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Abstract: In order to apply the results of formal studies
of real-time task models, a practitioner must account for
the effects of phenomena present in the implementation
but not present in the formal model. We study the
feasibility and schedulability problems for periodic tasks
that must compete for the processor with interrupt
handlers — tasks that are assumed to always have priority
over application tasks. The emphasis in the analysisis on
deadline driven scheduling methods. We devel op conditions
that solve the feasibility and schedulability problems and
demonstrate that our solutions are computationally
feasible. Lastly, we compare our analysis with others
developed for static priority task systems.

1. Introduction

The problem of scheduling regularly occurring tasks to
meet deadlinesis central to the design and analysis of real-
time systems. The scheduling analysis of real-time sys-
tems concerns two fundamental problems: feasibility and
schedulability. For a given set of task execution require-
ments, the feasibility problem is that of determining rela-
tions on model parameters that are necessary and sufficient
for ensuring there exists a schedule in which no task ever
misses a deadline. An example execution requirement is
that an invocation of atask occur no sooner than the dead-
line of the previous invocation. For a given set of schedul-
ing constraints, the schedulability problem is that of
determining if there exists a scheduling algorithm that is
capable of scheduling any feasible task set such that no
task indeed ever misses a deadline. An example scheduling
constraint is that a scheduler never idle the processor when
there exist uncompleted task invocations.

Research on the feasibility problem has given relatively
little attention to the representation of system implemen-
tation overhead in workload models. In trying to apply ex-
isting feasibility analyses to actual task systems, the ef-
fects of such phenomena as context switching costs, inter-
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rupt handling, DMA, etc., must be taken into considera-
tion. For example, the effect on CPU scheduling of mem-
ory bus cycle stealing due to DMA has been reported in
[9]. The effect of operating system overhead and non-pre-
emptable operationsis considered in [6].

Research on the schedulability problem has focused on
two scheduling paradigms: scheduling based on a static as-
signment of priorities to tasks, of which the rate
monotonic priority assignment is the dominant approach,
and scheduling based on a dynamically changing assign-
ment of priority to tasks, of which the deadline driven pri-
ority assignment dominates. Under arate monotonic prior-
ity assignment, tasks that are requested frequently have
higher priority than tasks requested less frequently. Under a
deadline driven priority assignment, tasks with nearer dead-
lines have priority over tasks with later deadlines. For
particular task models, the rate monotonic priority
assignment is known to be an optimal static priority
assignment and the deadline driven priority assignment is
known to be an optimal dynamic priority assignment [8].

In this paper we consider the problem of accounting for
the effects of interrupt handling. We present an analysis of
the feasibility and schedulability problem for a real-time
workload that explicitly includes interrupt handlers. The
emphasis is primarily on scheduling algorithms that dy-
namically vary the priority of tasks. Our interest in dy-
namic priority scheduling arises from the fact that dynamic
priority algorithms are capable of guaranteeing a correct
execution to any task set that is schedulable using a static
priority assignment, while the reverse is not true.
Moreover, as we discuss in Section 4, it is possible to
model the effects of interrupt handlers in static priority
systems using results from the literature (as well as those
presented below). Lastly, in related work, we are applying
results for dynamic priority scheduling to the design and
implementation of a real-time multimedia system [4].

Throughout, we assume a task model in which interrupt
handlers aways have a higher priority than real-time ap-
plication tasks. Our model is based on the hybrid
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static/dynamic priority scheduling model presented in [8].
We devel op quantitative conditions that solve the feasibil-
ity and schedulability problems and demonstrate that our
solutions are computationally feasible. Our results will aid
practitioners who wish to employ deadline driven
scheduling techniques either by using our model directly or
by using our framework to analyze similar models.

The following section describes our system model. We
begin with task systems consisting of periodic application
tasks and periodic interrupt handlers. Section 3 solves the
feasibility problem for this model by deriving arecurrence
relation that quantifies the amount of processor time lost
to interrupt handlersin an arbitrary interval and solves the
schedulability problem by showing that a scheduling
algorithm that uses the deadline driven priority assignment
is optimal. Section 3 also discusses extensions of our
analyses to other dynamic priority task systems. Section 4
compares our schedulability analysis to that for static
priority systems. We conclude with an outline of future
extensions and applications of this work.

2. System Model

We consider a real-time system to comprise two distinct
classes of tasks: application tasks and interrupt handlers.
Tasks of either type are sequential programs that are re-
peatedly invoked by occurrences of events. Typicaly, in-
terrupt handlers execute in response to externally generated
events (e.g., device interrupts). Application tasks execute
in response to internally generated events (e.g., the arrival
of amessage). Events are periodic. A periodic event occurs
every p time units for some constant p.

Formally, an application task T is a pair (c, p) where c is
the maximum amount of processor time required to
execute (the sequential program of) task T to completion
on a dedicated uniprocessor, and p is the interval between
occurrences of the event v that leads to invocations of T.
Event v (and thus invocations of T) occurs at time kp, for
al k= 0. The it" execution of task T terminates no later
than the deadline of (i+1)p. This will require that ¢ units
of processor time be allocated to the execution of T in the
(closed) interval [ip, (i+1)p]. If this does not occur then
task T is said to have missed adeadline at time (i+1)p.

