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Abstract

In this paper, we revisit global as well as local schedul@pidnalysis of synchronization protocols based on thekstac
resource policy (SRP) and overrun without payback for hidrecal scheduling frameworks based on fixed-priority pre-
emptive scheduling (FPPS). We show that both the existolgagand local schedulability analysis are pessimistiegant
improved analysis, and illustrate the improvements by reedexamples.

1 Introduction
1.1 Background

The Hierarchical Scheduling Framework (HSF) has beendlized to support hierarchical CPU sharing among appli-
cations under different scheduling services [2]. The HSFlmagenerally represented as a tree of nodes, where each node
represents an application with its own scheduler for sclirglinternal workloads (e.g. tasks), and resources aceatéd
from a parent node to its children nodes.

The HSF provides means for decomposing a complex systerwiltalefined parts calledubsystemsvhich may share
(so-called global) logical resources requiring mutualesige access. In essence, the HSF provides a mechanisimiiogt
predictablecompositionof course-grained subsystems. In the HSF a subsystem powial introspectiventerface that
precisely specifies the timing properties of the subsystéimns means that subsystems can be independently developed,
analyzed and tested, and later assembled without intrnodugiwanted temporal interference. Temporal isolatiombeh
subsystems is provided through budgets which are allotateubsystems.

As large extents of embedded systems are resource comslraitight analysis is instrumental in a successful depérytm
of HSF techniques in real applications. We therefore ainediticing potential pessimism in existing schedulabilitslgsis
for HSFs. Looking further at existing industrial real-tiragstems, fixed priority pre-emptive scheduling (FPPS) ésdé
facto standard of task scheduling, hence we focus on an H8Fswpport for FPPS in the scheduling of tasks within a
subsystem. Having such support will simplify migration be tHSF and integration of existing legacy applications th&®
HSF, avoiding a too big technology revolution for engineers

Our current research efforts are directed towards the g@tioceand realization of a two-level HSF that is based ign (
FPPS for bottglobal schedulingf budgets (allocated to subsystems) &whl schedulingf tasks (within a subsystem)iX
the periodic resource model [2] for budgets, aiiid the stack resource policy (SRP) [3] for both inter- anddrgubsystem
resource sharing. For such an HSF, two mechanisms have hebadsthat prevent depletion of a budget during global
resource access, i.skipping[4] and overrun[5]. Skipping prevents depletion by checking the remairtingget before
granting resource access, and delaying access to a nexgthuelipd when the remaining budget is insufficient. Overrun
prevents depletion by temporarily increasing the budg#t wistatically determined amount for the duration of thaesas.
The overrun mechanism comes in two flavors, wih paybackandwithout paybackwhich determine whether or not the
additional amount of budget has to be paid back during themedget period.

*This paper rectifies and extends [1]; see Appendix A.
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1.2 Contributions

We show that existing global and local schedulability as@lypf synchronization protocols based on SRP and overrun
without payback for two-level hierarchical scheduling éd®n FPPS is pessimistic. One of the causes of the pessimism
in the global analysis is that during an overrun, as a resoigrtocked, not all higher priority subsystems are able & pr
empt. Taking this into account reduces the amount of intenige considered due to higher priority subsystems. Weeptes
improved global and local analysis assuming that the deadli a subsystem holds for the sum of its normal budget and its
overrun budget. We illustrate the improvements by meansaigles, and show that the improved global analysis is both
uniform and sustainable. We briefly discuss further optfongmprovements.

1.3 Overview

This paper has the following structure. In Section 2 we predated work. A real-time scheduling model is the topic of
Section 3. The existing global and local schedulabilitylgsia is recapitulated in Section 4, and improved global laxdl
analysis is presented in Sections 5 and 6, respectivelyio@pfor further improvements are briefly sketched in Seciio
The paper is concluded in Section 8.

2 Related work

There has been a growing attention to hierarchical schegluf real-time systems [6, 7, 8, 9, 2]. Deng and Liu [6]
proposed a two-level HSF for open systems, where subsysteayde developed and validated independently. Kuo and
Li [8] and Lipari and Baruah [9] presented schedulabilitalysis techniques for such a two-level framework with th@BP
global scheduler and the Earliest Deadline First (EDF) glsbheduler, respectively. Shin and Lee [2] proposed thedie
resource moddl (1, 0) to specify guaranteed periodic CPU allocations, whigreR™ is a period an® € R is a periodic
allocation time (0< © < ). Easwaran, Aland, and Lee [10] proposed the explicit deagieriodic (EDP) resource model
Q(M,®,A) that extends the periodic resource model by explicitlyidgatishing a relative deadlin®e R* for the allocation
time®@ (0<O<ALN).

For synchronization protocols in HSFs, two mechanisms baea studied to prevent depletion of a budget during global
resource access, i.everrun(with paybackandwithout paybackandskipping Overrun with payback was first introduced
in the context of aperiodic servers in [11]. The mechanisra \ter (re-) used for a synchronization protocol in the ernt
of two-level hierarchical scheduling in [12] and extenddthwverrun without payback. The analysis presented in {{ltigs
not allow analysis of individual subsystems, however. As@l supporting composability was first described in [13, 14
The idea of skipping was first described in the skip protod®[55] used in a pfair-scheduling environment. In the contex
of HSFs, the SIRAP protocol [4] is based on skipping, and $tsoaiated analysis supports composability. A comparative
evaluation of both depletion prevention mechanisms wasgmted in [16]. The results showed that the performancesskth
mechanisms is heavily depending on the system’s paramsetes as the subsystem period, the worst case execution time
inside a critical section, tasks period, and task set atitin.

