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Abstract provided by using reservation-based schedulers [11], that
have proven to be very effective in various different situa-
When executing soft real-time tasks in a shared proces- tions.

sor, it is important to properly allocate the computational If the tasks’ parameters were known in advance, it would
resources such that the quality of service requirements of be possible to statically reserve the proper amount of re-
each task are satisfied. In this paper we propose Adap- sources to each task. However, most of the time insuffi-
tive Reservations, based on applying a feedback scheme to cient accurate information is available statically to reserve

a reservation based scheduler. After providing a precise the correct amount of time to each task (because, for ex-
mathematical mode! of the scheduler, we describe how this ample, the execution times or the interarrival times are un-
model can be used for synthesising the controller by apply- known a-priori).

ing results from control theory. Finally, we show the effec- It is clear that we need some way of dynamically adapt-
tiveness of our method by simulation and by experiments  ing the scheduling parameters to the actual workload. We
with an MPEG player running on a modified Linux kernel. propose to do this, by using a feedback controller to moni-

tor and adapt the reservation to the observed requirements.
In other words, we believe that a combination of feedback

1. Introduction scheduling techniques and resource reservations is a useful
technique for properly serving time-sensitive applications
in a modern multimedia OS. Some of the advantages of
this combined use of feedback and reservation techniques
arethe following: Beteportability of real-time code: using
a feedback reservation-based scheduler, the performance of
the application does not depend on the execution time esti-
great candidates for using real-time techniques: however,matio_”' Thus, appl_ications can easily run on lots of different
they present new challenges due to the variability and un- Machines and achieve a predictable QoS level.
predictability of their processing times, and to the data- A higher-levelprogramming interface: the use of a the
dependent processing requirements that characterise themProposed feedback mechanism permits to implement high

When multiple real-time tasks of this type share the same level task models that separate the task parameters from the
CPU, allocating resources to them becomes difficult, and Scheduling parameters [2].
the tasks can be properly served only if the resource sched-Robustness to variations in execution times caused by
uler is able to cope with the high variance and unpredictabil- DMA, caches, PCI bus masters, and similar mechanisms.
ity of their requirements. Since the tasks running in the sys- Moreover, a reservation-based feedback scheduler permits
tem are characterised by unpredictable behaviour, it is im- to cope with the interrupt handling overhead by using aug-
portant to provideemporal protection, so that each task is ~mented reservations [16] or similar mechanisms.
protected from the fluctuations in the resource requirementsincreased systerefficiency: adaptive reservations permit
of the other ones. When temporal protection is enforced, to automatically adapt each reservation to the application’s
each task executes as if it were on a slower dedicated pro+eal requirements, avoiding the need for over-dimensioning
cessor, and can be guaranteed independently of the presena@servations that affects most of the static reservations sys-
of other tasks in the system. Temporal protection can be tems.

*This work was partially supported by DARPA/ITO under the Informa- Using a reservation-based feedback scheduler, the pI’Ob-

tion Technology Expeditions, Ubiquitous Computing, Quorum, and PCES €M _Of p_rovid_ing high SyStem Ut”isatioh and high QoS to
programs, NSF Grant CCR-9988440 and EIA-0130344, and by Intel. applications is decomposed into two simpler problems: 1)

In recent years, a considerable amount of work has been
done to apply real-time techniques to new kinds of time-
sensitive applications, which are inherently more dynamic
than classical real time applications.

Due to their temporal constraints, these systems are




designing a feedback controller that is stable and provides2. Terminology and Definitions

a specified closed-loop dynamics, defined in terms of over-

shoot and response time, or in terms of closed-loop poles,

and 2) choosing the closed loop dynamic that provides the e o monitor the real-time performance of the tasks, and

desired QoS/utilisation trade-off. to use this information for adapting the amount of resources
In this paper, we address the first problem, characterisingreserved to each task. This performance monitoring can be

the open-loop behaviour of a reservation-based schedulerdone by using a particular task model, treal-time task

and designing a proper feedback controller that is able to model, that permits the association of temporal constraints,

provide a specified closed-loop behaviour. We believe that calleddeadlines, with the task. If these temporal constraints

the contribution of this paper is important in understanding are violated, the size of the reservation should be increased.

the dynamics of a reservation-based scheduler, and provid-

ing a foundation for developing adaptive reservation tech- 2 1. Definitions

niques.

