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ABSTRACT

Automotive applications increasingly rely on AUTOSAR for their
design and execution. AUTOSAR applications comprise functions,
called runnables, that are grouped into AUTOSAR tasks. Tasks are
the unit of scheduling (UoS) of the AUTOSAR operating system
as the legacy of the single-core platforms. However, on multi-core
platforms using tasks as UoS considerably reduces the available
parallelism due to communication dependencies, which in turn re-
duces the potential average and guaranteed performance obtainable
with multi-cores. Furthermore, running tasks in parallel requires
re-validating the functional correctness of the application, since
current AUTOSAR applications are designed following a sequen-
tial execution model of tasks.

In this paper, we propose a new allocation algorithm, RunPar,
that considers runnables and not tasks as the UoS and assigns run-
nables that form tasks to different cores. RunPar improves the ap-
plication performance, while keeping the sequential execution of
tasks, hence not requiring any extra validation effort when migrat-
ing AUTOSAR applications from single-core to the multi-core plat-
forms. We evaluate RunPar with a real automotive application, an
Engine Management System (EMS) for which we observe an aver-
age WCET reduction on EMS’ tasks of 26% and 30% in a two-core
and four-core ECU.

1. INTRODUCTION

Modern road vehicles carry up to 70 single-core Electronic Con-
trol Units (ECUs) performing various functions, from opening a
window to controlling the engine. This makes automotive indus-
try to pay special attention to minimize size, weight and power
costs, while increasing the services delivered per ECU. Multi-core
processor architectures, which are nowadays a reality in the auto-
motive domain [9] as well as in other embedded domains [6, 7],
are considered as one promising solution to cope with such perfor-
mance and cost constraints.
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Multi-core ECUs aim at providing the performance required to
run high number, complex functions by: (i) integrating distributed
applications into a single ECU; (ii) parallelizing the computation of
complex systems, such as the Engine Management System (EMS)
or Advance Driver Assistant Systems (ADAS); or (iii) a combina-
tion of both. This paper focuses on parallelization of complex ap-
plications, i.e. improving the performance of an automotive legacy
application by effectively parallelizing it over several cores, con-
sidering an EMS as a case study. In this respect, it is important to
remark the relevance of this problem given that a significant part of
automotive software is composed of legacy code.

Automotive applications increasingly rely on the AUTomotive
Open System ARchitecture (AUTOSAR) [2], a standardized sys-
tem software architecture upon which applications are built and
executed. In AUTOSAR, applications are composed of a set of
functions, named runnables, that are executed periodically or trig-
gered by an interrupt. When developing an AUTOSAR application,
runnables are grouped into AUTOSAR tasks', which are the unit
of scheduling (UoS) of the AUTOSAR Operating System (AR-
OS) [2]. The runnable-to-task mapping and the single-core task
scheduling of an application is known as application configuration
and it is static and known at system integration time. Application
configuration is done only once due to the expensive cost of vali-
date its functional and timing correctness [10].

The current strategy of using tasks as UoS works well on applica-
tions running on single-core ECUs, because it facilitates scheduling
runnables with the same timing properties by grouping runnables
with the same release period or interrupt into the same task.

‘When moving to multi-core ECUs, current approaches also con-
sider tasks as UoS [13][5], allocating them to different cores. To
do so, all dependent runnables are grouped into a single task, min-
imizing or even removing all inter-task communications, and so
scheduling independently the different tasks to the processor cores.
This approach, which is in-line with the latest AUTOSAR guide
for developing and configuring AUTOSAR-compliant software for
multi-core systems [1], works well for integrating multiple applica-
tions into a single ECU or for parallelizing applications with little
inter-runnable communication. However, the use of tasks as UoS
on multi-core processors to extract parallelism of applications with
highly-connected runnables is inefficient, because most runnables
are allocated to a single task and so executed serially in one core.
This is the case for the EMS application considered in this pa-

'Tn this paper, we refer to an AUTOSAR task simply as task.



per, in which almost all runnables depend on each other. Figure
3 provides an intuition on the level of communication existing in
the EMS, showing the inter-runnable dependencies of three of the
twelve tasks that compose the EMS (concretely tasks 1, 4 and 8 ms;
see Section 4.1 for further details).

Moreover, current approaches require changing the runnable-to-
tasks mapping and/or execution of tasks in parallel as means to
improve application performance. This, in turn, implies changing
the application configuration, resulting in extra effort to validate
the new configuration [21]. The reason is, the sequential execu-
tion model abstracts and may hide mutual exclusion constraints
when accessing shared resources, critical sections, etc. The par-
allel execution of tasks can then break this mutual exclusion rela-
tions present in applications configured for execution in single-core
processors [21].