3 Real-time scheduling model

We consider a two-level hierarchical FPPS model using thiegie resource model to specify guaranteed CPU allocation
to tasks of subsystems and using a synchronization protocoiutual exclusive resource access to global logicaluress
based on SRPand overrun without payback.

3.1 System model

A systemSyscontains a seR of M global logical resourceRs, Ry, ..., Ru, a sets of N subsystem$&;, S, ..., Sy, a setB
of N budgets for which we assume a periodic resource model [&]aasingle processor. Each subsyst&rhas a dedicated
budget associated to it. In the remainder of this paper, aeelbudgets implicit, i.e. the timing characteristics odgets are
taken care of in the description of subsystems. Subsystemseheduled by means of FPPS and have fixed, unique prsoritie
For notational convenience, we assume that subsystemgareiig order of decreasing priorities, i.8. has highest priority
andSy has lowest priority.

1The focus of this paper is on synchronization protocolgyfoballogical resources. We therefore do not consider local &igiesources.
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3.2 Subsystem model

Each subsyster§; contains a sefs of ns periodic taskg1, Tz, ..., Tn, With fixed, unique priorities, which are scheduled
by means of FPPS. For notational convenience, we assumtasikatare given in order of decreasing priorities, isehas
highest priority andp, has lowest priority. The seks denotes the subset dfs global resources accessed by subsystem
The maximum time that a subsyst&nexecutes while accessing resouRes R is denoted byXy, whereXq € R™ U {0}
andXg > 0 < R € Rs. The timing characteristics & are specified by means of a triple P, Qs, Xs >, wherePs ¢ R
denotes its (budget) perio@s € R its (normal) budget, ands the set of maximum execution access time§ab global
resources. The maximum valueii (or zero whenXs = 0) is denoted by, i.e.

Xs=max{Xg|R € R }. 1)

The overrun budget of; is equal toXs and also denoted bYs. Note that we assume the (relative) deadlihec R* of
subsystens; to be equal to its perioB, i.e. Ds = Ps. A release of (the budget of) a subsystem is also calfjebt.a

3.3 Task model

The timing characteristics of a task € 75 are specified by means of a quartefTg;,Cgj, Dsj, Gsi >, WhereTg € R™
denotes its minimum inter-arrival tim€g; € R™ its worst-case computation timBg; € R™ its (relative) deadlines; a set of
maximum execution times at; to global resources, whef; < Dg; < Tsi. The setRs; denotes the subset 8§ accessed by
tasktsi. The maximum time that a task; executes while accessing resouRce R is denoted by, wherecs) € R U{0},
Csi > Gsil, andcsjj > 0 R € Rsi.?

3.4 Resource model

The CPU supplyrefers to the amount of CPU allocation that a virtual prooesan provide. The supply bound function
sbfg(t) of the EDP resource mod@l(M,0,A) that computes the minimum possible CPU supply for everynatdengtht
is given by
[ t—kk+D)M-0)+(N-4) iftev®
sbfalt) = { (k—1)© otherwise )
wherek = max( [(t—(a—0))/m], 1) andV® denotes an intervaki 4 A — 20,k +A — Q.
The supply bound functiosbf(t) of the periodic resource mode([1,®) is a special case of (2), i.e. with= 1.

3.5 Synchronization protocol

Overrun without payback prevents depletion of a budget afitssgstemSs during access to a global resourRe by
temporarily increasing the budget &f with Xg, the maximum time tha®s executes while accessifiy. To be able to use
SRP in an HSF for synchronizing global resources, its aageticeiling terms needs to be extended.

3.5.1 Resource ceiling

With every global resourcB;, two types of resource ceilings are associatedex@ernalresource ceilingrG for global
scheduling and aimternal resource ceilingcg for local scheduling. According to SRP, these ceilings a&fineéd as

RG = min(N,min{s|Xs > 0}), (3)
rcss = min(ns,min{i | csji > 0}). 4

Note that we use the outermost min in (3) and (4) to déf@eandrcg also in those situations where no subsystem &ses
and no task offs usesR, respectively.

2In [12], it is required thatsj < Csj andcsjj < Qs. Moreover, it is observed that; will typically be much smaller than bots; andQs.
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3.5.2 System/subsystem ceiling

The system/subsystem ceilings are dynamic parametergliaage during the execution. The system/subsystem ceiling
is equal to the highest external/internal resource ceilihg currently locked resource in the system/subsysteme hihatt
because resource ceilings correspond to priorities, teelsi resource ceiling has the lowest value.

Under SRP, a tasksj can only preempt the currently executing tagk(even when accessing a global resource) if the
priority of Ts; is greater (i.e. the indeixis lower) thanSs its subsystem ceiling. A similar condition for preemptiasids for
subsystems.

3.5.3 Concluding remarks

The maximum timeXg thatS; executes while accessiiy can be reduced by assigning a valuedg that issmallerthan the
value according to SRP. For HSRP [12], the internal resoceding is therefore set to the highest priority, ireflSRP = 1.
Decreasingcg may cause a subsystem to become unfeasible for a given biiddehowever, because the tasks with a
priority higher than the old ceiling and at most equal to teerreiling may no longer be feasible.

