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Abstract we focus our attention on the class of non RT tasks whose
performance is dependent upon their response times.
By scheduling the non real-time tasks earlier while still By scheduling the non real-time (RT) tasks earlier while

meeting deadlines for the real-time tasks, the overalesyst ~ still meeting deadlines for real-time tasks, the overadi-sy
performance can be improved. In particular, we believe that tem performance can be improved. In particular, we be-
the variability in the execution time requirements of real- lieve that the variability in the execution time requirerteen
time tasks can be effectively leveraged to reduce respons®f real-time tasks can be effectively leveraged to reduee re
times of non real-time tasks. We propose a novel proces-sponse times of non real-time tasks. Making assumptions
sor sharing algorithm where the processor share of RT jobs about the arrival time or execution time of non RT tasks
increases with their progress based on the empirical prob- is not practical, hence we propose two measures to quan-
ability distribution of execution times of real-time tasks tify performance of a RT scheduling algorithm. The rst
adaptively schedule variable requirement real-time to max measure denotes the cumulative allocation to non RT tasks
imize the minimum expected service rate to non real-timeby timet and we represent it a&(t). An algorithm with
tasks at any instant. greaterA(t) for anyt provides better response times to large
execution time requirement non RT tasks. This is because,
over a large time interval, algorithm with largéx(t) pro-
vides greater average allocation to non RT tasks. But a
higher value ofA(t) does not guarantee that RT tasks do
not block non RT tasks. For example, if a non RT task ar-
Variability in the execution time requirement of real-time  rives when the RT tasks are scheduled then the non RT task
tasks is common in actual real-time systems. For real-timemay have to wait for the RT tasks to nish. Delaying RT
tasks, meeting deadlines is important. Traditional schedu tasks may not be an option because it may lead to deadline
ing algorithms schedule real-time tasks assuming that eachmisses. To model this characteristic of RT tasks blocking
job requires the worst case execution time (WCET). non RT tasks, we propose quantifying the expected proces-
This pessimistic approach is essential for meeting dead-sor share of RT tasks at any timhie A scheduling algo-
lines for real time tasks. But practical systems are com- rithm which minimizes the maximum expected processor
posed of tasks with varying timeliness requirements. Thereshare of RT tasks at any tinhenaximizes the minimum ex-
may be hard real-time tasks, soft real-time tasks, responsepected processor share available to non RT tasks at any time
time sensitive tasks, and best-effort tasks. The scheglulin t. Greater expected processor share to non RT tasks at any
of real-time tasks impacts the performance of other tasks intime t provides more responsive service to non RT tasks,
the system. In this work, we focus our attention on systemsspeci cally small requirement non RT tasks irrespective of
composed of real-time tasks (hard or soft) and response-their arrival times.
time-sensitive tasks. In such systems, the rate at which the We propose a novel scheduling algorithm using the prob-
non real-time tasks get serviced is determined by the sched-ability distribution of execution time requirements of kea
ule of real-time tasks. Classical scheduling algorithrke li  time (RT) tasks to improve response times of non RT tasks.
Rate Monotonic (RM) and EDF, schedule tasks by prioritiz- The RT tasks are scheduled in EDF order, and the active RT
ing them on their period or deadline. While real-time (RT) job receives processor share given by a functf. This
tasks support notion of deadlines, non RT tasks usually dogives(1 s(t)) as the processor share available to non RT
not have a crisp deadline associated with them. In this work, tasks as function of time arfl(t) represents the cumulative

1. Introduction



allocation to the non RT tasks as function of time. We cal- EDL - Earliest Deadline as Late as possible (EDL) [4].
culate functiors(t) that minimizes the maximum expected The RT task is delayed as much as possible such that
value ofs(t) for the RT tasks using probability distribution it still nishes by its deadline.

of their execution time requirements, which can be obtained

through online pro ling. We show that the proposed sched- We compare these algorithms using the meashrg}

ule combines the effectiveness of Earliest Deadline as Iateands(t)'

as possible (EDL by Chetto et. al. [4]) in improvidgt) s(t) denotes the processor share of a RT task as a func-
and the ef ciency of GPS [9] by allocating certain proces- tion of time

sor share to the RT tasks thereby eliminating blocking of

non RT tasks by RT tasks, without suffering from the draw- A(t) is the cumulative allocation to other tasks in the
backs of either. In particular, the proposed schedule out-  System until timet (in the interval [0,1], aﬁjming RT
performs GPS for the measufgt) and outperforms EDL task arrived at time 0), and is given iy ) s(t)dt).

in terms of minimizing maximum expected valuesgf) at
any timet. In the following sections we de ne these notions 2.1 Dening  s(t)
formally.

