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Abstract case execution times of programs (needed to perform

an off-line guarantee of real-time constraints), whereas
Next generation embedded systems will demand ap-deep pipelining would not be very effective because of
plications with increasing complexity, that a standard the large number of pipeline flushes caused by reactions
uniprocessor microcontroller architecture will likely be to asynchronous events. In addition, increasing the pro-
unsuited to support. A possible solution to cope with cessor speed would cause a higher power consumption
embedded applications with high computational require- of the whole architecture, which is often not affordable
ments is to adopt multiple-processor-on-a-chip architec- for some mobile applications. Parallelism at the instruc-
tures. This paper discusses the problem of multiproces-tion level (VLIW architectures) requires large silicon ar-
sor scheduling for asymmetric architectures composed €as and drastically increases code size. Therefore, the
by a general purpose CPU and a DSP. The challenging Pest option for many future embedded applications de-
issue addressed in this work is to verify whether the usemanding high computational power seems to rely on the
of a dedicated processor can effectively enhance the per-2doption of multiple-processor-on-a-chip architectures.
formance of an embedded system still maintaining some ~ This conclusion is also supported by some hardware
kind of real-time guarantee. In particular, we provide architectures that will be produced in the near future.
a method for increasing the schedulability bound in the The Janus system, developed by ST Microelectronics in

considered architecture, allowing a more efficient use of cooperation with Parades [6], is an example of a dual-
the computational resources. processor platform for power train applications, featur-

ing two 32-bit ARM processors connected by a crossbar
switch to four memory banks and two peripheral buses
. for 1/0 processing.

1 Introduction Although Janus implements a symmetric multipro-

cessor, some other architectures promise the availabil-

The rapid development of the embedded system mar-ity of asymmetric multiprocessors composed by a RISC
ket is demanding applications with increasing complex- processor (or a microcontroller) and one or more DSPs
ity in terms of functionality to be supported, as well as [11, 7]. For example, the Texas Instruments SMJ320C80
timing constraints to be met. For example, in the con- is a single-chip MIMD parallel processor that consists
text of automotive systems, a standard uniprocessor mi-of a 32-bit RISC master processor, four 32-bit parallel
crocontroller architecture will not be able to provide the DSPs, a transfer controller, and a video controller. All
computing power required by future applications, even the processors are tightly coupled through an on-chip
considering the IC technology advances. The same con-crossbar switch that provides access to a shared on-chip
siderations will also apply in the context of embedded RAM.
multimedia systems, where the power required to handle  These architectures are expressly mentioned because
audio and video streams increases as the technology promultimedia streams can be efficiently handled using ded-
vides fast networks interfaces capable of managing dataicated units for signal processing, reducing the computa-
flows with a huge bit-rate. tional power needed on the main CPU. Moreover, DSP
A greater computational power in real-time control architectures are designed to have predictable execution

and multimedia systems can be achieved in two possibletimes, so they offer a viable alternative to the implemen-
ways: increasing the processor speed or increasing thdation of fast general purpose multiprocessors.
parallelism of the architecture. The first solution requires  This paper discusses the problem of multiprocessor
the use of caching or deep pipelining, which suffer from scheduling for asymmetric architectures composed by a
serious drawbacks in the context of real-time embeddedgeneral purpose CPU and a DSP. The challenging issue
systems: caching makes very hard to estimate the worst-addressed in this work is to verify whether the use of
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a dedicated processor can effectively enhance the per Master
formance of an embedded system still maintaining some DSP
kind of real-time guarantee. processor

In our opinion, this issue did not receive sufficient at-
tention in the real-time literature. Although many results
have been derived for multiprocessor and distributed ar-
chitectures, very few of them considered the peculiar-
ities of such an architectural scenario. In particular, a
DSP is usually designed to execute algorithms on a set
of data without interruption. Hence, tmatural way of
scheduling a DSP is typically non-preemptive, whereas RAM ROM 1/0
the CPU schedules both the application tasks and the
non-preemptive tasks running on the DSP. In practice,
the DSP can be used as a DSP accelerator responding to Figure 1. Block diagram of the system ar-
requests of the master (or main) CPU [4]. chitecture.