The results in this paper apply for any internal resourckngpicy, wherercg > rcl, > rcHSRP=13

4 Recap of existing schedulability analysis

In this section, we briefly recapitulate the global schelbilitg analysis presented in [12] and the local scheduighbil
analysis described in [16, 5]. Although the global schelilityg analysis presented in [16, 5] looks different, it iaged on
the analysis described in [12] and therefore yields the sast.

For illustration purposes, we will use an example systyg containing two subsystenty and S, sharing a global
resourceR;. The characteristics of the subsystems are given in Table 1.

subsystem Ps Qs+ Xs
S 5 2
S 7 Q+X

Table 1. Subsystem characteristics of Sys.

4.1 Global analysis

The worst-case response tiMéR, of subsystens; is given by the smallestc R satisfying

K= Bt Qe+ + 3 [ A] @+ ©)

whereBs is the maximum blocking time d&; by lower priority subsystems, i.e.
Bs = max(0,max{X; |t > sAX; >0ARG < s}). (6)

Note that we use the outermost max in (6) to deBgalso in those situations where the set of values of the inasrmax
is empty. To calculat@VR;, we can use an iterative procedure based on recurrencenslaips, starting with a lower bound,
€.9.Bs+ J1<s(Qt +X). The condition for global schedulability is given by

vV WR <P (7
1<s<N
We merely observe that the global analysis is similar todasglysis for FPPS with resource sharing, where the p&iod
of a subsystens; serves as deadline for the sum of the normal bu@getnd the overrun budget, and the interference of
higher priority subsystemS is based on the su@; + X;. We will therefore use a superscript P to refer to this basadysis
for subsystems, e. yWK.

3BecauseacHSRP= 1 for R € Rs, Xsi = max csii. Hence, frome < Qs we deriveXs < Qs. Without the constraint on the internal resource ceilXg,
may be larger thas. For illustration purposes, we also alloty > Qs in this paper.
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In the sequel, we are not only interested in the worst-casgorese time of a subsyste® for particular values oBs,
Qs, andXs, but in the value as a function of the sum of these three valMveswill therefore use a functional notation when
needed, e.gVR;(Bs+ Qs+ Xs).

The global feasibility area of the existing analysis issthated for our example syste®yg in Figure 1. Note that the
y-axis is excluded, because we assume the capacity of sebsysh be positive, i.€) > 0.

Figure 1. Global feasibility area assuming FPPS.

Figure 2 shows a timeline with a simultaneous activatiorsodnd S, for Q2 = 3.0 andX, = 0, and a worst-case re-
sponse tim&VR, of S, equal to 50. Note that even an infinitesimal increase of eit@eror Q2 will make the systenBys
unschedulable.

| 20 20 Legendf .
s % % activation
| 50 % % execution
S m preemption by higher
I:' priority subsystems
0 5 time

Figure 2. Timeline for Q2 =3.0and X, = 0under FPPS.

4.2 Local analysis

The existing condition for local schedulability of a subgysS; [5] is given by

3 bsH‘CsH‘ZIV ! w -Csj < sbfry(t), (8)

1<i<ns0<t<Dg; < T_SJ
wherebs; is the maximum blocking time afs; by lower priority tasks, i.e.
bsi = max(0, max{Csj | j > iACsj >0ATrCy <i}), 9)

andsbfr(t) is the supply bound function of the periodic resource mdd@®s, Qs) for the subsysterss under consideration.
Note that we use the outermost max in (9) to defigalso in those situations where the set of values of the inasrmax
is empty.

The value forXg depends on the local scheduler and the synchronizationgobtThe maximum time that subsystem
S; executes while tasks accesses resour& € R is denoted byXsj, whereXg € RT U {0} andXsj > 0 < cgj > 0. For
Csil > 0, Xsjl is given by [5]

Xsit =Csi+ » GCsj. (10)
j<rcg
The value forXg is given by
Xsi = maXx Xsil- (11)
1<i<ng
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5 Improved global analysis

As described in Section 4.1, the existing global schedlitalginalysis is based on FPPS, where the peRgderves as
deadline for the sum of the normal budgatand overrun budgeXs.

5.1 Illustrating the improvement

In this section, we will present two steps that graduallyriove the global analysis:
1. Limited pre-emption of overrun budget; X

2. Blocking startsbeforethe execution based on the overrun budgestdrts

5.1.1 Limited pre-emption of overrun budget

Subsysteng; can not preemp®; during those intervals of time whe® is accessing resouréd in general, and whe§; is
executing based on its overrun bud¥etin particular. This limited preempt-ability of subsyst&ngives rise to improved
schedulability of systensys, as illustrated in Figure 3. In this figure, it is assumed ¥Katan be executed without pre-
emption. Note thak, < 3.0 andQ, < 3.0, becaus&,; andS, will otherwise miss their deadline, respectively. Furthete

Figure 3. Global feasibility area assuming limited pre-emption of X.

that forQ, = 1.2 andX, = 3.0 the utilization of the systerd = Qﬁlxl +2%2 — 1. Finally note that the feasibility area
shown in Figure 3 would be identical when the global scheuility anaIyS|s would be based on fixed-priority scheduling
with deferred pre-emption (FPDS) [18, 19], and each joByofrould consist of a sequence of two non-preemptable subjobs
with computation time€), and Xy, respectively.

We will briefly explain the anomalies in Figure 3 by means ofdlines with a simultaneous releasepfandS, at time
t = 0 and assuming that bof andS; need their overrun budget for every activation.

