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Abstract on each programmer who creates a real-time application.
Because UNIX SVR4 seeg as the most common basis

Multimedia applications he dynamic and adapé real- for work_stati_on_ operating sy_stems, it is_ imp_ortant _to
time requirements. Current scheduling practice, as typified@ddress its limitations, especially as multimedia applica-
by UNIX System V Release 4, lacks the necessary infor-UONS increasingly populate theovkstation desktop.

mation and inteeces to meet these requirements. T 10 reduce the drden of real-time programming and
address this problem, weveacreated the SMAR(Sched- prowde efective performance for multimedia ap_phca—
uler for Multimedia And Real-fme) interice. It eplicitly tions, we hue created SMAR a Scheduler for Multime-

accounts for application-specific time constraints and pro-dia And Real-Tme. SMART provides a simple inteace

vides dynamic feedback from the scheduler to applicationg©" @Pplications and users that afoaccess to its underly-

to allov them to adapt to the system loading condition. "9 resource management mechanisms [6]. This aderf
This paper describes the design of the iatfand its (1) enables the operating system to manage resources
implementation in the Solaris UNIX operating system to More efectively by using knwledge of application-spe-
provide an efective SVR4-conformant full featureden  Cific timing requirements, (2) pvades dynamic feedback

ronment for supporting multimedia applications. to real-time applications to inform them if their time con-
straints cannot be met so thatytlean adapt to the current

loading condition, (3) ges end users simple predictable
controls that can be used to bias the allocation of
resources according to their preferences. Wale imple-

Multimedia applications depend on operating s stemsmentecj SMAR'in the Solaris UNIX SVR4 operating sys-
PP P P g sy tem, bringing dective support for multimedia

to Mmanage resources to supp_ort Fhe'r dynamic and adapti applications to an SVR4-conformant, full-featured operat-
real-time requirements. Anticipating that processor sched-.

uling based on traditional time-sharingwid not be suit- mgTiri‘grggS:;r}gcuses on the design of the SMIARer-
2b§at:ﬂr Sai?é‘;]sss'?g iﬁt:(;asbe L;el\ﬂ;'rgmsfenﬁ'vng]gz;c'ﬁace, hav the interhce supports the programming of real-

b g syste ypitied by 7 SYSt time multimedia applications, and its resulting perfor-
(SVR4) [9] prqnde a re_al—tl_me S'Fat'c pr_|qr|ty scheduler to mance. & note that SMAR also preides an dective
support real-time applications in addition to a Standardscheduling algorithm that tek adantage of the SMAR
UNIX time-sharing scheduler for other applications. In

NI SVR, sppications managed by the reakime (1o 0 SRR SHeln reeie o ot
scheduler are gen higher priority than all other adties P ' 9 a9

) : ; 6].
in the system, thereby alling them to monopolize [ . . . . .
resources as needed to obtaistfresponse time. This paper is @anized as follws. Section 2 prades a

Despite the presence of a so-called real-time schedulermore detailed discussion of the requirements of multime-

. . ~ dia applications. Section 3 presents the design of the
UNIX SVR4 scheduling has beerxpmnment_ally dempn . SMART interface and its usage model. Section 4 describes
strated to be unacceptable for supporting multimedia

applications [5]. Instead, it alis runavay real-time the SMART real-time application programming intace

anplications to cause basic svstem services to lock u anH] greater detail. Section 5 describes the implementation
PP y : . X UP. aNG+t the SMART interface in the Solaris UNIX SVR4 oper-
the user to lose controlver the machine. It puades little

in the way of higherlevel programming abstractions to ating system. Section 6 presents somgeemental results

deal with timing requirements, imposing a recurring cost that demonstrate the imed performance achvable
g req  IMp 9 9 using the SMAH interface @er standard UNIX SVR4

1 Introduction



time-sharing and real-time scheduling. Section 7 describe®.2 Dynamic characteristics
related wverk. Finally we present some concluding

remarks. Much of the verk that has been done to support real-
time requirements has been in the crhi®f embedded
2 M ultimediaapplications real-time systems in which the application timing require-

ments and thexecution emironment are static and strictly
To understand the requirements imposed by multimediaPeriodic in nature. In contrast, theorkstation ewiron-
applications on the design of an operating system inter-ment in which multimedia applicationseute is highly
face, we discuss the dynamic and adaptieal-time dynamic in nature. Users may start or terminate applica-
nature of these applications.eVspecially focus on the tions at ag time, changing the load on the system.
characteristics of applications that manipulate digitized The processing requirements of multimedia applica-

audio and video data. tions themseles are often highly dynamic as well. While
the media samples in continuous media streams typically
2.1 Timingcharacteristics occur in time in a periodic mannéhe processing require-

