@iskimmediately apparent. The observed behavior may be a result
against the number of tasks in the task set to test whethevete cache behavior as an increase in the task set size will caose m
heads revealed a dependence on the number of tasks. Thphe gffequent scheduler invocations, however, it may also bertifiact
are displayed in insets (a)-(f) in Figs. 5 and 6. Each gragiwsh introduced by our method for discarding outliers, sincettaees
the maximum Q) and average ) costs per task set as points as welor larger task set sizes contain significantly more datatgoiIn
as the average (dashed line) and maximum (solid line) ofagk t order not to bias our results in favor 6:EDF, we chose to ignore
sets. In the following paragraphs, we briefly discuss théviddal  the decrease in cost for larger task set sizes and assumestano
overheads. worst-case context switch overhead of 9:83inderG-EDF. Since

Scheduling overhead. The measured scheduling overhead i{€ 9raphs for the worst-case context switch overhead undiiF
displayed in inset (a) in Fig. 5 (Fig. 6) f®-EDF (G-EDF). The and in the average-case under bot@eEDF and P-EDF exhibit

scheduling overhead includes selecting the highestifyriask and (@iMOst) constant behavior, we assume those overheadsdonbe

determining whether a preemption is necessary. In case oé-a pstant in the range of task set sizes that we consider in tipsrpa

emption, the overhead also includes the cost of list inmestand
removals, which are required to maintain sorted ready aledise
queues. Therefore, a linear relation is expected betweenumber
of tasks and the observed costs. However, in the caseEBDF,
list manipulations do not contribute in a major way to thereve
all overhead. Therefore, we consider both the worst-cadettam
average scheduling overhead un&eEDF to be constant (in the
range of task set sizes that we consider in this paper). $here
is only one global queue und&-EDF, the worst-case scheduling
overhead exhibits a significant linear trend (revealed bygttaph la-
beled “Average of Maximum/set”). Thus, underEDF, the worst-
case scheduling overhead is expressed as a linear funétioatask
set size. We used a least-squares linear regression toniletethe
slope. In the average case, the impact of the queue lengtsigmif-
icant undeiG-EDF in the range of task set sizes that we consider
this paper.

Tick overhead. The tick overhead is displayed in inset (b) iroemaphoreacquisition overhead. Acquiringa LITMU
Fig. 5 (Fig. 6) forP-EDF (G-EDF). The tick overhead consists ofSémaphore (used to implemeiSRP long resource group locks)

accounting overheads and release overheads (since nearples éguires a system call. If the semaphore is already beirgtheb
leased at quantum boundaries). Releasing a job also requéip- different task, then the overhead includes adding the stgetask
ulation of the ready and release queues. Therefore, siblavior 0 @ Wait queue. Also, priority-inheritance accounting mhaye to
to the scheduling overhead can be observed. The worst-case 26 carried out, which requires obtaining ready queue lockse
average-case overheads RYEDF are (almost) constant, whereadraphs, which exhibit (almost) constant behavior, are shiowin-
the worst-case tick overhead f@&-EDF is dependent on the taskSet (€) in Fig. 5 (Fig. 6) foP-EDF (G-EDF).

set size. However, as observed for the scheduling overtizatick
overhead is constant in the average case uBdeDF, too.

Delayed preemption overhead. Recall that if no preemption
is required during a non-preemptive section, then the fged pro-
tocol used to signal the start and end of a non-preemptiviéosec
between a real-time task and the kernel does not invoke astgray
call. However, if the kernel would have preempted the tagkiha
been preemptable, then the task in question must notify ¢éheek

of the end of the non-preemptable section by invoking théesys
callsys_exi t _np() . The measured overhead for this system call
(without the overheads encountered when entering andnigdiie
kernel, for which we account separately) is displayed ietifd) in
Fig. 5 (Fig. 6) forP-EDF (G-EDF). Since this system call does not
invoke plugin-specific functions, its behavior is similarder both
G-EDF andP-EDF. Both the worst-case overhead and the average-
case overhead are (almost) constant for both policies iretinge of
sk set sizes that we consider in this paper.