Figure 4 shows a timeline witf), = 1.8 andX; = 2.4. Note that the second job 8 misses its deadline at tinte= 14,
because the third job & is allowed to start at timé = 10. An infinitesimal decrease of eith€ or X, will allow the
execution ofX; of the second job to start just befdre- 10 and will allow the second job to meet its deadline.

2.0 | ! 20 %

: 6.2 74
S VA N Vﬂ NN
M@M@M@w,

0 5 10 ’é 15 fime

Figure 4. Timeline for Q2 = 1.8 and Xz = 2.4 under limited pre-emption of X, with a deadline miss at
t =14. The numbers to the top right corner of the boxes denote the response times (of the normal
budget or the combination of normal and overrun budget) of the respective releases.
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Figure 5 shows a timeline witQ, = 2.0 andX, = 2.0. In this case, the second job §f meets its deadline, because the
workload in the interval0,14) is equal to the length of that interval. Note that the configions ofS, represented by the
line segment of the line@ + Xz = 6.0 between the pointg 1.8,2.4 > and< 2.0,2.0 > are not feasible.

2.0 | 0 2.0 %

40 60 i 30 P74

s U 0SS | W NNV
mewwmwm,_
0 5 10 15 tme

Figure 5. Timeline for Q2 = 2.0 and X, = 2.0 under limited pre-emption of X,.

Figure 6 shows a timeline wit®, = 3.0 andX, = 1.0. In this case, the first job &, misses its deadline. Although an
infinitesimal decrease @, will allow S, to meet its deadlines; is only schedulable foR, = 3.0 whenX; = 0.

2.0 | 2.0 {20
5.0 80 | 6.07.0 |
S V] /R
MMMMMMMM,

0 5 ’é 10 15 fime

Figure 6. Timeline for Q2 = 3.0 and X, = 1.0 under limited pre-emption of Xy with a deadline miss at
t="7.

5.1.2 Blocking starts before overrun

WhenevelS; uses its overrun budg#b, it must lockR; already during the consumption of its normal bud@eti.e. before

it starts consuming its overrun budgét. Hence, the system ceiling is already set to the priorityspbeforeS, starts
consumingXy, preventings; to preempt. The resulting improvementis illustrated inufeg7. Note that the configurations of
S represented by the line segment of the ligg® 2- Xo = 6.0 starting ak 1.8,2.4 > till point < 2.0,2.0 > are now feasible.
Similarly, the configurations d represented b, = 3.0 and 0< X, < 1.0 are feasible as well. We will briefly explain the

Figure 7. Global feasibility area assuming blocking starts before overrun.

differences between Figures 3 and 7 by means of timelines.
Figure 8 shows a timeline witQ, = 1.8 andX, = 2.4. Because the second job®flocksR; just before the activation of
S att =10, is allowed to execut¥, att = 10. As a result, the second job 8f does not miss its deadline at tihe- 14.
Figure 9 shows a timeline witQ, = 3.0 andXz = 1.0. Similar to the previous case, because the first jo§dbcks Ry
just before the activation & att =5, $ is allowed to executX, att = 5. As a result, the first job d& does not miss its
deadline attime¢ = 7.
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2.0 | 32 4.4%

i 38 6.2; i 3.0 5.4?
S ZZ/N\\N\NI7/N\l/}
MWMWWM@,_
0 5 10 15 fme

Figure 8. Timeline for Q2 = 1.8 and X, = 2.4 assuming blocking starts before overrun.

2.0 | 30 | 20 %
Sl % V % H % H

: 5.06.0; i 56.07.0, ;
S N Vi VA
memwmmp,_
0 5 10 15 tme

Figure 9. Timeline for Q2 = 3.0 and X; = 1.0 assuming blocking starts before overrun.

5.2 Improving the global analysis

The improved global analysis is similar to the analysis fBDIS [18, 19] and FPPS with preemption thresholds [20] in
the sense that we have to consider all jobs in a so-callet $saaetive period to determine the worst-case response\itiRe
of subsystenss. Unlike the analysis described in [18, 19, 20], subsyst&mstill Skg cannot preems at the finalization
time of Qs whenSs is accessindr, as illustrated in Figures 8 and 9 for the timtes 10 andt = 5, respectively.

In the remainder of this section, we first present the anafpsithe special case where every subsystem accesses at most
one global resource, i.815 < 1, and subsequently present the general case.

5.2.1 Access to a single global resource

We first recapitulate the notion of a levekctive period. Next, we derive analysis for the worst-casaifiation time\NFSk
of the normal budge®s of job 15k of subsysteng; relative to the start of the constituting leveactive period. Finally, we
derive analysis for the worst-case response tilfi@ of S..