As discussed in the introduction, in this paper we pro-

According to the real-time task model, a taskis a
1.1. Related Work stream of jobs/; ;. Each job.J; ; arrives (becomes exe-
cutable) at time; ;, and finishes at tim¢; ; after executing
for a timec; ;. Moreover,J; ; is characterised by a dead-
Both the ideas of reservation-based scheduling and feed-ine d; ;, that is respected if; ; < d;;, and is missed if
back scheduling are not new. CPU reservations were pro-f; ; > d; ;.
posed by Mercer and others [11], and are the theoretical For the sake of simplicity, we will only considperiodic
foundation for resource kernels [13]. Moreover, reservation tasks, in whichr; ;11 = r;; + T;, whereT; is the task
techniques proved to be very effective in providing tem- period. Moreover, we will assume that; ; = r; ; + T;;
poral isolation, and have been implemented in a numberhencey; ;.1 = d; ;.
of different systems using different scheduling algorithms  Our goal is to provide support for time-sensitive appli-
[5, 1, 4, 15]. Feedback techniques were originally proposed cation in which a deadline miss can degrade the QoS of
in time sharing systems [3], and have been successively apthe task but does not have any catastrophic consequence.
plied to real-time [12, 16] and multimedia systems [18].  Therefore, we will considesoft deadlines, and the goal of
In particular, the reservation and feedback approachesthe system will be to control the number of deadline misses.
can be combined in order to adjust tasks’ periods according
to the actual CPU load [12], or the processes served by a2.2. Reservation-Based Scheduling
reservation-based scheduler can be organised in a pipeline,
and their CPU proportion can be adapted to control the
length of the queues between the pipeline’s elements [18],

or adaptive reservations can _be used for separating the tas'ﬁeriod of the reservation: task; will be allowed to use the
parameters from the scheduling parameters [2]. resource foxQ; = B;T? units every period’s. Q; is also
Although these examples of feedback schedulers havecalledbudget or capacity of the reservation.

proved to be very effective in addressing the above issues, |t is important not to confuse the reservation periot
little theoretical analysis of such mechanisms has been pro-with the task period’;: althoughT? = T; is a perfectly

(3

vided. For example, in some of those works [12, 2] the reasonable assignment, it is often useful to set the reserva-
feedback scheduler is designed using an ad-hoc approachjon period so thafl; = kT, k € {1,2,...}. Although it
whereas other works are based on the use of a PID controllefis possible to define a reservation for all kind of resources

[18], which is known to stabilise a wide range of systems. (network, disk, etc.), in this paper we will consider only
However, none of them analysed the feedback mechanismcpy reservations.
to guarantee its dynamic behaviour. The behaviour of a reservation is the following: a task
The use of a more theoretically founded approach (al- 7; attached to a reservatig®;, 7;7) can execute for a time
ready presented in [7]) was finally advocated by Stankovic (); = B;T; with a real-time priority, assigned according
and others, and a feedback scheduler based on EDF was dego some real-time scheduling policy, like Rate Monotonic
signed based on those premises [9]. However, when design-or Earliest Deadline First. The reservation is often imple-
ing a feedback scheduler, control theory should be applied mented using &udget ¢; that is recharged to the maximum
carefully. The authors realized the problem, and correctedvalue@; at the beginning of every reservation period, and
their previous paper [8] presenting a general framework for is decreased during the task execution. When the budget
evaluating feedback schedulers. reached), the reservation is said to lolepleted: if the task

A reservation is a paifB;, T?), whereB; is the fraction

(3

of resource utilisation dedicated to task andT} is the



needs to execute for more, some action is required in order  Algorithm GRUB (Greedy Reclamation of Unused

not to jeopardise the performance of the other tasks. Bandwidth) [4] is very similar to the CBS. As with CBS,
If >, B; < U™, with U'> depending on the schedul- each server has an absolute deadiifighowever, instead

ing algorithm upon which the reservation system is imple- of using a budgey;, each server uses a variablg called

mented, then each taskattached to a reservati¢m;, 7;7) server virtual time. In addition, each server uses an internal
is guaranteed to receive its reserved amount of time Q.e.,  variableb; that represents the current server bandwidth: if
time units ovetl). b; is set constant and equal 18;, then Algorithm GRUB

