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Abstract the applications, or by using more flexible and dynamic re-
source allocation policies. The first solution [25, 24, 17], 1
can be based on scalable video or audio processing mecha-
nisms [10], which allow one to reduce the execution times at
the cost of a reduced quality. A similar idea is quality adap-
tation [23, 18, 6]. In response to time-varying application
requirements and availability of shared resources, the be-
haviour of the applications is changed at run-time to make
their requirements fit in the instantaneous resource avail-
ability. Although a very effective technique, application
level adaptation relies on a particular structure for the ap
eplications (e.g., the presence of discrete quality optthas

can be switched online). Therefore, in this paper we adopt
a complementary strategy that operates on resource alloca-
tion.

Resource reservations are a very popular choice to
schedule multimedia tasks. However, the high variability
of the resource requirements hinders a static choice of the
scheduling parameters. In this paper we address this prob-
lem by a combination of two strategies: adaptive reserva-
tions and resource reclaiming. The first one operates “lo-
cally” (using the information of a single task), the second
one operates “globally” distributing unused bandwidth be-
tween the tasks. In this paper, we show by analytical results
and by extensive simulations that the two techniques can b
safely and usefully combined.

1. Introduction

In the context of multimedia applications, Resource

Applications processing multimedia content (such as Reservations [17, 19] are commonly regarded as an effec-

compressed audio or video) are characterised by ImIOIICIttive tool for resource allocations which allow to control

temporal constraints [11, 21]. As an example, a video the QoS of a task independently from the others. These
player should decode and reproduce each video frame Q P y '

e o . . 3 scheduling mechanisms enable a fine-grained control, re-
Wlt.hm a specified deadline (glven. by th‘? frames Presen- serving a fraction of the resource to each application. A
tatlon_TlmeStamp - PTS). O_cca_smnal V|olat_|ons of th.eseipoint of crucial importance is an appropriate selectiomef t
dead_llnes cause a degra_datlo_n in the percelveo_l Quality O%raction of the total resources that each application vesei
Servu:ti (thS), but (?jo gott invalidate the <_:orr|1pl.fjtat|on. M#Le_t' A static choice is only possible if the resource usage of the
over, Iné time heeded o process a singie rame exXnIbILS, ,qjication can be characterised before its execution [20]
large variations, and is highly dependent on the input khin A possible strategy to alleviate this problenrésource re-
about the decoding times in an MPEG decoder) [11, 21].

| | f this behavi be found i hclaiming[9, 8, 14]. One can make a conservative allocation,
mpqrtant_ examples o this behaviour can be foundin such 5,4 by using a reclamation strategy the unused resources are
multimedia applications as players or streaming programs

Voice Over [P licati Vid D d clients. et 'redistributed between the remaining applications. The pol
olce Lver I applications, Video on emand clients, €fc. icy used for the redistribution can be of different type (e.g
The high variability of the computation times makes the

. ) : ) greedy [9] or weight based) but it does not take into account
application of classical real-time scheduling theory [15] ¢ ¢rrent situation of the tasks. Moreover, this approach

ltrom:jblesome, because a;su(rjnmg Wo_ﬁ]t, casebtlaxecquE t'mfé not very useful when the system is heavily overloaded. A
eads to a very conservative design. This problem can be adge g thread of papers advocates the usesofurce level

dressed by implementing some form of QoS adaptation in 4y, sty i.e., by changing the scheduling parameters (ac-
*This work has been partially supported by the European FRESC ~ tuators) based on the observation of the timing behaviour of
FP6/2005/IST/5-034026 and IRMOS FP7/2008/ICT/21477Jepts. the applications (sensors), which is obviously relatedh&o t