SR'T _

Semaphore release overhead. The release overhead consists
of unsuspending the task at the head of the wait queue andtyrio
Context switch overhead. The context switch overhead, dis-inheritance accounting. When compared to the other graples,
played ininset (c) in Fig. 5 (Fig. 6) fd»-EDF (G-EDF), isincurred measured values for the worst-case overhead under B&DF
when switching away from one task (and address space) tettie nand G-EDF reveal much larger variability than any of the other

It does not contain any policy dependent functions, theeetme measured overheads. This sign of non-determinism is caused
might expect to observe the same behavior under BeEDF and by unsuspending tasks in the Linux kernel with the function
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Figure 5: Observed costs und®EDF for (a) selecting the highest-priority real-time tagk) crossing a quantum boundary
(c) switching tasks(d) signaling the end of a non-preemptive secti@acquiring a LITMUST semaphore(g) releasing
a LITMUSRT semaphore.
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try_to_wake_up() (which requires acquiring run queue locks).
However, both the worst-case and the average-case ovedagad
be estimated with a constant under bBteEDF andG-EDF in the
range of task set sizes that we consider in this paper.
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Appendlx B In each figure, insets (a)-(c) depict hard real-time schedu-

lability results forG-EDF for buffers, queues, and heaps, re-
In this appendix, we present the full set of graphs generatgskctively; (d)—(f) depict hard real-time schedulabitigults
during the experiments. for P-EDF for buffers, queues, and heaps, respectively; in-
sets (g)—(i) depict the soft real-time schedulability fesfor

Suspension vs. spinning. Figs. 7-48 depict all of d .
. . . G-EDF for buffers, queues, and heaps, respectively; (j)—(1)
our schedulability and tardiness results for comparin ict the soft real-time schedulability results RYEDF for

guspen_sion-based blocking t_o spin-based. blocking. .In “Bltrers queues, and heaps ,respectively; and finallytanse
figure, insets () and (b) depict hard real-time SChedu'sab"(m)—(o)’ depict a\’/erage maxin'wm tardines,s-bound results fo

results forG-EDF for a = 1.00 anda = 2.00, respectively; G-EDF in the soft real-time case for buffers, queues, and

insets (c) and (d) depict hard real-time schedulabilityitss . ) _ .
for P-EDF for o — 1.00 anda — 2.00, respectively: in- gz?gﬁc,wrv?pectlvely. The figures for WSS=4K are organized

sets (e) and (f) depict soft real-time schedulability restdr
G-EDF for o = 1.00 anda = 2.00, respectively; insets (g)
and (h) depict soft real-time schedulability resultsPeEDF
for « = 1.00 anda = 2.00, and finally, insets (i) and (j) de-
pict average maximum tardiness-bound result&¥dEDF in
the soft real-time case far = 1.00 anda = 2.00, respec-
tively. The figures for WSS=4K are organized as follows:

Dist. m=4|m=4|m=16{m =16
a=1la=2|a=1|a=2
Uni. [0.001,0.1] | Fig. 49| Fig. 56| Fig. 63| Fig. 70
Uni. [0.1,0.4] |Fig. 50| Fig. 57| Fig. 64| Fig. 71
Uni. [0.5,0.9] |Fig.51|Fig. 58| Fig. 65| Fig. 72
Exp. [0.001,0.1] | Fig. 52| Fig. 59| Fig. 66 | Fig. 73
Exp. [0.1,0.4] |Fig. 53|Fig. 60| Fig. 67| Fig. 74
Exp. [0.5,0.9] |Fig. 54|Fig. 61| Fig. 68| Fig. 75

Bimodal Fig. 55| Fig. 62| Fig. 97| Fig. 76

Dist. m=4|m=16

Uni. [0.001,0.1] | Fig. 7 | Fig. 14
Uni. [0.1,0.4] | Fig. 8 | Fig. 15
Uni. [0.5,0.9] | Fig. 9 | Fig. 16 i _
Exp. [0.001,0.1]| Fig. 10| Fig. 17 The flggres for WSS=32K are organized as follows:
Exp.[0.1,0.4] |Fig. 11] Fig. 18 Dist. m=d4|m=4\m=16/m =16

: : =lla=2|a=1]| a=2
Exp. [0.5,0.9] |Fig. 12| Fig. 19 : @ : : :
Bimodal Fig. 13| Fig. 20 Uni. [0.001,0.1] | Fig. 77| Fig. 84| Fig. 91| Fig. 98

