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Abstract problems that real-time software development is facing to-
day. Namely, CBSD enables systems to be developed out
Updating real-time system software is often needed in re- of pre-defined software components to fit a specific appli-
sponse to errors and added requirements to the software.cation. This enhances reusability and reduces the resources
Stopping a running application, updating the software, and allocated to the development of the system. Moreover, using
then restarting the application is not suitable for systems CBSD principles software systems are developed with plug-
with high availability requirements. On the other hand, dy- and-play capabilities, which implies that system reconfig-
namically updating a system may increase the executionuration can be done dynamically by simply plugging new
time of the tasks, thus, degrading the performance of theor additional components to the system during run-time,
system. Degradation is not acceptable for performance- thereby ensuring that systems are able to efficiently evolve.
critical real-time systems_as there are strict requirements However, the real-time research community has not yet
on the performance_. In this paper we present an approachfu”y capitalized on CBSD benefits due to the unpredictable
that enables dynamic reconfiguration of a real-time system, .6 "of dynamic reconfiguration in real-time environ-
wh_ere the_ p_erform_ance of the system during a recon_fl_gu-mem& Namely, a dynamic reconfiguration of a real-time
ration Sat'Sf'?S a given worst-case performance _Spec_'f'_ca'system changes the temporal properties of the tasks in a sys-
pon. Evaluat!on shows that the presented method is efﬂmenttem which in turn affects the quality of service (Qo0S) neg-
in guaranteeing the worst-case performance of dynamically atively. For example, changing the software of the system

reconfigurable firm real-time systems. may result in an increase in the execution time of the tasks,
thus, permanently increasing the utilization or deadline miss
ratio. For these reasons, the majority of current component-
1. Introduction based real-time systems are monolithic and, hence, are not
dynamically reconfigurable, e.g., [5, 8]. However, reconfig-
Successful deployment of real-time and embedded sys-uring a system on-line is desirable for embedded real-time
tems strongly depends on low development costs, a shorsystems that require continuous hardware and software up-
time to market, and a high degree of reconfigurability. grades in response to technological advancements, environ-
Component-bsed sftware cvelopment (CBSD) [6] has mental change, or alteration of system goals during sys-
been developed specifically to address the same type ofem operation. Consequently, there are strong reasons for
enabling dynamic reconfiguration of real-time systems, but
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tasks by using feedback control [3] to continuously force the

QoS to converge toward a reference level, see Figure 1. Al-
though the QoS of the system reaches the reference in th@r exchanged in the system, and (iii) the prediction interface
steady-state, significant overshoold,f) and long settling  of the system that contains the specification of components
times (I;) could be observed for reconfiguration instances and tasks that already exist in the system, is able to forecast
that heavily affected the execution time and the arrival pat- the overshoot and the settling time of the reconfigured sys-
tern of the tasks, e.g., we noted great overshoots in deadlinéem. The framework returns a positive answer (i.e. OK) if
miss ratio for reconfigurations that resulted in increased ex-the system can undergo the reconfiguration without violat-
ecution time of the tasks. However, for performance-critical ing its QoS specification, otherwise a negative answer (i.e.
soft and firm real-time systems, e.g., telecommunication, NotOK) is returned. The forecast is done using a method
video streaming, and web services, it is of paramount im- that predicts QoS over a finite horizdo the best of our
portance that the overshoot and the settling time are withinknowledge, this is the first paper describing a QoS predic-
acceptable limits, as a large overshoot in deadline miss ratiction methodology for firm reconfigurable real-time systems.
may not be acceptable since too many deadlines are missed. The remainder of this paper is organized as follows. In
According to the discussions above and our previous Section 2 we give an overview on dynamic reconfigura-
studies [7], we have concluded that using feedback-basedion of real-time systems. Section 3 presents the prediction
QoS management for guaranteeing the performance of dyframework, and in Section 4 we evaluate the accuracy of the
namically reconfigurable real-time systems is beneficial but Prediction framework. Conclusions are given in Section 5.
not enough. We need to ensure that the reconfiguration can
take place without violating a given QoS specification in 2. Overview on Reconfiguration
terms of a maximum tolerable overshoot and longest accept-
able settling time. One way to ensure that the QoS does not  This section briefly describes the reconfiguration mech-
violate the QoS specification is to determine the overshootanisms normally used by component-based systems resid-
and settling time before the actual reconfiguration, i.e., to ing in real-time and embedded environments. In this paper
predict the overshoot and settling time, and only carry out We focus on QoS prediction and, therefore, we refer to [1,7]
the reconfiguration if it is possible to meet the given speci- for a detailed description on how reconfiguration is carried
fication. If the QoS specification cannot be met, then the re-out.
configuration specification, i.e., the choice of components  To facilitate reconfiguration, component-based systems
for adding, removing, or exchanging, has to be altered. Thishave a middleware layer that handles inter-component com-
way the system is reconfigurable, meaning that the con-munication and stores states of components during system
stituents of the software are alterable, and the reconfigurareconfiguration (see system configuration in Figure 2). Ad-
tion can be safely executed. ditionally, for ensuring substitutability of components, each
The problem that we consider in this paper is how to pre- 0mponent has functional interfaces, where a set of oper-
dict the overshoot and settling time of QoS, defined by the tions that a component provides to other components in
deadline miss ration(k) and utilizationu(k), in the face ~ the systemiis declared. A system can be reconfigured by (i)
of a reconfiguration. We contribute by introducing a pre- '€Moving a component, (i) adding a component, and (iii)
diction framework that given a prediction specification con- €xchanging a component with another. We illustrate what
sisting of (see Figure 4) (i) the desired QoS specification N@PPENS in a system under reconfiguration by giving a ba-
of the system in terms of the maximum tolerable overshoot SIC €xample where a current version of a compoaentle-
and longest acceptable settling time fo(k) andu(k), (i)~ noteder, is exchanged with a new versior, in the sys-
the reconfiguration specification that contains the informa-
tion about components that are going to be added, removed,l By finite horizon we mean a finite interval of time in the future.