The problem of DSP scheduling in asymmetric multi-
processor architectures can be viewed as a special case of
scheduling with shared resources in multiprocessor dis-2 System model
tributed systems. In [10, 9], Rajkumar addressed this
problem, providing two algorithms called MPCP and In this section we shortly describe the reference ar-
DPCP, that allow resource sharing in generic multipro- chitecture we will use in the following sections.
cessors. Although DPCP can be applied to this partic- We consider an abstract architecture composed by a
ular case, the guarantee test provided in [10, 9] is too general purpose CPU and a specialized CPU. The two
pessimistic, since it relies on a very generic scenario thatcomputational units share a common bus and can freely
does not take in account the characteristics of the con-use some RAM memory and some ROM (Flash) mem-
sidered architecture. ory, that we suppose is built in the same chip. Other

An interesting approach for coping with tasks requir- Peripherals can be directly controlled by the general pur-
ing multiple processing resources is proposed in [12], Pose CPU. These assumptions are not far from reality
where theCo-Schedulingapproach is presented. Co- Since a system on a chip architecture, like Janus [6], can
Scheduling can be used when a task is composed bybe modeled in a similar way.
multiple phases and requires a different resource in each At the present stage of the analysis, we assume that
phase. The basic idea of co-scheduling is to divide eachthe general purpose CPU and the specialized CPU com-
job into chunks, associating suitable deadlines to eachmunicate with negligible overhead. This assumption is
chunk in order to meet the job deadline (that is, the dead-justified by the fact that the two processors are supposed
line of the last chunk). In the original paper, the CPU and to be built on the same chip, and both processors can
the disk were considered as the co-scheduled resourcesshare the full (or part of the) memory address space
but we believe that this approach could be also applied of the architecture. However, possible communication
to the DSP. overheads can be accounted to the task that invokes the

Our paper provides the following contributions: service on the specialize_d CPU. In. fche following, the

general purpose CPU will be identified as thmaster
processoy whereas the specialized CPU as b®P. A
¢ It presents an outlook of the problem giving some block diagram of the considered architecture is depicted
examples with counterintuitive behavior. in Figure 1.

We assume that all the jobs executing on a DSP are
invoked using a remote procedure call (RPC) paradigm
and are executed in a non-preemptive fashion. Such
RPCs will be calledSP activities To simplify the anal-
ysis we also assume that on the master processor the DSP

The paper is organized as follows. Section 2 in- activities are scheduled one at a time. Hence, it is a re-
troduces the system model and the architecture of thesponsibility of the real-time kernel on the master proces-
embedded system. Section 3 presents the problem andor to avoid that a task issues a DSP request while the
provides some examples of non-intuitive scheduling is- DSP is active.
sues. Section 4 describes our method for increasing the The real-time task model considered in this work is
schedulability bound. Section 5 illustrates some simu- illustrated in Figure 2: each task is a stream of in-
lation results, and Section 6 states our conclusions andstances, or jobs; each joh ; arrives at timer; ;, exe-

bus

e It proposes an approach that allows to increase the
schedulability bound in the considered architecture.

future work. cutes forC; units of time on the master CPU, and may
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Figure 3. A task set that cannot be feasibly
scheduled by RM and EDF (jobs of task 7,
Figure 2. Structure of a DSP task. are numbered to facilitate interpretation):
task 7, misses all its deadlines.