The worst-case lengWLs of a levels active period withs < N is given by the smallestc R™ that satisfies

X

FJ (Q+X%). (12)

X=Bs+ z ’V
t<s

To calculateWLs, we can use an iterative procedure based on recurrencemnslaips, starting with a lower bound, e.g.
Bs+ St<s(Qt + X ). The maximum numbewls of jobs ofSs in a levels active period is given by

wls = {Wﬂ . (13)

For a jobigk of Ss with 0 < k < wls, we split the interval from the start of the leve&ctive period to the finalization of jak
in two sub-intervals: a first sub-interval including the exeon of the normal budg&)s by job 1k and a second sub-interval
from the finalization ofQs by 1 till the finalization ofigy, i.e. constituting the execution of the overrun budget

Let Wng denote the worst-case finalization time of the normal bu@getf job 15 with 0 < k < wig relative to the start

of the constituting leves active period. To determirtelFSk, we have to consider up to three suprema. First, the sequence
of jobsig till 15k experience a blockinBs > 0 by lower priority subsystems in the worst-case situatimilar to FPDS

[18, 19], the worst-case blocking is a supremumBgr> 0 rather than a maximum. Second, the jogstill 1sx_1 need

their overrun budgeXs to access global resources. Because the access to a gkedaiae starts during the execution of the
normal budget, the actual amouxitof overrun budget used is a supremum rather than a maximunallyithe access to

the global resource also starts “as late as possible” dti@gxecution of johgy in a worst-case situation, to maximize the
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interference of higher priority subsystems. This “as la¢assible” also gives rise to a supremum rather than a mawimu
The worst-case finalization tinWFSk can therefore be described as

WFS = lim lim lim WR(B 4 k(Qs+ X) +
QIQs X[ XsB1Bs R(B+kQs+X)+ Q).

whereWR is the worst-case response time of a fictive subsysfewith a periodP. = (k+ 1)Ts, a normal budge®, =
k(Qs+ X) + Q, and a maximum blocking timB. Using the following equation from [19]

Q% WR(x) = WR(C) (14)
we derive
WFS, = WR(Bs + (K-+1)Qs + kX). (15)

Letjobiskof SSaccesR € R. Whenig starts to consume its overrun budigtthe subsystens_; till Szg are already
blocked, and only subsystems with a priority higher tiR@ can therefore still pre-empé. To determine the worst-case
response tim&VRy of job 15k of S5, we now introduce a fictive subsyst%, i.e. a subsystem that can only be pre-empted

by tasks with a priority higher thaRG. The preemptions durin‘g/Fgk by subsystemSs_1 till Srq are treated aadditional
blocking ofSQq The worst-case interference of the subsyst&ms till Szg in the interval of IengthNFSk is denoted by
W' and given by

WFS
Wigg k= { Pﬂ (Q+). (16)
s—1<0<RG
The worst-case response tiMéR of job 15, of subsystens; is now given by
WRy = WRig (Brg + (K+1)(Qs+Xs)) — kR, (17)

WhereWI{q represents the worst-case response time of a fictive sminsﬁb with a (budget) periotP,’Qq and a deadline

equal to(k+1)Ps, a normal budge®; equal to(k+ 1)(Qs+ Xs) — Xs, an overrun budget{ equalXs, and a maximum blocking
time Bz given by

Brg = Bs+WIRg,. (18)

Finally, the worst-case response tiMéz; of subsystens; is given by
WR; = max WRy 19
R omax Rk (19)

Example: Sys with Q> =3.0and X, = 1.0.

We determineVVR using the analysis described above; see also Figure 9. Be&aus the lowest priority subsystem,
B, = 0. We first determinavl; using (12) and (13), and find/L, = 14 andwly, = [WLy/T>] = [14/7] = 2. Next we
determineWR, o andWR» 1 using (15) till (18). Using (15), we fincWF‘z?o = WR;(B; +Qz) = WR;(3.0) = 5. Because
RG =1,WI = (WFgo/Pﬂ (Q1+X1) = [5/5]2.0= 2.0. Using (18), we find} = B, +WI} ; = 2.0. Using (17), we find
WR0 = WR(B] + (Q2+ X2)) = WR(6) = 6. Similarly, we fdeFSl_WR; 7.0) =13, Wi}, = [WF3, /P1](Qu+X1) =

[13/5]2.0=6.0,B; = Bz+WI11 = 6.0, andWRy; = WR(B; 1+2(Q+ X)) — P = WR,(14) — 7 = 7. Finally, using (19)
we findWR = maxWR 0, WR, 1) max(6,7)=7.

5.2.2 Access to multiple global resources

When a subsystem uses multiple global resources, we havighdysadapt our analysis. In particular, when the reseurc
ceiling RG; of resourceR, € Rs is larger than RCyy of resourceR: € Rs, i.e. more subsystems can pre-em$f during

its access td& than toR, and the maximum execution access tiaeof S to R, is smallerthanXgy, the system may be
schedulable foR; but not forR;. As an example consider a system containing 2 global reesRiandR, and 3 subsystems
S, &, andS;, where the subsystems have timing characteristics as givieable 2. The schedulability & for X3 1 follows
immediately from the similarity of systen8ys and Sys, and the feasibility area shown in Figure 7. Subsys&rust
meets its deadline at= 7 for its overrun budgeXs » = 0.4 under worst-case conditions, i.e. a simultaneous relefak
three subsystems at tinhe= 0 and resources accesses by athndS, requiring the usage of their overrun budgets at every
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subsystem Ps Qs Xs1 Xs2

S 5 1 06 0
S 5 02 O 0.2
S 7 3 1 0.4

Table 2. Subsystem characteristics of Sys.

y 16
S W Z
{ Q20 2.4
S 7
Y E 50 7.0
s V7773 NV
WJMM@ME
0 5 time

Figure 10. Subsystem S just meets it deadline att =7 for Xz » = 0.4.

activation; see Figure 10. Note that subsys&mvill miss its deadline at timé = 7 for an infinitesimal increase> 0 of
X3,2.