case QoS, reconfiguration, and the knowledge of the com-
ponents and tasks in the system. Finally, we give the method
for predicting the overshoot and settling time of the con-
trolled variable, which represents the QoS.

Figure 3. An example of the relation between 3.1. System and Reconfiguration Model

tasks and components. . . -
S omponents As the goal of this work is to develop a prediction

method for determining the behavior of a component-based
real-time system before the reconfiguration takes place, we
tem configuration in Figure 2. Note that, an exchange of afjrst need to establish a model of the component-based real-
component encompasses all the dimensions of the dynamigjme system. The model should be general enough to en-
reconfiguration as it also includes removal of the current gyre that existing and future component-based real-time ap-
version of a Component and the addition of a new version. proaches are Captured, and' Consequenﬂy, can effectively
When the reconfiguration is initiated, the system undergoesyse the presented prediction method. We first define a real-
three phases: pre-reconfiguration, reconfiguration, and posttime system as a collection of interacting components and
reconfiguration phase. tasks, and then elaborate on each of the system constituents.

In the pre-reconfiguration phase (pre-RP), the new ver- Finally, we discuss the way reconfiguration is modeled in
sion of the componen# is loadedinto the memory. Atthis  the system.

point, ¢? is not added to the system, but we logdnto the o _
memory to carry out the reconfiguration as fast possible by Definition 1 (System) A component-based real-time sys-
minimizing the delay of removing! and adding?. Now, MR is a tuple (7,C), where7 is the set of all tasks
we have to ensure that the system can undergo reconfiguthat can execute in the system, ahds the set of compo-
ration without interrupting the execution of the tasks. This Nents constituting the system.

means that tasks using the operations of comporieimave The following definition of a component captures the
to be completed before the reconfiguration is carried out. If {5t that a component provides operations to other compo-
the components,, .. ., c4 would be executed by the three  heonis in the system and maintains an internal state, which

tasksty, ..., 13, as shown in Figure 3, then exchangig  peeds to be preserved under reconfiguration.
running on tasks; andt, requires both of these tasks to

complete executing before the system can enter the reconDefinition 2 (Component) A component: € C is a tuple
figuration phase (RP). (S, 0), whereS is the internal state of the component, and
Pre-RP ends when there are no executing tasks using O is a set of operationgo, 0z, ..., op} provided by com-
Hence, at the beginning of RP the stateofvill not change ponentc.
since the state of} changes only through operation calls.
Therefore, we can now remové from the system bgex-
portingits state into the middleware layer. The new compo-
nentc? is then added to the system iyportingthe state of
ci, i.e., we transfer the state of to c?. The pointers to op-