For any reservation based system, we can defingithe  is almost equivalent to Algorithm CBSIf we want to re-
tual finishing time VFT; ; of job J; ;_; as the time itwould  claim the unused processor bandwidth, theris variable
finish in a dedicated processor of speed For example, and equal tog—j, whereB; is the sum of the bandwidth of
if job J; j_, arrives at time-; ;_; and requests; ;_; units the active servers. For the sake of simplicity, in the remain-

of computation time, it would finish at time; ;_; + Cé—*l ing of this paper we do not consider the reclaiming rule of

in the dedicated slower processor. Therefore, its virtual fin- Algorithm GRUB: hence, we sét = B;.

ishing time is VFT, ; = “4==. Intuitively, if VFT, ; > T;, Note that, for CBS and GRUB, when a job finishes the

then we need to allocate a larger reservation to task.e. deadline of the server minus the job arrival time is equal to

we need to speed-up the dedicated processor) in order tahe latest possible finishing time: LE] = df — r; ;1.

fulfil its requirements. Moreover, when using Algorithm GRUB, the VFT of a job
It is also useful to define the conceptlafest possible is simply the value of the server virtual time when the job

finishing time for a job. The latest possible finishing time finishes.

LFT; ; for job J; j_; is theend of the latest reservation

period used by the job, minus the job arrival time: for ex- 2.4. Feedback Scheduling
ample, if J; ;_; has execution time; ;_; = 5, it has been

reserved a bandwidtB; = 0.5, and the reservation period A feedback mechanism can be defined based owban

is T = 4, then it useq 525 | = 3 reservation periods, and  served value, used as input to the feedback mechanism,

its latest possible finishing time i. an actuator, which permits to apply the feedback action
There is a clear relationship between VFT and LFT: to change the system behaviour, arfgetiback law, used

to compute the new value to apply to the actuator, based on
w T°,VFT,; = LFT;; — 4 (1) the observed value. When such a feedback scheme is ap-
B; plied to a scheduler, the observed value can be some QoS

VFT; ;
metric: for example, the deadline miss ratio in some inter-
val of time [8], or the response time, the jitter, and so on.
2.3. Bandwidth Reservations (CBS & GRUB) tSl;;r:g?rly, some scheduling parameter can be used as an ac-

If the feedback strategy is applied to a reservation based
scheduler, the actuator is the amount of CPU reserved to
the task (hencey; or B;). Since(@; (B;) is not constant,
we will indicate it as@; ; (B; ;). We call the resulting ab-
straction armAdaptive Reservation. An adaptive reservation
mechanism works as follows: a reservation baded;, T77)
is used to schedule;; when a jobJ;; finishes, an ob-

entity that maintains two internal variables, a budggand served value is measured, and a new scheduling parameter

a absolute deadling’. Each time a task arrives, the server . =+l = 9(Bij,...) is computed. Ify_; B;; > U.lUb'.

. it ) L then the reserved bandwidths are rescaled, to maintain the
becomes active, and it is assigned an initial deadliyand system schedulable
an initial budget;. Then, all the active servers are ordered '
in a EDF queue: the earliest deadline server is selected, and . .
the corresponding task is executed. While the task executes3- M athematical Model of a Reservation
the server budget is decreased accordingly; if the task fin-
ishes before the reservation is depleted, the server becomes Since a proper feedback scheme providing the required
inactive and is extracted from the EDF queue. If instead the characteristics can be designed only based on an accurate
reservation is depleted and the task has not yet finished, thenodel of the system, we are going to develop a precise
server deadline is postponeddp: di + 17, and the EDF 1There is some slight difference in the initial assignment of the server

queue is reordered. For a full explanation of the algorithm, geadiine. However, this difference does not have a big impact on the dy-
see [1]. namic behaviour of Algorithm GRUB.

whereg; is the residual budget when the job finishes.

Although any scheduling algorithm could be used to im-
plement a reservation strategy, the use of a dynamic priority
scheduler permits to obtain a more efficient implementa-
tion. An example is the Constant Bandwidth Server (CBS)
[1] a reservation algorithm based on the Earliest Deadline
First (EDF) priority assignment, that uses a server mecha-
nism to implement reservations. A server ischeduling




mathematical model of a reservation based scheduler. First e o
of all, we simplify the notation by removing the task index 3 S 3 [ ]9
from all the quantities: we will us€) instead of@Q;, T'°
instead ofl’?, J; instead otJ; ;, and so on. i

