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Abstract applications is that tlyeoften hae real-time requirements
associated with theirxecution. Recognizing the limita-
tions of current operating systems in supporting the real-
time requirements of multimedia applications, muarkwv
has been done to pride resource management mecha-
nisms to address this problem [1, 3, 8, 9, 10, 11, 13, 15,
16, 18]. As processorycles are often the mosversub-
scribed and critical resource, most of thiorkv has
focused on uniprocessor scheduling.wéeer, hardvare
platforms are mang to multiprocessor systems and little
work has been done to address the safwproblem of
supporting multimedia applications in a multiprocessor
contxt. Commercial operating systems such as UNIX
SVR4 [17] and Vihdows NT [2] attempt to address this
problem by preiding a real-time static priority scheduler
to be used in conjunction with a traditional timesharing
schedulerbut experimental results va demonstrated that
these approaches can result in pathological viefsain
which runavay real-time actities can tak over the sys-
tem and een preent it from accepting user input [14].

To support the requirements of multimedia applications
in a multiprocessor @ironment, operating systems must
not only male eficient use of multiple processors in meet-
ing the real-time requirements of these applications, b
they must allav such real-time aatities to co-eist with
non-real-time (coventional) actiities already found in
traditional interactie and batch applications. While some
previous work has attempted to address the problem of
real-time multiprocessor scheduling [4, 6, 7], littlerky
has been done to address the problem @f tw allow
both real-time and ceentional applications to share
resources and co<st together in a multiprocessorvéen
ronment. In additiondifferent users may ke different
preferences for the bebiar of a particular application
mix. To allov users to bias the allocation of resources
according to those preferencésg operating system must
also proide flexible user controls w@r the allocation of
resources across both real-time andveational applica-
tions.

Scheduling multimedia applications on multiprocessors
poses challenges that do not arise in scheduling single
processor systems. A single dispatch queue from which

Due to the limitations of cuent opeating systems in sup-
porting multimedia applications, maavork has been done
to provide esouce mangement mdtanisms to addiss
this problem. As prcessor cycles aroften the mostver-
subscribed and critical @souce most of this work has
focused on uniprcessor deeduling However, hardware
platforms ae mwing to multippcessor systems, and little
work has been done to adds the mblem of supporting
multimedia applications in a multipcessor contd. This
paper poposes a ng multipiocessor deeduler designed
to meet the equittments of multimedia applicationseW
present an wervien of the sheduling algorithm, describe
its implementation in a comnuogal opeating system, and
discuss diections for futue work.

1 Intr oduction

We are at the den of an era in which maneveryday
applications will need high performance computing.
Tomorron's multimedia applications will do much more
than just playback pre-recorded audio and video; we
expect that such applications will emplsophisticated
image processing techniques and gnate comple com-
puter graphics, all delered with high interaatity and
real-time response.oTmeet these computing demands,
hardware platforms are velving from single processor
systems to multiprocessor system® &ifeady see today a
proliferation of commercial multiprocessor solutions, from
desktop werkstations to high-end sems. By @nging
together commodity microprocessors grying multipro-
cessor configurations, these machines caardge con-
tinuing improsements in microprocessor technology and
offer the promise of scalable performance. The inherent
parallelism found in mgnmultimedia applications mak
them particularly amenable to multiprocessor solutions.

While hardvare technology has aanced, softare
technology has lagged behind infegtively supporting
multimedia. A distinguishing characteristic of multimedia



tasks are scheduled is fcient for the uniprocessor case.
However, experience with commercial operating systems
suggests that scheduling multiple processors with a cen-
tralized dispatch queue is a synchronization bottleneck
that can limit the scalability of multiprocessor systems [5,
19]. If a dispatch queue should be associated with each
processarhav should tasks be assigned to those dispatch
gueues in the first place? In particuldre operating sys-
tem must dectively balance the load across multiple pro-
cessors. As multimedia applicatioroskloads often hae
dynamically \arying resource demands, the operating sys-
tem must decide when to migrate tasks from one proces-
sor to another for load balancing. On the other hand, the
operating system may amt to reduce task migration
through some form of cachefiafty to reduce cache
misses that occur when a task migrates among processors.
This paper proposes awmemultiprocessor scheduler
designed to meet the requirements of multimedia applica-
tions. Some of thedy features of our solution are: (1)
decouples the assignment of which processor to use to run
a gien task (processor task assignment) from the schedul-
ing of tasks already assigned to a processor (per processor
scheduling), (2) accounts for cachéeefs in the processor
task assignment, (3)xplicitly accounts for application
time constraints in both the processor task assignment and
the per processor scheduling to makficient use of
resources in meeting real-time requirements, (4yiges
flexible prioritized and proportional resource sharing
across both real-time and a@mtional actiities. We