This paper is organized as follows. First, we presentmo-  Thes(t) function is de ned in terms of a functiog(:)
tivation for our work. Next, we show how the proposed Which represents the processor share for a job of the corre-
approach can be app“ed to media decoding task which issponding RT task as a function of time duration since the
a well known variable requirement RT task. We follow this job's arrival. So functiong(x) is de ned for0  x  P.
by extended the approach to multiple RT task system. In theAlSo sinceg(:) represents processor share, its value lies be-
next section we formally prove how the proposed schemetween 0 and 1.
performs in comparison to typical scheduling algorithms fo ~ Formally,
RT scheduling. Related work is presented in the next S€C-pg nition
tion followed by conclusions. 1

g(t b 5cP) if task active

s(t) = 0 otherwise

2 Motivation - Single RT Media Decoding
Task System Note that for a RT task arriving at time 0 and with period
P,(t b ;—Pc) represents the time duration since arrival of

. , , ) _ the job active at time. Furthermore functiomy(:) should
Consider a system with one variable requirement peri- satisfy the following property,

odic RT task, and other non-RT tasks. Assume that at any
instant at least one non-RT task is active. 4

A periodic RT task is characterized by perioB and 0 gix)dx €
a new job arrives ever time units. Any job may have ) ) ) ) . .
a worst case execution time requiremenQofwhich is re- That is, the job should nish C execution time units on or
ferred to as its WCET. Let be a random variable denoting before its deadline which B time units after its arrival.
the execution time of a job. The function g(t) where (t is between 0 and P) for the

For example, for a MPEG decoding task, the peRos  above mentioned scheduling algorithms can be written as
40ms (25 fps), the WCET is 24ms and the average exe- follows. We represent the(:) function for a particular
cution time requiremenE[ ] is 10ms. These values were scheduling algorithm ag- followed by the scheduling al-
obtained by counting CPU cycles required to decode thegorithm name to differentiate between various scheduling
frames in Star Wars movie trailer usingpeg play. Ascan  algorithms. Figure 1 illustrates thg:) functions for Prior-
be seen the execution time requirement for the media decodity GPS and EDL algorithms as well as the Proposed algo-
ing task is highly variable, with the worst case requirement rithm. The shaded area represent the allocation to the RT

C being more than twice the mean requiremenE¢f . job, while the height of the shaded area represents the ac-
We look at following scheduling approaches to schedule tual processor share of the RT job at that time. The curve
this RT task. g-Proposed:) is unique in the sense that it is continuously

varying and in the following sections we see how to deter-
Priority - The RT task gets priority over non-RT tasks. mine the shape of curvg P roposed:) based upon given
optimization criterion.
GPS - This algorithm is derived from Generalized Pro- o
cessor Sharing (GPS) [9]. The RT task gets a constant Priority
processor share given by its worst case utilization g-Priority (t) =1
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Figure 1. These gures show a job schedule for MPEG task with period 40ms, W@ETs2nd mean requirement of 10ms. The
shaded area represents the allocation to the RT job as a function of the tirmgatusince its arrival. The height of cung{t)
represents the actual processor share of the RT job. The total allodatitve RT job under each of the scheduling policies is equal
to the WCET (24ms). While Priority, GPS and E8(t) functions are constant, the proposgd) function @-P roposed:)) varies
with job progress. In the following sections we describe lgoRroposed(:) is calculated and its properties.

GPS Lemma 2.2 For anyt,
g-GPS(t) = C=P
Priority A (t) GPS A(t)

EDL EDLA (t)
—1 .
1 ift P C . . .
g-EDL (t) = . Proof By de nition, for a single RT media task and a set of
0 otherwise
non-RT tasks,
Lemma 2.1 For any given t between 0 and P, L4 g
Af)=1t s(t)dt
N L L () s

_EDL (t)dt _GP S(t)dt _Priority (t)dt
0 J ® 0 J ® 0 9 y () Break this integral until the arrival time of latest job (et

deadline of the latest job nished),

Proof Under Priority, the RT job is scheduled as soon as it t Irb‘F‘TCP
arrives and is given the full processor shareR(gprity(t)=1) A(t) = (bgcP s()dt)
until it nishes. Under GPS, the RT job is given a constant t

processor shﬁﬂe of C/P (1) fro[frt:_t| its arrival until it n- +{(t b EcP) s(t)dt)
ishes. Hence, g.GPS(t)dt  g-Priority (t)dt. Un- bp-cP

der EDL, the RT job starts getting allocation only when the

time re_maining Is just enoug_h to _nish the jOb on deadline arrival time of latest jolb;—c is same under any scheduling
pder its worst c3sg execution time requirement. HeNCe, 5y rjthm where all jobs meet their deadline, hence the rst
0 9-EDL ()dt 5 g-GPS(t)dt term is same for Priority, GPS and EDL.