QoS. The application is unaware of the adaptation mecha-tion even if it is not periodic at all. Many algorithms have
nisms and it can be implemented using standard algorithmsbeen proposed in the literature that provide the abstmactio
A promising technique of this type is referred to as Adap- of resource reservations, both for fixed and dynamic prior-
tive Resource Reservations [2, 4, 3]. Contrary to other-feed ity schedulers. This paper focuses on algorithms based on
back schedulers [22, 16, 7], adaptive reservations alleev on dynamic priorities, such aBS [1] andGRUB [9].
to control the QoS experienced by each single task, and It can be shown that i§", B; < U whereU"* =
not only some global QoS metric (such as the total num- 1 for the considered class of algorithms, then ¢&s or
ber of missed deadlines in the system). To attain this goal,GRUB algorithm reserve a fractioB; of the CPU time to
an adaptive reservation considers the evolution of a singleeach task; regardless of the behaviour of the other tasks.
task in isolation and produces a resource request to accom- In this paper we will consider an adaptive reservation
modate its execution requirements. Using the mathematicalscheme, whereby the bandwidi) can be regarded as a
model developed in [4], convergence and stability of the re- controllable variable and changed for each job (hence the
sulting feedback schemes are relatively easy to show for anotation B; ;. The execution time; ; can be considered
single application [3], neglecting the interference gatext as an external (uncontrollable) input, although we recsrd i
by the bandwidth requests of the other tasks. valuea posteriori(i.e., after the execution of the jobs) to

In this paper we make the point that there is a natu- the purpose of predicting its evolution. Feedback based ad-
ral complementarity between adaptive reservations and rejustments are made based on the observations of a quantity
source reclaiming techniques. Indeed, the former can beg; ; (calledscheduling erroy. This quantity has been intro-
used to identify online the resource needed by the tasks andluced in our previous work (see [4]) and, roughly speaking,
to manage overload conditions, the latter can be used to corquantifies the adherence of the reserved bandwidth to the
rect possible over-allocations of bandwidth. As shown in task needs. A positive value fey; means that jol; ; re-
the experimental section, there is an evident performanceceived too little and suffered a delayed termination while a
improvement in using the combination of the two tech- negative value means that it received too much.
niques with respect to either of them taken in isolation.  As shown in the cited paper, the evolution of the model
From the theoretical point of view, we show that an ap- can be approximated byfluid mode] plus a quantisation
propriate design can lead us to praestem-widestability error. Namely, the fluid model is described by:
properties, combining the guarantees that can be offered to

each single task. Cij+1 . xz ifz>P
’ Cigt1 = Si(ei’jHBl],+1 — T, withS;(z) = { 0 otherwise °
1,7

. L (1)
2 Basic Definitions and System Model Based on our definition, the scheduling error is lower

. . . . bounded by-T" and the deadline is respected,if; < 0.
A multimedia system is modelled as a set of real-time

tasks. A real-time task; is a stream of jobd; ;. Eachjob 3. Control architecture
J; ; arrives (becomes executable) at timg, and finishes

attime f; ; after executing for a time; ;. Moreover,J; ; is The solution proposed in this paper is comprised of two
characterised by a deadlidg;, that is respected if; ; < basic elements: 1) a set of local controllers associated
d; ;, and is missed iff; ; > d; ;. Atask is said periodicif  to each task (controllers), and 2) a compression function
rij+1 = 155 + T3, whereT; is thetask period andd; ; = which is embedded into the scheduling mechanism. The
rij + T =111 purpose of the local controller is to formulate a minimum
In this paper, multimedia tasks are modelledafireal- bandwidth request that allows the task to respect its tim-

time tasks, for which a few deadline violations are deemeding constraints. Because the controllers have only a local
acceptable provided that the anomaly is kept in check. Rea-visibility, they could formulate bandwidth requests exdtee
sonable performance metrics can be related to the frequencyng U“*. The compression function is then used to reduce
(or the probability) of a deadline miss or to the maximum the bandwidth requests. Additionally, if the requests ef th
deviation from the deadline (note that for a video player a tasks do not saturate the constraint, the compression func-
deadline miss corresponds to a skipped frame). tion can also be used to redistribute the bandwidth in excess
Each taskr; is scheduled through a CPU reservation (reclaiming). The conceptual link between the two compo-
RSV; = (Q;, P;). Informally speaking, the task is al- nentsis a minimum guaranteed bandwi#t‘" that has to
lowed to execute fo); time units every reservation pe- be granted to joly; ;, whenever the task controller formu-
riod P;. The fraction of CPU time (sometimes mentioned lates a requesB;“ > B;""". In the rest of this section, we
as “bandwidth”) reserved to the taskil = Q,/P;. Itis will describe the task controllers and show the closed loop
important not to confuse the reservation perigdvith the stability properties that can be guaranteed with an appropr
task periodZ;. A task can be associated to a CPU reserva- ate minimum bandwidt#**. From now on, whenever the