The easiest, but a pessimistic, way out would be to assumaxémunoverrun budget and minimumdeferral of execu-
tions of subsystems with a priority higher th&gi.e. to useXs andRC® rather tharR, whereRC® is defined as

RC =max{RG | R € Rs}. (20)

Note that such an analytical approach would classify Exarfs unschedulable, however.
Alternatively, we can determine the worst-case response fior each job o&; for individual global resources and subse-
guently take the maximum, i.e. we replace (17) by

WRyq = WRRg (Brg + (K+ 1)Qs+ kXs+ Xs) — kP (21)

and
WRy= mlaxW Rski- (22)

Example: Sys.

We (only) determin@VR; o using the analysis described above; see also Figure 10.uBeSais the lowest priority sub-

systemBs =0, andWFg0 = WRE(B3 + Q3) = WRE(3.0) = 5.0. We first determin&VRs 01. ForR; andRC; = 1, we find

WiZo =574 [WFSo/Ti](Qt + %) = 2.0 andB}, = Bg + WIZ ; = 2.0. Using (21), we findVRs 01 = WRE (B} + Qs + Xg1) =

WR(6.0) = 6.0. Next, we determin®Rso2. For R, andRG, = 2, we findWIZ g = 52 ,[WFgo/T](Qc + %) = 0.4 and
, = Bg+WI3, = 0.4. Using (21), we findVRs 0, = WRS (B, + Qs + X32) = WR(3.8) = 7.0. Finally, using (22) we find

WR310 = max(WF{g,o,l,WRg,o,z) = max(6.0, 7.0) =7.0.

5.2.3 Concluding remarks

In this section, we briefly discuss two aspects of the globalysis, i.e. the global analysisusiformandsustainable

The analysis for FPDS [18, 19] is not uniform for all tasks, the analysis for the lowest priority task differs from the
analysis of the other tasks. This anomaly is caused by théfatthe lowest priority task cannot be blocked, i.e. itscking
time is zero, and the blocking time of all other tasks is a som rather than a maximum. Unlike the analysis for FPDS
[18, 19], the global analysis presented in this section ifoum. This is an immediate consequence of the fact thatkihar
of a global resourcB by a subsysterss; is already done during the execution of the normal budgetéforethe execution
based on the overrun budget starts. As a result, subsySemsll Szg cannot preemps; at the finalization time 0Qs,
irrespective of.
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As described in [21], a schedulability testsgstainabldf any task system deemed schedulable by the test remaiifis so i
it behaves ‘better’ than mandated by its system specificgtioe. sustainability requires that schedulability besprved in
situations in which it should be ‘easier’ to ensure schelilitp. Given our scheduling model, we use the following défon
for sustainability.

Definition 1 A schedulability test for our real-time scheduling model dubsystems isustainabléf any system deemed
schedulable by the schedulability test remains schedelabken the parameters of one or more individual subsystean§s]
changed in any, some, or all of the following wayi$:decreased normal budgetsi)(decreased overrun budgetsi X larger
(budget) periods; andy) larger relative deadlines.

With this definition, sustainability of our global schedhility test immediately follows from (7), i.e/NR; < Ps = Ds and
the fact that

e the maximum numbenwls of jobs of subsysterss in a levels active period, and

e the worst-case finalization tir’rWFSk in (15), the worst-case inten‘eren‘xttéi?{qlk in (16), and the worst-case response
time WRy in (21)

are strictly non-increasing for decreasing normal budg#gsreasing overrun budgets, and increasing budget peoibd
subsystems.

6 Improved local analysis

Both the existing global schedulability analysis and theroved global schedulability analysis assume a deadline fo
a subsystens; equal to its periods for the sum of the normal budgé€)s and the overrun budge. The existing local
schedulability analysis for the tasks &f is exclusively based of)s, however. Hence, when a system is feasible from a
global scheduling perspective, the latest finalizatioretmh Qs is guaranteed to be at lea§ before the next activation of
S. Hence, we can use the supply bound functetig (t) of the EDP resource mod&s(Ps, Qs,As) for overrun without
payback rather thasbf(t) of ['s(Ps,Qs) in (8), whereAs = Ps— Xs. BecauseXs > 0 for all subsystems (by definition),
sbfr,(t) < sbfg,(t) for all subsystems. As a result, a subsystem may be schéealedording to the local analysis based
onsbfg(t), but not be schedulable basedswtr(t).

Figure 11 shows an example of the supply bound functiits) (t) andsbfr(t) for subsystens, of systemSys with
Q2 =1.8andX; =24.

P, Legend:
E sbfy(t)

ED gy T — == sbh()

time

Figure 11. Supply bound functions sbfg(t) and sbfr(t) for S with Q; = 1.8and X, =2.4.

7 Discussion

In this section, we consider directions for further impnoents.
7.1 Decreasing external resource ceilings

Figure 10 showed a timeline where subsysfgrjust meets its deadline ti= 7 for X3 2 = 0.4. By decreasingheexternal
resource ceilindRC, of resourceR, from 2 to 1, subsyster§; can no longer pre-empt the execution®f As a result, the

resource holding time [17] d®, by & is reduced fronQq + X1 1+ X32 = 2.4 to X3 » = 0.4. For this particular example, it
immediately follows from the similarity with syste®yg that we can eveimcrease X% to 1.0 when welecrease Rgfrom



TU/e, CS-Report 10-05, June 2010 12

2 to 1 without making the system unschedulable. In geneeakehsing a resource ceililRf>s from u to v mayimprovethe
schedulability of subsysten, with s > w > u andworsenthe schedulability of subsystensy with u > w > v. Hence,
given the improved global schedulability presented in i8ach, we may further improve the schedulability of a systegm b
decreasing external resource ceilings of global resoulete that this improvement is only possible because ofithigdd
pre-emptability of the overrun budget on the one hand andhittehat the overrun budget is executed as last budget.