An interrupt handler | is a pair (e, a) where e is the
maximum amount of processor time required to execute
interrupt handler 1 to completion on a dedicated
uniprocessor, and a is the interval between occurrences of
the event v’ that leads to invocations of 1. Event v’ (and
thus invocations of 1) occurs at time ka, for all k= 0.

We assume time is discrete and clock ticks are indexed by
the natural numbers. Interrupts and task invocations occur

at clock ticks; parameters c, p, a, and e are expressed as
integer multiples of the interval between successive clock
ticks. We further assume application tasks and interrupt
handlers are independent in the sense that the time at
which an interrupt handler or application task isinvoked is
unrelated to any invocation of any other task or handler
other than previous invocation of the same program.

Our execution model is priority-driven, preemptive execu-
tion. The execution rules for interrupt handlers and appli-
cation tasks are as follows. Interrupt handlers execute with
priority strictly greater than application tasks. Thus, if at
any timet, t = 0, there exists an invocation of an interrupt
handler that has not completed execution, then in the in-
terval [t, t+1], an interrupt handler must execute. Interrupt
handlers therefore may preempt application tasks at
arbitrary points.

We define atask system 1 as a set of m interrupt handlers
(e1, ;) ... (€, @y), and n application tasks, (cq, p1) ...
(cn, Pn)- A task system is feasible if it is possible to
schedule the application tasks such that each invocation of
each application task completes execution at or before its
deadline. We posit no correctness conditions for the
interrupt handlers (e.g., response time properties). Our
emphasis is on understanding the impact of interrupt
handlers on application tasks. Because interrupt handlers
execute with priority strictly higher than that of all
application tasks, they are unaffected by application tasks
and can thus be analyzed in isolation using methods
previously reported in the literature (e.g., [2]).

3. Feasibility and Schedulability of
Dynamic Priority Task Systems

The analysis of sets of tasks scheduled by dynamic priority
algorithms has recently been analyzed within the context
of processor demand [3, 5]. For a set of periodic tasks t,
and an interval of length I, | = 0, the processor demand is
defined as the least upper bound on the amount of process-
ing time required by 1 in the interval [t, t+|] to complete
execution of all possible invocations of tasks with dead-
linesin the interval [t, t+]. If 7 is schedulable then for all
non-negative t and I, the processor demand in [t, t+l],
must be less than or equal to | when 1 is scheduled using
an optimal algorithm. In general, the processor demand in
the interval [t, t+I] will be a function of the processor
time required to complete execution of the most recent
invocation (i.e., before time t) of each task, the costs and
periods of the tasks, and the length of theinterval.

Preemptive Task Systems

Here we analyze the feasibility and schedulability prob-
lems when application tasks are allowed to preempt one
another at arbitrary points.



Our analysisis an aternative to Liu and Layland’ s original
analysis of preemptive periodic tasks [8]. They have
shown that if tasks are allowed to preempt one another at
arbitrary points, then a task system consisting of just a set
of n application tasks will be feasibleif and only if
n
y o<1 ®
iz P

If aperiodic task T; has a cost ¢; and period p;, then ¢/p; is
the fraction of processor time consumed by T; over the
lifetime of the system, i.e., the utilization of the processor
by T;. This result expresses feasibility as a function of the
cumulative processor utilization. The necessity of (1)
follows from the fact that for a set of tasks to be feasible
on a single processor system, the tasks cannot overload
the processor. The sufficiency of (1) is demonstrated by
showing that if (1) holds then the deadline driven schedul-
ing algorithm, an algorithm that assigns higher priority to
task invocations with nearer deadlines, will schedule the
tasks without any task ever missing a deadline.

To illustrate the use of processor demand, the following
theorem gives an equivalent feasibility condition.

Theorem 3.1: A set of periodic tasks will be feasible if
and only if foral L,L =0,

n
L= E)E% @
i=0R O
Proof: It is straightforward to demonstrate that (1) < (2)
(see Appendix). n

The right-hand side of inequality (2) is the processor de-
mand in the interval [0, L] when all tasks are invoked at
timet = 0. In the interval [0, L] there are exactly [1./p,[]

invocations of task T, that must complete execution at or
before time L. As each invocation requires ¢; units of pro-
cessor time, the processor demand due to task T; in [0, L]
isthus [1/p [T;. Theorem 3.1 requires that for al L, the

cumulative processor demand in every interval [0, L] be
less than the amount of processor time available for exe-
cuting tasks in the interval. Since we assume a single pro-
cessor system, the amount of available processor time is
simply L, the length of the interval.