discussion refers to a single task, we will drop the subscrip 2) If the scheduling error is initially insid® 1, then it can-
1 for notational simplicity. not go beyond a certain limit and it will return into the at-
The scheduling errar; can be used to quantify an upper tractivity regionR within a maximum number of steps. In
bound of the deviation of the finishing time of joh from other words, the scheduling error is allowed to occasignall
its deadline. Therefore, an ideal goal is to hayje ¢; < leave the target s& r but the anomaly is bounded both in
0. However, we can allow for a small deviation from the space and in time.
deadline, thus the ideal control law can be one that restrain A control law that achieves the first goal can be con-
¢; inside the regiorRr £ [T, §] C R, with § < 0 if we structed as shown in the following result:
want to add robustness, &> 0 if the application tolerates
small deadline violations. To allow for an effective sharin
of a single system between a multitude of applications, this
goal should be achieved by using the minimum resource
allocation that is sufficient for the purpose.
For the system described by Equation (1), such an wup _ i
“ideal” control law would simply be one that assigns T+s—7- then the control law:B™“I(¢;) = 7525y, ful-
Bji1 = p-i—. Unfortunately, this ideal controller is fills the requirement irg3).

notimplementable for two reasons: first, this lcc;ntrolle’r €& Proof. Inthe proposed control architecture, at the time of
easily lead to overload condition3 |, B; > U™’). Sec-  computation of the control lai"4(c), the valuer; of the

ond, we lack am-priori knowledge of the computationtime  syochastic variablé; is known to the controller. Therefore,
cj+1- The first problem is solved by the compression mech- j; s easy to verify that:

anism described in the next section.

As far as the second problem is concerned, we adopt a Hi -
stochastic approach in which the evolution of the compu- Pro&j <08 <T+6- Bmin > Pr {CjJrl < Hj+1}
tation timec; and of the scheduling errey;, are regarded
as §tochast|p processed and_ denotedja@wdej. A spe- if Bj1(T+ 06— S(e;)) > H,.1, whereB;., is the band-
cialisedpredictor component in our architecture is used t0 \yigth used for the next job. Such condition is verified un-
estimate stochastic parameters on the evolution of the cOMye the assumption that the controller requests a bandwidth
putation time. Such estimation may be done, for example,Breq(Gj) as detailed in the theorem statement and that the

by appropriate filtering of the past computation times ob- minimum reserved bandwidtB™" is not below any such
served within a moving window [13] or by application spe- ,5,e fore; < R.

cific predictors [21]. For our purposes, the predictor pro-
duces an upper bOUdaj+1 for the computation time of the . 4
next jobe;, 1. The predictor can fail. Therefore, we can  As a corollary of the theorem above, for a givafi™”,
characterise its performance in terms of two paramegers, the controller fulfils the requirementdf < R; £ T'+ 5 —
andp, defined as follows: B% and the maximum value ak for which the require-
} . ment canalwa~ysbe guaranteed isR™** = sup; R; =

vj, Pr {Cj+1 < HJ’“} Zp,p= S‘jl.p Fjj (2) T+6—sup, oai. We can extend the control law proposed

above by saturating it t&8™" for values of the scheduling

The parametep quantifies the probability of an exact pre- error greater tha;:
diction, whereag quantifies the maximum error that the

Proposition 1 Consider the system(1) and assume that
it is controlled by a feedback controller using a predictor
that generates an upper bourﬁﬂjﬂ with a probability p

as specified in Equatiof2). Moreover, assume that the task
is guaranteed at least a minimum bandwidthmfn >