Now the cumulative allocation to the RT task until the



The difference is caused by the second term. Now note2.4 Problem with EDL
the second term can be written as

t L Even thoughA(t) is maximized by EDL, the value of
((t b ECP) . s(t)dt) (1 s(t)) may be 0 while the RT job is active, that is the
i br P other tasks arriving when RT job is active are blocked until

The negative termb;—cP s(t)dt represents the allocation RT job nishes as in Priority. Furthermore, this blocking

to the RT job as function of time. From Lemma 2.1, the time may be arbitrarily long. _ _
allocation to RT job as a function of time since its arrival ~ FOr example, consider a RT task with period 1000ms and

is greatest under Priority, lesser under GRS and least undef*ecution time requirement of 500ms. Let there be non-RT
EDL. So the cumulative terf{t b % cP) . s(t)dt) tasks active at any time. In such a scenario, under Priority
: P bg-cP

and EDL, the RT task is active for 500ms, thereby blocking
all non-RT tasks for the entire duration of 500ms. The pe-
riod of the RT task can be chosen arbitrarily long, thereby

Lemma 2.3 For any RT job, let max s(.) denote the maxi- leading to blocking of non-RT tasks for arbitrarily long in-

is least under Priority, greater under GPS and greatestunde
EDL.

mum value of s(t). tervals.
GPS maxs(:) Priority maxs(:); EDL maxs(:) 25 Problem with GPS

Proof Note that under GPS, the maximum values(tf) is

(C=P 1), whileitis 1 under Priority and EDL. This is The advantage of GPS is that the processor share avail-

because under EDL and Priority scheduling, the RT job is able to other tasks in the system is at ledst C=P) at

assigned full processor share when it is scheduled. any time. The problem with GPS is that the processor is re-
served based on the worst case execution time requirement

2.2 Understanding A(t), s(t) and g(.) of the RT task. Thus, even though on average the media de-
coding task requires just under 10ms of execution time, any

Both A(t) ands(t) are important because whifg(t) de- job is given a processor share of 24/40 = 0.6, which is more

notes the cumulative allocation to other tasks in the systemthan twice the mean processor share requirement of 10/40

in the interval[0;t], (1  s(t)) denotes the instantaneous =0.25.

processor share available to other tasks in the systemat tim

t. - .
As pointed out earlierA(t) is same for all scheduling 3 Probability and Scheduling

algorithms on job deadlines because the allocation to RT

task by any the deadline is same under any scheduling al- In this section, we start with discussion for a system with

gorithm. The variation is caused when the RT job is active. single RT task.

EDL delays the RT job such that the other tasks in the sys- As pointed out above, variability in execution time re-

tem get scheduled before the RT task, and hence maximizeguirement of RT tasks poses unique challenges. First,

A(t). GPS keeps the value sft) constant at the worst case the scheduling algorithm should provide deadline/allorat

utilization of the RT task whenever it is active. Under EDL guarantees to the RT tasks. Second, to provide guarantees,

and Priority,s(t) is 1 while the RT job is active. a non clairvoyant scheduler schedules each job of the RT
s(t) is based on functiog(:) which gives the processor task assuming that it would require its worst case execution

share for a RT job as a function of time duration since its time.

arrival (for RT task arriving at time 0 and job arriving every In this section we describe how the variability in execu-
P time unitst b LcP). The g(.) function is dependent tion time requirement can be ef ciently handled. We rst
upon the scheduling algorithm used. introduce the notion of expected processor shits(t)].
This is the key notion in our analysis. Its importance lies
2.3 Problem with Priority in the fact that for variable requirement RT tasks, the value

s(t) is dependent upon whether the RT job has nished or
If an RT task is given priority over other tasks in the sys- not. If the RT job has nished then it does not require any
tem, then the other tasks are blocked whenever the RT taskprocessor share, but if it is active then it is allocated pro-
is active. This gives the worst value &f(t) (minimum) cessor share given by its correspondag{g function. So,
amongst all algorithms guaranteeing that the RT task doeswhile the values(t) at a timet can be thought of as a ran-
not miss any deadline. Also, the value @f s(t)) is O dom variable which may be either 0 g(:) depending on
while the RT task is active and hence this algorithm does whether the RT job has nished or not. If the probabil-
not perform well on both measures. ity distribution of the execution time requirement of the RT



task is known, then the probability that RT job is active af-
ter it has nishedx units of execution time can be written
asPr[ > x ], where is the random variable denoting the
execution time requirement. Thus[s(t)] can be expressed
in terms of theg(:) function and the probability distribution
of the random variable. Next, we formally de fe[s(t)].

