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Abstract

One of the hard problems in maintaining real-time systems requirementseispiar&ck

of the impact of resource usage on the applications. Often times, it is fioestto

keep track of upper bounds since some requirements such as jitter are alsaegertisédi

lower bounds and the resource scheduling algorithm emegldn the case of non-pre-
emptve <heduling, real-time requirements can be missed when resource utilization is
decreased as in a CPU upgradenghough there are no jitter constraints. this paper

we define the notion abbustness for real-time performance requirments and discuss the
tracking of sensitity of real-time application requirements with respect to resource
usage by formal method. &\thall drav as an example the performance requirements of
the avionics softvare of the Boeing 777 aircraft.

1. Intr oduction

A problem in engineering lge compl& software systems is the sengity of a
design to changes in the requiremerifswe view each step of the design process as a
mapping from a requirements space to an (abstract) design space, thétgemsibilem
may be vigved as a relation, let us call it thacking relation between some appropri-
ately definedliffernce metric in the requirements space and the correspondifeyeliice
metric induced in the design space, where theréiice metric measures the magnitude
of some aspect of a change in the requirement/design spaeee are some properties of
the tracking relation that are \dbusly desirable. & example, the tracking relation
should presem locality: differences confined to a locality in the requirements space
should induce diérences confined to a locality in the design space,seaidbility: a
small diference in the requirements space should induce a snialedite in the design
space. Of course, thwa dfference metric is defined should reflect the aspect of require-
ments capture under considerationr Example, the dference metric meant to capture
locality in the requirements space may reflect the number of functionalities/components
that are dected by a change in the requirement, and tHerdiice metric meant to cap-
ture scalability in the requirements space may reflect the increase in system load in a
requirements changé he idea of tracking relation is illustrated in the faliog figure.
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Figure 1. Tacking Relation

In the folloving, we shall illustrate the tracking relation concept by considering a
specific aspect of real-time systems design, specifitatlyrelation between a change in
the real-time performance requirement and the schedulability of the design solution. Intu-
itively, if we make the real-time performance requirement of an application less stringent,
we should epect the design solution to require at most the same amount of computing
resources. A mapping from requirment to desigromist if a less demanding require-
ment will not cause a performanaaldire in the design. @dall formalize the concept of
robustness in the conteof real-time scheduling thearyhe schedulability problem for
preemptve shedulers as first discussed in [Liu&Layland 73].&Ainclude bela our
own proofs for theorems 3 and 4.

2. Some Definitions

Let us first define some terminologife dhall assume that time is discrete and all
timing parameters are imgers. A slight modification is needed for the discussionvbelo
to apply to continuous time.

A sporadic task is charcterized by a paif;=(C;,P;), where each request for service
of T, requiresC; units of CPU time to satisfy and timauccessie requests off; must be



separated by at leaBt time units. SupposeM is a set o sporadic tasks {(C4, P1), ...,
(C,, Pn)} whereC;, P; are respectely the computation time and the minimum separation
between succes& requests for sporadic task. A preempte fixed-priority (PFP)
scheduler is used to schedule taskin A PFP scheduler &bys selects for»ecution

the task that has the highest priaritynless otherwise stated, we shall adopt ther@on
tion that taskT; is assigned a higher priority than tagkiff i < j. In the following, we
talk about schedules fon that are produced by a PFP schedW call these schedules
PFP schedules.

Suppose is a request for a task that occurs at time in a schedules. Then the
response time af is defined to b&' —t wheret' is the time at which is satisfied by the
completion of the instanck in s corresponding to. Given a griority assignment, a task
is scheduleablefifll of its requests hae response time no bigger than its minimum sepa-
ration in eery PFP scheduleA feasible schedule is one in whickesy task in the task
set is scheduleable.