ments for the media samples are oft@nffom being peri-

The timing requirements in processing audio and videoodic. For instance, the processing time to uncompress or
data arise due to inherent timing characteristics of audioccompress JPEG or MPEG encoded video cary gub-
and video data. Audio and video data axaneples of  stantially for diferent video frames. Alternatly, the pro-
continuous media. A continuous media stream consists of cessing requirements of a multimedia application may
a time sequence of media samples, such as audio samplegry depending on kit is being used. & example, in
or video frames. The distinguishing characteristic of suchthe case of a nvie player application, the processing time
data is that information isxpressed not only by the indi- requirements of the application when it @&t forwarding
vidual samples of the streamytiby the temporal align- through a muie will be quite diferent from when it is
ment of the samples as wellofFexample, consider a  doing normal playback.
captured video stream shimg a ball bouncing up and
down. The rate of motion of the bouncing ball is encoded 2.3 Adaptivecharacteristics
in the time spacing between video frames.atcurately
reproduce the motion of the bouncing ball when the video Multimedia applications are often highly resource
stream is displayed, the elapsed time between displayedntensie. A single full-motion full-resolution video appli-
frames should be the same as the elapsed time betweefftion can often consume the resources of an entire
the respectie frames when tlyewere captured. machine. Recognizing that the system may lackcéeriit

Not only are there timing requirements within a contin- resources to meet the timing requirements of all multime-
uous media streampubthere may also be timing require- dia applications, these applications are often able to adapt
ments among multiple media streams as well. Thesedy offering different qualities of service depending on
timing requirements are due to the need to synchronizg€source wailability. They can trade-df the quality of
multiple media streams.oF instance, in playing a mie, their results ersus the consumption of processing time. In
the audio stream and the video stream need to be synchrdhe case of video for instance, if a video frame cannot be
nized so that the desired audio is heard whenvangi displayed within its timeliness requirements, the applica-
video frame is displayed. tion might simply discard the video frame and proceed to

When an application processes and displays continuoughe net one. If may of the frames cannot be displayed on
media streams, it must typically meebtkinds of timing  time, the application might choose to discaverg other
requirements to preservthe temporal alignment of the frame so that the remaining frames can be displayed on
media streams being processed. One requirement is thdtme. Alternatvely, a video application may be able to
ary delay due to processing between the input mediareduce the picture quality of each frame to reduce its pro-
stream and the processed output media stream should Hessing requirements so that each frame can be displayed
as constant as possibleariance in the delay introduces ©n time.
undesirable jitter in the output stream. The other require-
ment is that the application must process media sampleS SMART usagemodel and interface
fast enough. If media samples are not processed at the rate
at which thg arrive, then the will be late being displayed The SMAR interface preides two kinds of support
and it will not be possible to maintain theaet temporal ~ for multimedia applications. One is to support theetle
alignment of the media samples. opers of multimedia applications that asedd with writ-

ing applications that wa dynamic and adapé real-time



requirements. The other is to support the end users of mulbe met. By preiding notifications, the scheduler frees
timedia applications, each of whom mayvéadifferent applications from the urden of second guessing the sys-
preferences for o a gven mix of applications should tem to determine if their time constraints can be met. By

run. having the scheduler pvide information on theailabil-

ity of resources to applications, an adaptireal-time

3.1 Application developer support application can determine Wabest to adjust itsxecution
rate when its timing requirements cannot be met.

Multimedia application deslopers aredced with the The model of interaction pvaded by SMAR is one of

problem of writing applications with real-time require- propagting information between applications and the
ments. Thg know the time constraints that should be met scheduler to dcilitate their cooperation in managing
in these applications and kmdow to allow these applica-  resources. Neither can do the jolieefively on its aevn.
tions to adapt and deade gracefully when not all time Only the scheduler can takesponsibility for arbitrating
constraints can be met. The problem is that current operatresources among competing applicationat b needs

ing system practice, as typified by UNIX, does not pro- applications to inform it of their requirements to do that
vide an adequate amount of functionality for supporting job efectively. Different applications ha different adap-
these applications.df example, in dealing with time in  tation policies, bt they need support from the scheduler
UNIX time-sharing, an application can obtain simple tim- to estimate the load and determine when and what time
ing information such as elapsedbivclock time and accu-  constraints cannot be met.

mulated &ecution time during its computations. An Note that time constraints, notifications, andikbili-
application can also tell the scheduler to delay the start ofies are intended to be used by application writers to sup-
a computation by “sleeping” for a duration of time. But it port their deelopment of real-time applications; the end
is not possible for an application to ask the scheduler touser of such applications need not wnarything about
complete a computation within certain time constraints, these constructs or @hing about the timing requirements
nor can it obtain feedback from the scheduler on whetherof the applications.