De nition E[s(t)] represents the expected values(tf) for
the RT task at time¢. Formally,

t [jblb &cP
Els(] = o(t b 5cP) Pl > g(x)dx]

That is,E [s(t)] at timet is the probability that the RT job is
active at timet multiplied by the processor share given by
its corresponding(:) function.

Let max E[s(:)] denote the maximum expected value of
s(t) at any timet.

In this paper, we propose the novel notion of choosing
the functiong(:) (now we would refer to theg(:) function
asg_Proposed:)) for a RT task such that it satis es the
following key properties. For any, wheret is the time
duration since arrival of RT job arxilies between 0 and P:

Lel .
o 9-Proposedx)dx C,whereC is the WCET

g_Proposed:) is chosen such thatax E [s(:)] is min-
imized

3.1 Calculating gProposed:) for a Single
RT Task System

In this section we show hog_P roposed:) can be cal-
culated which satis es the above mentioned properties for
a system containing single a RT task. At any time some
non-RT task is assumed to be active.

In this section assum& t P. Now, a schedule with
E[s(t)] at mostK would do maximum work by any time
t if E[s(t)] = K for anyt. This is because iE[s(t)]

K for some timet, the the functiorg_P roposedt) can be
increased at that timethereby leading to greater processor
share to the RT task.

The rst solution to functiong_P roposed:) can then be
written recursively as

g-Proposed0) K=Pr[ > Q]

— K
Pr[ > I_O'Jg,Proposec(x)dx]

g_-Proposedt + t)

But this may lead tog_Proposgt) outside the
range|0; 1] (speci cally as the probability approaches 0,
g_Proposed(.) approaches in nity). So we limit the value
g-Proposed:) by replacing the RHS in above equation by

K

min(1; 5~ )-
il > , g-Proposed (x)dx]
Note that if g_Proposedt) is reduced thel because
R—K ; is greater than 1, the&[s(t)] is

Pr[ > g-Proposed (x)dx
less tharK .
So now the functiorg_P roposed:) is de ned in terms
of a constanK which represents the maximum value of
E[s(t)] for this schedule at any time What remains is to
nd the minimumK for which a job of this RT tasks meets
its deadline under worst case execution time requirement of
,l.e.
Ld
minimum K s:t: g-Proposedt)dt C
Now the value ofK (the maximum expected proces-
sor share) lies between 0 and 1. As the valu&ofs in-
creased from 0, the execution time allocation to the RT job
increases. Therefore a reasonable approximatidt wan

be ef ciently calculated using binary search on the value of

Suppose we want to calculate a schedule whereK in the intervallO; 1].

E[s(t)] K foranyt. SinceE[s(t)] is a periodic func-
tion with periodP, it is suf cient to enforce this relation in
the intervallO; P].

For t betweenO an(ﬂ?, E[s(t)] can be written as
g-Proposedt)Pr[ > g Proposedx)dx]. Thus the
constraints can be expressed as,

J
g_Proposedt)Pr[ > g_Proposedx)dx] K
0

and,

(-

g_Proposedt)dt C

This constraint enforces the fact that any job should nish a
mostC execution time by its deadline. Such equations also

3.2 Schedule lllustration - Media Decod-
ing Task Example

Here we present the application of proposed approach
on the media decoding task example. The processor cy-
cles used to decode Star Wars trailer using mpley were
calculated on a FreeBSD 4.8 machine with 800 MHz Intel
Pentium IIl processor. The worst case execution time re-
guirement was found to be 24ms and the mean execution
time requirement was 10ms. To run the movie at 25fps,
frames need to be decoded every 40ms. Thus the RT task
has a period of 40ms, worst case utilization if 24/40=0.6 and
mean utilization of 10/40=0.25.

TheK calculated for this RT task was 0.34 which is near

arise in the domain of processor energy savings [7], wherethe mean utilization 0.25 and nearly half the worst case uti-

the goal is to minimize the expected power consumed.

lization of 0.6 (Refer Fig 2).
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Figure 2. Figure showing job schedules for a MPEG task with period 40ms, WCET Zhdmean requirement of 10ms. The
height of the shaded region represents the fraction of processoe g/inaen to the RT job as a function of the time duration since its
arrival. While g(t) curve shows the processor share function corresporgling to the wiahgalgorithm, E [s(t)] curve shows the
expected value daf(t) for a job (E[s(t)] = g(t)p(t) wherep(t) = Pr[ > (; g(x)dx], for tin the rang€gf0; P]. is the random
variable representing job execution time.