Task period

require a DSP activity foCPSF units of time. We as-

sume that each job performs at most one DSP request, af- | Lo | : |
ter C*™ units of time, and then executes for oti@&t*** Task2 | [] [ N
units, such thaC?"™® + C?*** = ;. Job arrivals canbe 7"
periodic (ifr; ; —r;, j_1 = T}, beingT; the task’s period) Taskl | T7] | Tzl21 | =231 | I3

or sporadic (ifr; ; — r;,j—1 > MIT;, MIT; being the
minimum interarrival time). If a task requires a DSP ac-
tivity it is denoted as ®SP taskotherwise it is denoted
as aregular task Note that a regular task is equivalent to
a DSP task withCP5F = 0. Whenever a fixed priority
scheduling algorithm is used; denotes the priority of
taskr;.

DSP  Task1 | 1 5 3

i
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Figure 4. A feasible schedule achieved by
a different priority assignment (P, > P).

3 Problem definition Note that the system model we introduced can be
viewed as a particular case of a more general model pro-
To present the problem that may occur when dealing Posed by Rajkumar in [10, 9], where the Distributed Pri-
with the task model introduced in Figure 2, let us make ority Ceiling Protocol (DPCP) is used to access shared
some considerations about the structure of a DSP task. resources on a distributed system. In particular, the
When executing a DSP taskhalewithin each job is DPCP prot.ocol can be used for all f[h.e_ tasks allocated
generated in the schedule of the master processor. SucR" the main CPU and the DSP activities can be con-
holes are created because the DSP task executes a DSpdered as global critical sections executed on the DSP
activity on another processor. The main idea is to exploit (Which acts as a synchronization processor). According
these holes to schedule some other tasks on the mastdP the DPCP approach, the schedulability of the task set
processor in order to improve the schedulability bound iS guaranteed by the following test:
of the system. . C;+CPSP
Suppose, for example, to have a tagkwith a pe- Vi=1,.. ';)TSLP EP:>Pi (PR
riod Ty = 4 units of time,C?™® = CP*** = 1, and Gl B < Uy (i),
CPSP = 2. Note that, although; uses the master pro-
cessor only for fifty percent of the time, it must start
exactlywhen it arrives, otherwise it will miss its dead-

whereU, (i) = i(2'/¢ — 1), andB; is a blocking factor
computed as follows:

line. This constraint is independent from the scheduling max {c]DSP}+

algorithm used in the system. Hence, if a regular task Fi<hi

7> (which does not use the DSP) with peridd = 3 i = Yopsp H—]-‘ CPSP  for a DSP task
and computation tim&> = 1 is added to the system, 0 for a regular task
both the Rate Monotonic (RM) algorithm and the Ear- 1)

liest Deadline First (EDF) algorithm fail to generate a  The major problem of this approach is that the exe-
feasible schedule, because if tasks start at the same timeution time of the DSP activitiesJPSF) is considered
72 will always have precedence tg. This situation is  as part of the computation time of every task, including
shown in Figure 3. regular tasks. Such a pessimistic computation, although
However, the task set can be schedulable using a fixedcorrect, drastically reduces the schedulability of the sys-
priority assignment by simply assignidgy > P». Fig- tem. Indeed, in the papers [10, $e authors claim that
ure 4 shows the feasible schedule generated using such the CP5F factor can also be removed from the compu-
priority assignment. tation times, but no proof is provided for that claim
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Regular tasks

In Section 4, we will provide a formal analysis of (ordered by priority)

the DSP tasks and we will propose a more efficient Regular

method for scheduling DSP tasks and DSP activities. =~ ="~ CPU
The method will be compared with the DPCP in Section o, m Pk e ighes
5_ queve priority tas
The problem of exploiting the holes to improve the (orderca by prorty) i uge
schedulability of the system can be posed in terms of
fixed or dynamic priorities. In this paper we propose a  Figure 5. Our scheduling approach. When
solution for the case of fixed priorities, and we give some  the DSP is active, the scheduler selects
hint for dealing with dynamic priorities (this case will be tasks from the regular queue only.
investigated with more detail in a future work).
4 Qur Schedu”ng approach A similar result can be achieved by implementing

each DSP request through a blocking primitive which

As observed in the previous section, the idle time cre- SusPends the calling task in a queue. A waiting task is
ated in the master processor by executing some activi-then awakened by the DSP as the activity has been com-