: 1 : .
erations ofc; are redirected to the operationsdf hence, late results are of no value and are discarded. A taskl”

i 1 H 2 _ . . . X . X . .
f"’l” future oper_atlons_ calls to; are directed tar;. Updat is classified as either a periodic or an aperiodic task and is
ing the operation pointers marks the end of RP. In the POSt-yafined as follows

reconfiguration phase (post-RR}, is unloadedfrom the

memory, and tasks that are using the componemtre al- Definition 3 (Task) LetR=(T,C) be a real-time system. A

lowed to execute since’ has been loaded and added into taskr € 7 is a tuple(x,i,xﬂd,z‘,%), wherez is the ac-

the system. Note that the reconfiguration has to be com-tual execution timeg is the estimated execution time’,

pleted as soon as possible for the system to resume normak the internal execution time not related to calling opera-

operation. tions,d is the relative deadling, is the actual inter-arrival
time, and; is the estimated inter-arrival time of

We now establish the definition of a task with regard
to its necessary temporal characteristics and components it
executes. We consider a firm real-time system as the con-
trolled system, where there is one CPU as the main process-
ing element. Hence, deadline misses are allowed, however,

3. Approach If = € 7 is periodic, then the actual inter-arrival-time
equals the estimated inter-arrival time, ifes i. If 7 € T
In this section we present the assumed system and reis aperiodic we definéas the mean inter-arrival-time, and
configuration model, followed by the definition of the pre- as the estimated mean inter-arrival-time. The actual execu-
diction specification, which gives how to specify the worst- tion timez of a taskr is not known in advance. We say that



a task completes when it has finished its execution, and we

say that it terminates when it completes or misses its dead- Sppgcef‘i’f'fc“aft’i';n Reconfiguration
line. We now give the definition of an active task, which is specification (provided by
needed later (in Section 3.3.2) for deriving the changes in the component developer)
load in response to a reconfiguration. T ; ‘I">
| |
Definition 4 (Active Task) Letr ¢ 7 be a task and let oredicton Prediction <7
denote the time whenis admitted. The task is active at interface rﬁ Model of the
timet if and only ifa < t < a + 7. O ean [T controlied system QoS specifcation
operator) Predicted QoS (set O),;;r:tzil)smm
We consider the following admission model. Upon ar- Iz Q
rival to the system, an instance of a task is inserted in an ar-
rival gueue, which is sorted according to the arrival time. OK or NotOK to reconfigure
Task instances are removed from the front of the arrival ) o
queue and admitted if and only if the sum of the task in- Figure 4. The prediction framework.

stance load and the load of admitted tasks is less than thé
requested load of admitted tasks. The deadline miss ratio isjesired performance and the actual performance is mini-
computed over admitted tasks only. mized.

Without loss of generality we hereafter focus primarily
on the reconfiguration of one component in the system; all3 5 prediction Specification
introduced notions are easily applicable to an arbitrary num-

ber of components as we show in our experimental evalua-  The prediction of the system behavior, as shown in Fig-
tions in Section 4. Recall that the system reconfiguration is yre 4, is done using the specification consisting of (i) the
of type add, remove, or exchange (of components). The re-system prediction interfacgr that contains the necessary
configuration, therefore transforms the original sys®m  system information needed for reconfiguration prediction,
into the modified systeriR’. We introducep to denote the  (ji) the reconfiguration specificatiofr,, Z,,) containing in-
actions involved in the reconfiguration of the system. The formation about the reconfiguration in terms of the reconfig-
impact of reconfiguration is straightforward. When adding uration task-, and the component prediction interfe&gof

or exchanging a component, a set of new ta8ksmay  the new component, and (iii) the QoS specificatidg, de-

be added to the system. An exchange of component scribing the worst-case tolerable system performance dur-
with ¢, in R = (7,C), would result in a new system ing a reconfiguration. In this section we give definitions of
R'=(T',C"), whereT’=T UT* andC'=C U {¢,} \ {c}. the constituents of the prediction specification as follows.
To meet the requirements on urgency of reconfiguration dis-

cussed in Section 2, we assume that reconfiguratioiiR

is carried out by a separate non-preemptive taskexe-
cuting in the system with the highest priority. Let the start
of the pre-RP, RP, and post-RP be denoted with the sam
pling instantsk,,., k-, andk,,s:. The reconfiguration task
7, is released and executedkgf andr, completes akys:.

We consider post-RP, and therefore the overall reconfigura- To define the system prediction interface, we first define
tion, completed when the system reaches steady-state (sethe prediction interface of a task as follows.