7.2 Further global analysis improvements

We briefly consider two further improvements of the globadlgsis, which we also illustrate by means of syst8ys,
ie.
3. The deadline Pholds for Q only;

4. The remainder of Xis discarded upon a replenishmertiecause when the budget is replenishégdis no longer
needed.

Because the deadliri® only holds forQs, the improvement of the local schedulability analysis dbésd in Section 6 does
no longer apply for these two further improvements of thdgl@nalysis.

7.2.1 Deadline only for normal budget

The overrun budgeXs is needed if and only if the normal buddg@s of a subsysten$; becomes depleted whil§ holds a
global resource. As soon as the normal budget is replenitiher@ is no need to use the overrun budget. Hence, the deadli
of a subsysten$; only holds for its normal budget. The resulting improvemisrilustrated in Figure 12. Note that the for

Figure 12. Feasibility area assuming the deadline only for the normal budget.

the line starting a& 1.2,3 > till point < 3,1.2 > the utilization of the systerd — 2% 4 Q2% — 1,
Figure 13 shows a timeline fap, = 3.0 andX; = 1.2 with a simultaneous activation @f andS; att = 0. The figure
illustrates that the worst-case response time of the nobondgetQ, is equal to 66, andQ: is therefore always provided

before the relative deadlirig, = 7.0.

2.0 v 3.2 vy 20 y 2.0 v 2.6 y 20 y 2.0

i 50 Py i i 2y i i 54 | Y 58
S Vi AN | Vo AN VAN o N U A
MMWM“‘MWWMMMMMWWM“‘LV

0 5 10 15 20 25 30 35 tme

Figure 13. Timeline for Q2 =3.0and X, = 1.2.
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Figure 14. Feasibility area assuming overrun ends upon replenishment.

7.2.2 Overrun ends upon replenishment

The last improvement results from the observation that #@mainder of the overrun budg#t of a subsystens; can
be discardedupon replenishment of its normal budd@s. As a result, the utilizatioty of the subsystems expressed as
Y 1<s<N QSFTXS can becoméarger than 1. The resulting improvementis illustrated in Figude 1

Figure 35 shows a timeline fap, = 2.8 andX; = 3.0 with a simultaneous activation & and$, att = 0. The figure
illustrates that B of the overrun budgex; is lost at timeg € {7,21,35} and that 28 is lost at times € {14,28}.

2.0 v 48y 2.0 3.8 |y 3.8 2.0 v 2.8 y 2.8

s W) [ 7 i, i i ?

L 48 L6 68l 24 i yi i i o4 28 i i i ag ||

S 7 YN N V] 7 A NNV
I....|....|....|....|...§g....|.... ...il....|....I....l....l....l...i ....g....|...il....l...il....l.... ...il....|....|....!....|....|...§ ....|....I...il....l...il....l.... ...il....|....|....|...§|....g.... ...él.;

0 i 10 615 i P20 i 25 i 301 5 85! 5 | i tme

0.8 joss 2.8loss | i 0.8 joss 28loss | i 0.8 joss 0.8 joss

D X X X POX D

-~ - ' ' ' ' ' ' > -~

lem(P,,P,)

Figure 15. Timeline for Q2 = 2.8 and X, = 3.0 when overrun ends upon replenishment.

8 Conclusion

We showed that existing global and local schedulabilitylysia of synchronization protocols based on SRP and overrun
without payback for two-level hierarchical scheduling éd®n FPPS is pessimistic. We presented improved global and
local analysis assuming that the deadline of a subsystedstiot the sum of its normal budget and its overrun budget.
We illustrated the improvements by means of examples, aodesth that the improved global analysis is both uniform and
sustainable. Finally, we briefly discussed further optiflmmsmprovements, i.ei) to decreasexternal resource ceilings and
(i) to assume that the deadliRgonly holds forQs and thatXs can be discarded upon a replenishment of the budggt of
For improvementi(), the improved local analysis can not be applied, however.

The evaluation of the improvements through simulation cibhresequences of decreasing resource ceilings, and thie appl
cability of the improvements identified for the other flavétioe overrun mechanism, i.eith paybackare left as topics of
future work.

Acknowledgements

The work in this document is supported by the Swedish Foumédr Strategic Research (SSF), via the research pro-
gramme PROGRESS. We thank Matrtijn M.H.P. van den Heuvel aité M Holenderski from the TU/e for their comments
on an earlier version of this document.



TU/e, CS-Report 10-05, June 2010 14

References

[1] R. Bril, U. Keskin, M. Behnam, and T. Nolte, “Schedulatyilanalysis of synchronization protocols based on overrun
without payback for hierarchical scheduling frameworkasited,” in Proc. 2" Workshop on Compositional Theory
and Technology for Real-Time Embedded Systems (CR&8&)2009.

[2] 1. Shin and I. Lee, “Periodic resource model for compiosiél real-time guarantees,” iroc. 24" IEEE Real-Time
Systems Symposium (RTSHc. 2003, pp. 2-13.