Theorem 3.1 can be extended to include the effects of inter-
rupt handlers on application tasks. Since interrupt handlers
execute with priorities strictly greater than those of appli-
cation tasks, their effect is to reduce the amount of time
available for processing application tasks. To quantify the
time spent executing interrupt handlers, consider a set of
minterrupt handlers (e, &) ... (&, ay)- Let f(1) beafunc-
tion from the non-negative integers to the non-negative
integers defined by the following recurrence relation:

f(0) =0,

O _ m O 0
Ofl-1 iff0-0=Y 5=

01>0,f(1) = i;nlgal“g
Ur -1 +1 if f(1-1)<
D arri=n<p o

Note that for all I, 12 0, f(I) < MIN(, S™/a @).

We show f(I) is the least upper bound on the amount of
time spent executing interrupt handlers in any interval of
length I. First, we show that for all I, there exist intervals
in which the amount of processor time consumed by
interrupt handlersis exactly f(l). This shows that the least
upper bound on the time spent executing interrupt handlers
in an interval of length | must be at least f(1).

Lemma 3.2: Let 7 be a task system with m interrupt
handlers (eq, a;) ... (ém, &m). For al 1,1 =0, f(l) is the
amount of processor time consumed by interrupt handlers
inthe interval [0, 1].

Proof: By induction on |.

Basis: | = 0. Since time is assumed to be discrete, no exe-
cution occursin an interval of length 0 and hence f(0) = 0.

Induction Step: Assume f(k-1) is the processor time
consumed by interrupt handlersin the interval [0, k-1] for
some k, k = 1. We show the theorem must hold for | = k.

Foral a=0,b=0, let g(a,b) be the amount of processor
time consumed by interrupt handlersin the interval [a, b].
In the interval [0, K], the only interrupt handlers that exe-
cute are those invoked in the (closed) interval [0, k—1].
There are at most ¥, k/a ] such invocations and hence

g(O,k) s Z\tlﬂ(/aw @l If f(k_l) < z|m=1n(/a1 @ then there
necessarily exists an invocation of an interrupt handler that
has not completed execution at time k-1 and hence one
will execute in the interval [k—1, K]. In this case g(0,k) =
f(k=1) + 1. If f(k-1) = S [/a & then all interrupt han-
diersinvoked in the (closed) interval [0, k—1] have com-
pleted execution at or prior to time k—=1. Moreover, no in-

terrupt occurred at time k—1. In this case g(0,k) = f(k-1).
In either case g(0,k) = f(K). This proves the lemma. m

The following lemma shows that f(l) is an upper bound
on the time spent executing interrupt handlers in an
interval of length I.

Lemma 3.3: Let 7 be a task system with m interrupt
handlers (e, a;) ... (en, &y)- Foraltandl,t=0,1 =0,
f(1) is an upper bound on the amount of processor time
spent executing interrupt handlersin the interval [t, t+l].



Proof: By contradiction.

Let g(a,b) be defined as in the proof of Lemma 3.2.
Suppose f(l) is not an upper bound on g(t, t+l) for all t =
Oand | = 0. Then there exists some x and k such that

f(K) < g(x, x+k). (©)

Choose the smallest x for which (3) holds, and for that x,
choose the smallest k. For this choice of x and k

9(x-1, x+k-1) = f(k) < g(x, x+K) ©

Since the two intervals [x-1, x+k=1] and [x, x+K] overlap

except at the endpoints, (4) holds only if the processor is

executing interrupt handlers in the unit interval [x+k—1,
x+K] and not in the unit interval [x-1, X]. Hence

a(x, x+k) = g(x, x+k-1) + 1

It also follows from the choice of x and k that

o(x, x+k=1) < f(k-1)
Hence

g(x, x+k) < f(k-1) + 1

f(K) <f(-1) +1

Since for al I, f(I-1) < f(1I), it follows that f(k) = f(k-1)
and thus by the definition of f(1), f(K) = YL [k/a[@.

Since interrupt handlers do not execute in the interval [x—
1, x], the only interrupt handlers that execute in the
interval [X, x+k] are those actually invoked in the interval
[x, x+k=1]. Therefore, the maximum amount of processor
time that can be spent executing these interrupt handlersis

Zim=1 ka(e, and thus

m Ok O
g, x+k)< > G-@ = f(k).
255
However this contradicts inequality (3). Therefore, there
cannot exist an interval of length k in which the amount
of processor time spent executing interrupt handlers is
greater than f(K). O

Theorem 3.4: Let r be a task system with m interrupt
handlers (e, a;) ... (e, ). Foraltandl,t>0,1 =0,
f(1) is aleast upper bound on the amount of processor
time spent executing interrupt handlers in the interval [t,
t+].

Proof: Lemma 3.3 has demonstrated that f(l) is an upper
bound on the amount of processor time spent executing
interrupt handlers in the interval [t, t+l]. Lemma 3.2 has
demonstrated that the amount of processor time spent
executing interrupt handlers in the interval [0, 1] is f(l).
Therefore no upper bound can be smaller than f(I). It
followsthat f(l) is aleast upper bound. 0

Note that results of the previous theorem and lemma are
independent of how the processor is allocated amongst the
interrupt handlers.

The following theorem gives necessary and sufficient
conditions for the feasibility of a set of application tasks
in the presence of interrupt handlers.