The goal of our feedback scheduler is to control LFT (or
VFT) to T'; thus, we define thecheduling error €, as the 5 3
difference between the latest possible finishing time LFT b) L h ‘
and the job relative deadlirE. Note that, if LFT, > T, N ]
then job.J;_1 consumes some of the time that should be
used by the next job, which will have less time to execute. .
Inthis case, jobg;_, andJ; share a reservation period, and Figure 1. Internal state ;.
LFT,,: depends on LF]. To express this dependency, and
to write the dynamic equations of our system, it is useful to yeservation period, if shared with jok.. To help clarify the
introduce another state variable that represents the amounfneaning ofz,, an example is shown in Figure 1. In Figure
of time used byJ;_, in its last reservation that it shares 1 a ., uses only 2 reservation periods and finishes before

with J;. We propose two different models: one model is  the end of its period7; and.J, do not share any reservation,
based on theirtual f|n|§1|ng t|rm, and we assume that all andm2 =0. In Figure l.b,Jl uses 3 reservation periods:

the state variables are accessible. The other model is basegherefore x5 = 1. In the following, we assume that, is
on thelatest possiblefinishingtimeand we assume that LFT ot measurable.

a)

is the only accessible state variable. The equations for computing, and LFT; are shown in
Figure 2; from those equations, we can derive the schedul-
3.1. Accessible nternal State ing error:
In the first model, we define treeheduling error as the e = k-1 =T =T°+ [ckﬁlfka_s_l] T° ep—1 277
difference between the virtual time and the task period: [BckflTs] TS - T €p_1 < T?
er = VFT, — T. Using Algorithm GRUB VFT can be . 3)

directly measurd,; if, on the other hand, another reservation- Now, we want to show that this model is equivalent to

based al_gorithm (like _the CBS) is us_ed an_d the value of the yo o expressed by Equation 2, plus a quantisation error
budget is not accessible, then the virtual time can be COm- ;6 14 the fact that the internal statg is not measurable.
puted by using Equation 1. S , We define theguantisation error QE, in the two cases:

If the scheduling error at the previous instance is less er 1 > T, ande, ; < T,. In the first casee, depends
than 0, the virtual time can be easily calculated as: YFET on z, _1 that is not measurable. However,_; is always
Crk—1 H H H - -
By I-!owever, if the scheduling error is greaterth)athg in the rangd0, B,_1T°]. Hence, we can use the following
virtual time at stepi; depends on the value of the previous ypper bound for the scheduling error:
virtual time: VFT, = VFT,_; — T + 2=t

Ck—1 + Bk—lTs-‘ Ts

By_1°
By substituting, we can express the dynamic equation of e =¢€p_1 —T —T° + [ 5T
k—11°
Now, we define the quantisation error as:

the system as follows:

€rt+ 2 —T € >0 i
€k+1 = { o _%’i <0 () _ lek—1+ BraT? ck—1 + B 1T?
By €k QEk - B Ts - B Ts
k—1 k—1
Note that, by using this definition, the scheduling erroris a |n the second case, we can simply define the quantisation
continuous value. error as: ;
QE, = [ Ck—1 Gk

3.2. Non-Accessible Internal State BT | ByaT®

Finally, we define a new scheduling error@s = ¢, —
When it is not possible to measure thietual finishing QE,T*. By substituting,
time, we define the scheduling error as the difference be- G+ T & >T®
tween thdatest possible finishing time and the task period: €kt { . _Bj': : 2 T 4)
e, = LFT, — T. Notice that, in this case, the scheduling B, k
error is a discrete variable and it is multiple®f. We can see Equations 2 and 4 are similar, except the
We find it useful to define a state variahlg that repre- switching point, which i$) for Equation 2 and"® for Equa-
sents the amount time consumed by jbh ; on the latest  tion 4.



Zo 0 oo [ et @io = (LFT = T9)Byoy LFT > T
L= {35%“1 A LFT, <T
LFT, = || 7 LFTey < T
LFT) =T —T°(1 — [%]) otherwise

Figure 2. Computation of z; and LFTy.

4. Controller Design

As shown in Section 3 a reservation-based schedulera one dimensional projection @& g (7).

with periodT’s can be dealt with as a dynamical system de-
scribed by the following equations:

B e+ g5 —T ife > K
6’““—{ 2T ife< K ®)

wheree;, represents the scheduling error, wih = 0 for
the first model, described in Section 3.1, akid= T'° for
the second model, described in Section 3.2. In the latter cas

error where the quantisation error Qi neglected (in the
sequel we will also tackle this problem). The goal of this
section is to propose techniques for effectively designing
feedback controllers for this system.