We an nav define the robstness property as folls. The requirements space is the
set of sporadic task sets. A design is a priority assignment to the tasks in a sporadic task
set. Suppose we reduce the computation time or increase the minimum separation of a
task in a gren task set, we shouldkpect the same design t@ik. In other verds, a pri-
ority assignment that results in all the tasks in a task set being schedulable should pre-
sene <hedulability if the computation time is reduced or minimum separation increased
for some task in the task saiVe say that a priority assignmentrisbust if this is indeed
the case. \& dhall see that the RMA priority assignment (defined wils rohust for the
PFP scheduler

3. The Rolustness of PFP Priority Assignment

A taskT, is said to hee an outstanding computation at timen a schedula iff a request
r for T, occurs at time’, t' <t, andr has not been satisfied at timeUnless gery request
is satisfied before the ard of the net request, it is possible for a task tosdarultiple
outstanding computations at a time instant.

For a shedules, a taskT; and time waluest, t', define N(i, s, t,t') to be the number
of requests of; that appear in the inteav/[t,t") in s. Notice thatN(i, s, t,t") is bounded
from abwe by [{t' —t)/P;0 and is &actly equal taft' - t)/P;0if a request foil; occurs at
andT, issues a requestey P; time units thereafter

Lemma 1

Supposes is a schedule such that there is no outstanding computationyftasknat
time ty, for somety = 0. Suppose a requestor taskT, occurs aty in s, andr is satisfied
at timet,. Then the assertions (I11), (12) belonust hold.

(11) Oto<t<ty, Cht+ 2 CIN(,s to,t) >t—to

1<i<n

(12) Co+ 3 CiIN(,s to, tg) =t; — 1o

1<i<n



Proof:

Since there are no outstanding computations at tynadd the scheduler does not
idle the processor whever there is an outstanding computation, a simple induction on
shawvs thatC,+ > C; IN(i, s, to, t) is the amount of computation time that is needed to

1<i<n

satisfy the request df, atty plus the requests for all the higher priority tasks in the-inter
val [to,t) ins. QED

Lemma 2

Supposesis a schedule such that there is no outstanding computationyftasknat
time t,, for somety = 0, and a requestfor taskT, occurs at,. Lets be a schedule in
which there are no outstanding computations at tyndl tasks request simultaneously
at timetg, and all tasks request at their maximum rates thereéfftdre request in s has
a response time = and the request for tagk at timety in s has a response timeus
thenu' = u.

Proof:

Let the completion times of the requests Tgrthat occur at time, in s ands' be
respectrely t; andt;. Assume the contrary! <u, i.e.,tj <t;.

By applying assertion (I11) of lemma 1 to schedidend assuming <t;, we have
Cht 2 Gy IN(, s to,t7) > t1-to
I<i<n

BoundingN(i, s, to, t1) by [t} —to)/P; [ we have
Cht 2 G UAts —to)/ P>t — tg

1<i<n
Since all tasks request at their maximum rate from tjmmeschedules,

0 1<i<n, N(i,s,to,ty) = [t} — to)/P;O
SubstitutingN(i, s, to, t;) for [{ty - to)/P;J we have
Cht 2 G IN(,s,to,t1) >t —tg

1<i<n

However, by applying assertion (12) of lemma 1 to schedsilesheret; is the completion
time for the request &§, we have
Cn+ Z Ci D\I(LS'vtOita.) = tzl. _tO

1<i<n

Thus we hee a ontradiction. QED

Let M be a set of sporadic tasks. lsbe a PFP schedule & in which all tasks
request simultaneously at time 0, and all tasks request at their maximum rates thereafter
A taskT in M is said to pass itgitical —instant test if the response time of the request for
T at time 0O in the schedutds no bigger than its minimum separation parameter

Supposes is a schedule in which there are no outstanding computations attime
for somety = 0, all tasks request simultaneously at titgieand all tasks request at their
maximum rates thereafteBince the scheduls and the suix of s aftert, are identical,
the response time of the request for a sl timet, in s does not gceedT’s minimum
separation parametef if passes its critical instant test.