T. in Figure 1), which oceurs atthe sampling instant,. . Definition 6 (Task Prediction Interface) LetR = (7,C)

We assume the following feedback control scheduling o 5 component-based real-time system. A prediction inter-
architecture (see Figure 2). The controlled system is COM-taceT, of a taskr € 7 is defined by a tuplér?, i, C.., F),
posed out of components forming a specific configuration. \, 1 ore i is the internal execution time of 7 is the esti-
The deadline miss ratio (k) or the utilizationu (k) is con- mated inter-arrival time of-, C, C C is the set of compo-
trolled using the feedback structure. Lgtk) denote the  onts executed by, and F — {(07_n> | 0 is an operation of

controlled variable, i.e.m(k) or u(k). Input to the con- g e ¢ C,, andn is the number of times calls o}.
troller is the difference between the referengék), rep-

resenting the desired performance of the controlled system, T1ask prediction interface, therefore, captures the effects
and the actual system performance given by the measure®’ mapping components to tasks. This is achieved by hav-
variabley(k). Based on the performance ergg(k) — y(k) ing the internal execution time* to account for the time it
the controller computes a changiék) to the estimated ad- takes to execute the internal code of the task, i.e., the code
mitted workload(k), such that the difference between the handling the operations, and the functigrthat gives both

Definition 5 (Component Prediction Interface) LetR =
(7T,C) be a component-based real-time system. A predic-
tion interfaceZ. of a component = (S,0) € C is de-
fined as a tupldz,,, Zo,, ..., o,), Wherez,, is the esti-
mated execution time of the operatione O provided by
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Figure 5. Prediction of QoS.

operations executed by the task and the number of times an

operation is called by the task.

Definition 7 (System Prediction Interface) Let

R ( 7,C ) be a component-based real-time sys-
tem consisting of componerds running on a set of tasks
7. Let each task; € 7 be associated with a task pre-
diction interfaceZ,, and each componenj, € C be as-
sociated with a component prediction interfa€g . The
prediction interface of a systetfiz is defined as a tu-
pleZ.,....7rn,Ze,s- - Ze,,), WhereN is the number of
tasks andV/ is the number of components.

The QoS specification is compared to the predicted over-
shoot and settling time of the utilization or deadline miss ra-
tio in order to determine whether or not the predicted behav-
ior is acceptable (as shown in Figure 4). The QoS specifica-
tion is defined as follows.

Definition 8 (QoS specification)Let R = (7,C) be a
component-based real-time system. A QoS specific&ion
is a member of Q s, Qu }, where,

o Qn = (MM, TM) gives the maximum overshaat}
and the longest settling tim&" allowed for the dead-
line miss ratio, and

e Qu = (ME,TY) gives the maximum overshabfy
and the longest settling tiniEY allowed for the uti-
lization.

Hence Qg is expressed in terms of deadline miss ratio or

utilization. If the predicted overshoot and the settling time

(given by Definition 8). The model of the controlled sys-
tem describes the effect of the manipulated variab{é)

on the controlled variables deadline miss ratigk) and
utilization u(k), i.e., the model predicts the deadline miss
ratio or utilization givend,; (k). Let m(k) denote the pre-
diction of m(k), andu(k) denote the prediction of(k).

We insert the model of the controlled system into the feed-
back loop as shown in Figure 5, along with the model of
the controller, i.e., a relation between the performance er-
rorsm,.(k) — m(k) andu,.(k) — u(k), and the manipulated
variable §;(k). The decision maker then predicts the val-
ues ofm(k), u(k), andé;(k), i.e.,m(k), a(k), andd;(k),

for each samplé:. This is done by starting with an ini-
tial value of the deadline miss rati(0) and utilization
4(0), e.g.,m(0) = 0 anda(0) = 0, and computing;(1).
Havingd; (1), we can computen(1) andd(1), thus, we ob-
tain §;(2), and so on. The computation &f(k), 7(k), and
@(k) is continued until the post-RP ends, which is marked
by the point in timek.,.q when(k) andd(k) have set-
tled around the reference (see the definition of the settling
time in Figure 1). By computing:(k) and (k) for all &,

we can also compute the predicted overshoot by finding the
greatestrin(k) and @ (k). The predicted deadline miss ra-
tio overshootd 3! and utilization overshood/¥ are then
computed as the percentage by whiglik) and (k) are
greater than the corresponding reference, see Figure 1. The
predicted settling time for deadline miss raﬁlﬁ(f and uti-
lization 7V are computed as the time it takes fafk) and
u(k) to settle around the reference, see Figure 1.