or not it is possible for a computation to complete within

the desired time constraints. The application ends up find3.2 End user support

ing out only after thedfct that its dbrts were vasted on

results that could not be dedired on time. The lack of Different users may kia different preferences for ho
system supportxacerbates the di€ulty of writing appli- processing time should be allocated among a set of appli-
cations with real-time requirements and results in poorcations. Not all applications arewalys of equal impor-
application performance. tance to a uselFor example, a user may amt to ensure

To address these limitations, SMARrovides to the  that an important video teleconference be played at the
application deeloper three kinds of programming con- highest image and sound quality possible, at the sacrifice
structs: a@ime constaint to allov an application toxgress if need be of the quality of a teision program that the
to the scheduler the timing requirements of\aegiblock user vas just vatching to pass the time. Wever, current
of application code, aotificationto allow the scheduler to  practice, as typified by UNIX, prvides little in the way of
inform the application via an upcall when its timing predictable controls to bias the allocation of resources in
requirements cannot be met, andaaailability to indicate accordance with user preferencesr kstance, in UNIX
the aailability of processing time. In particulaapplica- time-sharing, all that a user isvgn is a “nice” knob [9]
tions can hee blocks of code that hia time constraints whose setting is poorly correlated to user olegley
and blocks of code that do not, thereby e applica- behaior [5].
tion developers to freely mix real-time and non-real-time  SMART provides two parameters to predictably control
computations. The SMARapplication programming con- processor allocatiorpriority andshae. These parameters
structs are described in further detail in Section 4. can be used to bias the allocation of resources tadaro

By allowing applications to inform the scheduler of the best performance for those applications which are
their time constraints, the scheduler can optimiz& io  more important to the user
sequences the resource requests dérdifit applications The user can specify that applicationsiéhalifferent
to meet as mantime constraints as possible. It can delay priorities, meaning that the application with the higher pri-
those computations with less stringent timing require- ority is favored wheneer there is contention for resources.
ments to allav those with more stringent requirements to The system will not dgade the performance of a higher
execute. It can use this kwtedge of the timing require-  priority application to gecute a laver priority application.
ments of all applications to estimate the load on the sys+or instance, suppose weveatwo real-time applications,
tem and determine which time constraints can and cannobne with higher priority than the otheand the lwer pri-



ority application haing a computation with a more strin- constraints, in which case he need notwkratout notifi-

gent time constraint. If the Jeer priority application  cations or wailabilities. When the functionality is not

needs to xecute first in order to meet its time constraint, needed, the information need not bevited. Havever,

the system will aller it to do so as long as itxexution unlike other systems, when the real-time programming

does not cause the higher priority application to miss itssupport is desired, as is often the case with multimedia

time constraint. Among applications at the same priority applications, SMAR has the ability to prade it.

the user can specify the share of each application, result-

ing in each application rea& an allocation of resources 4 SMART real-time API

in proportion to its respeot share whemner there is con-

tention for resources. Having described the basic usage model for SNMIAR
Our expectation is that most users will run the applica- and presented anverviev of the SMAR interface, we

tions in the dedult priority lesel with equal shares. Thisis now provide a more detailed description of the real-time

the system dedult and requires no user parameters. Thegpplication programming constructs and their use. An

user may wish to adjust the proportion of shares betweenxample that shes hav these constructs are used in a

the applications occasionalli simple graphical inteakce  real-time video application is described in Section 6.8.
can be preided to mak the adjustment as simple and

intuitive as adjusting theolume of a teleision or the bal- 4.1 Time constraint

ance of a stereo output. The user mantwo use the pri-

ority to handle specific circumstances. Suppose we wish The time constraint is used to allcan application to

to ensure that an audio teleplgcapplication alvays can  inform the scheduler of the real-time characteristics of a
execute; this can be achied by running the application computation, as defined by a block of application code. A

with high priority. time constraint consists of bwparameters:
» deadline The deadline is the time by which the ap-
3.3 Summary plication requests that the block of code be complet-
ed.

Fundamental to the design of SMARs the separation
of importance information asxpressed by user prefer-
ences from the geng information as xpressed by the code
time constraints of the applications. Prematurely collaps- ) ] o . )
ing ugeny and importance information into a single pri- ~ BY deRult, if the deadline is not specified, the time
ority value, as is the case with standard UNIX SVR4 real- cOnstraint is simply ignored. By deflt, if the cpu-esti-
time scheduling, results in a significant loss of information Mate is not specified, the system conatrely assumes
and denies the scheduler the necessaryieye to per- tha'F the app_hcatlon req_uwes whege processing time is
form its job efectively. By providing both dimensions of ~ &vailable until the deadline.
information, the scheduler can do a better job of sequenc- .
ing the resource requests in meeting the time constraints‘,‘"2 Notification
while ensuring thatwen if not all time constraints can be
met, the more important applications will at least meet
their time constraints.