Theorem 3([Liu&Layland 73])
If a taskT passes its critical-instant test, thers scheduleable by a PFP scheduler

Proof:

SupposeT has then™ highest priority (i.e.T is T, and has a leer priority than
tasksTy,...,Ty—1). We reed to she that every request ofl,, must h&e a esponse time
no bigger tharP, in ary PFP schedule. Letbe a PFP schedule.ithout loss of general-
ity, we dhall disrggard the scheduling of the tasks;ff > n}, i.e., we consider only the
highest priority tasksFor any time valuet, such that: (P1) there is no outstanding com-
putation forT, at timetgy in s, and (P2) there is a request oy atty, we shall shav that
the request at must hae a esponse time P,,.

Let t, be the biggest timealue, &t,<t, such that there is no outstanding computa-
tion for ary task at timet,. Since there is no outstanding computation at timig @ust
exist. Noticethat if t,#ty, then the processor cannot idle in the iraéiy,, ty] and only
tasks with priority higher than are executed in {,,t;]. Now consider a scheduk such
that there are no requests for the tasks..,T,-, beforet, in s, and the requests for
these tasks at or aftgrin s occur at the same time as thosa.iAlso let the first request
for T, in s occur at timet,. By construction ofs, the response time of this request is
equal toty - t, plus the response time of the requestTipwhich occurs at, in schedule
s. Since there are no outstanding computationsr{or. ., T, att, in s, and T,, passes its
critical-instant test, the response time of the first requegt iof s must be at mo®,, by
lemma 2, and therefore the requestTigatty in s must hae a esponse time noixeeed-
ing P,.

The arrval time of the first request df, trivially satisfies (P1) and (P2), and hence
the first request must & response time& P,,. Suppose the first requests off,, have
response time P,. Then thei + 1" request must satisfy (P1) and (P2), sinceithand
i + 1" requests are separated by at légstime units. Hence thé + 1™ request must also
have response timeg P,,. QED

Given a task setM and a priority assignment, lstbe the PFP schedule df such
that all tasks request simultaneously at time 0, and all tasks request at their maximum
rates thereafteWe all s the critical schedule a¥i.

Corollary

If every task in a sporadic task gdt meets its first deadline in the critical schedule
of M, thenM is scheduleable by a PFP scheduler

Proof: Immediate.

The Rate Monotonic Assignment (RMA) of priorities:

SupposeM = {(C4, P1), ..., Cn, Pn)} is a set ofn sporadic tasks, and ta3k has
higher priority than task; if i < j. Then the priority assignment of tasksNhis consis-
tent with RMA if P; < P, I<i, j < n.



Theorem 4([Liu&Layland 73])

SupposeM is a set of tasks whose priority assignment is consistent with RMA.
ThenM is scheduleablefifts critical schedule is feasible.

Unless otherwise stated, we shall refer to the critical schedule of a task set as one
corresponding to a RMA-consistent assignment of priorities.preemptve <hedulers,
reducing the computation time of a task in a scheduleable task set will not cause the
resulting task set to be unscheduleaffie.ee this, suppose has then' highest priority
in the task setLet the response time of the first request & x in s, the critical sched-
ule, and let its response time & s, the critical schedule after the computation time of
a higher priority taskr, has been reduced by some 0. If y > x, then applying assertion
(11) of lemma 1 to the critical scheduteyields

Cn+( > C IX/P;0) + (Cy - &) OX/P > x

1<i<n
-, - - - I¢k
Rewriting this inequality
Cn+ z Ci ED(/Pi -6 ED(/PkD> X

1<i<n

However, goplying assertion (12) to the critical schedslgelds
Cnt+ ¥ C OX/P;0=x
1<i<n
which is a contradiction.
Similarly, it can be shen that increasing the period ofyatask in a scheduleable
task set will not cause the resulting task set to be unscheduleable by a PFP scheduler
Thus, we hee the following theorem.

