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line is no better than the outdated approach 
of managing memory by manual memory 
overlay. 

Under the cyclical executive approach, 
meeting the responsiveness, schedulabil- 
ity, and stability requirements has become 
such a difficult job that practitioners often 
sacrifice program structure to fit the code 
into the “right” time slots. This results in 
real-time programs that are difficult to 

The Ada tasking model represents a 
events. we review the fundamental departure from the cyclical 

1 only the results of computation but 
also the time at which outputs are gener- 
ated. Examples of real-time applications 
include air traffic control, avionics, pro- 
cess control, and mission-critical compu- 
tations. 

The measures of merit in a real-time 
system include 

Rate monotonic 
scheduling theory 

puts real-time software 
engineering on a sound 

analytical footing. understand and maintain. 
Predictably fast response to urgent 

High degree of schedulability. 
Schedulability is the degree of re- 
source utilization at or below which 
the timing requirements of tasks can be 
ensured. You can think of it as a mea- 
sure of the number of timely transac- 
tions per second. 
Stability under transient overload. 
When the system is overloaded by 
events and meeting all deadlines is 
impossible, we must still guarantee the 
deadlines of selected critical tasks. 

Traditionally, many real-time systems 
use cyclical executives to schedule con- 
current threads of execution. Under this 
approach, a programmer lays out an execu- 
tion timeline by hand to serialize the exe- 
cution of critical sections and to meet task 

theory and its 
implications for Ada. 

unmanageable for large systems. It is a 
painful process to develop application 
code so that i t  fits the time slots of a 
cyclical executive while ensuring that the 
critical sections of different tasks do not 
interleave. Forcing programmers to sched- 
ule tasks by fitting code segmentson a time- 

executive model. To reduce the complex- 
ity of developing aconcurrent system, Ada 
tasking allows software engineers to man- 
age concurrency at an abstract level di- 
vorced from the details of task executions. 
Indeed, the dynamic preemption of tasks at 
runtime generates nondeterministic time- 
lines at odds with the very idea of a fixed 
execution timeline. 

This nondeterminism seems to make it 
impossible to decide whether real-time 
deadlines will be met. However, Ada’s 
tasking concepts are well-suited to the rate 
monotonic theory being considered in our 
project. 

In essence, this theory ensures that as 
long as the CPU utilization of all tasks lies 
below a certain bound and appropriate 
scheduling algorithms are used, all tasks 

deadlines. 
While such an approach is manageable 

for simple systems, it quickly becomes 

will meet their deadlines without the pro- 
grammer knowing exactly when any given 
task will be running. Even if a transient 

~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ ~ , i f ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~ ~ ~ ~ ~ ~ ~ ~  
Defense and bearing the same title. 
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Emmpir I :  Consider the case of thixe 
periodic tasks, when L'< = C', /Tt 

Figure E. Application of the critical zone theorem to Task t,. 

overload 1~3curs, a filed subset of critical 
task5 will \till nieet their deadlines a i  long 
as thetr CPL' utilizatictns lie s t thin the 
appropriitte bound 

In short, the scheduling theory allow5 
software engineers to reawn about timing 
correctness at the sdme ab5tr;ict level used 
by the Ada tLiskmg model Applying this 
theory to Ada niakzi Ada tatbing truiy 
useful for real-time applicationr while also 
putting the development and nrai n tenanc e 
ot  real-time systems im an :inalytic. engi- 
neerrng basrs, nlnhinp these systeiiis easier 
to develop and mailmin. 

The next section revieus qoine of the 
basic results in the rate inontrtonrc schedul- 
ing theory, &hough the theory dlso deats 
with mode changes and multiprocetsinp 
In the final section, \se review the Ada 
tasking model arid scheduliitg polmes, and 
suggest some workarnunds that permit us 
to implement rate monotonic \cheduiing 
algorithm\ withrn the framework. of exist- 
rrig Ada rule\. 

Scheduling real-time 
tasks 

This section contains an iiverwew trf 
some of the important issues of real-time 
scheduling theory, beginning with the 
problem ofensuring that independent perr- 
odic tasks meet their deadlines. Then, we 
show how to ensure that crrtical tasks will 
meet their deadfines even when a system I S  

temporarily overloaded, address the prob- 
lem of scheduling both periodic and aperi- 

nried. Given a \et of iirdependent periodic 
ta\ki. the rate monotonic scheriuling algo- 
rithm gives eitcli taih a fired priority irncl 
assign5 higher prioritlei tu  ask\ with 

by rhe rate rnoiiotonrc algortthni i f '  this 
condition OF Thetrrern 1 t \  niet ' 

'I'heorem 1 otters a srrfficicnt (worit- 
case) condttion that characterizes schedut 
ability of  a task set tintlti the rate rnono- 
tonic algorithm. This bound converges to 
69 percent (in 21 as the number of tasks 
approaches infinity 'The values of' the 
scheduling hounds tor one to nine inde- 
pertdent tasks Are is\ Folloa3 l i t  I 2: I .#. 

1 = # 739, til-i) = U 756, 
i = 0.734.l.r( 1) - 0 728, 

U 8 )  = 0 721, anti t-191 = 0 720 

* 'I'a\k Ti: C = 20 ; TI = 1uO ; li 0.2 
* T d i  ti' C, = 40. T2 = 150 , 1;: = 0 267 
' T a 4  7,' Cj= LOU ; ?? = 350 ; L', =o 2Xh 

on of these three t,izb? 
is 0.753, which is beluta Theorem 1's 
bound for three t z d s  3[2 ' - I )  = 0 774 
Hence. we knob the5e three ta&s die 

ichedulabk. that is. they wrll meet their 
deadlines t f t ,  is given the highect priorit!, 
7: the next highe\t. and T, the lowe\t. 