While SMART accounts for both application and user

e cpu-estimate: The cpu-estimate is an estimate of the
amount of processing time required for the block of

The notification is used to allo an application to
request that the scheduler inform it whesreits deadline
cannot be met. A notification consists obtpwarameters:

information in managing resources, it in nayimposes * notify-time: The notify-time is the time after which
draconian demands on either applicatiorveligpers or the scheduler should inform the respetapplica-
end users for information thecannot or choose not the tion if it is unlikely to complete its computation be-
provide. The design prides reasonable dailt behaior fore its deadline.

as well as incrementally better results for incrementally * notify-handler: The notify-handler is a function that
more information. By deifult, an end user can just run an the application rgisters with the schedulelt is in-
application as he euld today and obtairafr behaior. If voked via an upcall mechanism from the scheduler
he desires that more resources should be allocated to a when the scheduler notifies the application that its
given application, SMAR provides simple controls that deadline cannot be met.

can be used toxpress that to the schedul&imilarly, an The notify-time is used by the application to control
application deeloper need not use yawf SMART’s real-  when the notification upcall is dedired. Fr instance, if

time programming constructs unless he desires such functhe notify-time is set equal to zero, then the application
tionality. Alternatively, he might choose to use only time will be notified immediately if early estimates by the



scheduler indicate that its deadline will not be met. On thecessing time and thereby der a higher quality of ser-
other hand, if the notify-time is set equal to the deadline,vice.
then the application will not be notified until after the

deadline has passed if its deadlin@swot met. 5 Implementation
The combination of the notification upcall with the
notify-handler frees applications from thartlen of sec- We hare implemented the SMARInterface in Solaris

ond guessing the system to determine if their time con-2.5.1, the current release of Sun MicrosystsmsNIX
straints can be met, and aile applications to choose their SVR4 operating system. The in&cé implementation is
own policies for deciding what to do when a deadline is pased upon tav UNIX SVR4 system callspriocntl and
missed. Br example, upon notification, the application signal. Our implementation did not require the creation of
may choose to discard the current computation, performany nev system calls and is fully SVR4-compliant.
only a portion of the computation, or perhaps change the The UNIX SVR4priocntl system call allws an arbi-
time constraints. This feedback from the system enab'eﬁrary set of parameters to be passed between app”cations
adaptve real-time applications to geade gracefully and users and the schedulerthis way, the UNIX SVR4

By default, if the notify-time is not specified, the appli- scheduling intedce is &tensible, allving nev schedul-
cation is not notified if its deadline cannot be met. In addi- |ng parameters to be used Wherwrmndeﬂying schedul-
tion, if no notify-handler is wgistered, the notify-time is  ing mechanisms are added to support them. In particular

ignored. we use theriocntl system call to implement all aspects of
o the SMART interface ecept notifications. \& modified
4.3 Availability the internal UNIX SVR4 scheduler to pide the neces-

sary support for the SMARinterface while maintaining

an application due to the loading condition of the system,qard UNIX SVR4 scheduler

the application may adapt to the loading condition by  Notifications are implemented using bathocntl and
reducing Fhe quality of its results to reduce its resourcesignal system callspriocntl is used to set the notify-time
consumption. When the load on the systeventually  of g notification while theignal interface is used to gis-
reduces, the applicationowld like to return to prdding @ ter the notify-handler and send the notification upcall
higher quality of service.dlenable applications to obtain \yhen required. Writing a notify-handler to process a noti-
this kind of system load information, the scheduler pro-fication upcall is the same process as writing a generic
vides ailabilities to applications at their request. An signal handler
availability is an estimate of the processor time consump- ~ aAn important modification to the UNIX SVR4 internals
t!on of an apphcauon relate to its processor time alloca- that was necessary to fettively support the SMAR
tion. It consists of tw parameters: interface vas to preide a higher resolution timer mecha-
 consumption-rate: The consumption-rate is the per- nism. The standard UNIX SVR4 scheduling fravoek
centage of the processor that is being consumed byipon which the Solaris operating system is based gmplo
the application. a periodic 10 ms clock tick. Miout ary modification, this
« allocation-rate: The allocation-rate is the percentage mechanism wuld limit the granularity of time constraints
of the processor that the application can use as deterand other time-dependent programming constructs to 10
mined by the scheduler based on the priority andms. Such a limitation is problematic for supporting multi-
share of the application. media applications whose timing requirements often
If the allocation-rate is lger than the consumption- réquire a finer granularityTo address this problem, we
rate, the application is using less than its allocation of theddded a high resolution timeout mechanism to el
processorlf the allocation-rate is less than the consump- and reduced the time scale at_which timer_based interrupts
tion-rate, the application is using more than its allocation¢@n occur The eact resolution alled is hardwre
of the processoFor example, suppose we vatwo appli- ~ dependent. & example, on a SKRCstation 10 wrksta-
cations with equal priority and equal share, one of whichtion, which is _use_d in thexperiments described in Section
only needs 25% of the processor while the other oneb: the resolutionis 1 ms.
needs 55% of the processdhen the respest (con- We measured the cost of assigning scheduling parame-
sumption-rate, allocation-rate) of each applicaticoulat ters such as time constraints or reading scheduling infor-
be (25, 50) and (55, 50), respeety. By comparing its mation such as vailabilities. It is small. The »act
consumption-rate with its allocation-rate, an application Overhead is hardare dependent.ub for example, using a

can determine if it can consume agler portion of pro-  System with only 450 MHz lyperSRRC processqrthe
cost of assigning scheduling parameters to a process is