Theorem 3.5: Let 1 be atask system with n application

tasks (¢4, p1) .. (Cny Pn) @nd M interrupt handlers (e, a;)
.. (e &y). TWill befeasibleif and only if for all L >0,
nOL0O
L—f(L)zZE,Em. ©)
=0k O

Proof: (O) Foralt,t> 0, in theinterval [0, t], there
aret time units available in which work can be done. By
Lemma 3.2, f(t) of these time units are spent processing
interrupts leaving t — f(t) time units for processing appli-
cation tasks. Each application task will require [/p, ¢
units of processor time in the interval [0, t] to ensure the
task does not miss a deadline in the interval [0, t].
Therefore 1 can be scheduled only if

DOt O
t—f(t)= ZE)—

(d) To show the sufficiency of (5) we show that aif task
system 1 satisfies (5) for all L, L > 0, then a deadline
driven scheduler will succeed in scheduling 7. This is
shown by contradiction.

Assume for all L, L >0, T satisfies (5) but yet an applica-
tion task in r misses a deadline when scheduled according
to a deadline driven algorithm. Let ty be the earliest time
at which adeadlineis missed and let t be the later of:

« the end of the last interval prior to ty in which the
processor has been idle (or O if the processor has
never beenidle), or,

« the latest time prior to ty at which an invocation of
an application task with deadline after time tg
executes (or time 0 if such an invocation does not
execute prior to ty).

By choice of t, no invocation of an application task with
deadline after ty executesin the interval [t, tg]. If schedul-
ing is deadline driven then the processor demand in the in-
terval [t, ty], is at most S (t,-t)/p[%. Moreover, at
most f(tqy —t) time units are spent executing interrupt
handlers in the interval [t, tg] and hence at least (ty —t) —
f(tg —1t) time units are available for executing application
tasks. Since a deadline is missed at time ty it follows that

n

> E‘Itd— € > (tg —t) — f(tg —1).

i=10] pl O
However this contradicts our assumption that r satisfies
(5) for al L. Henceif 1 satisfies (5) then a deadline driven
scheduler will succeed in scheduling 7. It follows that



satisfying (5) for al L, L > 0, is a sufficient condition for
feasibility. 0

The proof of Theorem 3.5 also establishes the optimality
of the deadline driven scheduling algorithm for scheduling
application task sets in the presence of interrupt handlers,
as the condition that is necessary for feasibility guarantees
the correctness of the algorithm. Moreover, note that
Theorem 3.1 is a corollary of Theorem 3.5. The task
system in Theorem 3.1 is the special case of that
considered in Theorem 3.5 obtained when there are no
interrupt handlers (i.e.,, m= 0).

While Theorem 3.5 gives necessary and sufficient condi-
tions for feasibility, that condition (5) be evaluated for all
L > 0 implies that Theorem 3.5 cannot be used directly as
a basis of test for feasibility. Unfortunately, there is no
equivalent formulation of (5) (that we know of) in terms
of a more easily computed function such as processor
utilization (see Section 5). However, by restricting the set
of task systems, the feasibility condition of Theorem 3.5
can be reduced to one that can be efficiently evaluated.

Define the achievable processor utilization as:
n

m
U= G, Q
&An Aa
In the remainder of this section we restrict ourselves to

task systems that do not fully utilize the processor (i.e.,
ones for which U < 1).

Theorem 3.6: Let 1 be atask system as in Theorem 3.5
withU < 1. Let

B= anlq

1-U

and let P ={kp; | kp; <BOk=001<i<n} be the set
of non-negative multiples, less than B, of the periods of
the application tasks. 7 will be feasible if and only if for
dlL,LOP:

00L0
L-f(L)= 6
( >ZD; ©)

Proof: The necessity of (6) for all L, L O P, is a direct
consequence of Theorem 3.5. We demonstrate the
sufficiency of (6) in two parts. First, we show that (6)
need only hold at multiples of the periods of the
application tasks in order for the tasks to be feasible.
Next, we show that it suffices to consider only values of L
less than B. Our proof of the former fact is taken from the
proof of Theorem 9in [8].

Let Q={kp |k=00O1<i<n}. Chooset,t'0Q,t<t’
such that there does not existanr 0 Q,t<r <t’. Let e be
an integer such that 0 < e<t’—t. It follows that for all i,

1<is<n, yp[Ft+e)/p [} Moreover, since at most €

time units can be spent executing interrupt handlers in the
interval [t, t+e], f(t+e) < f(t)+e. If (6) issatisfied at t then

T
M= 1M
o
T le O
%D D%D -

=11}
L]

+

™
g0 o

Therefore, if (6) holds at multiples of the periods of ap-
plication tasks (and 0), it also holds at all values in be-
tween. It thus suffices to only consider positive multiples
of the p;. We next show that it further suffices to consider

only points less than B. Consider the function

nOLQ
o)=Y G+ f(L)-L.
=1 0N O
By Theorem 3.5, r will be feasible if and only if g(L) <0
for all L = 0. g(L) is bounded from above by the function
h(L) =L(U-1) + 37 ¢ since

noLg OO
oL)sy e+ yCoE-L
=0k O leﬁjg
n m O
szici+ L +1g - L
i=1 P =08y
n . m e m
=LY 4Ly L+ Te-L
=1 P =8 =
m
:L(U—1)+Zej.