* Resource allocation: priority and proportional

sharing. Real-time tasks should notwalys be al-
lowed to run first because thenay stare out impor-
tant cowentional tasks, such as those thaefk the
system running. The user can prioritize all the tasks
as desired, gardless of whether tlgeare real-time

or corventional. Each task can be assigned a priority
for this purpose. Among tasks of equal prigritye
user can also decide that certain applications should
share a processor in someegi proportion, which is
maintained adaptely as the loading condition
changes. Each task can be assigned a share for this
purpose.

Inform applications of resource availability. In
support of adapie real-time applications, our sched-
uler allovs applications to decide theiwn degrada-
tion policies. The scheduler notifies applications via
an upcall when their time constraints cannot be met
and informs them of what resources available.
The upcall ivokes an applicationdel handler
which can decide itsven policy for dealing with the
missed time constraintoF instance, a video applica-
tion can decide whether to skip a video frame or
shaov a lowver quality image when the frame cannot
be fully displayed in a timelyakhion.

In summary each task can be parameterized based on
its time constraint, consisting of a deadline and a process-
ing time estimate, and its priority and share, which deter-

mine the werall resource allocation of the task.

describe the usage model of our system, presenvemn o
view of the scheduling algorithm, and discuss its imple-
mentation in the Solaris UNIX operating system, Sun’
commercial operating system.

2 Usage model

Our scheduler prades eplicit time constraints for
real-time applications and supports the notions of priority
and proportional sharing across real-time and/eotional
tasks, gen when the system iverloaded. Whout addi-
tional information from the usethe system prades fir
resource allocation across all tasks byad#f The system

3 Scheduling algorithm

The approach that we @kn our scheduler design is to
reduce the multiprocessor scheduling problem into tw
decoupled scheduling decisions: (1) selecting the proces-
sor to which to assign a set of tasks, and (2) scheduling
the set of tasks assigned to aegi processoBy decou-
pling these decisions, each processor can schedulsrits o
set of tasks in an independent manriétis distrituted
scheduling modelwmids ecessve synchronization with
other processors and pides performance that can scale

with multiprocessor machines with ¢gar numbers of pro-
cessors.

The basic idea behind Woour scheduler decides which
processor to assign a set of tasks is asvislldGiven a
, ! ) real-time task, find the best processor to useéoige the
try to schedule earlier deadline computations before i en task such that all real-time tasks assigned to that
computations that can tolerate more delaytime processor can meet their respestileadlines. As a result,
constra|.nt for a bI_ock of application code consists of 1,4 algorithm finds xeess slack in the system and uses it
a deadline by which the code shoukkeute and an  efectively for meeting deadlines. If no such processor
estimate of the processing time required for the code.gisis, assign the task in question to the processor with the
least important tasks, where importance is measured based

can deler a rich set of bek#r with just a little more
information from users and applications:
e Time constraints An application can prade time
constraints on a computation, and the scheduler will



on the priorities and shares of tasks. As a result, the algoensuring that camentional tasks rece® their desired

rithm finds processors that ar&eeuting less important resource allocations. When not all deadlines can be met,
tasks and defers them to ensure that more important taskess important tasks are deferred to meet the requirements
can obtain their desired resource allocations. of more important tasks, where importance is measured

In selecting a processor to which to assign a real-timebased on the priorities and shares of tasks. A detailed dis-
task, the scheduling algorithm determines whether thecussion of the SMAR scheduling algorithm is gend the
given real-time task can be run on the processor such thagcope of this papetut such a discussion presented in
all real-time tasks on that processor can meet their deadfl5].
lines. If more than one processor satisfies this criterion,
the algorithm selects the processor whosmess slack is 4 Implementation status and future work
the best fit for the computational requirements of thiergi
real-time task. This packing process atoreal-time tasks We have implemented our scheduling algorithm &rv
with less stringent time constraints to share \eermipro- sion 2.5.1 of Sus' Solaris UNIX operating system, a
cessor while ensuring that processors witlgdaamounts  commercial UNIX SVR4 multithreaded operating system.
of slack remain \ailable for running real-time tasks with The Solaris Operating system is a|ready designed to run on
more stringent time constraints. In particularprocessor g shared-memory multiprocessor system, which aided our
with corventional tasks assigned to it is considered toimplementation dért. In particulay the Solaris scheduling
have zero ®cess slack. As a result, real-time tasks will framewvork prQ/ides a separate dispatch queue for each
tend to be assigned to processors with other real-timeyrocessor and each task is assigned to one dispatch queue
tasks and no ceentional tasks. Since real-time tasks, from which it can Becute. Separate scheduling locks are
such as those that process videoehpoor cache betta  associated with each dispatch queue. Scheduling opera-
ior, their execution on the same processor does not resultﬁons proceed ina sequence of steps, obtaining and releas-
in caching problems. At the same time,yti@so do not  ing necessary scheduling locks. Such incremental steps
cause cache pollution on processors that aBEWwing  allow scheduling operations to proceed in parallel on dif-
corventional tasks with good cache beioa ferent processors, priing more scalable performance.