20 ps while the cost of reading the scheduling informa- normal playback mode, the harake digitizer cooperates

tion for a process is only 10s. with the softvare capture by sending a signal each time
the hardvare completes digitizing a frame. Upon recejy
6 Experimental results the signal, the softare follovs a poliy of reading from

the huffer slot with the earliest timestamporFour eperi-

We present Sorne(perimenta| data to demonstratexho  ments, the arval rate of frames from the hardve to the
the performance of multimedia applications can be Software is 29.97 frames per second (fps).
improved using the SMAR interface and compare these To describe the performance of the video application,
results with those achiable with the standard UNIX we first discuss a metric for measuring the quality of its
SVR4 time-sharing (TS) and real-timeTRschedulers. ~ results. In video playback, the first goal in deting the
As a representatt multimedia application, we used the highest quality video is to preserthe temporal alignment
SLIC-Videoplayer a lov-cost video product that captures Of the incoming video stream. The time delay between
and displays video images in real-time. As a baseline, weframe arrval and frame display should baify constant.
measure the performance of the application when runningn addition to constant time delay is desirable to he
on an otherwise quiescent systeme Wden measure the constant interdisplay times between dlsplayed frames. W
performance of mu|tip|e SLIC{deo p|ayer5 running would like to hae all of the incoming frames rendered if
under UNIX TS and UNIX R with a dynamically chang- ~ possible. If map of the incoming frames cannot be ren-
ing load. D impro/e the video performance, we describe dered on time, it is desirable to discard frames inga-re
a fav simple modifications to the application that wlit larly spaced dshion for more constant interdisplay times
to tale adwantage of the SMAR interface, then present as opposed to discarding them werdy. This praides
results to quantify the performance impement better video quality especially for high-motion scenes. In

achiered. particular uncertainty is wrse than lateng users wuld
rather hae a 10 fps constant frame rate as opposed to a
6.1 Application description and quality metric frame rate thataried noticeably from 2 fps to 30 fps with

a mean of 15 fps. Finallyor a mix of video players, it is

SLIC-Video is a hardare/softvare video product used desirable to allw the user to bias the performance of the
in Sun Microsystems arkstations. The SLIC-deo hard-  applications in accordance with his preferences.
ware consists of an SBus I/O adaptor that permits the
decoding and digitization of analog video streams into a6.2 Experimental testbed
sequence of video frames. This video digitizing unit
appears as a memory-mappedice in an applicatios’ The «periments were performed on a standard, pro-
address space and a#® a usetfevel application to  duction SRRCstation 10 wrkstation with a single 150
acquire video frames. The SLIGedo player softare ~ MHz hyperSRARC processqr64 MB of primary memory
consists of an application that captures the video dataand 3 GB of local disk space. Three SLI@&b capture
from the digitizer board, dithers to 8-bit pseudo-color in cards were added to the system to permit geeion of
the case of a system with a standard 8-bit pseudo-colofhree video players shing three diferent video sources
frame tuffer controller and directly renders the pis to at the same time. The video sources used were a video

the frame bffer while coordinating with the X winde ~ camera and tevésion programming from a Sunufier
sener for windav management. The resolution of the The testbed system included a standard 8-bit pseudo-color
image rendered is configurable by the application.dar ~ frame luffer controller (i.e., GX). The display a8 man-
experiments, the image renderedsaselected to be a stan- aged using the X Wdow System. The current release of
dard size of 320 x 240 pis. Sun’s operating system, Solaris 2.5.13swsed as a basis
The digitizer board has a limited amountbaffering ~ for our eperimental work. The high resolution timing
that allavs the hardware to continue to process an analog functionality described in Section Sa# used for all of the
video stream into video frames while the saftes cap-  Schedulers to ensure airf comparison.
tures video data from the digitizer board. Thefér has All measurements were performed using a minimally
three slots that are ganized as a ring; when it is full, the obtrusve tracing &cility that logs eents at significant
hardware wraps around to the die of the miffer and  Points in application, winde system, and operating sys-
overwrites its contents. Each slot is assigned a timestampem code. This is done via a lightweight mechanism that
when it is written. Locking is used to ensure that the hard-writes timestampedvent identifiers into a memory log.
ware does notwerwrite a liffer slot that is being read by The timestamps are at|ls resolution. W measured the
the softvare and the softare does not read affer slot cost of the mechanism on the testbexthkstation to be 2-

that is in the middle of being written by the haede: In 4 Us per gent. We created a suite of tools to post-process



these weent logs and obtain accurate representations ofbuffer with the earliest timestamp. The time delta between

what happens in the actual system. displayed frames is one frame time, corresponding to the
All measurements were performed on a fully functional fact that @er 99% of the frames that asei are displayed.

system to represent a realistionkstation ewironment.