Theorem 5
The RMA assignment of priorities for the PFP scheduler igstob

In general, it can be seen thaydeasible priority assignment for the PFP scheduler
is rolust. Unfortunatelythis is not the case if the scheduler is non-preempti

4. Loss of Rolstness in Non-peemptive Shedulers

In real-life systems, such as the Boeing 777draeed Airplane Information Man-
agement System (AIMS), not all tasks can be scheduled preeinpiihe AIMS system,
running on the ARINC 659 platform, requires high resource utilization and performance
guarantees while pvading strict partitioning of functions on a multiprocessor platform.
The scheduling problemvmnlves pre-scheduling of both computational and communica-
tion resources and vnlves both deadline and jitter requirements. A typical real-time
requirement AIMS tags the form:

[Data] from <process> ( [which runs at] <rate> <duration>) to <process>
of aggr@ate data transmission length <xfer duration> with minimum
lateny <lateng bound>.



Maximum lateng <lateny bound> means that the time from the starb@cation of the
sending process to the end géeution of the receing process must not be less end than
the specified boundA +-500 usec jitter requirement (dation from ideal period) across
the board can be assumed, to both data and process start and end times.

Each of the abe type of requirements wolves three tasks, one application task for
the sending process, one application task for theviageprocess and one communica-
tion task for the transmission of datgeothe lus connecting the processoxeauting the
application tasks. In total, there are 155 applications tasks and 951 communications
between these tasks.

Whereas the application tasks may be preemptscheduled on a processdne
communication tasks are inherently non-preewvet@ limited by the minimum size of a
message. If we we the scheduling of messages on ths bs a single resource schedul-
ing problem, a PFP scheduler is inappropriate for the communication resource. A non-
preemptve fixed priority (NPFP) scheduler is one thatvals selects among all ready
tasks the one that has the highest priority f@cetion until completion, i.e., once a task
starts &ecution, no preemption is alled, where a task is ready at time t if it has a
request which awes o later than time t and which has not been allocakeduéion
time. We nrow show that the RMA priority assignment of NPFP is notusb

Consider the follwing task set with 3 tasksT{=(3,5),T, = (2, 10),T; = (4, 20}.
With the RMA assignment, this task set is schedulable by a non-preerin priority
scheduler as is st by the timing diagram in the figure 2. Mever, the task set
becomes unschedulable if we reduce tkee@gtion time ofT, from 2 to 1. Hence, NPFP
scheduler is not ralst with respect to reduction ofeeution time requirement of a task.

Next, consider the task set with 3 taskSx £ (1,4),Tg = (3, 8),Tc = (6, 16}. Again,
with the RMA assignment, this task set is schedulable by a non-preerfixgd priority
scheduler as is stum by the timing diagram in the figure 3. WMever, the task set
becomes unschedulable if we increase the peridd éfom 4 to 5. Hence, NPFP sched-
uler is not rolist with respect to reduction ofeeution frequeng of a task.

Lastly, consider the follving task set with 3 tasks:
{T,=(30,50),T, = (20, 100);T3 = (40, 200}. With the RMA assignment, this task set is
schedulable by a non-preenwgtifixed priority scheduler as is stam by the timing dia-
gram in the figure 4. Huever, the task set becomes unschedulable if we reduce the
execution times of all three tasks by 10%. Hence, NPFP scheduler is nst notth
respect to impneement in CPU speed.

The abeoe three counteexamples establishes

Theorem 6
The RMA assignment of priorities for the NPFP scheduler is noistob
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The real-time scheduling solution adopted by the Boeing 777 AIMS relies on the
use ofcyclic executives which require the precomputation of static schedules which are
then repeated at run time. In [MTR 96], we describe in detail a tool which automates the
computation of theyclic executives for requirements such as the Boeing 777 AIMS.

5. Conclusion

The rolustness property discussed abdas an example of the tracking relation in
mapping requirements to design. Whereas the lack oktobss with respect to real-time
performance requirements can beercome by design automation tools such as the
MSPRTL tool described in [MTR 96], the more challenging problem is to aehiner
properties such as locality and scalability simultaneously with performanastmebs.
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