Uni. [0.1,0.4] |Fig. 78| Fig. 85| Fig. 92| Fig. 99
Uni. [0.5,0.9] |Fig. 79| Fig. 86| Fig. 93] Fig. 100
Exp. [0.001,0.1] | Fig. 80| Fig. 87| Fig. 94 | Fig. 101
Exp. [0.1,0.4] |Fig. 81| Fig. 88| Fig. 95| Fig. 102
Exp. [0.5,0.9] |Fig. 82| Fig. 89| Fig. 96 | Fig. 103

Bimodal Fig. 83| Fig. 90| Fig. 97 | Fig. 104

The figures for WSS=32K are organized as follows:
Dist. m=4|m=16

Uni. [0.001,0.1] | Fig. 21| Fig. 28
Uni. [0.1,0.4] |Fig. 22| Fig. 29

Uni. [0.5,0.9] |Fig. 23| Fig. 30

Exp. [0.001,0.1] | Fig. 24| Fig. 31
Exp. [0.1,0.4] |Fig. 25| Fig. 32

Exp. [0.5,0.9] |Fig. 26| Fig. 33

Bimodal Fig. 27| Fig. 34

The figures for WSS=64K are organized as follows:
Dist. m=4|m=4|m=16|m =16
a=1|a=2 | a=1| a=2
Uni. [0.001,0.1] | Fig. 105 Fig. 112| Fig. 119| Fig. 126
. _ Uni. [0.1,0.4] |Fig. 106| Fig. 113|Fig. 120| Fig. 127
The figures foéis\tNSSzG“K are OrQaTged as followsi (7675 5 9] [Fig. 107| Fig. 114| Fig. 121] Fig. 128
Uni. 0.001,0.1] | Fig. 35| Fig. 42 Eép. [0.001,0.1] F!g. 108 F!g. 115 F!g. 122 F!g. 129
. . . xp. [0.1,0.4] |Fig. 109 Fig. 116| Fig. 123| Fig. 130
Uni. [0.1,0.4] |Fig. 36| Fig. 43 Exp. [0.5,0.9] |Fig. 110 Fig. 117| Fig. 124 Fig. 131

Uni. [0.5,0.9] |Fig. 37| Fig. 44 - . - : :
’ ! ! Bimodal | Fig. 111|Fig. 118| Fig. 125 Fig. 132
Exp. [0.001,0.1] | Fig. 38| Fig. 45 Imo 9 '9 '9 '9

Exp. [0.1,0.4] |Fig. 39| Fig. 46
Exp. [0.5,0.9] |Fig. 40| Fig. 47
Bimodal Fig. 41| Fig. 48

Blocking vs. non-blocking. Figs. 49—132 depict all of our
schedulability and tardiness results for comparing bllogki
based techniquesé€., spinning) to non-blocking techniques.
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Figure 7: Uniform [0.001, 0.1] m=4 WSS=4K
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Schedulability Hard G-EDF Uniform [0.1, 0.4] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Uniform [0.1, 0.4] m=4 a=2.00 WSS=4K
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Figure 8: Uniform [0.1, 0.4] m=4 WSS=4K
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Schedulability Hard G-EDF Uniform [0.5, 0.9] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Uniform [0.5, 0.9] m=4 a=2.00 WSS=4K
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Schedulability Hard G-EDF Expon [0.001, 0.1] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Expon [0.001, 0.1] m=4 a=2.00 WSS=4K