The bounci cjf rheorem 1 is very pes+ 
rntstir because the V*ortt-eaw taik \et P, 
contrived nnd unlrkely to be cncouritered 
in practrce. For 3 randomly chosen 
the likely bound 1s XX percent' To know rk 
a set of gilen ta+i with utilization greater 
than the bound of Thiwiem t can n w i  its 
deadlines. we can use an exact 4cheduln- 
bility test bawd on the r r m d  X R P  thco- 
rem (rephrased Srom Ltu and tq Iand ' i *  

~ ' ~ ~ w - o T I  2: Fur a set of independent 
periodic tasks, if' each task tneets its 
first deadline when all tasks are stiirted 
at the same time. then the deadlines 
will always be met for any combina- 
tion of' start times. 

Thr\ theorem pro\ ides the h 
c u c t  schedulabtlit> test foi set\ of irtde- 
pendent periodic task5 under the rate 
nionotonic algorithm I n  effect, the theo- 
ieni requires that ue check to see if each 
task can coniptete it\ execution before 11s 
Strst ilcadline To do su. n e  iieed to check 
thoscIieduIrn4rurrirr fora task. Thesched- 
uiing points fcir taik r are r's firsr dezdlme 
and the ends of periocls of higher prront) 

nor to z' \  t in t  deadline. The pro- 
illustrated bj Figure 1 ,  which ap 

plreb to the tash <et in the next evantple 

E w n p i t .  2 .  Suppose we replace ' t i ' s  

cdgorithn~ in Example 1 with one that is 

more accurate arid computationally inten- 
w e .  Suppose the neu algorithm d o u b h  
rI 'b computation time from 2U to 40, so the 
total processor ~rt~li~arion increases from 
0 753 to 0 953. Since the U 

first two tasks ts 0.667. which i s  belou 
Theorem 1's bound for two tasks. 2(2' 
- 1)=0.828.thetrrsttwotnskscannotmiss 
their deadlines. For task z,, we use Theo- 
rem 2 to check whether rhe task set ~b 

5chedulahle. Frgure 1 shows the schedul- 
ing points relevant to task z,, that is, the 
ends of periods of higher priority tasks for 
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times less than or equal to 7,’s period. To 
check against the critical zone theorem, we 
check whether all tasks have completed 
their execution at any of the scheduling 
points. For example, to see if all tasks have 
met their deadlines at time 350, we can see 
that task z, will have had to start executing 
four times; task z,, three times; and task z,, 
once. So we check to see if all these execu- 
tions can complete in 350 milliseconds: 

4C, + 3C, + C, I T, 
I60 + 120 + 100 > 350 

This test fails, but that doesn’t mean the 
task set can’t meet its deadlines; the theo- 
rem requires that all the scheduling points 
be checked. If all tasks meet their dead- 
lines for at least one scheduling point, the 
task set is schedulable. The equations to be 
checked are shown below, for each sched- 
uling point: 

C, i C, + C, I TI 
40 + 40 + 100 > 100 

2C, t C, + C, 5 T2 
80 + 40 + 100 > 150 

2C, + 2C2 + C, 5 2T, 
80 + 80 + 100 > 200 

3C, + 2C, + C, I 2 T ,  
1 2 0 + 8 0 + 1 0 0 = 3 0 0  

4C, + 3C, + C, I T, 
160 + 120 + 100 > 350 

The equation for scheduling point 2T2 is 
satisfied. That is, after 300 units of time, z, 
will have run three times, z, will have run 
twice, and z, will have run once. The re- 
quired amount of computation just fits 
within the allowed time, so each task meets 
its deadline. Liu and Layland’ showed that 
since the tasks meet their deadlines at least 
once within the period T,, they will always 
meet their deadlines. Hence, wecan double 
the utilization of the first task in Example 
1 from 20 percent to 40 percent and still 
meet all the deadlines. Since task z, just 
meets its deadline at time 300, we cannot 
add any tasks with a priority higher than 
that of task T,, although a task of lower 
priority could be added if its period is 
sufficiently long. 

The checking required by Theorem 2 
can be represented by an equivalent mathe- 
matical test4: 

Theorem 3: A set of n independent 
periodic tasks scheduled by the rate 

Table 1. Minor cycle timeline for Example 2. Each minor cycle is 50. 

1 2 3 4 5 6 

monotonic algorithm will always meet 
its deadlines, for all task phasings, if 
and only if 

Vi, 1 1  i I n ,  

min ’ 
( k , l )  ER,  ,f; 
where C, and T, are the execution time 
and period of task T,, respectively, and 

R,  =( ( k , l )  I 1 I k I i , l= l ,  ..., LT, /T, Jl. 

A major advantage of using the rate 
monotonic algorithm is that i t  allows us to 
follow the software engineering principle 
of separation of concerns. In this case, the 
theory allows systems to separate concerns 
for logical correctness from concerns for 
timing correctness. 

Suppose a cyclical executive is used for 
this example. The major cycle must be the 
least common multiple of the task periods. 
In this example, the task periods are in the 
ratio 100:150:350 = 2:3:7. A minor cycle 
of 50 units would induce a major cycle of 
42 minor cycles, which is an overly com- 
plex design. 

To reduce the number of minor cycles, 
we can try to modify the periods. For ex- 
ample, i t  might be possible to reduce the 
period of the longest task, from 350 to 300. 
The total utilization is then exactly 100 
percent, and the period ratios are 2:3:6; the 
major cycle can then be six minor cycles of 
50 units. 

To implement this approach and mini- 
mize the splitting of computations belong- 
ing to a single task, we could split task z, 
into two parts of 20 units computation 
each. The computation of task z, similarly 
could be split into at least two parts such 
that task z, need only be split into four 
parts. A possible timeline indicating the 
amount of computation for each task in 
each minor cycle is shown in Table 1, 
where 20, on the first line indicates the first 
part of task zI’s computation, which takes 
20 units of time. 

When the processor utilization level is 
high and many tasks need to be performed, 
fitting code segments into time slots can be 
a time-consuming iterative process. In 
addition, a later modification of any task 
may overflow a particular minor cycle and 
require the entire timeline to be redone. 