In selecting a processor to which to assign a task based The original UNIX SVR4 scheduler is a dwevel
on importance, the scheduling algorithm uses priority asscheduler with a set of scheduling class policies and an
the primary measure of importance. It calculates the pro-underlying priority schedulefThe scheduling class poli-
cessor priority for each processor based on the highest pricies include a real-time static priority class, a system pri-
ority task assigned to the processand selects the ority class, and a timesharing class. Tharious
processor with the Yeest processor priorityror proces-  scheduling policies are unified by mapping each of them
sors of the same priorityhe scheduling algorithm sums onto a range of global priorities. The global priorities are
the total number of shares of all tasks at tvemjipriority  then used by the underlying priority scheduler to decide
and selects the processor with the smallest share sum. \which task to gecute.

Note that in Selecting a processor to which to assign a To imp|ement our Scheduﬁng a|gorithm, we rep|aced
corventional task, the scheduling algorithm does not usethe underlying UNIX SVR4 priority scheduler with our
the slack of each processdnstead, it simply uses the scheduling algorithm. In particulaur decoupling of pro-
importance-based selection. Once aveoional task is  cessor task assignment and per processor scheduling
assigned to a gen processorthe algorithm may migrate  mapped well to thexésting Solaris scheduling framwerk
the task to another processor for load balancing reasonsf per processor dispatch queuese Wso introduced a
but will avoid doing so for a predefined intatvof time. newv scheduling polig that &poses the features of our
This helps kep the wrking set of the task in the respec- scheduling algorithm to applications and users towallo
tive cache and reduce cache misses that result fromhem to tak adwantage of time constraints, priorities, and
switching processors. Cachefimity considerations are  shares. One of the benefits of our approach is that our
less of an issue for real-time tasks since thenibit poor  scheduler subsumes basic priority scheduling and is thus
cache behaor. completely backards compatible with standard UNIX

Once tasks hee been assigned to avgn processomwe  SVR4, allaving all scheduling class policies to preserv
use the SMAR scheduling algorithm [15] to perform the their existing functionality without ap modification.
per processor scheduling because of its demonstrated per- Some modifications were also made to the UNIX
formance benefits ver other uniprocessor approaches. SVR4 scheduling franveork to enable the system to more
The algorithm ramines both real-time and a@mtional  precisely support the timing requirements of multimedia
tasks and performs a feasibility test to determine whethempplications. In particularthe standard UNIX SVR4
or not the deadlines of all real-time tasks can be met Whl|eschedu||ng framsork, upon which the Solaris operating



system is based, emp®a periodic 10 ms clock tick. It is
at this granularity that schedulingemts can occumwhich

can be quite limiting in supporting real-time computations

with audio and video that tia time constraints of the
same order of magnitudeo Bllov a much finer resolution

for scheduling eents, we added a high resolution timeout
mechanism to theeétnel and reduced the time scale at

which timer based interrupts can occiihe &act resolu-
tion allowved is hardware dependent,ub is typically 1 ms
or less.

Our initial experiences in running m@s of multimedia

audio and video applications with our prototype scheduler

implementation ha&e shevn promising qualitatie
improvements wer standard UNIX SVR4 scheduling on

Sun multiprocessor configurations of up to six processors.
While efiective multiprocessor scheduling is crucial to
support multimedia applications, the processors are just

one set of components in arveoall system. Other

resources that require feftive resource management

include 1/0 bandwidth, memarand the netark and net-

work/host interhce. Meeting the demands of future multi-
require
critical

processor multimedia applications  will
coordinated resource management across all
resources in the system.eWbeliee that the ideas dis-
cussed here for multiprocessor scheduling will saas a
basis for future wrk in addressing the Iger problem of

managing system-wide resources to support multimedia

applications.
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