We will first use a classical “pole-placement” technique

€
Equation 5 describes an approximation of the scheduling

guently,e, that is part of the state is controlled into a neigh-
bourhoodB g (€) of the equilibriume of radiusR, given by
Practical asymp-
totical stability implies that in response to a small perturba-
tion of the initial state, the evolution @f, always remains
close toBg(€) and that it is eventually captured into this
set. For exponential stability, we include the additional re-
quirement that the distance betwegnand Bg(€) decays
with exponential rate. Another quantity of interest describ-
ing the quality of the system’s evolution if theershoot
defined asnaxy, dist(xy, B-(T)).

4.1. Design based on a Pl Controller

To design a controller for the dynamic system described
by Equation 5, we are going to analyse the two modes cor-
responding te;, > K ande, < K separately. The under-

to synthesise a controller in each mode. Before getting into lying assumption is that that the considered equilibriis
these topics we need to introduce some definitions and no-“far” from the switching surface;, = K. If this assumption

tations that will be used throughout the section. By we
denote the set of sequences of execution timesuch that

cr < H. Vectorz;, will denote the state of the closed loop
system, inclusive ot; and of the controller’s own states
(for example the state of a Proportional Integral (PI) con-
troller consists of the past values of its input that it needs
to issue a new command). The symiitl(z,) denotes the

set of all points having euclidean distance (henceforth de-

noted bydist) from o lower than or equal te. Finally by

T we will denote an equilibrium point for the closed loop
system’s state. An equilibrium of the closed loop feed-
back scheduler is saigractically stable if for all ¢ > 0
and for all sequences, € Cy, there exists) and R s.t.

if zo € Bs(xo) thendist(xy, Br(T)) < p for all k.
Stronger concepts are practiGgymptotical stability, for
which dist(xy, Br(T)) is required to vanish, and practical
exponential stability that requires an expontial decay rate
p < l:ie.dist(zy, Br(T)) < Mp*.

It is worth noting that the action of the unknown distur-
bancec;, prevents one from controlling the system exactly
into a pointz. Rather the system is controlled into a set
Br(%), whose radiusk grows with H (i.e. with the max-
imum allowed variation of the computation time). Conse-

were released, there would be no theoretical support for the
proposed design technigtieHowever, in practical applica-
tions the system did not exhibit pathological behaviour.

We are going to show the design for the first operating
mode (the same consideration apply to the second one): if
e > K, thenegy1 = €, + cru, — T whereuy, is defined
asg-.

Quantitiesey, ¢i, andBy, can be expressed as a constant
value plus a variatione;, = A€y, + €, ¢, = ¢ + Aci, and
uj, = U+ Auy. At the steady state it must haid= Z.

Assuming small variations around the linearization
point, the relation between the variations can be fouad
differentiation:

T
A€p+1 = A€+ Aup 410 Ac, = Aep+— Aup+u Acg.

u

(6)

For notational simplicity, in the rest of the section we will
drop the symbolA and, ey, u; ande; will represent vari-
ations of the original quantities around thgz, ¢ respec-
tively.

2|n the control literature it is possible to find both unstable systems
resulting from the switching combination of stable systems and vice versa.
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Figure 3. Dynamic system representing a lin-
earised reservation with a feedback mecha-
nism.

As the difference Equation 6 is linear, it is possible to
compute the Z transform: e(z) = F.(2)c(2) + Fyu(2)u(z),
where Fi(2) = % and Fy,(z) = % To achieve the
control goas, we use a feedback controller G(z) asin Fig-
ure 3: u(z) = —G(z)e(z). The closed loop dynamics is
described by the transfer function F'(z) between ¢(z) and

() = FR)) = [ grop e (0

The simplicity of the system (whose dynamic equa-
tions are similar to those of a tank) suggested the use of
a Pl controller. A Pl controller is described by: uy, =
c1(—€x) + 2 Y iy (—€x—1) where c; and ¢, are the co-
efficients of the proportional and integral actions respec-
tively. By subtracting the expression for uy—; from the
expression for uy, the equation can be written as. u, =
up—1+a(—ep)+B(—ex—1),wherea = c; andf = co—¢y .
Thetransfer function G(z) is given by:

_az+f

G(z) = 1
Plugging G(z) into Equation 7, we have:
u(z —1)