But more importantly, the cyclic execu- 
tive approach has required us to modify the 
period of one of the tasks, increasing the 
utilization to 100 percent without in fact 
doing more useful work. Under the rate 
monotonic approach for this example, all 
deadlines are met, but total machine utili- 
zation must not exceed 95.3 percent in- 
stead of 100 percent. 

This doesn’t mean the rate monotonic 
approach is less efficient. The capacity not 
needed to service real-time tasks in the rate 
monotonic approach can be used by back- 
ground tasks, for example, for built-in-test 
purposes. With the cyclic executive ap- 
proach, no such additional work can be 
done in this example. 

Control applications typically require 
that signals be sent and received at fixed 
intervals with minimal jitter, that is, with 
precise timing in sending or receiving data. 
Jitter requirements are a special kind of 
deadline requirement. 

One way of meeting an output jitter 
requirement using rate monotonic schedul- 
ing is to have a normal periodic task com- 
pute a result and place it in a memory- 
mapped I/O buffer before it is time to send 
the value. Rate monotonic scheduling theo- 
rems can be used to ensure the value is 
computed in time. A hardware timer or the 
operating system clock interrupt handler 
routine can then initiate the device 1/0 
precisely at the required time. A similar 
approach can be used for input jitter re- 
quirements. 

Stability under transient overload. So 
far, we have assumed that the computation 
time of a task is constant. However, in 
many applications, task execution times 
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T1: { . . .P(Sl)  ... P(S2) ... V(S2) ... V(S1) ...) * . 
T2: {. . .P(S2) . . . P(S1) . . .V(S1 ) . . .V(S2) . . .) I S 1  locked rend 0 52  locked 1 

d Attempts to lock S1 (blocked) S1 locked S2 locked S2 unlocked S1 unlocked 
$. I 4  + A /  

s2 I 5 2  unlocked 

T2 

Figure 2. Example of deadlock prevention. The gray section shows the interval of 
time when the priority ceiling protocol prevents task T1 from locking semaphore 
S1 or semaphore S2. 

are often stochastic, and the worst-case 
execution time can be significantly larger 
than the average execution time. 

To  have a reasonably high average pro- 
cessor utilization, we must deal with the 
problem of transient overload. We con- 
sider a scheduling algorithm to be stable if 
a set of tasks exists such that all tasks in the 
set will meet their deadlines even if the 
processor is overloaded. 

This means that, under worst-case con- 
ditions, tasks outside the set may miss their 
deadlines. The rate monotonic algorithm is 
stable - the tasks guaranteed to meet their 
deadlines under worst-case execution 
times are always the n highest priority 
tasks. These tasks form the schedulable 
task set. Software designers, therefore, 
must be sure that all tasks whose deadlines 
must be met under overload conditions are 
in the schedulable set. 

Since task priorities are assigned ac- 
cording to the period of each task, a criti- 
cally important task might not be in the 
schedulable set. A task with a longer pe- 
riod could be more critical to an applica- 
tion than a task with a shorter period. You 
might try to ensure that such a task always 
meets its deadline simply by increasing its 
priority to reflect its importance. However, 
this approach makes it more likely that 
other tasks will miss their deadlines, that 
is, the schedulability bound is lowered. 

The period transformation technique 
can be used to ensure high utilization while 
meeting the deadline of an important, long- 
period task. For example, suppose task T 

with a long period T is not guaranteed to 

meet its deadline under transient overload 
conditions. but nonetheless, the work per- 
formed by the task is critical, and i t  must 
never miss its deadline. 

We need to ensure that task T belongs to 
the schedulable task set. Since the rate 
monotonic priority of a task is a function of 
its period, we can raise task T'S priority 
only by having i t  act like a task with a 
shorter period. We can do so by giving i t  a 
period of T/2  and suspending i t  after i t  
executes half its worst-case execution 
time, C/2. 

The task is then resumed and finishes its 
work in the next execution period. It still 
completes its total computation before the 
end of period T.  From the viewpoint of the 
rate monotonic theory, the transformed 
task has the same utilization but a shorter 
period, T/2 ,  and its priority is raised ac- 
cordingly. Note that the most important 
task need not have the shortest period. We 
only need to make sure that it is in the 
schedulable set. A systematic procedure 
for period transformation with minimal 
task partitioning can be found in Sha, 
Lehoczky, and Rajkumar.' 

Period transformation resembles the 
task slicing found in cyclic executives. The 
difference here is that we don't need to 
adjust the code segment sizes so different 
code segments fit into shared time slots. 
Instead, T simply requests suspension after 
performing C / 2  amount of work. Alterna- 
tively, the runtime scheduler can be in- 
structed to suspend the task after C / 2  work 
has been done, without affecting the appli- 
cation code. 

Scheduling both aperiodic and peri- 
odic tasks. I t  is  important to meet both the 
regular deadlines of periodic tasks and the 
response time requirements of aperiodic 
requests. Aperiodic servers are tasks used 
to process such requests. Here is a simple 
example. 

Example 3:  Suppose we have two tasks. 
Let T, be a periodic task with period 100 
and execution time 99. Let 'sZ be a server 
for an aperiodic request that randomly 
arrives once within a period of 100. Sup- 
pose one unit of time is required to service 
one request. 

If we let the aperiodic server execute 
only in the background, that is, only after 
completing the periodic task, the average 
response time is about 50 units. The same 
can be said for a polling server that pro- 
vides one unit of service time in a period of 
100. 

On the other hand, we can deposit one 
unit  of service time in a "ticket box" every 
100 units of time: when a new "ticket" is 
deposited, the unused old tickets, if any, 
are discarded. With this approach. no 
matter when the aperiodic request arrives 
during a period of 100. i t  will find a ticket 
for one unit of execution time at the ticket 
box. That is. T, can use the ticket to preempt 
T] and execute immediately when the re- 
quest occurs. In this case, T , 'S  response 
time is precisely one unit and the deadlines 
of T] are still guaranteed. 