100 * t T t 100 t t T t
2 b 8
80t e, E Seof x E
k=1 5 5
260 R 2eor N R
3 2 5
S 40 | . {1 B4t '\k 4
g 20 I short —— T, 8 201 short ——, ]
0 long =-%--- ) ) ) ) 0 long ;- ¥eem...., - L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Max. critical section length (in ps) Max. critical section length (in ps)
@ (b)
Schedulability Hard P-EDF Expon [0.001, 0.1] m=4 a=1.00 Hard P-EDF Expon [0.001, 0.1] m=4 a=2.00 WSS=4K
100 t t T t 100 t t T t
2 2
80t E 8 80t E
° °
260 R 2 60 | R
o o
@ &
S 40 g T a0} g
c 1=
8 8
5 201 short —— 1 5 20 short —— 1
= long ---X--- o long =--%---
0 " " L " ! L 0 " " L * L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Max. critical section length (in ps) Max. critical section length (in ps)
© (d)
Schedulability Soft G-EDF Expon [0.001, 0.1] m=4 a=1.00 WSS=4K Schedulability Soft G-EDF Expon [0.001, 0.1] m=4 a=2.00 WSS=4K
100 Fee—+ T t 100 t T t
3 o ;
B 80t 8 80t g
° °
2 60| 2 60| g
S 40 | S 40 F kY R
& 20 short —— 7 5 20 short ——", 7
e long ---x--- o long === ‘%
0 L L L L L L 0 L 1= L % %
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Max. critical section length (in ps) Max. critical section length (in ps)
(e)
Schedulability Soft P-EDF Expon [0.001, 0.1] m=4 a=1.00 WSS=4K Schedulability Soft P-EDF Expon [0.001, 0.1] m=4 a=2.00 WSS=4K
100 t t T t 100 t t T t
2 2
80t E 8 80t E
° °
260 R 2 60 | R
o o
@ &
S 40| g T a0} g
c 1=
8 8
5 201 short —— 1 5 20 short —— 1
= long ---X--- o long =--%---
0 " " L " ! L " " L * L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Max. critical section length (in ps) Max. critical section length (in ps)
(h)
Tardiness Soft G-EDF Expon [0.001, 0.1] m=4 a=1.00 WSS=4K Tardiness Soft G-EDF Expon [0.001, 0.1] m=4 a=2.00 WSS=4K
18000 18000 —
P — o —— T T
216000 |- 416000 | ¥
£ 14000 | £ 14000
# 12000 |- # 12000 -
£ 10000 [ £ 10000 -
§ 8000 § 8000
% 6000 % 6000
= 4000 = 4000 -
= (=
S 2000 > 2000 -
< o < o :

Max. critic?!)section length (in ps)
I

Max. critica!)sedion length (in ps)

Figure 10: Exponential [0.001, 0.1] m=4 WSS=4K

21



Schedulability Hard G-EDF Expon [0.1, 0.4] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Expon [0.1, 0.4] m=4 a=2.00 WSS=4K
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Figure 11: Exponential [0.1, 0.4] m=4 WSS=4K
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Schedulability Hard G-EDF Expon [0.5, 0.9] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Expon [0.5, 0.9] m=4 a=2.00 WSS=4K
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Figure 12: Exponential [0.5, 0.9] m=4 WSS=4K
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Schedulability Hard G-EDF Bimodal m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Bimodal m=4 a=2.00 WSS=4K
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Figure 13: Bimodal m=4 WSS=4K
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Schedulability Hard G-EDF Uniform [0.001, 0.1] m=16 a=1.00

Hard G-EDF Uniform [0.001, 0.1] m=16 a=2.00 WSS=4K
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Figure 14: Uniform [0.001, 0.1] m=16 WSS=4K
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Figure 15: Uniform [0.1, 0.4] m=16 WSS=4K
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Figure 16: Uniform [0.5, 0.9] m=16 WSS=4K
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Figure 17: Exponential [0.001, 0.1] m=16 WSS=4K
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Figure 18: Exponential [0.1, 0.4] m=16 WSS=4K
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Figure 19: Exponential [0.5, 0.9] m=16 WSS=4K
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Figure 20: Bimodal m=16 WSS=4K
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Figure 21: Uniform [0.001, 0.1] m=4 WSS=32K
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Figure 22: Uniform [0.1, 0.4] m=4 WSS=32K
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Figure 23: Uniform [0.5, 0.9] m=4 WSS=32K
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Figure 24: Exponential [0.001, 0.1] m=4 WSS=32K
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Figure 25: Exponential [0.1,
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Figure 26: Exponential [0.5,
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Figure 27: Bimodal m=4 WSS=32K
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Figure 28: Uniform [0.001, 0.1] m=16 WSS=32K
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Figure 29: Uniform [0.1, 0.4] m=16 WSS=32K
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Figure 30: Uniform [0.5, 0.9] m=16 WSS=32K
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Figure 31: Exponential [0.001, 0.1] m=16 WSS=32K
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Schedulability Hard G-EDF Expon [0.1, 0.4] m=16 a=1.00 WSS=32K

Schedulability Hard G-EDF Expon [0.1, 0.4] m=16 a=2.00 WSS=32K
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Figure 32: Exponential [0.1, 0.4] m=16 WSS=32K
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Schedulability Hard G-EDF Expon [0.5, 0.9] m=16 a=1.00 WSS=32K

Schedulability Hard G-EDF Expon [0.5, 0.9] m=16 a=2.00 WSS=32K
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Figure 33: Exponential [0.5, 0.9] m=16 WSS=32K
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Schedulability Hard G-EDF Bimodal m=16 a=1.00 WSS=32K