i=1
h(L) isalinear functioninL with slopeU —1and an L-
intercept at the point L =B = %Tloe’- Since U < 1, h(L)

has negative slope and thus for al L = B, g(L) < h(L) < 0.
Hence 1 will be feasible if and only if g(L) <Oforal L O
P. This proves the theorem. N

Complexity of Deciding Feasibility

In this section we show that if the utilization of a task
system is bounded above by a constant u < 1, then feasi-
bility can be decided in time O(n2+ m+ p,;,) and space
O(Prin) Where pyin isthe smallest period in the system.

First note that if atask system is feasible then

m
zej +Cm|n < Prin- (7)
=1



If thisis not the case then an invocation of the application
task (Cin, Pmin) Will miss a deadline if it occurs simulta-

neously with invocations of al interrupt handlers.

We begin each feasibility test with a simple O(m) test for
(7) (given that p, is known). If (7) does not hold then
the task system is infeasible. For the remainder of this
section we assume (7) holds.

The values of f(L) for 0 <L < B, can be computed in
time O(B+ 3, [B/a [) and space O(B). The time com-
plexity bound can be simplified to

m g O B O 10

B+ ZB—DS B+ Z_< Bri+ Z_D<ZB

=B B =% O =30
since 3 J/a;, <1if U <1 Therefore, computing f(L) for
0 <L <B requires time O(B). Thisis O(py,n) Since from
the definitions of B and u, B < pp/(1-).

By Theorem 3.6, to decide feasibility one must evaluate
(6) at most S, [B/p [times. Since

n g n n n

ZBEDSXE<B i<BZ 1 <

i=1 p|:| |1p| |1p |lpn1'n
B n < Prrin n < n

Prin - (1-u) Prin T1-u’
(6) must be evaluated O(n) times. An evaluation of (6)
requires time O(n) (if f(L) is pre-computed) hence the
complexity of deciding the feasibility of atask system is
O(n2 + Pmin t m)-

Some notes are in order. First, the py, term in the com-
plexity bound is not a function of the length of the input
and hence the complexity of deciding feasibility is pseudo-
polynomial time (i.e., polynomial in both the length and
magnitude of the inputs [1]). Second, note that B is not an
input and must be computed. B can, however, be com-
puted in time O(n + m) and hence does not effect the over-
all complexity of deciding feasibility. The same is true of
the complexity of finding pm,. Finally, in practice, since
systems with thousands of tasks are not typically encoun-
tered but systems with high utilization are arguably more
common, the actual time and space requirements for decid-
ing feasibility are likely to be dominated by the constant
factor 1;.

Other Dynamic Priority Task Systems

The proof of Theorem 3.5 is structured similar to the
original Liu and Layland proof of the optimality of the
preemptive deadline driven scheduling discipline. The basic
arguments in the Liu and Layland proof are unaffected by
the presence of interrupt handlers. In fact this observation
holds for proofs of other results concerning deadline driven

scheduling. That is, one can easily adapt the results for
other dynamic priority schedulability problems to include
the effects of interrupt handlers.

Two other schedulability problems that we have considered
are: scheduling periodic tasks non-preemptively [3] and
scheduling periodic tasks that share a set of serialy
reusable, non-preemptible resources [5].1 The schedul abil-
ity analysis reported for each problem can be extended to
include interrupt handlers in exactly the same manner as
Theorem 3.5 extends Theorem 3.1. For example, in [3] it
was shown that if tasks are not allowed to preempt one
another then atask system consisting of a set of n applica
tion tasks (with no interrupt handlers) can be scheduled by
anon-preemptive, deadline driven scheduling algorithm if:

n
G
1. —<1
ile.
. 4 -10
2. Oi,1<i<n 0L, p<L<p, L=c ZB—[c],
=8P B

(assuming that the tasks are sorted in non-decreasing order
by period). The first condition requires that the processor
not be overloaded. The second condition requires that for a
specific set of interval lengths, the processor demand in
intervals of those lengths cannot exceed the available
processor time.

The following theorem shows how this result can be ex-
tended to include the effects of interrupt handlers. Appli-
cation tasks are now not alowed to preempt one another
but may be preempted at any time by interrupt handlers
(i.e., there are no new restrictions on the behavior of
interrupt handlers).

Theorem 3.7: Let 1 be atask system with n application
tasks (€1, py) --- (Cn, Pn), SOrted in non-decreasing order by
period, and m interrupt handlers (e;, a1) ... (€m, ay)- If
application tasks are not allowed to preempt one another
then t will be feasible if

n
10L,L>0, L—f(L)>ZD§

Dgl:n

, , L0 -10
2.0, L1<isnp<L<p,L-f(L)zg+) G—L

i
=8P B

Proof: The proof is a straightforward extension of the

original. (See Appendix.) 0

The results reported in [5] for the problem of scheduling
periodic tasks that share a set of serially reusable, non-
preemptible resources can be similarly extended.