By a fully functional system, we mean that alperi- 6.4 Experimental scenarioandideal performance

ments were performed with all system functions running,

the windav system running, and the system connected to We &amine the impact of dérent schedulers on the

the netvork. At the same time, anfeft was made to  performance of multiple SLIC{deo players running

eliminate \ariations in the test gitonment to ma& the under a dynamically changing load. The scenario we used

experiments repeatable.oTthis end, the testbed aw was to first run tw video players V1 and V2 for 100 sec-

restarted prior to eachgerimental run. Eachxperimen- onds, then start thexecution of a third video player V3

tal run lasted 300 seconds. and run all three video players for thexn&00 seconds,
then terminate thexecution of V3 and continue running

6.3 Baselineperformance V1 and V2 for 100 seconds. In this scenario, we assume

that V1 and V2 are simplyxecuted by defult with no
In preparation for our discussion on the performance ofuser parameters with th&pmectation that thedeliver sim-
multiple SLIC-Mdeo players running on dérent schedul- ilar performance. In addition, we assume the user desires
ers, we first measured the performance of the SlLitlee/ V3 to have twice the performance of V1 and V2.
player running by itself on an otherwise quiescent system. Using the baseline performance measurements, we first
The application characteristics measured were the percendescribe what thexpected ideal performance should be
age of CPU used, the percentage of frames displayed, thor this scenario. Since a single SLIGd®0o player con-
average and standard\dation in the delay between the sumes nearly the entire machine, it is not possiblede e
arrival and display of each frame, and theerage and  cute two video players at 30 fps. Instead, as it is best to
standard déation in the time delta between frames being maintain a more constant time delta between displayed
displayed. The standard \dation in the delay between frames, we wuld ideally &pect that during the first 100
frame arval and frame display is the primary measure of seconds of xecution, V1 and V2 wuld each reduce their
quality. It is indicatve of hav well the temporal alignment  frame rate by skipping half of their respeetiframes and
in the video stream is presen The standard dtion in displaying the other half. Note that this does not require
the time delta between frame displays is a secondary meaconsuming 100% of the CPU. Idealthe delay between
sure of quality It measures theaviability in the interdis-  frame arval and display should be 100.10 ms and the
play times. Separate measurements were made for eadime delta between displayed frames should be 66.73 ms.
100 second»ecution interal of the application. These When V3 begins, we would epect V1 and V2 to reduce
measurements are stio in Table 1. V& note that there is  their frame rate furtherdisplaying only 25% of their
no significant diference in the baseline measurements for frames, with delay and time delta of 166.83 ms and
different schedulers running the single video application. 133.47 ms, respegtly. V3 should be able to display 50%
of its frames, with delay and time delta of 100.10 ms and
elapsed || CPU | frames|avgms | stdms | avgms | std ms 66.73 ms, respestly. Upon termination of V3, we ould
time || usage | played | delay | delay | delta | delta ideally expect that the performance of V1 and V2uld
0-1004/87.289499.73% 64.15 1.84] 33.43 2.48 be the same as during the first 100 seconds of tkeiue
100-200587.3294 99.80%4 65.17 1.93 33.41 1.80 tion. In all cases, there should Ideally be zexgation in
the time delay between frame aaii and display and the
time delta between frame displays. The ideal CPU alloca-
Table 1 Baseline application performance tions and application results are simoin Figures 1 and 2,

The measurements shothat SLIC-\ideo uses up eSpectiely.
nearly 90% of the CPU to display video at 29.97 320x240 . :
pixel fps. It displays wer 99% of the frames that ase 6.5 UNIX SVR4time-sharing performance
and it does so in a timely manner that preserthe tem-
poral alignment in the video stream. Both the delay
between frame ar@l and frame displayand the time
delta between frames displayedv@&aminimal \ariation.
The delay between frame aal and frame display is
roughly two frame times, corresponding to the application
policy of processing the frame in the digitizer haadev

200-300§887.359499.83% 66.19 1.27] 33.40 1.98

We ran the eperimental scenario described in Section
6.4 under standard UNIX TS schedulingo §ive V3
roughly twice the performance of V1 and V2 under UNIX
TS, tensve trial and error as required to find a suitable
“nice” setting for V3 to bias the allocation of resources in
accordance with the proportions desired. The nice setting



for V3 was +15. The CPU allocations and application
measurements for thixgeriment are shven in Figures 1
and 2, respectely.