The decision maker returns OK if and only if the pre-
dicted overshoot and predicted settling time are smaller than
the overshoot and settling time given by the QoS specifica-
tion Qg. If m(k) is the controlled variable, then OK is re-
turned if and only ifA7Y < M andT™ < TM. If u(k)
is the controlled variable, then OK is returned if and only if
MY < MY andTV < TV. Otherwise NotOK is returned.

3.3.2. Model of the Controller and the Controlled Sys-

are less or equal to the overshoot and settling time specifiedem Any controller that can be realized in discrete time

in Qg, then the reconfiguration satisfi€s;. Otherwise, the
reconfiguration does not satisf)s.

3.3. QoS Prediction Method

In this section we discuss the prediction method consist-
ing of a decision maker and a model of the controlled sys-
tem, see Figure 4. For the remainder of this papefl’ lde-
note the prediction step and lgtk) be the value of at time
kT.

3.3.1. Decision Maker The decision maker utilizes the in-
formation from the model of the controlled system to decide
whether a reconfiguration satisfies a QoS specificaflgn

using difference equations (including non-linear equations)
may be used in combination with the prediction method.
This means that commonly used controllers such as pro-
portional integral derivative (PID) controllers, state space
controller, and linear quadratic controllers [3] are compat-
ible with the prediction method. For example, a utilization
P1 controller, which computes the control signal according
to §(k) = 6i(k — 1)+ Kp((Kr + 1)e(k) — e(k — 1)),
wheree(k) = u, (k) — u(k), may be used since it is in dis-
crete time form.

We now model the controlled system and we start with
defining the estimated load of a task. Let the estimated load
ofar bel = f wherei and: are the estimated execu-
tion time and inter-arrival time of, respectively. The esti-
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Figure 6. The Model of the Controlled System.

mated execution time of is computed as the sum of the in- tem prediction interface, by summing the estimated work-

ternal execution time:* of = and the execution time, of load of tasks that do not use the component that is to be re-
each operatiom called byr. Recall that the task predic- moved or exchanged.
tion interface (see Definition 6) of, gives the internal ex- Let [~ (k) denote the aggregated workload of tasks that

ecution timez* of  and the number of times a certain ~ become inactive during the time interjét — 1)T', kT'] (see
operatiorw is called byr. The component prediction inter-  Definition 4). Hencel~ (k) models the amount of workload
face (see Definition 5) gives the estimated execution time Jeaving the system during the time intery@t — 1)7T', k7).
%, of the component operation Hence, by using the sys-  Now, the amount of admitted workload at tink& is the
tem prediction interface (see Definition 7), which consists sum of the admitted load at tim& — 1)7 and the amount
of the task prediction interface and the component predic- of estimated workload admitted durifige — 1)7, k77, mi-

tion interface, we can compute the estimated execution timenys the amount of estimated workload of tasks that leave
of the tasks. This gives that the load is computed as follows: the system during the time internvigk — 1)T', kT, i.e.,

_ T+ Yvrerdon M i(k) = i(k — 1) + I* (k) — = (k). @)

7

Z:

<ol &

_ _ o We note that* (k) andi~ (k) are related, since tasks that
Figure 6 gives the model used for predicting GoSet ;0 aqmitted leave the system at some time in the future. The

us start from the output from the controller, namely the de- ,, her of tasks leaving the system increases as the num-
sired change in the estimated admitted workload denotedy o, of agmitted tasks increases, consequently, an increase in

with &(k) (compare with Figure 2). The requested ad- ;+ 1y results in an increase it (k + b) for b > 0. We use

mitted workload!(k) is the summation ovef(k), .., I kyo relate the estimated workload that leaves the system
[r(k) = lr(k — 1) + (k). The admission controller has o 5nqthe estimated workload that is admitted into the system,
ensure that the level of admlttgd workload |s'kep1tfﬁ(ﬂ<:). i.e., L(k) relatesi~ (k) and the previously admitted work-
Therefpre the reqqested admitted Workload' is compared to . 4 given byi* (i — b), whereb > 0. The relationZ.(k) is

the estimated a'\dmltted workloagk) gnd the dlﬁgrence be- derived using the estimated load and the inter-arrival time of
tween the two is computetlf 1z (k) is less thari(k), then e tacks, which is obtained using the system prediction in-

we have to reject all arriving tasks and wait until some of the o (t2ce For details on how to compuiték) we refer to [1].