1 Thefocusin [5] was on sporadic tasks: repetitive tasks where p is
only a lower bound on the time between successive invocations.
However, as noted in [5], al schedulability conditions presented for
sporadic tasks are also schedulability conditions for periodic tasks.



4. Feasibility Analysis of Static Priority
Task Systems

To illustrate the generality of our analysis techniques, in
this section we give feasibility conditions for task systems
in which application tasks have fixed priority. These con-
ditions are developed in much the same way as those in
Section 3. They can also be derived from results previ-
oudly reported in the literature.

The feasihility of sets of tasks with constant execution
priority has been analyzed within the context of acritical
instant. For atask T;, a critical instant is a point in time
at which if task T, is invoked it will have its longest
response time. For preemptible, periodic tasks, Liu and
Layland have shown that a critical instant occurs whenever
atask is invoked simultaneously with all tasks of higher
priority [8].

Lehoczky et al. [7] give exact feasibility conditions for
sets of periodic tasks in which task priorities are assigned
in rate-monotonic order (i.e., if p; <p;, then task T; has
higher execution priority than T;). Consider a set of n
periodic application tasks (cq, p1), ---» (Cny Pn) SOrted in
non-decreasing order by period (i.e., for any pair of tasks
T; and T}, if i <j, then p; < p;). The function W(t) =
S =[P, [§, divesthe amount of processor time requested
by tasks Ty, ..., T;, in the interval [0, t=1] when all tasks
are initially invoked at time 0. A set of n periodic tasks
will be feasible under a rate monotonic priority assign-
ment if and only if for all i, 1 <i < n, there exists a value
L,0<L <p;, such that L = W;(L). If such an L exists for
task T;, then the initial invocation of T; will complete ex-
ecution at the first such time L. If such an L does not
exist then the initial invocation of T; will miss its dead-
line. As aresult of the critical instant theorem, the set of
tasks will be feasible if and only if the initial invocation
of every task can be shown to meet its deadline.

To extend this result to a model including interrupt han-
dlers, we model interrupt handlers as tasks with constant
(highest) priority. The proof of Lehoczky et al. can then
be applied directly to account for the time spent executing
interrupt handlers. Note that by Lemma 3.2, f(I) exactly
characterizes the time spent executing interrupt handlersin
the interva [0, I]. We can show that a task system will be
feasible if and only if for al i, 1 <i < n, there exists a
time L in the interval [0, p;] such that

L>W, (L) + f(L) ®)

Alternative feasibility conditions can be derived using the
analysis developed by Harbour et al. [2]. In [2], the
authors develop necessary and sufficient feasibility
conditions for a model where each task consists of phases

with an arbitrary priority. A set 7 of interrupt handlers and
static priority application tasks with a rate-monotonic
priority assignment is a special case of this model, in
which each task and interrupt handler has a single phase,
the interrupt handlers are given the highest priority, and
the application tasks are assigned rate-monotonic
priorities. We can use the general method in the Harbour
paper to derive afeasibility condition for this special case.
Let F(t) be the amount of work requested by interrupt
handlersin the interval [0, t-1]:

nOt 0
F()=> @&
Y

If thereis sometime L in the interval [0, p;] such that
L=>W,(L)+F(L), 9

then task T, will complete at the first such L. r will be
feasible if and only if (9) holds for every task.

5. Discussion

As the basis for a feasibility test, condition (9) is more
appealing than (8), since (8) requires that we evaluate a
recurrence relation and (9) is a closed form. This leads us
to question whether or not there exists a closed form result
for the problems considered in Section 3. While adesirable
closed form would express feasibility in terms of processor
utilization, note that feasibility is not a function of
processor utilization. It is possible to construct feasible
task systems with utilization equal to 1 (e.g., | = (.5p, p),
T = (.5p, p)), and because application tasks may not
preempt interrupt handlers, it is also possible to construct
infeasible task systems with arbitrarily small processor
utilization (e.g., | = (p, @), T = (¢, p)).

Another approach to consider is the replacement of f(L) by
F(L) in (6). Indeed, by the definition of f(L), for all L, L
>0, f(L) £ F(L) and hence (6) with f(L) replaced by F(L)
will be a sufficient condition for schedulability. It is not,
however, a necessary condition. Consider a task system
with one interrupt handler | = (2, 3) and one application
task T = (1, 4). This task system satisfies the conditions
in Theorem 3.6, and hence is feasible, but does not satisfy
(6) with f(L) replaced by F(L) (e.g., for L =4, F(L) =
[/are = #3032 =4, L —F(L) =0, and [1/pE =
#/4x1 =1 HenceL —F(L) < (/prE.)