This is the idea behind a class of aperi- 
odic server algorithms' that can reduce 
aperiodic response time by a large factor (a 
factor of 50 in this example). We allow the 
aperiodic servers to preempt the periodic 
tasks for a limited duration allowed by the 
rate monotonic scheduling formula. 

A good aperiodic server algorithm is 
known as the sporudic server.' Instead of 
refreshing the server's budget periodi- 
cally, at fixed points in time. replenish- 
ment is determined by when requests are 
serviced. In the simplest approach, the 
budget is refreshed T units of time after i t  
has been exhausted, but earlier refreshing 
is also possible. 

A sporadic server is only allowed to 
preempt the execution of periodic tasks as 
long as its computation budget is not ex- 
hausted. When the budget is used up, the 
server can continue to execute at back- 
ground priority if time is available. When 
the server's budget is refreshed, its execu- 
tion can resume at the server's assigned 
priority. 

There is no overhead if there are no 
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requests. Therefore, the sporadic server is 
especially suitable for handling emergency 
aperiodic events that occur rarely but must 
be serviced quickly. 

From a schedulability point of view, a 
sporadic server is equivalent to a periodic 
task that performs polling. That is, we can 
place sporadic servers at various priority 
levels and use only Theorems 1 and 2 to 
perform a schedulability analysis. With 
this approach, both periodic and aperiodic 
task modules can be modified at will, as 
long as the rate monotonic utilization 
bound is observed. 

When the average aperiodic workload is 
no more than 70 percent of the CPU capac- 
ity allocated for the sporadic server, ran- 
domly arriving requests are likely to find 
the server available and can successfully 
preempt the periodic tasks. This results in 
about 6 times faster response than polling 
and 10 times faster response than back- 
ground service.’ 

When the aperiodic workload is about 
equal to the server’s budget, the likelihood 
of server availability decreases and the 
resulting performance advantage also de- 
creases. The performance of such an over- 
loaded server is essentially that of apolling 
server. 

Finally, sporadic servers can be used to 
service hard-deadline aperiodic requests. 
An example will be given in the section 
“An example of application of the theory.” 

Task synchronization. In previous 
sections, we discussed the scheduling of 
independent tasks. Tasks, however, do 
interact. In this section, we discuss how the 
rate monotonic scheduling theory can be 
applied to real-time tasks that must inter- 
act. The discussion is limited in this article 
to scheduling within a uniprocessor. Read- 
ers interested in the multiprocessor syn- 
chronization problem should see 
Rajkumar, Sha, and Lehoczky.’ 

Common synchronization primitives in- 
clude semaphores, locks, monitors, and 
Ada rendezvous. Although the use of these 
or equivalent methods is necessary to en- 
sure the consistency of shared data or to 
guarantee the proper use of non- 
preemptable resources, their use may jeop- 
ardize the ability of the system to meet its 
timing requirements. In fact, a direct appli- 
cation of these synchronization mecha- 
nisms may lead to an indefinite period of 
priority inversion, which occurs when a 
high-priority task is prevented from exe- 
cuting by a low-priority task. Unbounded 
priority inversion can occur as shown in 
the following example: 

Example 4 :  Suppose periodic tasks T1, 
T2, and T3 are arranged in descending 
order of priority (high, medium, and low). 
Suppose tasks T1 and T3 share a data 
structure guarded by semaphore S1. Dur- 
ing the execution of the critical section of 
task T3, high-priority task T1 starts to 
execute, preempts T3, and later attempts to 
use the shared data. However, T1 is 
blocked on the semaphore S 1. 

We would prefer that T1, being the high- 
est priority task, be blocked no longer than 
the time it takes for T3 to complete its 
critical section. However, the duration of 
blocking is, in fact, unpredictable. This is 
because T3 can be preempted by the me- 
dium priority task T2. T1 will be blocked, 
that is, prevented from executing, until T2 
and any other pending tasks of intermedi- 
ate priority are completed. 

The problem of unbounded priority 
inversion can be partially remedied in this 
case if a task is not allowed to be preempted 
while executing a critical section. How- 
ever, this solution is only appropriate for 
very short critical sections because it cre- 
ates unnecessary priority inversion. For 
instance, once a low-priority job enters a 
long critical section, a high priority job that 
does not access the shared data structure 
may be needlessly blocked. 

The priority ceiling protocol is a real- 
time synchronization protocol with two 
important properties: 

(1) freedom from mutual deadlock and 
(2) bounded priority inversion. 

Namely, at most one lower priority 
task can block a higher priority 
t a ~ k . ~ . ~  

There are two ideas in the design of this 
protocol. First is the concept of priority 
inheritance: when a task T blocks the exe- 
cution of higher priority tasks, task T exe- 
cutes at the highest priority level of all the 
tasks blocked by T. Second, we must guar- 
antee that a critical section is allowed to 
start execution only if the section will 
always execute at a priority level higher 
than the (inherited) priority levels of any 
preempted critical sections. 

It was shown in Sha, Rajkumar, and 
Lehoczkyg that such a prioritized total 
ordering in the execution of critical sec- 
tions leads to the two desired properties. 
To achieve such a prioritized total order- 
ing, we define the priority ceiling of a 
binary semaphore S to be the highest prior- 
ity of all tasks that may lock S. 

When a task T attempts to execute one of 

its critical sections, it will be suspended 
unless its priority is higher than the priority 
ceilings of all semaphores currently locked 
by tasks other than T. If task z is unable to 
enter its critical section for this reason, the 
task that holds the lock on the semaphore 
with the highest priority ceiling is said to 
be blocking z and, hence, inherits the prior- 
ity of T. As long as a task T is not attempting 
to enter one of its critical sections, it will 
preempt every task that has a lower prior- 
ity. 