ties on the DSP can be used for increasing the systerrpleted. This solution has also the advantage of allowing
schedulability to guarantee more real-time tasks. other DSP tasks to execute on the master processor while
In this section, we show how to schedule tasks on the @ DSP request is being served. :
master processor and how to perform an admission test the that this approach is d|ffer_ent from using an
which exploits the time left by the activities executingon Nheritance-based protocol [13], which would prevent a
the DSP. The basic idea is to re-arrange the scheduling/9ular task with medium priority to execute while a high
and guarantee algorithms in order to account the DSPPiority DSP task is blocked on the DSP resource. On
time C:SP only to tasks that use the DSP (without in- the contrary, using our approach, the DSP execution time
K]

fluencing the schedule and the guarantee of the regulacOntributes to the blocking term of DSP tasks only.

tasks). This can be achieved by modelling the DSP ac- A DSP task, however, can also be delayed by other
tivity as a blocking time: when a DSP taskrequests a tasks which may hold the DSP. In particular, a DSP task

DSP activity, it blocks for a timé; waiting for its com- ~ 7i €@n be delayed by a single lower priority job which
pletion (since we are using an RPC protocol). Moreover, 1S alréady using the DSP, and by those higher priority

the scheduler has to be modified in such a way that theloPS that that may interfere with; before it is sched-
B; factor affects onlyr; in the schedulability analysis. ~ uled. Hence, the blocking factd; of a DSP task can be
In the next subsection, we show how to modify the COMPuted as the sum of three terms:

scheduler and how to compute the blocking factors when B; = CiDSP + B?’ 4 B?P, 2)

tasks are scheduled using a fixed priority assignment. . ) )

The case of dynamic priorities is more difficult to an- WhereB;” denotes the blocking caused by the (single)

alyze and, at present, we just discuss some issues thapwer priority task andB” denotes the blocking due to

may help to address the problem. the interference of higher priority tasks. Figure 6 illus-

trates an example showing how a taglkcan be blocked

4.1 Enhancing schedulability under fixed pri- by a taskry, with lower priority, and by two tasksg

orities and,, having higher priority. As also done in [10, 9],
the two blocking terms can be computed as follows:
As already said in Section 2, to simplify the analysis Bf” — max {CJDSP}

we assume that DSP requests are scheduled by the mas- P;i<P;

ter processor one at a time, so that no DSP activity is

issued while the DSP is active. This can be achieved by pr = [

enqueuing regular tasks and DSP tasks in two separate P;>P;

gueues that are ordered by priority as shown in Figure 5.

When the DSP is idle, the scheduler always selects the S

task with the highest priority between those at the head 1 herefore, an upper bound for the blocking tifg

of the two queues. When the DSP is active, the scheduler€XPerienced by task; is given by

selects the task with the highest priority from the head of

Ti | ~psp
TJ opsP,

the regular queue only. CPSP 4+ max {CPF}+

In this way, a task using the DSP blocks all the other Fi<h
tasks requiring the DSP, but not the regular tasks, which =% ~ 2p,>P; [%-I cpsP for a DSP task
can freely execute on the master processor in the holes 0 for a regular task
created by DSP activities. )
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. X Blocking time Blocking time ' ' ' ! ! ! ! ! :
Arrival time * Deadllne+ (low priority tasks)E (high priority tasks/Ell DSP activityt—] : : : : T : : : : l :

Task2 | 1
Task 1 L |
i Task 1 T:I El D Iﬁq
cPu Task 3
1 1 1
Taska - Dsp _ ‘ | | Deadllne miss!
Idle Time - “ . ‘ cl) I A 8

Task 1

ek Figure 7. EDF does not work always.