The reason one can use F(L) in place of f(L) in (8) but not
in (6) lies in a fundamental difference in the feasibility
tests for static and dynamic priority systems. Both tests
evaluate a similar condition at the endpoints of a well-de-
fined set of intervals, all starting at time 0. Each condition
has the form L = W(L) +i(L), where L isapoint in time,
i(L) is the time spent executing interrupt handlers in the
interval [0, L], and W(L) is the demand due to application



tasks with invocations that must complete in the interval
[0, L]. To analyze a static priority system, it suffices to
demonstrate that there exists one L for which the condition
istrue. If such an L exists, the system is feasible. To ana
lyze a dynamic priority system, it suffices to demonstrate
that there does not exist an L for which the condition fails.
If no such L exists, the system is feasible. In either case,
for each value of L considered, i(L) must be the exact
amount of time spent executing interrupt handlers.

For static priority task systems, it is the case that the only
values of L for which the condition can hold are values of
L for which f(L) = F(L). Therefore, it suffices to use F(L)
to represent the amount of time spent executing interrupt
handlersin the interval [0, L]. Intuitively, this is because
the condition can hold only at times when all interrupt
handlers have completed execution.

6. Summary and Conclusions

Formal models of real-time systems frequently consist of
sets of tasks that are invoked at regular intervals and which
must complete execution before well-defined deadlines. In
order to apply the results of analyses of these models, a
practitioner must account for the effects of phenomena
present in the implementation but not present in the for-
mal model. One important factor is the cost of interrupt
handling. We have studied, and solved, the feasibility and
schedulability problems for periodic application tasks that
must compete for the processor with interrupt handlers.
Interrupt handlers are modeled as periodic tasks that always
have priority over application tasks. For the feasibility
problem, the emphasis has been on application tasks that
may be preempted at arbitrary points, although other
paradigms of non-preemptive execution have been
considered. For the schedulability problem, the emphasis
has been on deadline driven methods.

The approach has been to quantify the processor time
spent executing interrupt handlers in an arbitrary interval.
We derived arecurrence relation that bounds this time and
showed that by expressing feasibility and schedulability in
terms of a processor demand function, we can use the re-
currence to extend several existing schedulability results
concerning deadline driven scheduling to include the effects
of interrupt handlers. For preemptible, periodic tasks, fea-
sibility in the presence of interrupt handlers can be decided
in time O(N2 + p,in + M) where n is the number of appli-
cation tasks, pnin is the smallest application task period,
and m is the number of interrupt handlers. Lastly, we
compared the analysis of the static priority schedulability
problem to the dynamic priority schedulability problem.

In the future we will consider severa refinements to the
model presented in Section 2. First, the present work as-

sumed that interrupt handlers are strictly periodic. In prac-
tice thisis rarely the case. We will next consider models
of interrupt handlers that are invoked sporadically. For
purely preemptive systems, this generalization will likely
have little effect, however, for non-preemptive systems
(where fundamental differences between periodic and
sporadic tasks have aready been demonstrated) thiswill be
more challenging. Second, here we assumed that interrupt
handlers and application tasks are independent in the sense
that their invocations are not related. In most systems
application tasks are invoked in response to interrupt
handlers. When application tasks are sporadic, a coupling
of interrupt handlers and application tasks complicates the
schedulability analysis. Lastly, in practiceit is not always
the case that interrupt handlers execute with priority
strictly higher that those of application tasks. For
example, application tasks may disable interrupts (e.g., as
aside effect of asystem call) and thus execute when an in-
terrupt handler would otherwise have done so. An implica-
tion of this is that interrupt handlers can no longer be
analyzed separately from application tasks. Moreover, dis-
abling interrupts affects correctness conditions for interrupt
handlers (an issue we have not addressed in this work).
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Appendix
The following are the proofs of Theorems stated but not
proved in the text.

Theorem 3.1: A set of periodic tasks will be feasible if
and only if for al L >0,

n L D
Lz GG (10)
=1 p D

Proof: We demonstrate that (1) = (10).

If S'.c/p <1, thenforallL,L >0,

and hence (1) O (10). We show (1) O (10) by establish-
ing the contrapositive (i.e., =(1) O =(10)). To show
=(10), it suffices to demonstrate the existence of anL > 0
for which (10) does not hold. If S,c;/p > 1, then for L

= LCM(p1, P2 - Pn)>

n LCl n DL |:|
L<> — gL
;L | izl mY |:|I
and hence (1) O (10). 0

Theorem 3.7: Let 1 be atask system with n application
tasks (€1, py) --- (Cny Pn), SOrted in non-decreasing order by
period, and m interrupt handlers (e, a;) ... (én, am)- If
application tasks are not allowed to preempt one another
then T will be feasible if

oL
=[G

o

10L,L=0, L-f(L)=

O
2.0i1<i<n 0L, p<L<p,

I
B—EC
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mip=(m|

M=

I:I

L-f(L)zc +

Proof: We show that a non-preemptive deadline driven
scheduling algorithm can schedule a task system if it satis-
fies conditions 1 and 2. Thisis shown by contradiction.

Assume that 1 satisfies conditions 1 and 2 and yet an
application task in T misses a deadline at some point in
time when 7 is scheduled by the deadline driven agorithm.
The proof proceeds by deriving upper bounds on the
processor demand for an interval ending at the time at
which atask misses adeadline.