admitted tasks are terminated, since we cannot reject any okt this point we have expressions fijr(k;) andi—(k), and

th? already admitted tasks. Recall from Section 2 that taskslt is straightforward to compute the estimated load in the
using a component that is to be exchanged or removed ar

%ystemi(k) by using equation (2).
not eligible for execution. Therefore,lif (k) is greater than y (k) by 14 €q 2) '
ik then th st q Koad that is admi A model describing the QoS of a reconfigurable system
(k), then the a.lrr]funt(.) estlm.at.e workload that Is admit- o encompass changes in the temporal properties of the
ted, denoted with™ (k), is the minimum of thér (k) —I(k)  (asks and, as such, the load in the system. After a reconfig-
andix (k), wherelx (k) is the total workload of tasks eli- ration, the actual load in the system may increase or de-
gible for execution and that arrive during the time interval . egse depending on the increase or decrease in the exe-
[(k—1)T, kT]. The workload x (k) is derived from the sys- ¢ ;tion time of the tasks. Recall that using the system pre-
diction interface we can compute the estimated execution
2 Note, the model can be further reduced in size. However, a reduction time of the tasks using equation (1). Since we have the esti-
implies a more detailed and complicated discussion and, thus, for the : A : _
sake of simplicity, we have not reduced the model, mated exegutlgn timg, of the operations of the new com
3 Since we do not have access to accurate execution times, we have t@?0Nnent, which is to be added or exchanged, we can compute
resort to estimations of execution time and, hence, we use the esti-the estimated execution time of the tasks after a reconfigura-

mated admitted workload. tion, again using equation (1). Having the estimated execu-




shown in Figure 7, where tasks that useust be rejected.

A1 (k) o The length of the pre-RP is the time it takes for admit-
I_I/ min K ted tasks that useto terminate. When adding a new com-
Ko Koo Koo Kend > ponentc,, no tasks have to be rejected, herlgg(k) does
not decrease. Considering, (k), at this point the execu-
4 9.() tion time and the load of the tasks have not changed, since
f—_—T K the reconfiguration has not been implemented yet. There-
> fore, the variabley 4 (k) is one.
Kore Kpre Kpoa  Keno During the reconfiguration phase, the reconfiguration
task 7, is released and executed. This does not affect the
Figure 7. An example of how model variables set of executable taskg (k). Similarly, the execution time
vary during each RP. of the tasks do not change unti),s;, hence,g4(k) does

not change during RP and is equal to one.
During post-RP, the execution time of the tasks changes
due to the reconfiguration. Thereforg; (k) may increase

tion times before and after a reconfiguration, we can com- : . A .
pute the load of the tasks before and after the reconfigura-°" decrease according to the discussion in Section 3.3.2. If

tion. We model the change in the total workload by intro- & component is exchanged, then the tasks that were rejected

ducing a facto.4 (k) that gives the changes in load, based during the pre-RP and RP are eligible for execu.tion again
on the new component and the tasks that use it. Specifi-during post-RP. Therefore, ify (k) decreases during pre-
Ta(k) RP, then during post-RE (k) increases to the same level

cally, g (k) = i(k) wherel, (k) is the estimated admit- ;¢ 1 ofore pre-RP, as illustrated in Figure 7. For component
ted workload after RP an{k) is the estimated admitted removal,lx (k) stays unchanged and is equalqk) dur-
workload before and during RP. If a reconfiguration results ing pre-RP and RP.
in an increase in load, theyy (k) > 1. Conversely, if a re-
configuration results in a decrease in load, thetk) < 1. 4. Performance Evaluation

We finally model the relationship betweén(k), 7 (k),
anda(k). We adopt the model presented by Lu et al. [4],  The goal of the performance evaluation is to determine
which we briefly describe below. The relationship between the accuracy of the prediction method (shown in Figure 4).
the admitted workloadl, (k) and the utilizatiorii(k) isnon-  The reliability of the decision maker, in terms of providing
linear. As shown in Figure 6, whely (k) is less or equal  a correct answer, increases as the accuracy of the controlled
to one, i.e. the CPU is underutilized, théfk) is equal to system model increases. Below we describe the method we

I4(k). However, wheri 4 (k) is greater than one, ther{k) use to evaluate the precision of the controlled system model,
remains at one, ad(k) per definition cannot be greater followed by the simulation setup and the result of the exper-
than one. Continuing with the deadline miss rafidk), iments.