While the aerage delay andvarage time delta mea-
surements were quite acceptable, the standatidtibs in
those measurementsaw/not. During the first 100 seconds
of execution with just V1 and V2 running, the standard
deviation in the delay between frame wali and frame
display for V1 and V2 ws more than 45 ms, and bal-

naling mechanism used to inform the ule®el applica-

tion of the arwal of a frame is a systemmg function

that therefore xecutes at a systemvid priority. In UNIX
SVR4, processes that are scheduled by the real-time
scheduler are gén higher priority thanven system func-
tions. The result is that the signal mechanism does not get
to execute until all of the real-time video players finish
processing their respeati frames and block aiting to be
informed of the arvial of a nev frame to be processed.

looned to more than 100 ms with V3 also running. The This serializes thexecution of all of the video applica-

standard daation in the time delta between frame dis-
plays with just V1 and V2 runningag more than 50 ms,
and grev to more than 100 ms with V3 also running. The
performance of V3, while better than V1 or V2 during the
same time inter, exhibited a lage amount of video jitter
as well. Its standard diation in the delay between frame
arrival and frame displayas well as its standard\dation

in the time delta between frame displayssvaer 65 ms,
nearly two frame times of ariation. The performance is
far from ideal.

Percent CPU usage
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@ UNIXTS
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Ideal
UNIX TS
UNIX RT
UNIX TS2
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Figure 1 CPU allocation
6.6 UNIX SVR4real-timeperformance

We ran the samexperimental scenario of three video
players under standard UNIXTRscheduling. V1 and V2
are both assigned the sameaddf priority, while V3 is

tions, irrespectie of their assigned priorityrhe result for
the end user is a complete lack of control in biasing the
allocation of resources according to his preferences.

A more fundamental problem with running video under
UNIX RT is that because the video applications avergi
the highest prioritythey are able to tak over the machine
and stare out @en the processing required to alldhe
system to accept user input. The result is that the user is
unable to rgain control of the system without restarting
the system. Clearly UNIX Ris an unacceptable solution
for multimedia applications.

6.7 Managingtimein UNIX SVR4time-sharing

The SLIC-Mdeo production code used in the \ogis
experiments does notxplicitly account for the frame
arrival times, nor does itxplicitly attempt to adjust its
rate of eecution when manof the frames cannot be pro-
cessed. Instead, it simply processes video framesstad
possible. In particularwhen the application finishes pro-
cessing its current frame, if another frame has already
arrived, the application simply processes the feame
immediately irrespecte of when the frame awed. This
results in substantialaviance in the time delay between
the arrval of the frame and its displajRather than dis-
carding frames that cannot be processed in time ajua re
larly spaced intemal, the application haphazardly attempts
to render whater frames it can, implicitly discarding
those frames cannot be processed beforg tine wer-
written by the hardare.

In an attempt to address these problems and iapro

assigned a higher priority than either V1 or V2. The CPU the performance under UNIX TS, the video application

allocations and application measurements for tkpeg-

was modified to account for the frame \aatitimes in

ment are contrasted with the results under UNIX TS in determining which frames it should render and when it

Figures 1 and 2, respectly.

While the standard d&tions in the quality metrics are
better than those under UNIX TS, UNIXTRufers from
two major problems. The first problem igident by the

should render each of those frames. The application
selects a time delay in which to render its video frames. It
measures the amount ofillvclock time that elapses dur-
ing the processing of each frame. Then, it usesxpn-e

performance measurements on V3. While its performancenential aerage of the elapsed all clock time of

should be twice that of V1 or V2, imdt its performance
is actually somehat worse than either of the other video
players. This is in spite of thadt that V3 has a higher
priority than either V1 or V2. The problem is that the sig-

previously displayed frames as an estimate of hang it
will take to process the current frame. This estimate is
used in conjunction with the frame ami time to deter-
mine if the gven frame can be displayed on time. If the



video player is ready to display its frame eatlyen it ms after the selected time deldyhe cpu-estimate is cal-
delays until the appropriate timeuthif it is late, it dis- culated in the same manner as therage elapsed all
cards its current frame. The application defines early andclock time: the application measures theaition time
late as more than 16.68 ms (half of the time delta betweemequired for each frame and then usesxgoeential aer-
arriving frames) early or late with respect to the selectedage of the xecution times of prgously displayed frames
time delay as the cpu-estimate.