The priority ceiling protocol guarantees 
that a high-priority task will be blocked by 
at most one critical region of any lower 
priority task. Moreover, the protocol pre- 
vents mutual deadlock, as shown in the 
following example: 

Example 5 :  Suppose we have two tasks 
T1 and T2 (see Figure 2). In addition, there 
are two shared data structures protected by 
binary semaphores S1 and S2, respec- 
tively. Suppose task T1 locks the sema- 
phores in the order S 1, S2, while T2 locks 
them in the reverse order. Further, assume 
that T1 has a higher priority than T2. 

Since both T1 and T2 use semaphores S 1 
and S2, the priority ceilings of both sema- 
phores are equal to the priority of task T1. 
Suppose that at time to, T2 begins execu- 
tion and then locks semaphore S2. At time 
t , ,  task T1 is initiated and preempts task 
T2, and at time t2, task T1 tries to enter its 
critical section by attempting to lock sema- 
phore S1. However, the priority of T1 is 
not higher than the priority ceiling of 
locked semaphore S2. Hence, taskT1 must 
be suspended without locking S 1. Task T2 
now inherits the priority of task T1 and 
resumes execution. Note that T1 is blocked 
outside its critical section. Since T1 is not 
given the lock on S1 but instead is sus- 
pended, the potential deadlock involving 
T1 and T2 is prevented. At time t,, T2 exits 
its critical section; it will return to its as- 
signed priority and immediately be 
preempted by task T1. From this point on, 
T1 will execute to completion, and then T2 
will resume its execution until its comple- 
tion. 

Let Bi  be the longest duration of block- 
ing that can be experienced by task zi. The 
following theorem determines whether the 
deadlines of a set of periodic tasks can be 
met if the priority ceiling protocol is used: 

Theorem 4: A set of n periodic tasks 
using the priority ceiling protocol can 
be scheduled by the rate monotonic 
algorithm for all task phasings, if the 
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millisecondz for accessing the L ' c ~ I . .  

munications server?; period = 3 S O  
milliseconds; deadline is at the end 
of each period. 

Figure 3. Task interactions for Example 6. 

following condition is satisfied? 

This theorem generalizes Theorcm I hq' 
taking blocking into colis i dera t i on, A 
similar extension can be givcri fr3r 'Theo- 
rem 3. The B, ' s  in % x m z n i  4 cim be used 
to account f ix any delay caused by re- 
source sharing. Note that B,! is always zero. 
since the lowest priority task cijnnot. by 
definition, be blocked by  a task o f  lower 
priority. and hence. B,$ is not included in 
the theorern's formula. 

In the priority ceiling protocol. a tirsk 
can be blocked even if ir does riot lock m y  
semaphores. For esamplc. in Figure 2 .  any 
task. T, with s priority between that of'I1 
and 7'2 could be prevented from executing 
while T2 has semirphort. S2 lockcci. This 
can happen because 52's  priority ceiling i s  
greater than the priority of T. 'Therefore, i f  
TI tries to Lock S L while 7'1, hiis iocked S 2 .  
T'2 will inherit TI'S priority and will pre-, 
vent any tasks of interrnediate priority 
from executing. Since the low priority task 
7'2 prevents the exccution ofthe interme&-, 
ate priority tasks, these 1 

ity inversion. or blocking. 'Phis source of 
blocking is the cost of avoiding unbounded 
priority inversion. [ t  niust be taken into 
irccount when applying 'Theoretn 4. 

An exgrmple application of the theor!. 
A \imple exaniple ~llustratrs how TO apply 

Sulrrriorr: First. w: create ;I sporadic 
server for ttw enielpency task. with a pe-. 
r i d  of 50 milliscconcis i 3 n d  ;I service time 
of S millisecnncts. Sincc thc ser 
shortlist period, the mte monotonic algo- 
rithni wilJ give this server the highest pri- 
or i ty.  It follows th:rt the emergency t:tsk 
c m  nicet i t s  deaclline. 

Since the aperiodic event hmdling ac- 
tivities hnve no (leiidlines. they can Rc 

igni.:d a low priority. However, sitice 
fast response tiiiie i s  ilesiri&le. we creaie a 

server with higher uriIii..;uion) needs more 
r cycles but u.il1 give better ce- 

sponse time. I n  this example. we chouw a 
large server with a period of IO0 millisec- 
mds iind a service time of IOiiiillisec~rids. 
We no-: have tVv'o tasks with ii perioif of 
lUlf milliseconiis ----- fhe aperimtic event 
server and periodic task z,. The rate i~iono- 
tonic algorithm ;illoM;s 11s to break the tie 
arbiwrrily: arid we let the server have the 
higher priorit>'. 

We now have to check if the three perL 
odic tasks cnii meef their deadlines. Since. 
under the  priority ceiling prutocol, a task 
ciiti he blocked at niCrst O I ~ C ~  ly Iirwer 

tasks. the inaxirnal hlocking time 
5,  is B ,  ;= riiirximum I O  millisec-- 

onds, :?O millisccol-ids) :: 20 milliseci-mris. 

h the communication servcr itrrd 

the prinripi ceiling cif,St i s  higlier than tlirir 
of task t,. task r., can be btocketl by iask r ,  
for LO n;illisec&ids. (This may occur i f  T+ 
biixks T~ ancl inherits the priori@ of ' T ~ .  > 

may lock the semaphore !i< associ- 

the end of  the period. Hence. E ,  = (10 c 30)  
is = 30 n-tilliseconds.:k ~t this 

the number o f  steps in the analysis by 
nitling that period Si) and 100 i i re harmon- 
ics.  so w e  can treiit Ihe ernergericy server 
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mathematically as if i t  had a period of 100 
milliseconds and aservice timeof l0milli- 
seconds. We now have three tasks with a 
period of 100 milliseconds and an execu- 
tion time of 20 milliseconds, 10 millisec- 
onds, and I O  milliseconds, respectively. 
For the purpose of analysis, these three 
tasks can be replaced by a single periodic 
task with a period of 100 milliseconds and 
an execution time of 40 milliseconds (20 + 
10 + 10). We now have the following three 
equivalent periodic tasks for analysis: 

Task T , :  C ,  = 40 : TI = 100 : B ,  = 20 : 

Task T,: C, = 40 ; T ,  = IS0 ; B ,  = 30 ; 

Task T? :  C, = 100 : T ,  = 3.50 : B ,  = 0 ; 

U ,  = 0.4 

U: = 0.267- 

U ,  = 0.286 

Note that B ,  is zero, since a task can only be 
blocked by tasks of lower priority. Since T; 
is the lowest priority task, i t  can’t be 
blocked. 