3.3 Handling Multiple RT Tasks Consider a set of RT tasks withn tasks. Let task; 2
T has period;, , worst case execution time requirement of

The analysis so far considered a system with only a sin-C; and ; the random variable representing job execution
gle RT task. In this section we extend the above methodol-time.
ogy to a system with multiple RT tasks. But this extension  We form a virtual task v With period as 1 time
is not trivial. The primary reason being that schedule of one uﬂ{:‘/vorst case execution time requirement Of =
RT task impacts the schedule of other RT tasks. That is, if a ", Ci=P,, and the random variable r%enting the ex-
job of RT taski is allocated processor share given by func- ecution time requirement of a job as= . i=P.
tion s (t), then for a different RT task, its corresponding The schedule minimizing the maximum expected pro-
processor share functia(t) cannot be independent of the cessor share is calculated for this virtual task. dgta (2)

value ofs; (t) since the total processor share available to all pe the reilﬁting job function which is de ned in the interval
RT jobs is at most 1 (full utilization). Fo- 1]and |, Quiwa (t)dt = U.

For the case when all tasks have same period and arriva Now the tasks are scheduled as follows. The function

time, the analysis as done for a single task system can be, i

used, tht?ilry difference being the random variableill S (1) fortask  is de ned as

now be ., ; where ; is the random variable for the L1 th LoP . )
execution requirement of taskand there ara tasks in the si(t)y=  Quirtual (—p—) it act!ve
system. 0 otherwise

If the tasks have different periods then the problem gets
tougher. Calculating; (©) q_rﬁﬁpendent because they are Note that the functiong,ima () is such that for a
constrained by the relation \_, si(t) 1. task ; with period P;, the cumulative allocation avail-
Though this is a serious problem, we proposeanovelandﬁfe to RT tasks while adﬁb of task is active is
ef cient solution. 0I Quirwal  (t=Pi)dt = P; o Qvirtual (X)dx = P; U



(note the integral was transformed by the substitution
Pi = t).

At any moment the RT tasks are given a processor shareto RT tasks ik P;

of s(t) = max; i n Si(t), and this processor share is allo-
cated to the earliest deadline active job.

The intuition behind this approach is as follows. Sup-
pose the tasks art%n a constant processor shdde of
when active Y = ;_; C;j=P). Then all jobs meet their
deadline. And in the worst case a jpbmay nish exactly
on its deadline. In this scenario, the cumulative allocatio
to RT tasks from the time of arrival ¢funtil its deadline is
U P; whereP; is the period of task corresponding task for
jobj. So, in this scenario if the cumulative allocation avail-
able to RT tasks from the arrival of jgbuntil its deadline
isU P, then the joj does not miss its deadline.

Next we formally show that using the proposed schedul-
ing approach all RT jobs meet their deadlines.

Lemma 3.1 Consider a seT of RT tasks withn tasks. Let
task ; 2 T has periodP;, worst case requiremer@; and

i be the random variable denoting the execution time re-
quiremenmf a job. Legy(:) be an an irll_cﬁnialsing function
such that g(t)dt = U, whereU = ;, Ci=R,. The

jobs are scheduled using optimal uniprocessor RT schedul-(which is controlled by the correspondirgy

ing algorithm like preemptive EDF and the processor share
at timet is given bys(t) = max 1 i n si(t) , where

th ptTCPi
e i)
0

if ; active

otherwise

s)y= 9

All jobs meet their deadline.

Proof If the tasks were given a constant processor share

of U then all jobs meet their deadline (preemptive EDF

RT tasks with a constant processor sharéJdbecause by
any deadlin&k P i the cumulative allocation available
U. Also from any intermediate time

to the nearest next deadline, the cumulative allocatioit-ava
able to RT tasks i&) times the time interval. Hence all jobs
of | meet their deadline while jobs of other tasks may miss
their deadline.

Similarly, if s(t) is chosen as(t) = g(tb,iiljcpj) then
all jobs of task ; meet their deadline while jobs of other
task may miss their deadline.

Now suppose s(t) is

tb P‘*CPJ'

maxy i n 9(—p—).

Then, the cumulative allocation by any tirhender this
schedule is at least equal to the cumulati\{e allocation to RT
tasks under a schedule witt) = g(t b icpi) for any
i. Hence jobs of all tasks meet their deadline under this
schedule.