The selected time delay is used by the application to

) - > P ) Second, upon setting thevgh time constraint, the
determine which frames to discard. The application will

; \ application sets its notify-time equal to zero, thereby
try to render 1 out oR frames, wherdl is the ratio of the gy esting the scheduler to notify the application right
selected time delayver the time delta between &g 44y if early estimates predict that the time constraint
frames. The application attempts to change its discard rat@ 40t be met. When a notification is sent to the applica-
pased on the percentage of frames that are rendered %bn, the applicatiors notify-handler simply records the
time. If a lage percentage of the frames rendered are latef, that the notification has been reeei If the notifica-

the application will reduce its frame rate and increase itS;iq is receied by the time the application dias the
selected time delay accordinglythe frames are all being computation to process and display the respeatideo
rendered on time, the application will increase its frameframe, the frame is discarded: otherwise, the application

rate and reduce its selected time delay to iveits qual- simply allavs the frame be displayed late.
ity of service. Note that theubden of these application

modifications is placed squarely on the applicatiorelle
oper; no assistance is prded by the scheduler
We ran the samexperimental scenario of three video

Third, rather than hang to guess what the system
loading condition is at angiven moment, the applica-
tion obtains its @ailability from the scheduleit reduces

players under standard UNIX TS with the abamen- its frame rate if frames cannot be completed on time and
tioned code modifications. The results arevshdn Fig-  the required computational rate to process frames on
ures 1 and 2 as “UNIX TS2". Bsee that the performance t!me at the C_urrent frame rate is great_er tha_n |t_s_alloca-
is better than UNIX TS withoutxglicit time management 10N rate. It increases its frame rate if theai@bility

in the application, and does notveathe pathological |nd|cates that the consumption rate is less than its alloca-
behaior found with UNIX RT. However, the standard 10N rate.

deviation in time delay for V1 and V2 while V3 is running

is still more than 40 ms, which iarf bgrond the modest 6.9 SMART UNIX SVRA4 performance
16.83 ms threshold of timeliness used by the application.
This is the result of tev problems. One is that the sched-
uler, having no knavledge of the timing requirements of
the application, does not allocate resources to each appl
cation at the right time. The other problem is that the
application has a ditult time of selecting the best time
delay and frame rate to use for theegi loading condi-
tion. Without scheduler information, it must guess at when h
the load changes based on itsnoestimates of system ideal perf_ormance figures. . L

load. The result is that its selected time delay and frame In parUcuIarS_MART provides the smallestanatlo_n of
rate oscillate back and forth due to inaccuratenkedge ary sch_eduler in the d_e lay between frame vaftiand
of the allocation of processing time that the scheduler will frame displayThe delay is well under 10 ms for all of the

give the application under thevgn system load. Guessing yideo players. Discounting the UNIXTFScheduler which
is not good enough. ignores the user preferences, SMARSso gves the small-

est \ariation of ay scheduler in the time delta between
6.8 Programmingwith the SMART real-time APl frames. The superior performance obtained by using the
SMART interface can be attrited to tvo factors. One
factor is that the scheduler accounts for the time con-
straints of the applications in managing resources. The
the code described in Section 6.7. First, rather thaimpa ~ S€cond &ctor is that the application is able to adjust its
the application rely on itswn estimates of whether or not fame rate more gictively because the SMARinterface
a frame is late and should be discarded, the applicatior?”OWS it to obtain Eal'abl'lty information from the sched-
sets a time constraint that informs the scheduler of itsUl€"
deadline and cpu-estimate. The deadline is set to be 16.68

We ran the samexperimental scenario of three video
players under SMAR taking adentage of its real-time
i,_A\PI. The CPU allocation and application results of this
experiment are shvn in Figures 1 and 2, respeety. Not
only does SMAH effectively allocate CPU time in accor-
dance with the user preferences for thepegiment,
SMART provides application results that are closest to the

To enable the SLIC-Hdeo application to tak adwan-
tage of SMAR, three simple modifications were made to
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7 Related work that accounts for user preferences andwal@pplica-
tions to cooperate with the scheduler in supporting their

Many approaches e been tried for Supporting the real-time requirements. This cooperation \41'Jdes the

processing requirements of multimedia applications. A scheduler with the application-specific timing informa-

commonly proposed resource management abstraction fofion it needs to manage resourceteeively, and pro-

these applications is resource reations [4][8]. Resem- vides real-time applications with the necessary dynamic

tions are used to alloeach application to request a per- feedback to enable them to adapt to changes in the sys-

centage of the CPU. Real-time requirements are typicallytem load to preide the best possible quality of service.

assumed to be periodic, and the reson percentage is

set equal to the ratio of the processing time required andAcknowledgments

its associated deadline. thare combined with admission

control to ensure that the total resgions sum up to no We thank James G. HamkJ. Duane Northcutt, and

more than 100%. The problem is that reatons are an  Gerard A. Vil for mary helpful discussions. Much of the

overly static abstraction for the dynamic requirements of scheduler intedce arose out of those discussions. This

multimedia. Thg simply dery access to later aving work was supported in part by an NSBung Irvestigator

applications, praiding insuficient feedback to alie real- Award and Sun Microsystems Laboratories.

time application to adapt to the system loading condition.
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