€(z) = F(2)e(z) =

7 (Ta-2:4 5L+ 1c(z). 8
As long as the eguilibrium of the system is “far” from the
switching surface and that variations around are small, re-
quiring practical asymptotical stability isachievedif the ze-
ros z; of the denominator in Equation 8 (i.e. the poles of
the closed loop system), have norm strictly lower than 1:
[|zi|| < 1. Observethat the use of the PI controller enables
the choice of the two closed loop poles poles. As a mat-
ter of fact, to place the closed loop polesin z; and z it is
sufficient to impose:

T T
22+ (Ea—Q)Z-FB% +1=2"— (21 + )z + 2120.

Solving for a, 8 yields:

_ E(Q— (21 —|—Zz)) o
a = T 0=

ﬂ(zlzg — ].)
T

Moreover, the decay rate p is given by the maximum norm
of the poles.
Repeating the computationsfor e,_; < K, we obtain:

o ﬂ(l—(zl +22)) o
a= T 0=

ﬂ(zlzz)
T .

4.2. Accounting for the Quantisation Error

Focusing on the case of the unaccessible internal state,
we have to deal with the problem of quantisation error.

According to Equation 4, €, = €&, + QE,T°. Aswe
did before, we consider an equilibrium point where the
quantisation error has a value QE,, and repeat the analy-
sis considering the variation around the equilibrium QE;, =
QE, T, + AQE,, where T, has been absorbed into AQE,.
Hencewe have 0 < AQE, < T. Considering now thelin-
earised system, we can treat AQE,, as an additional norm-
bounded disturbance . The transfer function from such a
disturbanceto €}, is given by m

If the controller is ableto stabilise the system into apoint
rather than into a set, it is possible to apply the Steady Sate
Worst Case Analysis devel oped by Slaughter [17]: the worst
case steady state quantisation error on € is lower than or
equal to |WW|Z:1TS. Replacing F, and G with
the expressions provided above, it is possible to conclude
that |m|Z:1TS.: 0. Therefore, if it is possi-
ble to stahilise the system into a point then the steady state
value for the effect of the quantisation error is 0. The ef-
fect of quantisation is, in this case, an overestimation of the
bandwidth B assigned to the task. In fact, imposing the
equilibrium condition e+ = € in equation 3 we obtain:

{Lw T5—T =0.
BT*
Observingthat z < [z] < = + 1, we obtain:

c

T

~ c
<B< .
- - T-Ts

As one would expect, diminishing T's (and hence the
guantisation grain) results into higher and higher precision
for the control. Again, observe that a less conservative
bound can be

4.3. A global stability test.

Such properties as the system’s practical stability are
formally guaranteed, in the synthesis technique proposed
above, only if the closed loop evolution of the system is
confined to one of the two modes (i.e. either ¢, < K or
er, > K for al k).

In aspecia but important case it is possible to providea
stronger result. For the sake of simplicity, we restrict only



to the case of accessibleinternal state, whichisdescribed by
Equation 5. Moreover, assume that the sequence of compu-
tation times c;, is constant - ¢;, = ¢Vk - and that a lower
and an upper bound are known: h < ¢ < H. For prac-
tical purposes this assumption means that the computation
times vary sowly with respect to the system closed loop
dynamics. For simplicity consider only the case when the
system has to be stabilised intoe = 0, w = Z. Inthiscase
the scheduler is a piecewise affine (PWA) system [6]: i.e.
there exist a partition of the state space into polyhedral cells
(ex < K and e, > K) and in each cell the system evolves
with alinear dynamic. We use a different Pl controller in
each cell:

R T BT Brex—1 ifep <K )
P ket — asep — Poeg—r ife > K
Considering as state vector z, = [e,, u, — —]T the closed
loop evolution is given by:
_ A (E)l‘k ifer, <K
TRt =A@z ifey > K
where:
o [1-we ¢ (10)
A4i0) = —(1+51) 1
—\ —QC C
42(0) = —(a2+B2) 1

The problem we want to tackle is to analyse the robust sta-
bility of agiven design. More precisely we want to know if
a choice of the gains a1, as, 51, B2 accomplishes the goal
of stabilising the system robustly with respect to ¢: i.e. for
any value of ¢ in theinterval [h, H]. A sufficient test for
thisisthe following:

Theorem 1 The origin of the state space of the PWA sys-
tem in Equation 10 is robustly asymptotically stable for
¢ € [h, H] if there exist a positive definite matrix P such
that:

AT (h) P Ay(h) =P <0
AT(h)y P Ay(h) =P <0 (11)
AT(H)P A (H)— P <0
AT(H) P A5(H) - P <0.