Let ty be the earliest point in time at which a deadline is
missed. t can be partitioned into two disjoint subsets:

S; = the set of application tasks that have an invoca-
tion with adeadline at time t,.

S, = the set of application tasks that have an invoca-
tion occurring prior to time ty with deadline after
tg.

Let by, by, ..., by be the invocation times immediately

prior to ty of the tasks in S,. There are two cases to
consider.

Case 1: None of the invocations of tasksin S, occurring
at times by, b,, ..., by are scheduled prior to tg.

Let d,, be the processor demand of the application tasks
in the interval [a, b]. Let ty be the end of the last period
prior to ty in which the processor was idle. If the processor
has never been idle let ty = 0. In the interval [to, ty], the
processor demand is the total processing requirement of the
tasks that are invoked at or after time ty, with deadlines at
or before time ty. This gives

A, z D—%:| .
I
(Equality holds if all tasks are invoked at time t,.) Since
there is no idle period in the interval [ty, ty] and since a
task misses a deadline at tg, it follows that d_; > (t—to) —
f(toto). Therefore

D n

(ta —to) — ftg —to) < z E‘)—@l <y
i=10] pl i=1

However, this contradicts condition 1 and thus eﬂabhsh&s

the theorem for Case 1.

_to

Case 2: Some of the invocations of tasksin S, occurring
at times by, b,, ..., by are scheduled prior to t;.

Let T; be the last application task in S, scheduled prior to
time ty. Let t; <ty be the point in time at which the
invocation of T; occurring immediately prior to tq4
commences execution. Note that if the processor is ever
idle in the interval [t;, ty], then the analysis of Case 1 can
be applied directly to the interval [ty, ty], wheret; <ty <ty



isthe end of the last idle period prior to time ty, to reach a

contradiction of condition 1. Therefore, assume the
processor is fully utilized during the interval [t;, ty].

Let T, be an application task that misses a deadline at time
tg. Because of our choice of task T; and our use of deadline
driven scheduling, it follows that t; <ty —p,. That is, the
invocation of the task T that does not complete execution
by time ty occurs within the interval [t;, ty]. We now
show that if the invocation in question of task T; is
scheduled prior to time ty, then there must have existed
enough processor time in [t;, ty] to schedule all
invocations of tasks occurring after time t; with deadlines
at or before time ty. To begin, we derive an upper bound
ond, ; , the processor demand for the interval [t;, ty].

The following facts hold for Case 2:

i) Other than T;, no application task T;, with period
p;, such that p; > ty —t;, executes in the interval [t;,
tql-

Since the invocation of task T; scheduled at time t; has a
deadline after time ty and is the last such invocation
scheduled prior to ty, every other application task executed
in [t;, tg] must have a deadline at or before ty because of
the deadline driven discipline.

ii) Other than T;, no application task that is scheduled
in [t;, tg could have been invoked at timet;.

Again, as a consequence of the definition of task T;, other
than T;, every application task scheduled in [t;, ty] has a
deadline at or before ty. Therefore, if atask T;, that is
scheduled in [t;, tg] had been invoked at t;, the deadline
driven algorithm would have scheduled task T;. instead of
task T; at time t;.

Since p; >ty —t;, fact (i) above indicates that only tasks
Ty ... T; need be considered in computing d; ;. Since the
invocation of task T; that is scheduled at time t; has adead

10

line after time ty, all task invocations occurring prior to
time t; with deadlines at or before ty must have been satis-
fied by t; and hence do not contribute to d, ;. Similarly,
since T; has the last invocation with deadline after ty that
executes prior to ty, all invocations of tasks T, - T;_;
occurring prior to time ty with deadlines after ty, need not
be considered. Lastly, since none of the invocations of
tasks T, - T;_; that are scheduled in the interval [t;, tq]
occurred at time t;, the demand due to tasks T, - T,_; in the
interval [t;, tg] is the same as in the interval [t + 1, tg4].
These observations, plus the fact the invocation of task T;
scheduled at time t; must be completed before time tg,
indicate that the processor demand in [t;, t4] is bounded by

t -1
tt—C+Z ( )& (11)
E
Let L =ty—t;. Substituting L into the (11) yields
-1 -
dtivtd < Ci + z B_E (12)
ISRV

Since there is no idle time in [t;, ty], and since a task
missed a deadline at tg, it follows that d; . > (tq —t;) —
f(ta—1t;) or simply d; ; > L — f(L). Combining this with
(12) yidds

20 -10

—Lc;
man g
Since p; >ty —t;, we have p, > L. Since t; < ty — py (recall
that k is the index of atask that missed a deadline at time
tg) we have ty —t; > px 2 py, and hence L > p;. Therefore
(13) contradicts condition 2 and establishes the theorem for
Case 2.

L-f(L)<d,, _c+ (13)

We have shown that in either case, if an application task
misses a deadline when scheduled by the non-preemptive
deadline driven algorithm, then either condition 1 or
condition 2 must have been violated. This proves the
theorem. 0