Task 3

4.2.1 Allowing interleaving DSP requests

Task 4

If the constraint of having only one DSP activity at atime
is removed and no special protocol is used for accessing
the DSP, the blocking tim®&; for taskr; is equal to the
response time of the DSP request. In this case, such a
response time must be explicitly computed by perform-
ing a finishing time analysis on the DSP schedule. Since
we are using an RPC protocol, the DSP scheduling is
clearly non-preemptive; henc#,the requests for DSP
This value can be used in the classical admission test for2Ctivities are ordered according to the RM priority as-
fixed priority systems [13], that is: ;lgnmeqt, ther_1 the problem of computm_g t_he blocking
time B; is equivalent to the problem of finding the re-
sponse time of a task with computation timeC'P5¥
Vi=1,...,n Z Cj + B; < Usas(d) (4) and periodT; when a nonpreeemptive RM scheduler is
T, used and some release jitter is present
The exact finishing time of a task under a fixed
wherelUp,; (i) = (21 — 1), priority preemptable scheduler can be computed as
It is worth observing that to enhance schedulabil- shown in [1], the nonpreemptability of the scheduler
ity and accept more tasks in the system, the admissioncan be accounted by adding a blocking term equal to
test can be performed by using the hyperbolic bound maXPJ<PZ{CDSP} to each blocking timeB;, whereas
[5] or the response time analysis [8, 1]. For large task the release jitter can be accounted as shown in [14].
sets where the admission test has to be performed on
line, then the hyperbolic bound is more suited, having 4.2 2  Dealing with dynamic priorities
anO(n) complexity, whereas the response time analysis

Figure 6. Example of scenario where task
73 is blocked by some high priority (= and
79) and low priority ( 74) tasks.

S

pi>p; 7Y

has a pseudo-polynomial complexity. Extending the previous analysis to dynamic priorities un-
Using the hyperbolic bound [5] the admission test be- fortunately is not trivial. In fact, the admission test pre-
comes: sented in Equation (4) can be applied to dynamic priori-

ties only if the blocking terms are due to resource sharing
Vi=1,....n (ﬂ + 1) (Ci + Bi + 1) < 2. [3,2] Inour case the blocking times are also caused by
PSP T; T; the synchronization between the master processor and
the DSP.
In Section 5, we also present some simulation experi-  To better clarify the problem that can arise in this
ments aimed at estimating the advantage of using differ-case, let us consider a task det= {m1,m}, with

i

ent admission tests. CPre = CP®' =1, CPSP = 2, Ty = 4,Cy = ¢,
_ CDSP = 0 (r» is not accessing the DSP), afigl= 4+e.
4.2 Extensions According to equation (4), the task set should be schedu-

lable: in factB; = 2 and B, = 0, hence for task; we

In this section we consider the possibility of extend- have% + % < 1, and for task we have% + 5 <1
ing the analysis of the blocking times to more general so the admission test is passed. Unfortunately, as can

scenarios. We first discuss the case of removing the asbe seen in Figure 7, if; arrives at time = 3, it exe-

sumption of having one DSP request at a time, and thencutes before the second instanceraf As a result,J; »
we address the problem of using a dynamic priority as- is not scheduled as soon as it is released and it misses its

signment. deadline.
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Arrival Deadlinq Pseud . .
i i Deadline miss!
time \ Deefdlln mr
Task 1 ! | ! \ !
CPU : '
3
Task 2 l | !
DSP  Task1 :

10 15
Figure 8. Also EDF with modified deadlines
does not work always.

To use dynamic priorities in this context, one could
think to split each job in more chunks and assign each
chunk a different relative deadline (for example, a rela-
tive deadline off; — CPSP — CP°*" could be given to
the chunk executed before the DSP activity).

However, we note that, although this assignment
works properly in the scenario of Figure 4, it does not
work in general. For example consider two tasksand
7. 71 does not use the DSP and Hgs= 2 andC; = 1.

5 hasTy, = 7, Cy = 5, CPSP = 2 andCE** = 2.

% of schedulable solutions (Equation 5 test)
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Figure 9. Schedulability results of our ap-
proach when varying the total utilization
factor and the number of tasks in the task
set (using Equation (4) ).