The notation Q < 0 in the above denotes that @ is nega-
tive definite matrix. Inequalitiesin condition 11 are linear
meatrix inequalities (LMI); finding a feasible solution for a
system of LMIs is a problem that can be solved in polyno-
mial time using convex optimisation techniques.

The above result produces a “global” stability test, i.e.
we are ableto know if the origin of the state spaceis asymp-
totically stabilised starting from any initial state and with
the possibilities of switching between the two modes. The
price to be paid for this strong result is the assumption of
constant (or at least slowly varying) cy,.

5. Experimental Results

The correctness of the controller design was verified
through simulations and through some experiments with
real implementation on the Linux kernel. In this section,
we are going to show some of these resuilts.

5.1. Simulations

Evaluating the performance of a feedback scheduler is
not trivial: schedulers that seem to work properly at afirst
glance [9] may result to be unstable when evaluated more
systematically [8]. To properly evaluate our adaptive reser-
vation mechanism, we considered the system response to a
step and a ramp in the system load, since they have been
proved to be a good test case [8]. In particular, we report
the evolution of the scheduling error € ; and of the reserved
CPU bandwidth B;.

We performed extensive simulations using a wide set of
different parameters. For the sake of brevity we report only
some meaningful experiments. In particular, in the follow-
ing we consider atask 7 with period 7' = 40 and execution
timec; = 5if j < 300, ¢c; = 15 otherwise, and we report
only the results obtained using the model presented in Sec-
tion 3.2, in which the internal state is not fully accessible,
and that is more difficult to control.

Scheduling Error (T =40, Ts = 20)
40

72=02 ——
72=06

3 72=09 |

30 -

25 -

15

10

290 295 300 305 310 315 320 325 330
Job Number

Figure 4. Scheduling Error obtained using an
adaptive reservation with 7% = 20.

Figure 4 shows the evolution of the scheduling error
for various values of the closed loop poles (in particular,
Z; = 0.1,and Zy = 0.2, 0.6, or 0.9), when T* = 20.
When, at job Jsg9, the execution time increases from 5 to
15, the scheduling error raises to 40 (two times the reserva-
tion period), and it is controlled to 0 in a short time. Note
that when the system reaches the steady state, the quanti-
sation error is 0, as expected. Moving Z- from 0.2 t0 0.9
the decay rate is the decay rate increases (as expected from
control theory) thus resulting into alonger transient.



Reserved Time (T = 40, Ts = 20)
30

Execution Time ~ +
72 =0.2 e

P 72206
25 i 72=09

20
15 | B T T T

10 j

5 , . . . . . .
290 295 300 305 310 315 320 325 330
Job Number

Figure 5. Bandwidth reserved by an adaptive
reservation with 7% = 20.

Figure 5 shows the evolution of the reserved time, and
is probably more interesting: the impact of the quanti-
sation error is an overestimation of the reserved band-
width, which in the worst case results to be 0.747198 in-
stead of 0.375 = 15/40. Hence, the overestimation is
0.747198 — 0.375 = 0.37220; thisvalueis compatible with
the worst case estimation developed in Section 4.2, whichis
B°(T*/(T — T*)) = 0.375(20/(40 — 20)) = 0.375. Note
that, in this case, the quantisation error tends to increase
when Z, movesto 0.2.
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Figure 6. Scheduling Error obtained using an
adaptive reservation with 7% = 10.

Figures 6 and 7 plot the evolution of the scheduling error
and of B;T° when T'* = 10, respectively. In this case, the
guantisation error is lower and the response becomes closer
to the one of model without quantisation. Inthis case, faster
controllers (Z, = 0.2 and Z, = 0.5) have an underrun
in the scheduling error, that was previously masked by the
guantisation error.

We repeated the same experiments using a ramp on the
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Figure 7. Bandwidth reserved by an adaptive
reservation with 7% = 10.

input, and we obtained similar results.
5.2. Real Workloads

Asprevioudly stated, thefirst set of experimentswas per-
formed based on a synthetic workload that has been recog-
nised as particularly significant for evaluating system per-
formance[8]. However, some experiments performed using
amore realistic workload highlighted new problems.
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Figure 8. Frame decoding times for the Star
Wars Episode 1 trailer.