In this paper, we propose exploiting the performance opportuni-
ties of multi-core ECUs by proposing a new allocation strategy in
which legacy automotive applications with runnables highly con-
nected are parallelized while maintaining the single-core applica-
tion configuration. We present RunPar, a new allocation algorithm
that considers runnables, and not tasks, as the UoS. RunPar as-
signs runnables of the same task to different cores respecting inter-
runnable dependencies and does not allow runnables from differ-
ent tasks to be executed in parallel. As a result, tasks are forced
to execute sequentially, following the task ordering of the appli-
cation’s single-core task scheduling. Hence, the composition of
tasks and the order in which they are executed in the single-core
and the multi-core platforms remains the same, and so the same
functional behavior is guaranteed in both platforms. Maintaining
the sequential execution of tasks guarantees that the mutual exclu-
sion relations between the critical sections defined among tasks are
respected.

We evaluate the benefits of RunPar on an EMS, a real automo-
tive application that controls the injection time and amount of fuel
in a diesel engine and composed of more than one thousand highly
connected runnables grouped into twelve tasks. Our results confirm
that RunPar effectively increases the performance of EMS’ tasks
by providing WCET speed-ups? to 1.35x an 1.43x on average, rep-
resenting a reduction of WCET estimations of 26% and 30% on
average, when allocating it on a two-core and four-core processor
architecture respectively, with respect to WCET estimates of se-
quential EMS’ tasks obtained in isolation.

Such a WCET speed-up translates into an increment of the CPU
capacity of 31% and 42% for the two-core and four-core ECUs
respectively. This extra capacity can be then exploited for exe-
cuting new application functionality or other automotive applica-
tions, which ultimately contributes allocating more functionality
per ECU, reducing size, weight and power costs.

We consider RunPar a necessary step towards porting current
legacy software on multi-core ECUs, for exploiting the multi-core
performance potential and containing validation effort. The use
of runnables as UoS implies minimum modifications at AR-OS
level: The scheduling tables used in the AR-OS to execute tasks
are extended to incorporate the core, the order and the time in
which runnables are executed, so inter-runnable dependencies are
respected. How to better exploit multi-core ECUs capabilities for
new AUTOSAR applications to minimize inter-runnable communi-

*In parallel execution, speed-up determines how faster a parallel
program runs with respect to its corresponding sequential version.
The maximum speed-up a program can obtain is determined by the
number of cores, so in a four-core processor, the maximum speed-
up expected is four. Such a speed-up is referred to as ideal speed-

up.

SWC,

Swe,

swc,

(a) (b)
| | 1 ms Sms

Cycle 1 I Cycle 4 Cycle 5 I Cycle 20
(c)

Figure 1: Part of the runnable flow-graph of an automotive ap-
plication composed of 3 SWC, 7 runnables and 3 tasks executed
in a single-core processor. (a) Structure of the application; (b)
application configuration from an AR-OS point of view; (c) a
possible single-core task scheduling of the three tasks.

cations, and so increase parallelism, is a challenging problem that
is out of the scope of this paper and part of our future work.

The rest of the paper is organized as follows. Section 2 summa-
rizes the structure of AUTOSAR applications and introduces the
multi-core processor architecture and the timing analysis tool con-
sidered in this paper. Section 3 presents our allocation algorithm.
Section 4 describes the experimental setup, including the case study
upon which RunPar allocation algorithm is evaluatedand the tim-
ing analysis parameters used to compute the WCET estimates, and
evaluates RunPar allocation algorithm. Finally, Sections 5 and 6
presents the related work and conclusions respectively.

2. BACKGROUND
2.1 AUTOSAR Applications

The structural elements of an AUTOSAR application are software-
components (SWC), each containing a set of runnable entities (which
we call runnables for short) that implement the functionality of
the SWC. AUTOSAR provides two inter-runnable communication
methods: sender-receiver and client-server ports. The former uses
a global shared memory for communication; the latter allows runnables
to invoke services from other runnables. In case of sender-receiver,
runnables read all input data before starting the execution and re-
sults are written back after finishing the execution. No limitations
on the number of ports or complexity of components are imposed
by the model. All SWC, ports and runnables are known at applica-
tion configuration time.