Furthermore, if task; is not active at time (the current

job has nished and a new job has not yet arrived), then

chosen as s(t)

. th LcPi . . .
the functlong(,f,i;c) is redundant since it does not con-
trol whether jobs of other tasks would meet their deadlines

th g-cPj
——)
th Z-cP
term for any other task;). Thus, the terng(ﬁ)
tb t-cP
can be excluded from th@ax; ; n 9(27’11). In fact,
terms corresponding to all non active tasks can be excluded.
Now remember the de nition of; (t)
tb ZA-cP;

9(—p)

0

Hence the processor share function can be simply written

if ; active

si(t) =
' otherwise

schedulability). Suppose all tasks are scheduled in EDF or-ass(t) = max, ; n S;j(t). This completes the proof.

p—CPi

. o b
der and the processor share attime tis glveg(ﬁy;;—)

. th LcP
i.e.s(t) = g(+ .
Now note that the functiog(t) is such that for a task
i Witrtﬁeriod P;, the cumuliﬂive allocation available for a
jobis ' g(t=Pi)dt = P; ;g(x)dx = P; U (note the
integral was transformed by the substitution P; = t).

. th £-cP; L.

Now if s(t) = 9(5,7;), then for any positive integer
k, the cumulative allocation available to RT tasks by time
k PjisU k Pj,whichis same as that available under
constant processor shareldf For anyt, such thatk 1)
P, t k P;,the cumulative allocation available to RT
tasksinthe intervdl;k Pjlisatleast) (k P; t). This
is becausg_Proposed:) is an increasing function and the
cumulative allocation to RT tasks available in the interval
[(k l) Pi;k Pi]iSU P;i.

From the point of view of task;, scheduling all RT tasks

usings(t) = g(- ,jcpi

) is equivalent to scheduling the

4 Performance Comparison

In this section we theoretically compare the performance
of our algorithm to Priority, GPS and EDL in terms of
the measures\ (t) ands(t). A(t) represents the cumula-
ﬁi_\ﬁ allocation to non-RT tasks by timteand is given by

o (1 s(t))dt. An algorithm with greateA(t) for anyt
provides better response time to large non-RT tasks, while
an algorithm with lower maximum expected valuesgf)
for anyt provides better instant service and hence improves
responsiveness of shorter non-RT tasks.

The processor share functions for Priority, GPS, EDL
and Proposed algorithm for a multiple RT task system are
approximated by followingy(:) functions. Theg(:) func-
tion is used to determine the cumulative processor share
allocated to RT tasks at any instant, and the RT jobs are
scheduled using any optimal uniprocessor RT scheduling



algorithm like preemptive EDF (at processor sha(®). Fﬁgof First, note that I?g,P roposedt)dt
Note that as before, we represent i{e) function for cer- 5 9-GPS(t)dt. This is becausey_Proposedt) is a
tain algorithm by pre xingg- before the algorithm name.  non decreﬁ'ng function argiGPs[gtj is a constant func-
So g_Priority (:) represents thg(:) function for Priority tion. And ‘g PEtl_Posedt)dt - 9 G&?(t)dt - U

. 0 9- 0 9- .

algorithm. L
Note that0 t 1, sinceg(:) functions are assumed This implies that , g-Proposedt)dt 0 9-GPS(t)dt

. : fort
to be de ned for unit period task. Assume as before we ?‘J_r‘ Ll
haven RT tasks, where thé" task is represented as th Iior h'(i g,EIlEDDLL(tt)d_t 0 f (t)?’P ro&osedtl)(i}, nor:fa.l
and its period, worst case requirement and execution time at whiie g ® is or t less than (1-U), while

. : _P roposedt) is non zero during the interval.
requirement ar, resentedRs C; and | ctively. 9 . .
For feasihili ff??ci —p 1 LetU = E‘}?Ci —p.. Thus the RT task execution is delayed for the maximum

et = "1 2 wich i the random variaierere- 27U EDL However, s ot out arler, e ads
senting the combined utilization of all RT tasks. i . '
g Under the proposed algorithm, RT tasks are delayed lesser
Priority, g_Priority (t) =1 than in EDL but their schedule is determined by the execu-
tion time requirement probability distribution, therebg-r

GPSg.GPS(t) = U ducing blocking of non-RT tasks.

—1
1 ift 1 U

EDL,g-EDL()= 4 * Giherwise Lemma 4.2
Proposedg_Proposedt) = min (1; K=p(t)), where ProposedmaxE[s(:)] GPSmaxE[s(:)]
p(t) is the probabijlity that the cumulative RT utiliza- EDL=Priority maxE[s(})]

tion is greater than, g_P roposedt)dt.
. ] Proof The maximum value o [s(:)] for Priority and EDL

Neje that for all these algorithms, ; g(t) is1 Pr[ > 0]=Pr[ > O]and for GPS,ititJ Pr[ >

i-1 Ci=P and theg(:)'s are increasing functions. So 0], where U is the worst case cumulative utilization of RT
from Lemma 3.1, all these algorithms correctly schedule a tasks. This is attained when a RT job begins execution. Also
given set of RT tasks. Thus all can schedule set of RT tasks Proposednax E [s(:)] isK .