Schedulability Hard G-EDF Bimodal m=16 a=2.00 WSS=32K
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Figure 34: Bimodal m=16 WSS=32K
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Figure 35: Uniform [0.001, 0.1] m=4 WSS=64K
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Figure 36: Uniform [0.1, 0.4] m=4 WSS=64K
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Figure 37: Uniform [0.5, 0.9] m=4 WSS=64K
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Figure 38: Exponential [0.001, 0.1] m=4 WSS=64K
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Figure 39: Exponential [0.1, 0.4] m=4 WSS=64K
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Schedulability Hard G-EDF Expon [0.5, 0.9] m=4 a=1.00 WSS=64K

Schedulability Hard G-EDF Expon [0.5, 0.9] m=4 a=2.00 WSS=64K
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Figure 40: Exponential [0.5, 0.9] m=4 WSS=64K
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Schedulability Hard G-EDF Bimodal m=4 a=1.00 WSS=64K

Schedulability Hard G-EDF Bimodal m=4 a=2.00 WSS=64K
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Figure 41: Bimodal m=4 WSS=64K
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Schedulability Hard G-EDF Uniform [0.001, 0.1] m=16 a=1.00 WSS=64K

Schedulability Hard G-EDF Uniform [0.001, 0.1] m=16 a=2.00 WSS=64K

100 t t t 100 t t t

2 8
@ 80 B o 80 B
° °
260 R 2 60 | R
o o
2] &
S 40 g T a0} g
c 1=
8 8
& 20 short —— 1 5 20 short —— 1
= long ---X--- o long =--%---

0 " L " L L 0 " L * L L

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Max. critical section length (in ps) Max. critical section length (in ps)
@ (b)
Schedulability Hard P-EDF Uniform [0.001, 0.1] m=16 a=1.00 WSS=64K Schedulability Hard P-EDF Uniform [0.001, 0.1] m=16 a=2.00 WSS=64K
100 t t t 100 t t t

2 8
@ 80 B o 80 B
° °
260 R 2 60 | R
o o
2] &
S 40 g T a0} g
c 1=
@ @
5 20 shot —— 1 5 20 shot —— 1
= long ---X--- o long =--%---

0 " " L " L L 0 " * L * L L

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Schedulability Soft G-EDF Uniform [0.001, 0.1] m=16 a=1.00 WSS=64K

Max. critical section length (in ps)

Schedulability Soft G-EDF Uniform [0.001, 0.1] m=16 a=2.00 WSS=64K

Max. critical(ée)ction length (in ps)

100 *

100 »

" ek + Y MY +
B 80t g 8 80t g
g 3
S 60 B £ 60 - B
2 3
S 40 E S 40t E
g 2
g 2} e g 2} E
i} short —+— ) short ——
o 0 long --x--- ) a 0 long --2--- )

0 2 4 6 12 14 0 2 4 12

Schedulability Soft P-EDF Uniform [0.001, 0.1] m=16 a=1.00 WSS=64K

Max. critical(seiction length (in ps)
e

Schedulability Soft P-EDF Uniform [0.001, 0.1] m=16 a=2.00 WSS=64K

Max. critical section length (in ps)

100 t t t 100 t t t
2 2
80t E 8 80t E
° °
260 R 2 60 R
o o
@ &
S 40| g T a0} g
c 1=
8 8
5 201 short —— 1 5 20 short —— 1
= long ---X--- o long =--%---
" " L " ! L 0 " " L * L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Max. critical section length (in ps) Max. critical section length (in ps)
(h)

Tardiness Soft G-EDF Uniform [0.001, 0.1] m=16 a=1.00 WSS=64K Tardiness Soft G-EDF Uniform [0.001, 0.1] m=16 a=2.00 WSS=64K
35000 T T 35000 T T
El El
= 30000 B = 30000 B
@ 25000 B «» 25000 - B
3 4
£ 20000 | b £ 20000 b
5 5
815000 | g 815000 g
8 10000 | {  Eao000 | E
o 5000 short —+— 4 $ 5000 |- short —+—
z long ---%-—-- z long —-%-—-

0 ' ' L ' L " 0 ' ' L ' "
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Max. critical section length (in ps)

Max. critica!)sedion length (in ps)