During the application configuration phase, runnables are as-
signed to tasks, which are the UoS of the AR-OS [15]. The execu-
tion of runnables follows a model in which they are periodically ex-
ecuted in a recurring cycle or triggered by an interrupt. To that end,
in legacy applications running on single-core systems, runnables
with the same period or interrupt invocation are grouped into the
same task, so each task is executed based on either a fixed period
or an interrupt. As a result, from an AR-OS point of view, an auto-
motive application can also be defined as a set of tasks with a period
or interrupt invocation equal to the period or interrupt invocation of
the runnables that compose those tasks.
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Figure 2: Block diagram of our reference architecture.

Figure 1 shows the relationship between SWC, runnables and
cyclic tasks for an automotive application composed of three SWC
and seven runnables with a period associated to each runnable:
r1,73 and 74 have a 1 ms period, r2, 75 and 76 a 4 ms period and
r7 a 5 ms period. The arrows represent the communication ports,
and so run-after dependencies, among them. Figure 1(b) shows the
structure of the application from the AR-OS point of view after the
configuration phase. The runnables are grouped into three tasks
based on their periods: Tasks /ms, 4ms and 5Sms contain runnables
whose period is 1, 4 and 5 ms respectively. Moreover, the order in
which runnables are executed within tasks must respect run-after
dependencies. In this case runnable r; executes before r3 in task
Ims. Finally, Figure 1(c) shows a possible single-core scheduling
of the three tasks. Again, the order in which runnables and tasks
are executed must respect the run-after dependencies. Hence, task
Ims must execute before task 4ms to respect the dependencies be-
tween runnables 74 and r5 executed in tasks /ms and 4ms respec-
tively. Note that a different sequence of execution of runnables and
tasks could be defined as well, still respecting dependencies among
runnables.

When a runnable consumes data produced by the runnables from
other tasks or by past instances of the same task it belongs to, the
sequential execution of tasks guarantees that, when a new task in-
stance starts, all previous tasks instances (including itself) have al-
ready finished, and so the data dependence is not violated. This is
the case of runnable 77 in Figure 1.

Although the structure of the application in Figure 1(a) is rela-
tively simple, real automotive applications are composed of a high
number of highly connected runnables. This is the case for the EMS
application considered in this paper, which is composed of more
than one thousand runnables highly connected among them.
Figure 3 shows a part of the inter-runnable dependencies existing
in three of the twelve tasks that compose the EMS (concretely tasks
1, 4 and 8 ms; see Section 4.1 for further details).

2.2 Multi-cores and WCET estimation

This paper considers an analyzable multi-core processor simi-
lar to the one described in [23, 18, 17] as the target processor in
which runnables are allocated. In this processor the maximum de-
lay a request can suffer when accessing hardware shared resources
is bounded by a pre-computed Upper Bound Delay (U B D). Archi-
tectures based on UBD have been shown to provide competitive re-
sults in terms of average and guaranteed-performance (i.e. WCET
estimates) with respect to other time-predictable approaches such
as TDMA [11].

We consider a two- and a four-core processor, in which each
core has a private instruction scratchpad and a data cache, see Fig-
ure 2(a). The core is assumed to exhibit no timing anomalies [24]

Figure 3: Inter-runnable dependencies existing among three of
the twelve tasks that compose the EMS (tasks 1, 4 and 8 ms).
Nodes represent runnables and lines the dependences among
them



and it is connected to an on-chip SDRAM memory device through a

tree network-on-chip (NoC), see Figure 2(b). The tree is a wormhole-

based topology implementing 3 simple pipelined 2-to-1 routers, so
each core requires 2 hops to reach the memory [20]. Such an archi-
tecture is similar to the one used in current multi-core ECUs [9].

Under this architecture, there are two sources of interferences
that can increase the WCET estimate of runnables, and so tasks:
NoC and memory interferences. The maximum delay a request to
both resources can suffer due to interferences is shown in Equation
(1). Liree is the tree traversal time. For each router we consider
a round-robin arbitration policy, which makes L;.. independent
of the number of cores, ncores. Lmem 1s the memory latency.
More details on how Ly¢yee and L, are computed for the setups
considered in this paper are provided in Section 4.1.2. Note that,
in the worst-case, a memory request is stalled by the rest of cores
when accessing the memory.

UBD = Liree + (ncores — 1) * Liem 1

Note that in Equation 1, the NoC latency, i.e. Liree, does not
depend on the number of cores. The reason is because, the delay
introduced by the NoC is overlapped with the latency of the mem-
ory access. This is so because the latency of the memory is higher
than the latency of the NoC.