. Hi 4
pre_lfir:ctor can make. - Brea(e;) = {Tﬂsfig(e]), for e; g R; @)
e design of our controller can be specified in terms of J pmin otherwise
the following goals:
1) If the scheduling error is in a regioR = [-T, R] en- With this extension, we can address the second design
closing the target regioRr = [T, 6] (R > §), thenitis goal as shown in the following:

steered tdR ¢ with at least the probability:
r P Y Proposition 2 Consider the systenfl) and assume that it

Pr{&1 € Rr|& € R} > p. 3) is controlled by the control law{4), using a predictor char-
acterised byp and p. Let M be an integer number ang
In simpler terms, if we are sufficiently close to the targétse the server period. Assume that"** > P and that
we will reduce the scheduling error into the target set with
at least the same probability of making an exact prediction.
We will refer to’R asattractivity region

1 U i,
Bmin > —_— io+is - 5
mase{sup 37 ;cgw sup oG

T+



. A SUD, ThF Doiey Cigti N
Definegp = 1 — >0andL =1+

Bmin
T+6)-T—R™® .
%W M. For anyjy, for anye;, < R;,, the

two following statements hold true:
)35 €{1,..., L} suchthak; s <R, .-
) Vi > 1wehavej,4; < p(T+0)-T+(M-1)T—-MT¢

Although the compression function has been generally
implemented in a dedicated software component (cailed
pervisol), it can also be directly embedded in the scheduling
algorithm, by using a proper reclaiming strategy, based on
GRUB. In particular, thesHRUB algorithm is used in this pa-
per. SHRUB is a variant of thesRUB [9] algorithm, which
in turn is based on theBsS [1]. In SHRUB each reserva-

Proof. We start by proving the first claim. First, assum-
ing that—1 < ¢;, < Rj,, it is very easy to show that
€io+1 < p(T + &) — T. Now, focus on the path followed
by the system in the subsequertsamples. If for any €
{1, ..., M} we have that;,1+; < Rj,+1+i the claim is

proved. In the opposite case, the control law is always satu-
rated toB™". BecauseR™® > P, S(€jo+1+i) = €jo+1+i

tion is also assigned a positiveeight w;, and execution
time is reclaimed based om; (the reclaimed time is dis-
tributed among active tasks proportionally to the resémat
weights).

The main idea behindGRUB and SHRUB is that if
By.t(t) is the sum of the bandwidths of the reservations

Vi e {1, ..., M}. Therefore, we can write: active at timet, a fraction(1 — B, (t)) of the CPU time
M it is not used and can be re-distributed among needing reser-
€Go+1+M = €jo+1 + 2 iy “gamn — MT < vations. The re-distribution is performed by acting on the

<é€jor1 + MTB™" g2be — MT = €011 — MT¢

accounting rulaused to keep track of the time consumed by

where the last step is an application of the assumption onéach task. I'GRUB all the reclaimed bandwidth is greed-
B™ _|n other words, in a horizon d¥/ steps the schedul- ily assigned to the current executing reservation, and time
ing error is reduced by/T'$. We can iterate the reasoning IS accounted to each reservation at a rate that is propor-
until we are able to cover the distance betwg€h+6) — T tional to the current reserved bandwidth in the system. If
andR,_, - which is upper-bounded by the distance between Bac: < 1, this is equivalent to temporarily increasing the
p(1+0) — 1 andR™** and this proves the first claim. maximum budget of the currently executing reservation for
To prove the second claim, consider that the maximum the current period. In the limit case of a fully utilised sys-
possible scheduling error is upper-bounded &gy, + tem, B, = 1 and the execution time is accounted as in the
maxhel,...M{Z?:1 Siotlti _ pT). An upper bound to this CBS algqnthn_m In_the opposite limit case of only one active
value can be found considering the computation times asf€servation, time is accounted at a ré#e(so, a timeQ); is
free decision variables of an optimisation problem con- &ccountedin a periol;). SHRUB, instead, fairly distributes
strained byM TB™" (1 — ¢) > Zﬁifl Cio+14i- It can be Fhe unuseq bandwidth among all active resery_atmns, by us-
easily seen that this maximum is attained gy, ,,; = ing the weights. In thet.wo limit cases (fu_lly utilised syste
MTB™"(1 — ¢) ande;,414; = 0 fori > 1, which leads and only one reservatlt_)n), the accounting mechanism for
to the claim.O GRUB andSHRUB work in the same way. However, when
there are many reservations in the system and there is some
The result stated above corresponds to our second desiggpare bandwidthSHRUB effectively distributes the spare
goal. Indeed, the first claim tells us that if the scheduling pandwidth to all needing reservations in proportion torthei
error goes outside of the attractivity region, it returns in weights. UnlikeGRUB, SHRUB uses the weights to assign
side it in at most. steps, while the second claim provides & mgre spare bandwidth to reservations with higher weights,
maximum bound for the possible deviation of the schedul- jmplementing Equation 6. Due to space constraints, the