Figure 42: Uniform [0.001, 0.1] m=16 WSS=64K
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Schedulability Hard G-EDF Uniform [0.1, 0.4] m=16 a=1.00

Hard G-EDF Uniform [0.1, 0.4] m=16 a=2.00 WSS=64K
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Figure 43: Uniform [0.1, 0.4] m=16 WSS=64K
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Schedulability Hard G-EDF Uniform [0.5, 0.9] m=16 a=1.00

Hard G-EDF Uniform [0.5, 0.9] m=16 a=2.00 WSS=64K
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Figure 44: Uniform [0.5, 0.9] m=16 WSS=64K
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Schedulability Hard G-EDF Expon [0.001, 0.1] m=16 a=1.00 WSS=64K

Schedulability Hard G-EDF Expon [0.001, 0.1] m=16 a=2.00 WSS=64K
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Figure 45: Exponential [0.001, 0.1] m=16 WSS=64K
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Schedulability Hard G-EDF Expon [0.1, 0.4] m=16 a=1.00 WSS=64K

Schedulability Hard G-EDF Expon [0.1, 0.4] m=16 a=2.00 WSS=64K
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Figure 46: Exponential [0.1, 0.4] m=16 WSS=64K
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Figure 47: Exponential [0.5, 0.9] m=16 WSS=64K
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Schedulability Hard G-EDF Bimodal m=16 a=1.00 WSS=64K Schedulability Hard G-EDF Bimodal m=16 a=2.00 WSS=64K
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Figure 48: Bimodal m=16 WSS=64K
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Schedulability Hard G-EDF Buffer Uniform [0.001, 0.1] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Queue Uniform [0.001, 0.1] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Heap Uniform [0.001, 0.1] m=4 a=1.00 WSS=4K
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Figure 49: Uniform [0.001, 0.1] m=4 = 1.00 WSS=4K
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Schedulability Hard G-EDF Buffer Uniform [0.1, 0.4] m=4 a=1.00 WSS=4K
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Figure 50: Uniform [0.1, 0.4] m=4 = 1.00 WSS=4K
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Schedulability Hard G-EDF Buffer Uniform [0.5, 0.9] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Queue Uniform [0.5, 0.9] m=4 a=1.00 WSS=4K
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Figure 51: Uniform [0.5, 0.9] m=4& = 1.00 WSS=4K

62
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Figure 52: Exponential [0.001, 0.1] m=4= 1.00 WSS=4K
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Schedulability Hard G-EDF Buffer Expon [0.1, 0.4] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Queue Expon [0.1, 0.4] m=4 a=1.00 WSS=4K
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Figure 53: Exponential [0.1, 0.4] m=#= 1.00 WSS=4K
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Schedulability Hard G-EDF Buffer Expon [0.5, 0.9] m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Queue Expon [0.5, 0.9] m=:

=1.00 WSS=4K
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Schedulability Hard G-EDF Buffer Bimodal m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Queue Bimodal m=4 a=1.00 WSS=4K

Schedulability Hard G-EDF Heap Bimodal m=4 a=1.00 WSS=4K
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Figure 55: Bimodal m=4 = 1.00 WSS=4K
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Schedulability Hard G-EDF Buffer Uniform [0.001, 0.1] m=4 a=2.00 WSS=4K

Schedulability Hard G-EDF Queue Uniform [0.001, 0.1] m=4 a=2.00 WSS=4K
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Figure 56: Uniform [0.001, 0.1] m=4 = 2.00 WSS=4K
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Figure 57: Uniform [0.1, 0.4] m=4& = 2.00 WSS=4K
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Schedulability Hard G-EDF Buffer Uniform [0.5, 0.9] m=4 a=2.00 WSS=4K

Schedulability Hard G-EDF Queue Uniform [0.5, 0.9] m=4 a=2.00 WSS=4K
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Figure 58: Uniform [0.5, 0.9] m=4& = 2.00 WSS=4K
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Figure 59: Exponential [0.001, 0.1] m=4= 2.00 WSS=4K
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Figure 60: Exponential [0.1, 0.4] m=#= 2.00 WSS=4K
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Schedulability Hard G-EDF Buffer Expon [0.5, 0.9] m=4 a=2.00 WSS=4K

Schedulability Hard G-EDF Queue Expon [0.5, 0.9] m=:
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Figure 61: Exponential [0.5, 0.9] m=#4= 2.00 WSS=4K
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Schedulability Hard G-EDF Buffer Bimodal m=4 a=2.00 WSS=4K