let,,, be the greatest workload threshold for which admit-
ted tasks are schedulable. We note thak) is zero when 4.1, Evaluation Method
la(k) < lim, since all tasks meet their deadlines. However,

wheni (k) > Iy, thenr (k) increases with » (k). We validate the model of the controlled system by estab-
In summary we have developed a model of the controlled lishing the difference between the predictions and the actual
system, from the inpuf; (k) to the outputsi(k) andd(k). outcome of the controlled system (i.e., QoS) when carry-

Next, we study howy (k) andg 4 (k) vary during the recon-  ing out reconfigurations under feedback control. If the dif-
figuration phases, as well as how the length of each phasderence between the predictions and the actual outcome is
is predicted. An example of hoix (k) andg 4 (k) vary dur- small, then we say that the model of the controlled system
ing each reconfiguration phase is given in Figure 7. is accurate.

The performance evaluation is undertaken by a set of
3.3.3. Reconfiguration Phase®uring the pre-RP the simulation experiments where we have varied the increase
system has to make sure that admitted tasks do not usén execution time after a reconfiguration and the number
the component that is to be removed or exchanged. This of tasks in the system. Considering the first parameter, we
means that newly arrived tasks usingannot be admit-  stated earlier in Section 1 that a reconfiguration may result
ted and the system has to wait until previously admit- in an increase in the execution time of the tasks, causing
ted tasks that use and are executing, will terminate. overshoots in deadline miss ratio and utilization. Since our
As such, the workload of executable tasks(k) de- aim is to derive a method for predicting the overshoot and
creases during pre-RP if at least one task usekhis is settling time, we consider the case when the execution time



increases as a result of a reconfiguration. Further, the bepose of the evaluation we set the utilization reference to
havior of a real-time system depends on the number of tasks70%, which gives us some slack 100%. This way we are

in the system. Therefore, we study the prediction when theable to fully examine the accuracy of the controlled system
number of tasks are varied. model.

Recall from Section 1 that an exchange of a component  Using the task sef # and 72 we are able to evalu-
encompasses all the dimensions of the dynamic reconfig-ate the prediction method when the execution time of the
uration as it includes also a removal of the old version of tasks increases after RP (compare the distribution6f
a component and the addition of a new version. Therefore,and Z°°%7). An increase in execution time represents the
we evaluate the prediction method when exchanging com-worst-case scenario since this causes overshoots in dead-
ponents, as the exchange procedure is more intricate andine miss ratio and utilization. Hence, by increasing the ex-
has greater effects on the QoS. Further, in the experimentecution time, we evaluate the prediction capability of the
we define QoS in terms of utilization, as utilization gives us model during a system state that gives overshoots. Also, by
more information when analyzing the results. For example, increasing the execution time of all the tasks we simulate
it is easier to estimate the increase or decrease in load whetthe case when multiple components are exchanged, since
analyzing utilization rather than deadline miss ratio. We re- exchanging several components in the worst case increases
fer to [1] for experiments on removing and adding compo- the execution time of all tasks. Furthéf;* and 72 dif-
nents, and prediction of deadline miss ratio. fer in that the number of tasks in task SEt' is less than
the number of tasks ifif . Hence, we also capture the case
when the number of tasks in the system vary. This means
that usingZ# and 72, we satisfy the goal of the perfor-
mance evaluation.