ing error from the attractivity region. Because the propose details of the scheduling algorithms are omitted, and inter
controller bounds the probability of not violating the dead  ested readers can refer to [1, 9, 5].

line it will be denoted as PDNV.

o _ 5. Simulation Results
4. Reclaiming Mechanism _ _
To show the effectiveness of the proposed solution, some

This section describes a possible implementation of the simylations have been performed usinglataptive Reser-
compression function based on the requirements describegation simulation frameworKARSIm), which simulates
in Section 3. In particular, the following function will be 3 set of reservations described by Equation 1 controlled
implemented: through the algorithm described in Section 1, and scheduled

w: throughSHRUB.
B, = B} + 5 ! <1 — ZB,@) (6) In particular this section reports the results obtained by
W4
7 k
B! = min{B]“?, Bm"}, B!“? is the bandwidth requested

simulating two MPEG decoders. As far as the execution
times are concerned, we used the traces measured on a real
by the controller, and; is the resulting bandwidth after the
compression.

application! and scaled the computation times in order to

1The decoding times are courtesy of Philips Research.



produce a significant workload on the system. For task ° %] K
we computed a mean computation timg , = 0.4277, ) Tx
a standard deviatioi., ; = 0.05977, @ maximum and a o %;
minimum computation time equal in their turn 60657} s eony —— %
and 0.257y. For task, we found ic, ,q = 0.4337%, e *
de, ; = 0.06175 while the maximum and the minimum 05 04 R 01 0
computation time weré.1175 and0.1657%. An interest- e ——— —
ing parameter are also the maximum values for the moving T ey 57
averages, which wei@7087; for 7, and0.688T% for taus e

The following scenarios have been considered: 1) use
of the Shrub algorithm along with the PDNV control algo-
rithm (Shrub-PDNV); 2) use of the Shrub algorithm with o 05 1 15 2 25 s
a static configuration (Shrub-only); 3) use of a hard reser- e
vation scheduler (without any reclaiming), with a PDNV
bandwidth controller for each task: in this case, we inctude

Second task

Second task

Figure 1. Average (top) and maximum (bot-
tom) scheduling error for the two tasks.

a bandwidth compression strategy in case of requestsviolat 019: [ stru-rony —— E
ing capacity (PDNV-only). s o9 shrubonly ;% ;\M
For each one of the above scenarios, we ran a set of sim- : o
ulations varyingB7**" and B3**", which correspond to the ) 0072 T
minimum guaranteed bandwidth for the Shrub-PDNV and or % X
PDNV configurations and to the assigned bandwidth for the o o P ety " * '
Shrub-only configuration. We rangdgi™" between30% Figure 2. Probability of respecting the dead-
and70%, increasing it bys%, and the bandwidti;*" was line for the two tasks.

chosen equal td — B*™. Among the considered con-
figurations, the first and last ones respect Condition (5) in
Proposition 2 withN = 3, within a good approximation,
for the second task and for the first one respectively.