Schedulability Hard G-EDF Queue Bimodal m=4 a=2.00 WSS=4K

Schedulability Hard G-EDF Heap Bimodal m=4 0=2.00 WSS=4K
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Figure 63: Uniform [0.001, 0.1] m=16 = 1.00 WSS=4K
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Schedulability Hard G-EDF Buffer Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K

Schedulability Hard G-EDF Queue Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K

100 T 100 T T
2 2
# 80t g § 80 g
° °
260 R 2 60 | R
3 2
S 40 g T a0 g
c 1=
8 8
S 201 1 S 20 1
a a
0 - - - - - -
0 4 6 8 10 0 4 6 8 10
Max. Number of accesses K Max. Number of accesses K
(@
Schedulability Hard P-EDF Buffer Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K Schedulability Hard P-EDF Queue Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K
100 * * * * 100 * * * *
2 2
# 80t g § 80 g
° °
260} B 260 B
o o
@ &
S 40| g T a0 g
c 1=
8 8
g 201 1 S 201 1
a a
0 & & & 0 & & &
0 4 6 8 10 0 2 4 6 8 10
Max. Number of accesses K Max. Numb()er of accesses K
Schedulability Soft G-EDF Buffer Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K Schedulability Soft G-EDF Queue Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K
100 - » » - 100 » » » »
2 2
B0} g 8 80 g
° °
2 60 g 2 60 | g
3 3
S 40 E S 40t E
g g
8 8
5 20 + B 5 20 B
o o
0 L L L 0 L L L
0 4 6 8 10 0 2 4 6 8 10
Max. Number of accesses K Max. Number of accesses K
(h)
Schedulability Soft P-EDF Buffer Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K Schedulability Soft P-EDF Queue Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K
100 * * * * 100 * * * *
2 ]
3 80| g 8 80t g
° °
260 B 260 B
o o
@ &
S 40 g T a0} g
c 1=
8 8
S 201 1 S 20 1
a a
0 & & & & & &
0 4 6 8 10 0 4 6 8 10
Max. Number of accesses K Max. Number of accesses K
Tardiness Soft G-EDF Buffer Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K Tardiness Soft G-EDF Queue Uniform [0.1, 0.4] m=16 0=1.00 WSS=4K
& 65500 T Tn‘67000 T T
£ 65000 A 9 3 o H, B
£ 64500 | © . @ B £ 66000 A
64000 [ 1 565000 -
& 63500 |- b & 64000 -
= 63000 B =
§ 62500 - 4 g&sor
3 62000 - - 62000
= 61500 - 1 = 61000 |
el ] 260000
> 60500 - z B
60000 59000
0 10 0

Max. Number of accesses K

Figure 64:

Max. Number of accesses K

75

Schedulability Hard G-EDF Heap Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K

100 T T
2
880t E
°
260 i
o
@
S 40 g
c
8
S 201 1
a
0 - - -
0 4 6 8 10
Max. Number of accesses K
(©)
Schedulability Hard P-EDF Heap Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K
100 * * *
2
880t E
°
260 i
o
@
S 40| g
c
8
S 201 1
a
0 & & &
0 4 6 8 10
Max. Number of accesses K
Schedulability Soft G-EDF Heap Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K
100 » - » »
2
B 80t g
°
2 60 i
3
S 40 E
g
8
5 20 + B
o
0 L L L
0 4 6 8 10
Max. Number of accesses K
0]
Schedulability Soft P-EDF Heap Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K
100 »* * *
2
880t E
°
260 i
o
@
S 40| g
c
8
S 201 g
a
0 & & &
0 4 6 8 10

Max. Number of accesses K

Tardiness Soft G-EDF Heap Uniform [0.1, 0.4] m=16 a=1.00 WSS=4K
85000 : T

©
1=
S
=3
S
T
!

75000 1

70000 1

Max tardiness (in ps)

- 65000 -

Avg.

60000
0

Max. Number of accesses K

Uniform [0.1, 0.4] m=16 = 1.00 WSS=4K



Schedulability Hard G-EDF Buffer Uniform [0.5, 0.9] m=16 a=1.00 WSS=4K
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Figure 65: Uniform [0.5, 0.9] m=16 = 1.00 WSS=4K
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Figure 66: Exponential [0.001, 0.1] m=16= 1.00 WSS=4K
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