To generate a redlistic workload, we instrumented an
MPEG player running on Linux, and we measured the
frame decoding times for the trailer of Star Wars Episode
1[10], shown in Figure 8. Asit is possible to see, the ex-
ecution times are highly variable. Since the goal of the PI
controller is to control the scheduling error to 0, we can
expect that this variability in the execution times will be re-
flected in a high variability in the reserved time. Figure 9
shows the evolution of the reserved time for a Pl controller,
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Figure 9. Reserved amount of time under a
realistic workload (fast PI controller).

using the second model (when the internal state is not fully
accessible). We consider T' = 33ms (33.3 frames per sec-
ond), T¢ = T'/4 = 8.25ms, Z; = 0.1 and Zy = 0.2 (the
results obtained with the first model are similar). By com-
paring thetwo figures, it is clear that the reserved bandwidth
does not stabilise properly; as a result, the scheduling error
does not stabilise to 0, but continues to oscillate. We can
expect this kind of problem, from the theory of control, be-
causethe system’sinput ishighly variable. Sincethe system
is practically stable (see the definition of practical stability)
and the variations in the input are bounded, the variations
on the scheduling error are also bounded (and the average
of the scheduling error is0).
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Figure 10. Reserved amount of time under a
realistic workload (slow PI controller).

This problem can be addressed by filtering out the higher
frequencies. We moved one of the two poles near to 1,
and the results are shown in Figure 10. By comparing Fig-
ures 10 and 8, it is clear that the reserved bandwidth re-

sults to be more stable, and this can permit to better control
the scheduling error. By analysing the scheduling error, it
appears that the first controller (with Z, = 0.2) tends to
“over-react” to execution time variations, presenting a big-
ger overshot: even after theinitial transient, the scheduling
error raises to more than 33ms. On the contrary, moving
the second poleto Z, = 0.9, the maximum scheduling er-
ror registered after the initia transient is8.75ms.

Summing up, we can say that while considering the re-
sponse to a step or to a ramp the position of the poles 7
and Z only influences the overshoot and the responsetime,
when a more realistic workload is applied as input to the
system, the position of the poles becomes critical for the
system performance.

5.3. Implementation on a Real System

After verifying the correctness of the proposed feedback
scheme through simulations, we performed some experi-
ments on areal implementation. For this purpose, we used
the dynamic QoS manager implemented on Linux/RK [14]
(look at the cited paper for more details) and the second
model of the scheduler, described in Section 3.2, which can
introduce some quantisation error. The implementation of
the Pl controller presented in this paper was a simple task
and required less than half an hour.
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Figure 11. Scheduling Error for an MPEG
player with T'= 33ms and T° = 6.75ms.

Using this implementation, we tested the feedback
scheduler by running two simultaneous MPEG players (at
33.3F'ps and 20 F'ps) attached to two adaptive reservations,
with periods 33/4 = 8.25ms and 50/4 = 12.5ms. The
scheduling errors for the two players are shown in Fig-
ure 11 and 12. These experiments were performed setting

After an initial transient, the feedback controller is able
to adapt the reserved bandwidths so that the scheduling er-
ror is controlled to about 0. Since the execution times are
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Figure 12. Scheduling Error for an MPEG
player with T'= 50ms and T° = 12.5ms.

highly variable, the scheduling error cannot be constant, but
itisimportant to notethat e < 0 most of thetime (remember
that a negative scheduling error is not bad for the perceived
QoS). In coincidence with big variations in the execution
times, the scheduling error increases, but it is immediately
controlled to 0 again. It isimportant to note that these plots
refer to real experiments performed on areal Linux system,
and that the two players run simultaneously and share some
important resource such as the X server.

6. Conclusions

In this paper, we address the problem of developing a
feedback scheduler based on resource reservations, by de-
veloping a precise and accurate mathematical model of a
reservation-based scheduler. We verified the correctness
of the proposed model and the effectiveness of the de-
signed controller through an extensive set of simulations
and through real experiments on a rea-time version of
Linux.

As afuture work, we plan to apply control theory more
rigorously in order to formally provethe robustness and sta-
bility of the controller. The problem of determining a proper
closed loop dynamics that guarantees the desired QoS level
in presence of a realistic workload will be addressed. In
particular, we will devise a methodology for imposing the
decay rate of the close loop system.
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