[3] T. Baker, “Stack-based scheduling of realtime procgssteal-Time Systemgol. 3, no. 1, pp. 67-99, March 1991.

[4] M. Behnam, I. Shin, T. Nolte, and M. Nolin, “SIRAP: A synanization protocol for hierarchical resource sharing in
real-time open systems,” iroc. 71" ACM and IEEE Int. Conference on Embedded Software (EMS@FcEpber 2007,
pp. 279-288.

[5] M. Behnam, T. Nolte, and I. Shin, “Scheduling of semi-@p&ndent real-time components: Overrun methods and
resource holding times,” iRroc. 13" IEEE Int. Conference on Emerging Technologies and Factatgiation (ETFA)
September 2008, pp. 575-582.

[6] Z. Deng and J.-S. Liu, “Scheduling real-time applicagan open environment,” iRroc. 18" IEEE Real-Time Systems
Symposium (RTSS)ec. 1997, pp. 308-319.

[7] X. Feng and A. Mok, “A model of hierarchical real-time tial resources,” irProc. 239 IEEE Real-Time Systems
Symposium (RTSS)ec. 2002, pp. 26—-35.

[8] T.-W. Kuo and C.-H. Li, “A fixed-priority-driven open eironment for real-time applications,” iRroc. 20" IEEE
Real-Time Systems Symposium (RTS&). 1999, pp. 256—-267.

[9] G. Lipari and S. Baruah, “Efficient scheduling of reaht multi-task applications in dynamic systems,Hroc. 6"
IEEE Real-Time Technology and Applications Symposium $RMay-June 2000, pp. 166-175.

[10] A. Easwaran, M. Anand, and I. Lee, “Compositional asayramework using EDP resource models,Proc. 28"
IEEE Real-Time Systems Symposium (RT3&). 2007, pp. 129-138.

[11] T. Ghazalie and T. Baker, “Aperiodic servers in a deaglcheduling environmenReal-Time Systemeol. 9, no. 1,
pp. 31-67, July 1995.

[12] R. Davis and A. Burns, “Resource sharing in hierarcHigad priority pre-emptive systems,” ifroc. 27" IEEE Real-
Time Systems Symposium (RT8&8E. 2006, pp. 257-267.

[13] M. Behnam, I. Shin, T. Nolte, and M. Nolin, “An overrun thed to support composition of semi-independent real-time
components,” irProc. Annual IEEE Int. Computer Software and Applicatiomsmference (COMPSAC), Workshop on
Component-Based Design of Resource-Constrained SysBaRES) July 2008, pp. 1347-1352.

[14] 1. Shin, M. Behnam, T. Nolte, and M. Nolin, “Synthesisagftimal interfaces for hierarchical scheduling with resms,”
in Proc. 29" IEEE Real-Time Systems Symposium (RTI3&). 2008, pp. 209-220.

[15] P. Holman and J. Anderson, “Locking in pfair-schedutedltiprocessor systems.” ifroc. 239 |IEEE Real-Time Sys-
tems Symposium (RT$BEc. 2002, pp. 149-158.

[16] M. Behnam, T. Nolte, MAsberg, and R. Bril, “Overrun and skipping in hierarchicaiheduled real-time systems,” in
Proc. 15" IEEE Int. Conference on Embedded and Real-Time Computistg8g and Applications (RTCSAugust
2009, pp. 519-526.

[17] M. Bertogna, N. Fisher, and S. Baruah, “Static-pripsitheduling and resource hold times, Hroc. 15" Int. Workshop
on Parallel and Distributed Real-Time Systemtarch 2007, pp. 1-8.

[18] R. Bril, J. Lukkien, and W. Verhaegh, “Worst-case resgotime analysis of real-time tasks under fixed-priorityestul-
ing with deferred preemption revisited,” Rroc. 19" Euromicro Conference on Real-Time Systems (ECRIU)2007,
pp. 269-279.



TU/e, CS-Report 10-05, June 2010 15

[19] —, “Worst-case response time analysis of real-tinsksaunder fixed-priority scheduling with deferred preeimpti
Real-Time Systems journabl. 42, no. 1-3, pp. 63—-119, August 2009.

[20] J. Regehr, “Scheduling tasks with mixed preemptioatiehs for robustness to timing faults,” Proc. 239 IEEE
Real-Time Systems Symposium (RTS&). 2002, pp. 315-326.

[21] A. Burns and S. Baruah, “Sustainability in real-timéheduling,” Journal of Computing Science and Engineering
vol. 2, no. 1, pp. 74-97, March 2008.

A Redctifications and extensions

This document rectifies and extends [1]. Rectificationsidelvarious typos and omissions, such as

e the relation betweens; andR; in Section 3.3, i.e. we introduced a dedicated®gwf global resources accessed by
taskts; and replaceds) > 0< R € Rsbycgi > 04 R € Rsi;

o the relation between the internal resource ceilirgs rcl;, andrct{SRPin Section 3.5, i.e. we replaced* by ‘ >;
e Figure 15, i.e. we included the access-time to the globaluee and resolved the error with the timeline.
This document extends [1] with additional explanationsluding

o the relation between highest and lowest system/subsysgimgcon the one hand and thalueof an external/internal
resource ceiling on the other hand in Section 3.5;

e extended descriptions of the improved global analysis ttiGe 5.2.1;
e adiscussion on the uniformity and the sustainability ofgledal analysis in Section 5.2.3;

e an example and a figure in Section 7.2.1.