For the GPS processor share functip®P S(t) = U is What remains to show is tha¢ Uu P > 0]
an approximation since processor share of cumulative worstTo see this note thag_Proposed0) g.GPS(0). This
case utilizations of just the active RT tasks is sufcient to js because whilgg_GP S(:) is constant and equal td,
correctly schedule the RT tasks. But the simpler formula- g_Proposedt) is a non decreasing function, so it can
tion is assumed to simplify the proof, though it penalizes start with processor share less thanwhile still nish-
GPS in terms of the measukgt). Note that the maximum  ing U execution time in a unit sized interval. This gives,
expected value d (t) remains unchanged. g-Proposed0) Pr[ > 0]=K g.GPS(0) Pr[ >

For the EDL processor share function, a simplied ap- 0].
proximation is again used. This approximation reduces
A(t) (the cumulative allocation to non-RT tasks in the sys- | emma 4.3 The cumulative allocation to non-RT tasks fol-
tem by timet) as compared to th&(t) attainable using the  |ows the following relation -
true EDL scheme (as in Chetto and Chetto [4]), where the
schedule calculation is done of ine for the hyper-period. Priority A (t) GPS A(t) Proposed At)
Despite this simpler EDL formulation, EDL still achieves EDLA (t)
betterA(t) than the the other three algorithms (so the sim-
pler formulation does not skew the results). Again, the Proof Under Priority, the RT tasks get full processor share
maximum expected value sf(t) for any task remains un-  whenever active and the non-RT tasks are blocked while RT

changed. tasks are active, giving the worst valuefoft). Under EDL
_ RT tasks are maximally delayed so EDL has the maximum
Lemma 4.1 For any givent between 0 and 1, A(t) value for anyt.
L L What remains to show is the order between GPS and pro-
g_EDL (t)dt g_Proposedt)dt posed approach. For a single task system, the proposed ap-
= | proach clearly provides largek(t) for anyt. For multi-
g.GP S(t)dt g.Priority (t)dt ple RT task system, under GPS the RT t:_asks always get a
0 0 constant processor share dfwhenever active. Under the

proposed approach, the RT task may get a smaller value of



processor share during some intervals leading to delayed RTment has largely been ignored. In this work, we address
task execution thereby increasiAgt). the issue of handling variability in execution requirengent
while meeting deadlines. In particular, we propose the mea-
In summary the proposed scheme delays execution of RTsuress(t) andA(t). (1  s(t)) is the processor share allo-
tasks to increase allocation to non-RT tasks by any tme  cated to RT tasks at timeandA (t) is the cumulative allo-
but at the same time it maintains the maximum expectedation to non-RT tasks until time
processor share of RT tasks at any time to be bounded by its Delaying RT tasks improves allocatioh(t) to other
minimum value. Thus, under the proposed scheme, Iargertasks in the system, but the RT tasks may require greater
non-RT tasks get better response times (due to batter

han GPS and priori d I RT task b allocation later. Earliest Deadline as late as possibleL{ED
than and priority), and smaller non-RT tasks get etterforoposed by Chetto and Chetto [4] is based on this strategy.
response time because of low maximum expected value o

i Dual-priority scheduling algorithm [6] extends the notion
s(t) atany timet. of EDL to static priority systems.
L. . L . Calculating an EDL schedule is non trivial as it requires
5. Obtaining the Probability Distribution knowledge of arrival times of all RT tasks beforehand. Al-
gorithms which relax this constraint were proposed by But-
In the analysis, it was assumed that the probability dis- tazo et. al. [3]. But the problem with this approach is
tribution of execution time requirement is available. Note that while the RT jobs are delayed initially, they are given
that the probability distribution does not interfere wittet  full processor share later in order to meet deadlines, and
deadline guarantees for the RT tasks because the RT taskany non-RT job arriving during the time when a RT job is
are allocated based on their WCET values. given full processor share is delayed until the RT job n-
The functions(t) depends upon the probability distri- ishes. In practical systems, the arrival times of non-Rkgas
bution. If the estimated probability distribution for exec  may not be available in advance and the non-RT tasks may
tion time requirements is reasonable, then the algorithm pe  have varying degrees of response time sensitiveness. Thus,
forms better in minimizing the maximum expected proces- a scheduling strategy which leads to intervals when non-RT

sor share of RT tasks at any time instant. tasks are blocked, may lead to avoidable response time de-
The problem of obtaining probability distribution of ex-  |ays of time sensitive non-RT tasks.