In a first experiment we compared the performance of
our method against the DPCP approach in terms of av-
erage schedulability, using the admission test given by

Figure 8 shows that this task set is not schedulable withgquation (4). Figures 9 and 10 show the percentage of

the method suggested above.
A complete formal analysis under dynamic priority

assignments has still to be derived and we plan to inves-5| tilization factor R

tigate it as a future work.

5 Simulation results

The performance of the scheduling algorithm pre-

schedulable task sets, for our approach and for the DPCP
method, as a function of the number of tasks and the to-
™ . ). As clear from the graphs,
both methods have a performance degradation as the to-
tal utilization factor increases, whereas they are quite in-
sensitive to the number of tasks in the set.

To better evaluate the enhancement achieved with our
approach, Figure 11 reports the difference between the

sented in Section 4 has been evaluated by simulation orfWo previous graphs. We note that the advantage of our

a large number of task sets (more than 15 million ex-

approach with respect to DPCP is more sensitive for task

periments)_ For each task set we Computed the b|ockingsets with total utilization in the range from 0.3 t0 0.6.

time of each task and we checked the schedulability us-

ing both our approach and the DPCP protocol.

A second experiment has been carried out to evaluate
the improvement that can be achieved using our method

Task sets were generated using random parametersvith the hyperbolic bound in place of Equation (4). Fig-

with uniform distribution with the following character-
istics:
able from 2 to 50.

Task periods were generated from 10 to 1000.

Task worst-case execution timefé{(— C;+CP5P)

were chosen in such a way th@ £ varied from
0.01 to 0.99.

age) of the total number of tasks.

CPSP was generated to be a random variable with
uniform distribution in the range of 10% to 80% of
theC;.

The number of tasks was chosen as a random vari-

DSP tasks were generated to be 80% (in the aver-

ure 12 shows that for large task sets with utilizations
around 50% the hyperbolic bound improves the accep-
tance rate up to 30%.

A third experiment has been performed to compare
the two approaches using the response time analysis.
Figure 13 shows the performance differences between
the two methods. We note that the surface has the same
shape as the one in Figure 11, presenting a peak trans-
lated around 0.7 in the utilization axis. Hence, our ap-
proach basically outperforms DPCP when the utilization
factor is near to the RM schedulability bound. Figure 14
reports the performance of the two approaches and their
difference as a function of the utilization factor for task
sets composed by 30 tasks.

Within the same experiment performed with the re-
sponse time test, we evaluated the influence of the DSP
usage §_, CP5F) on the schedulability results. Figure
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% of schedulable solutions (Equation 5 test)
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Figure 10. Schedulability results of DPCP
when varying the total utilization factor and

the number of tasks in the task set (using
Equation (4) ).

% Difference between our approach and DPCP (Liu & Layland test)
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Figure 11. Difference between the two ap- T |
proaches (using Equation (4) ). o
3 os|
% Difference between Equation 5 and Hyperbolic bound tests z o4r
B
Pl I ‘ 02f
\
o A \\
gy |
001.2 ug‘\ \\\\“}\\\ \\ 0 0.1 02 03 o.AUtilizat?;facmro.e 07 08 09

\M“ \\v&t& i

SN

.5
0.6 0.7
Total utilization factor ** 08 57

Figure 12. Improvement achieved using the
Hyperbolic Bound.
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Figure 13. Difference between the two ap-
proaches (using response time analysis).

Figure 14. Performance of the two ap-
proaches and their difference as a function
of the utilization factor for task sets com-
posed by 30 tasks.

COMPUTER

SOCIETY



A method for computing blocking times has been
proposed, which has been showed to be more effective
than the classical method adopted in the Distributed Pri-
ority Ceiling Protocol [10, 9]. Extensive simulations
have shown that our approach always outperforms the
DPCP protocol and achieves a significant improvement
for large task sets with high processor utilization.

As a future work, we plan to extend the analysis also
08 for dynamic priority assignments.

% of schedulable solutions
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