Next, we determine the response time for 
the aperiodics. The server capacity is 10 
percent and the average aperiodic work- 
load is 5 percent (2/40). Because most of 
the aperiodic arrivals can find tickets, we 
would expect a good response time. In- 
deed, using a M/M/I approximation” for 
the lightly loaded server. the expected 
response time for the aperiodics is W = 
E [ S ] / (  1 - p) = 2/( I - (0.05/0. 10)) = 4 milli- 
seconds where E [ S ]  is the average execu- 
tion time of aperiodic tasks and p is the 
average server utilization. Finally. al- 
though the worst-case total periodic and 
server workload is 9.5 percent, we can still 
do quite a bit of background processing. 
since the soft deadline aperiodics and the 
emergency task are unlikely to fully utilize 
the servers. 

The results derived for this example 
show how the scheduling theory puts real- 
time programming on an analytic engi- 
neering basis. 

Institute is a cooperative effort between 
CMU, the SEI, system developers in indus- 
try, Ada vendors, and government agen- 
cies. It aims to specify coding guidelines 
and runtime system support needed to use 
rate monotonic scheduling theory in Ada 
programs. The guidelines are still evolving 
and being evaluated, but so far it seems 
likely they will meet the needs of a useful 
range of systems. 

The remainder of this section summa- 
rizes the approach being taken by the proj- 
ect and shows how Ada’s scheduling rules 
can be interpreted to support the require- 
ments of rate monotonic scheduling algo- 
rithms. 

Ada real-time design guidelines. Since 
Ada was not designed with rate monotonic 
scheduling algorithms in mind, i t  is not 
surprising to find some difficulties in using 
these algorithms. There are basically two 
ways of using rate monotonic algorithms 
in Ada: 

When Theorem 3 is extended to account 
for blocking, we simply check to be sure 
that each task will meet its deadline if i t  is 
blocked for the maximal amount of time: 

Real-time scheduling 
in Ada 

( 1 )  follow coding guidelines that take 
into account the scheduling policy that 
must be supported by every real-time Ada 
implementation or Although Ada was intended for use in 

( I )Task T,: Check C ,  + B ,  I T , .  If this 
inequality i s  satisfied. T ,  will always meet 
its deadline. Since 40 + 20 < 100. task T,  is 
schedulable. 

(2)Task t,: Check each of the following: 

C ,  + C, + B, 5 T ,  
40 + 46 + 30 > 100 

2C, + C, + B ,  I T ,  
8 0 + 4 0 + 3 0 =  1.50 

These equations reflect the two schedul- 
ing points applicable to task T:, and take 
into account the fact that task T, will be 
blocked at most B ,  milliseconds. More- 
over, we don’t needto consider the block- 
ing time for task T, because this time only 
affects the completion time for T,; i t  cannot 
affect T,’S completion time. Hence, task T, 

i s  schedulable and in the worst-case phas: 
ing will meet its deadline exactly at time 
1 50. 

(3)Task T?: The analysis here is identical 
to the analysis for Task 3 of Example 2.  
Hence, task is also schedulable and in 
the worst-case phasing will meet its dead- 
line exactly at time 300. It follows that all 
three periodic tasks can meet their dead- 
lines. 

building real-time systems, its suitability 
for real-time programming has been 
widely questioned. Many of these ques- 
tions concern practical issues. such as fast 
rendezvous and interrupt handling. 

These problems are being addressed by 
compiler vendors aiming at the real-time 
market. More important are concerns about 
the suitability of Ada’s tasking model for 
dealing with real-time programming. For 
example, tasks in Ada run nondeterminis- 
tically, making i t  hard for traditional real- 
time programmers to decide whether any 
tasks will meet their deadlines. 

In addition, the scheduling rules of Ada 
don’t seem to support priority scheduling 
well. Prioritized tasks are queued in FIFO 
order rather than by priority: high priority 
tasks can be delayed indefinitely when 
calling low priority tasks (due to priority 
inversion); and task priorities cannot be 
changed when application demands 
change at runtime. 

Fortunately, solutions exist within the 
current language framework. although 
some language changes would be helpful 
to ensure uniform implementation support. 

Whether or not language changes are 
made, we must be careful to use Ada con- 
structs in ways that are consistent with rate 
monotonic principles. The Real-Time 
Scheduling in Ada Project at the Carnegie 
Mellon University Software Engineering 

(2) take advantage of the fact that Ada 
allows rate-monotonic scheduling algo- 
rithms to be supported directly by a spe- 
cial-purpose runtime system. 

There are several Ada usage issues that 
must be addressed: 

( 1 )  how to code Ada tasks that must 

( 2 )  how to use sporadic server concepts 

(3) how to ensure precise scheduling of 

share data. 

for aperiodic tasks, and 

periodic tasks. 

We discuss the first two issues in this 
article. For data sharing among periodic 
Ada tasks (client tasks), our first guideline 
i s  that these tasks must not call each other 
directly to exchange data. Instead, when- 
ever they must read or write shared data or 
send a message, they call a monitor task. 
Each monitor task has a simple structure - 
an endless loop containing a single select 
statement with no guards (see Figure 4). 
(The prohibition against guards simplifies 
the schedulability analysis and the runtime 
system implementation, but otherwise i s  
not essential.) 