ecution time requirements_ for real-time tasl§s has been ad- Reserving processor share/bandwidth for RT tasks, as in
dressed before [5]. But since for our algorithm, the prob- cgnstant Bandwidth Server (CBS) [1], reduces the measure
ability distribution does not impact the deadline guaraste A(t) as compared to EDL. However the processor share is
for RT tasks, so even simple online pro ling is suf cientfor 5564 on worst case execution time requirement of the RT
cons_tructing the probability distribution of executiomg jobs. In case of variable requirement RT tasks, allocating
requirements of the RT tasks. processor share based on worst case value is not ef cient be-
ﬁycally, we require the distribution vima = cause the WCET may be arbitrarily greater than the mean
i=1 i=Pi. This can be obtained by directly pro ling the  execution time requirement of the RT jobs. Our approach
cumulative utilization of RT tasks whenever any RT job n- compines the elegance of share based scheduling with the
ishes. The cumulative utilization is obtained by summing gffectiveness of EDL (delaying RT tasks to improve re-
the utilization requirement of the nishing RT job and the sponse times of non-RT tasks). In our approach, the RT
utilization requirement of latest nished jobs of other RT (555 are initially assigned lesser processor share thean th
tasks in the system. Using these pro led values the his- \yorst case processor share requirement and their processor
togram for viwar  can be constructed. Initially, it is a@s-  ghare is increased with progress. This leads to a schedule
SUrT_\e;d_—(flat the vimua  is constant and its value is equal \yhere the RT job may end up requiring the entire processor

to i, Ci=P, which guarantees that no RT deadlines are neay its deadline, but the probability that the job actually
ever missed (thoug robability that the cumulative uti gaches this phase is low.

lization of tasks is ;_; Ci=P; may become arbitrarily

small). The functiors(t) is updated perlodl_cally (say ev- approach to continuously adapt the processor share of RT
ery 100 new pro led values for viwa ). With time, the — gy ¢ using feedback-control as in [8] and [2]. There are
h|sto_gram becomes richer and gives a more reasonable AP0 major problems with this approach. First, some RT
proximation to vira - jobs may miss deadlines which may or may not be accept-
able. In our approach, RT jobs do not miss their deadline.
6. Related Work Second, feedback-control assumes dependence between the
execution time requirements of job sequences, and leaves it
Scheduling RT tasks has predominantly focused onto the system designer to design the appropriate feedback-

meeting deadlines and the variability in execution reguire control function for that dependence. But a job's execu-

In this regard, feedback-control scheduling is a useful



tion time requirement may not be dependent on a previ- References

ous job's requirement. Also, even if such a dependence
exists, mathematically qualifying this dependence and de-[1]
signing an appropriate feedback-control loop is dif cuh.

our approach, the only knowledge required is the execution
time distribution of RT tasks which can be easily obtained [2]
through online pro ling.

[3]
7. Conclusion and Discussion

(4]

In this work we proposed the novel notion of varying the
processor share of the RT tasks with their progress. What
this achieves is that the RT job starts off requiring lesser 5]
processor share than its worst case utilization, and its pro 6
cessor share increases as the RT job progresses, and so does
the probability that the RT job will nish. So while some  [7]
RT jobs which require execution time requirement near the
WCET may end up consuming greater processor share near
their deadline, the probability that this scenario arises i [8]
less. And the functiors(t) is calculated using the proba-
bility distribution of execution requirement of RT task ob-
tained through online pro ling such that the maximum ex-
pected value o$(t) for any timet is minimized.

In this work we assumed the GPS model of processor
sharing. The RT jobs get a shaf), and the non-RT tasks
get the remaining processor shéte s(t)). Most current
processors execute tasks sequentially and use a quantum
based scheduler to schedule multiple tasks concurrently.
Our proposed scheduling algorithm can be adapted to a
guantum-based scheduler, and the quantum size would de-
termine the allocation accuracy. Smaller the quantum size
better the allocation accuracy.

The prime contribution of our work is the use of proba-
bility distribution to schedule variable execution time RT
tasks while meeting deadlines. While current scheduling
algorithms like Priority, EDL or GPS may perform arbitrar-
ily in terms of response time to non-RT tasks, the proposed
scheduling algorithm works well for both measur&ét)
and(1 s(t)). Our work opens new doors in the area of
scheduling variable requirement RT tasks and we believe
that many more exciting applications are possible usirg thi
approach. We are currently working on an actual generic
prototype implementation of the proposed scheduling
algorithm in General Purpose Operating Systems (GPOS).
While our approach performs well in terms of the measures
A(t) and(1 s(t)), we hope to use this implementation to
provide empirical results for non-RT tasks' response times
to support our hypothesis.
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