4.2. Simulation Setup

In the experiments we use two different task sets de-
noted7 4 and7 B, see Table 1{( refers to a uniform dis-
tribution). Furthermore, each one of these task sets con4.3. Results
sists of two subsets, where we denote the individual sub-
sets by appending a subscript to the name of the task set, Inthis section we evaluate the accuracy of the controlled
e.g., 7" and 7/ denote the two subsets &t4. We con- system model and we show that the difference between the
sider a taskr to have the following properties: estimated predictions and the actual outcome of the QoS is very small,
execution time in the pre-RFRE, estimated execution time  i.e., we achieve very accurate predictions.
in the post-RPz"°ST, estimated inter-arrival time;,, and Figures 8(a) and 8(b) show the results wiet and7 ?
the number of tasksV in the task set. The actual execu- are used. The grey lines represent the actual QoS outcome,
tion time of 7 in the pre-RP and post-RP is distributed ac- while the dark dashed lines represent the QoS prediction ob-
cording toU : (2°*%(1 — zv), 2°°¥(1 + xv)) and U : tained from the model of the controlled system. At tihis
(ZPOS(1 — xy), 2795T(1 + =zv)), respectively. The varia-  we start the pre-RP. Pre-RP and RP are rather short, since al-
tion zy introduces additional uncertainty in the actual ex- lowing the tasks, which use the component under exchange,
ecution times, thus, making the prediction more challeng- to terminate and executing is carried out quickly. At the
ing. Similarly, the actual inter-arrival time is distributed as beginning of the post-RP the system is reconfigured, which
U : (i(1 —iy), i(1+iy)), whereiy is uniformly distrib-  results in an increase of the execution time of the tasks. Con-
uted. We set the execution time gf to 0.030s (see [1] for sequently, the load of the tasks increases, causing an over-
more details). The tasks used in this evaluation have vary-shoot in utilization. This can be seen by studying the actual
ing actual execution times, where the actual execution timesQoS outcome in Figures 8(a) and 8(b).
are not known. Further, the arrival times of the tasks are un-  We also see that the utilization drops at tin28s, 30s,
predictable, which in combination with inaccurate execu- 40s, and so on. We have found out that this is caused by
tion time estimates, simulate a realistic real-time system.  the admission controller, trying to reduce the workload such
The prediction stefl is set t00.1s for all experiments,  thatl(k) equaldz(k), see Figure 6 (refer to [1] for details).
i.e., the admission controller is invoked aigk) computed ~ The drops in utilization at time20s, 30s, and40s are not
every0.1s. The sampling period of the utilization is set to important for the model to capture since we are focusing
10s, i.e., the utilization is sampled and the controller in- on overshoots and settling times of utilization and deadline
voked everyl0s. Earliest deadline first (EDF) is used to miss ratio. We can therefore ignore modeling this particu-
schedule the tasks (e.g. see [2]). To quantify overshoots wdar behavior.

need to set the reference such thgk) is less tharl 00% at
all times. If we set the utilization close 100%, then the uti-
lization staysl00% whenu(k) overshoots, hence, we can-

not see the extent of the overshoot. Therefore for the pur-

Considering the predictions in Figures 8(a) and 8(b), we
see that the predicted QoS, represented by the dark dashed
lines, follows the actual outcome closely. This means that
the model of the controlled system is very accurate in cap-



Property 74

Property 7P TP

O] 0.050) | U : (0.010, 0.020)

ZPRE(S) | U : (0.015, 0.025) | U : (0.020, 0.050)
U: U:

ZPOST (5) 0.050) | U : (0.015, 0.022)

ZPOST (5) (0.018, 0.028) (0.030, 0.060)

Ty 0.20) T : (0.10, 0.20)

Ty T : (0.10, 0.20) T : (0.10, 0.20)

i (s) 1.5) U : (0.5, 10)

i (s) (0.2, 5) U : (0.1, 50)

iy U :(0.03, 0.1)

U:
U:

iy (0.01, .1) U : (0.01, 0.1)

N 15

N 80 40

Table 1. Task sets used in the experiments.
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Figure 8. Prediction of the utilization.

turing the behavior of QoS when carrying out reconfigura-
tions. An accurate model implies that the decision maker
is fed with a prediction of high quality, and that the out-

put from the decision maker is of high confidence. Thus,
our evaluation shows that the model of the controlled sys-

tem is accurate and, as such, the result of the decision makefG]

is very reliable.

[7]

5. Conclusions

In this paper we introduced a framework for predicting

the QoS of a component-based firm real-time system that(8l

is about to undergo dynamic reconfiguration, i.e., adding,
removing, or exchanging components on-line. The frame-
work ensures that reconfigurations can take place without
violating a given QoS specification of a system in terms

of a maximum tolerable overshoot and longest acceptable
settling time. This is done by determining, i.e., predicting,
the overshoot and settling time before an actual reconfigu-
ration is made. The framework returns a positive answer if
the system can undergo the reconfiguration without violat-
ing its QoS specification, or a negative answer if the QoS
specification cannot be satisfied. With our framework we
enable dynamic reconfiguration of component-based firm
real-time systems, by making it possible to guarantee sys-
tem performance when adding, removing, and exchanging
components.

In our future work we intend to develop a feedback-
feedforward control structure where we use the predicted
QoS to proact, rather than react to changes in QoS due to
a reconfiguration. This way we are able to improve QoS by
suppressing overshoots and achieve lower settling time.
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