This structure models the notion of criti- 
cal regions guarded by a semaphore; each 
entry is a critical region for the task calling 
the entry. By using this coding style, we 
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T1 

T2 

Critical regions Monitor task 
1 

accept Region-1 do 

end; 
or accept Region-2 do 
* -  

end; 
nd select; 

I 

Figure 4. Modeling critical regions with an Ada task. T1 and T2 are two periodic 
tasks with critical regions guarded by a single semaphore. The corresponding 
monitor task acts as the semaphore guarding the critical regions. Each entry of 
the monitor task is the critical region for one of the periodic tasks. 

have a program structure that can be ana- 
lyzed directly in rate monotonic terms. 

Client tasks are assigned priorities ac- 
cording to the rate monotonic algorithm. 
There are two options when assigning a 
priority to a monitor. If the Ada runtime 
system supports the priority ceiling proto- 
col directly, then give the monitor task an 
undefined priority. In addition, tell the 
runtime system the priority ceiling of the 
monitor- that is, the highest priority of all 
its clients - using an implementation- 
defined pragma or system call. 

If the ceiling protocol is not supported 
directly, the same schedulability effect can 
be emulated by giving the monitor task a 
priority that is just higher than the priority 
of any client task. This artificial priority 
assignment is consistent with the priority 
ceiling protocol. 

To  see this, note that once a high-prior- 
ity client task starts to execute, i t  cannot be 
blocked by any lower priority client that 
has called an entry of the monitor; if the 
low-priority client is in rendezvous with 
the monitor before the high-priority client 
is ready to execute, the low-priority client 
will complete its rendezvous before the 
higher priority client is allowed to execute. 
If the low-priority task is not in rendezvous 
with a monitor task and the high-priority 
client becomes eligible to run, the low- 
priority task will be preempted and won’t 
be allowed to execute until the high-prior- 
ity-client task has finished its work. 

Therefore, a high-priority client task can 
be blocked by at most one lower priority 
client task. The effect on system perfor- 
mance of giving the monitor task a high 
priority is simply that the worst-case 
blocking time is more frequently experi- 
enced; when rendezvous times are short, 
this effect is negligible. 

Giving monitor tasks a high priority is 
not an acceptable implementation of the 
ceiling protocol if the monitor task sus- 
pends itself while in rendezvous, for ex- 
ample, while waiting for an I/O device to 
complete. Suspension allows other tasks to 
execute. meaning first-in, first-out (that is, 
unprioritized) entry queues could build up 
or critical sections could be entered under 
conditions inconsistent with the require- 
ments of the priority ceiling protocol. If 
such a suspension is a possibility, the ceil- 
ing protocol should be supported directly 
in the Ada runtime implementation. 

We have shown how the effect of the 
priority ceiling protocol can be provided at 
the application code level. A simple ver- 
sion of the sporadic server algorithm can 
also be supported at the application code 
level by creating a server task with the 
following structure: 

task body Server is 
Tickets := Initial-Budget; 
-- set initial execution time budget 

loop 
begin 

accept Aperiodic-Request; 
Set-Replenishment-Time; 
-- do work 
Decrement-Ticket-Count: 
- -  one ticket per request 
if No-More-Tickets then 

Replenish-Tickets; 
Delay-Until-Replenishment-Time: 

end if; 
end loop; 

end Server; 

In essence, this task refuses to accept 
work unless i t  has a ticket to complete a 
request. The algorithm for deciding when 
to replenish tickets can be considerably 
more complicated. and a single server can 
be structured to accept a variety of service 
requests with different execution times. 

If the runtime system supports the spo- 
radic server algorithm directly, then the 
budget and replenishment period are speci- 
fied by system calls or by implementation- 
dependent pragmas, and the loop simply 
accepts an entry call and does the work. 
Executim time management and task sus- 
pension is then handled directly by the 
runtime. 

On Ada scheduling rules. The most 
general solution to the problem of using 
rate monotonic scheduling algorithms in 
Ada, within the constraints of the lan- 
guage, is simply to not use pragma 
PRIORITY at all. 

If all tasks i n  a program have no 
assigned priority, then the runtime system 
is free to use any convenient algorithm 
for deciding which eligible task to run. 
An implementation-dependent pragma 
could then be used to give 
“Rate-Monotonic-Priorities” to tasks. 

This approach would even allow “pri- 
orities” to be changed dynamically at run- 
time because, in a legalistic sense, there 
are no Ada priorities at all. The only prob- 
lem with this approach is Ada’s require- 
ment that calls be queued in order of arri- 
val, independent of priority. 

However, even this problem can be 
solved efficiently. To  get the effect of 
prioritized queueing, the runtime sched- 
uler should ensure that no calls “arrive” 
until they can be accepted. This can be 
achieved by a legalistic trick - keeping 
the Count attribute zero (because logi- 
cally, no entry calls are queued), and corre- 
spondingly suspending tasks making entry 
calls at the point of the call if the priority 
ceiling protocol requires that the call be 
blocked. 

The elimination of entry queues also 
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makes the runtime more efficient. How- 
ever, we must emphasize here that this 
treatment of entry calls is only allowed if 
no tasks have a priority specified by Ada’s 
pragma PRIORITY. 

Of course, telling programmers to as- 
sign “Rate-Monotonic-Priorities” to tasks 
but not to use pragma PRIORITY surely 
says we are fighting the language rather 
than taking advantage of it. But, the impor- 
tant point is that no official revisions to the 
language are needed. 

Now, let us consider in more detail the 
specific Ada scheduling rules that cause 
difficulties and the appropriate ways of 
getting around the problems. When we 
describe these workarounds, we don’t in- 
tend to suggest that Ada is therefore com- 
pletely satisfactory for use with rate mono- 
tonic theory, but rather, to show that soft- 
ware designers need not wait for a revision 
to the Ada standard before trying out these 
ideas. 

CPU allocation: Priorities must be ob- 
served. Ada requires that, in a uniproces- 
sor environment, the highest priority task 
eligible to run be given the CPU. For appli- 
cations using the rate monotonic theory, 
this scheduling rule is correct as far as it 
goes. The only problem arises when deter- 
mining the priority at which a task rendez- 
vous should be executed. This is discussed 
below. 