The PDNV controller introduced in Section 3 was used
to guarantee a conditional probability ofor the schedul-
ing error to respect the deadline. We used a very simple L ;
predictor consisting of a cascade of 12 interleaved moving resplt. Indeed., .'t IS reIgungy easy to get the upper bound
averages to de-correlate the sequence and a block that est s in the condition, which i4T; for the f"St. task andT. .
mates the3" percentile of the error computed over a mov- or the s_econo_l one. If the left ex”?“.’e point of th_e curve Is
ing average of 12 samples. the one in whichr; receives the minimum bandwidth dic-

. . . min — (), maz ~ () < 4;

Figure 1 displays the averagg¢’ (top) and the maxi- tated by the_theore. " 0.7)), we getef L 0<4;
mum €™ (hottom) scheduling errors (each point in the conversely, in the right extreme the correct minimum band-
i J ) : . . width is assigned te,, for which e} ~ 2 < 8.
figure is for a different choice oB;™" and B3"™). The Figure 2 reports the erform;nce achieved by the three
points closest to the left-upper corner are those assdciate . 9 -Ports P ved by
to bigger values foB*", resulting in a worse performance _d|fferent conf|_gurat|ons n terms of probability .Of respect
for 7. Moving toward the right lower corner, the perfor- ing the deadline. Specifically, the andy coordinates of
mancé ofr decreases. and the performancer;ofmprove each point in Figure 2 represent the experimental probabil-

1 ’ H H H
(in the points associated to lower values &), In the ity for, respectively, the first and the second task to respec
) . . ' the deadline. In this case, the tasks have the same weights.

PDNV-only configuration the system achieves a value for

an . T Therefore, the best performance is associated to poirgs clo
€%? very close to zero for all choices of the minimum guar-

a]nteed bandwidths, proving that the feedback mechanismtO the upper-right corner (meaning that the two probab#it

provides an average allocation perfectly matching the task® © close td and equal).

requirements. The price to be paid is that the probability ~1he PDNV-only approach achieves an experimental
of respecting the deadline is not very high (as shown be- Probability of respecting the deadline close to the proba-

low), but the maximum value of the scheduling erer* bility for th? predictor to produce a correct guess. Indeed,
is moderate proving that the system is under control (seePr{Cj < Hj} is 81.3% for the first task predictor, and
Figure 1 (bottom)). The Shrub-only and Shrub-PDNV con- 81.7% for the second, while the experimental probability
figurations clearly achieved a lower value fa(é?”) because  of respecting the deadline ranges fré4% up t081.3% for
they reclaim the available bandwidth. Notably, the differ- the first task, and fror81.7% down t073.9% for the second

av

ence is not very evident oa; ) because when the task

is delayed, the feedback mechanism tends to use all the
available bandwidth reducing the impact of the reclaiming
mechanism. Note that 8" is chosen according to Con-
dition (5), then the maximum deviation of the scheduling

error is below the upper bound provided by the theoretical



one. This fact shows that the results found in Section 3 on[10] C. Hentschel, R. Bril, M. Gabrani, L. Steffens, K. vanrZo
conditional probabilities (Proposition 1) are represtva
of the average system behavior.

Some additional experiments have been ran assigning
different weights to the various multimedia tasks, but can-

not be reported here due to space limits. Anyway, such ex-

periments showed that the weights can be effective in
assigning different importance to the various application
during transient overloads.

6. Conclusions

This paper presents a novel approach for allocating re-

11]

and S. van Loo. Scalable video algorithms and dynamic re-
source management for consumer terminal$rbceedings

of the International Conference on Media Futures (ICMF)
May 2001.

D. éovic and G. Fohler. Quality aware mpeg-2 streanpada
tation in resource constrained systemsPtaceedings of the
Euromicro Conference on Real-Time Syste@atania, Italy,
2004.

] T.Lan, Y. Chen, and Z. Zhong. Mpeg?2 decoding complexity

[13]

sources to multimedia tasks, based on a combination of
adaptive reservations and a reclaiming policy. Simulation
and theoretical results have been proposed that show the ad14]
vantages of cobining the two approaches.

In a near future, we plan to repeat some of the ex-
periments on a real implementation tRERUB algorithm
(based on the AQuOSA framework for Linux).
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