9 Hardware task priority: Always 
higher than software task priorities. This 
Ada rule reflects current hardware designs, 
but hardware interrupts should not always 
have the highest priority from the view- 
point of the rate monotonic theory. 

Solution: When handling an interrupt 
that, according to the rate monotonic the- 
ory, should have a lower priority than the 
priority of some application task, keep the 
interrupt handling actions short (which is 
already a common practice) and include 
the interrupt handling duration as blocking 
time in the rate monotonic analysis. In 
other words, use the scheduling theory to 
take into account the effect of this source 
of priority inversion. 

Priority rules for  task rendezvous. The 
priority of a task can only be increased 
while executing a rendezvous, and any 
increase is based only on the priorities of 
the rendezvousing tasks. In particular, the 
priority is not increased based on the prior- 
ity of blocked tasks, as required by the 
priority ceiling protocol. 

Solution: We have already discussed the 

two solutions to this problem: ( 1 )  give 
monitor tasks a high priority, or (2) imple- 
ment the priority ceiling protocol directly 
in the runtime system. If a monitor task is 
given a priority higher than that of its 
callers, then no increase in priority is ever 
necessary, so the problem is side-stepped. 
Alternatively, give the monitor task no 
priority at all. An implementation can then 
use priority ceiling rules to increase the 
priority of the called task to the necessary 
level since, in this case, the Ada rules say 
a rendezvous is executed with “at least” the 
priority of the caller, that is, the rendez- 
vous can be executed at the priority of a 
blocked task. 

FIFO entry queues. Ada requires that 
the priority of calling tasks be ignored; 
calls must be serviced in their order of 
arrival, not in order of priority. Using FIFO 
queues rather than prioritized queues usu- 
ally has a serious negative effect on real- 
time schedulability. FIFO queues must be 
avoided. 

Solution: As noted earlier, it is possible 
to avoid FIFO queueing by giving monitor 
tasks a high priority or by using an imple- 
mentation-defined scheduler to ensure that 
calls do  not arrive unless they can be ac- 
cepted. In either case, no queues are 
formed. 

Task priorities: Fixed. This rule is 
inappropriate when task priorities need to 
be changed at runtime. For example, when 
a new mode is initiated, the frequency of a 
task and/or its criticality may change, 
implying its priority may change. In addi- 
tion, the scheduling rules for a certain class 
of aperiodic servers demand that the prior- 
ity of such a server be lowered when it is 
about to exceed the maximum execution 
time allowed for a certain interval of time 
and be raised when its service capacity has 
been restored. 

Solution: When an application needs to 
adjust the priority of a task at runtime, this 
task should be declared as having no Ada 
priority. The runtime system can then be 
given a way of scheduling the task appro- 
priately by, in effect, changing its priority. 

Selective wait. Priority can be ignored. 
That is, the scheduler is allowed, but not 
required, to take priorities into account 
when tasks of different priorities are wait- 
ing at open select alternatives. 

Solution: If a monitor task is given a 
priority higher than that of any of its callers 
and is not suspended during a rendezvous 
(for example, by executing a delay state- 

ment), this rule doesn’t matter because 
there will never be more than one caller at 
any given time. Otherwise, the implemen- 
tation should select the highest priority 
waiting task. 

Summing xp. From what our project has 
learned so far, it seems to be possible in 
practice to support analytic scheduling 
algorithms in Ada by using an enlightened 
interpretation of Ada’s scheduling rules 
together with a combination of runtime 
system modifications and appropriate 
coding guidelines. Of course, it would be 
better if the language did not get in the way 
of rate monotonic scheduling principles. 
The future revision of Ada should reword 
some of these rules so that support for rate 
monotonic scheduling is more clearly al- 
lowed. 

n this article, we have reviewed some 
important results of rate monotonic I scheduling theory. The theory allows 

programmers to reason with confidence 
about timing correctness at the tasking 
level of abstraction. As long as analytic 
scheduling algorithms are supported by 
the runtime system and resource utiliza- 
tion bounds on CPU, 1/0 drivers, and com- 
munication media are observed, the timing 
constraints will be satisfied. Even if there 
is a transient overload, the tasks missing 
deadlines will be in a predefined order. 

Rate monotonic scheduling theory puts 
real-time system design on a firmer, ana- 
lytical, engineering basis than has been 
possible before now. Moreover, the theory 
is not just an academic curiosity. It has 
been used in the design of several produc- 
tion systems. Interestingly, none of the 
systems actually supported the theory in an 
ideal way. 

The theory has proven to be quite robust 
in giving insight into the behavior of exist- 
ing systems that are failing to meet their 
performance requirements and to suggest 
remedies. It promises to be even more 
useful when used at the outset in designing 
real-time systems. 

The ideas have been applied to uni- 
processor systems and to a real-time local 
area network. Currently, work is actively 
underway to apply the ideas to distributed 
systems in a more integrated fashion. 

Although the treatment of priorities by 
the current Ada tasking model can and 
should be improved, the scheduling algo- 
rithms can be used today within the exist- 
ing Ada rules if an appropriate coding and 
design approach is taken and if runtime 
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sys tems are  writ ten to take full  advantage  
of certain coding  styles and  the  ex is t ing  
flexibil i ty in the schedul ing  rules.  DDC-I. 
Verd ix ,  Te lesof t ,  and  Ready S y s t e m s  are 
among the  Ada compi le r  vendors  working  
on suppor t ing  rate monotonic  a lgor i thms.  
In particular,  DDC-I  and  Verdix currently 
support  the  priority inheritance protocol," 
w h o s e  per formance  for practical  purposes  
is  qu i te  s imi la r  t o  that of the  priority ceil ing 
pro tocol .  Verd ix  a l s o  provides  spec ia l  
optimizations for moni tor  tasks.  T h e  SEI is 
providing technical reports s h o w i n g  h o w  
t o  implement  the a lgor i thms,  and  we will 
b e  provid ing  test p rograms to check  the 
correctness and  the  per formance  of the  
implementa t ions .  W 
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