In order to estimate the WCET for runnables, we use OTAWA
static timing analysis tool set [3]. Static timing analysis techniques
rely on the construction of a cycle-accurate model of the system (in
our case the multi-core processor architecture presented above) and
a mathematical representation of the analyzed code (in our case the
runnables) which makes possible to determine the timing behavior
of runnables on that model. The mathematical representation is
then processed with a linear programming solver to determine a
trustworthy upper-bound of the WCET.

OTAWA is compatible with multi-core processor environments
and parallel execution [16]. To do so, it considers that the maxi-
mum delay a request to both NoC and memory resources can suf-
fer due to interferences is bounded by U BD defined above, so
runnables are subject to the worst-case delay they can suffer due
to interferences. As a result, the WCET estimates of runnables
computed considering U BD are time-composable, i.e. their tim-
ing behaviour is independent of the runnables executed simultane-
ously on other cores and insensitive to allocation to the core and
independent of the sharing the state of caches with other runnables.

It is important to remark that the approach presented in this pa-
per is independent of the processor architecture and timing analysis
tool considered. Therefore, any particular core count, NoC topol-
ogy and timing analysis tool can be used to estimate the WCET for
runnables.

3. RUNPAR ALLOCATION ALGORITHM

This section presents the main contribution of this paper: RunPar
allocation algorithm that allows parallelizing AUTOSAR legacy
applications, while maintaining the single-core application config-
uration. This allows reducing the effort of validating applications
when migrating from single-core to multi-core ECUs.

In this paper, we consider a partitioning multi-core scheduling
approach as it better fits current AUTOSAR standard prescriptions
[15, 2]. That is, the use of static cyclic scheduling of runnables is
common in AUTOSAR, making the static partition approach very
likely to be adopted in a first step when moving towards multi-core
ECUs.

3.1 Problem Definition

AUTOSAR allows describing a wide range of applications to
cover most of the functionalities required within a car. In this paper
we focus on applications with the following properties:

e Runnables exchange data through sender-receiver ports us-
ing a shared global memory.

e Client-Server communication is always synchronous, i.e. the
execution of the server blocks the client until the server fin-
ishes.

e Each runnable is assigned to exactly one task.

o Tasks are executed based on either a fixed period or an inter-
rupt. In case of interrupt-driven tasks, the period for schedul-
ing purposes is defined as the maximum frequency at which
the interrupt can occur.

e Tasks are not preempted, so once a task starts executing it
runs until completion.

These application properties cover a wide range of AUTOSAR
applications, including the one considered in this paper, the EMS.
It remains as future work to extend RunPar to applications with
other properties, specially task preemption.

Overall, this paper focuses on the allocation problem of runnables
of an AUTOSAR application in homogeneous multi-core proces-
sors, considering a partitioned scheduling approach in which once
a runnable has been assigned to one core it is not allowed to mi-
grate.

We define an AUTOSAR automotive application as a set of tasks
T = {71, -, 7} executed sequentially as defined by the single-
core task scheduling. Each task 7, is represented by a direct acyclic
graph 6, = (R, &p). The nodes in Ry, = {r1,--- , 7y} represent
the runnables that comprise the task. Each runnable r; is char-
acterized by a WCET estimate C;, a period P (the same for all
runnables in a task) and a deadline D, assuming implicit deadlines,
ie. D = P. The utilization u; of runnable r; is defined as %,
where 0 < u; < 1. The edges in &, represent communications
between runnables: An edge e;—; € &, represents any communi-
cation method implemented from runnable r; to runnable 7, so 7;
cannot start until r; finishes. The period of 7, is equal to the period
of all of its runnables in R ,. The application configuration V is de-
fined as the single-core task scheduling 7 and the runnable-to-task
mapping per each task 7; = (R, &;).

RunPar assigns the n runnables in R, to a set of m identical
cores sc = (c1,- - , ¢ ) Tespecting the run-after dependencies de-
fined in &£, and the application configuration V. Concretely, the al-
location algorithm generates a static partition @, = (@1, , Pm)
in which a subset of R, is assigned to each core. Thus, ¢ =
’Rﬁ C R, assigns ’R’; to core ci with a cumulative utilization de-
fined as u*,,,, = ZrieR’; u; < 1. Each runnable can be assigned

to only one core. Moreover, given any two runnables r; € R, and
T; € Rp, RunPar guarantees that r; is allocated after r; finishes if
exists e;—.; € &p. Furthermore, in case a runnable consumes data
from two or more runnables, it must be allocated after all of them
are guaranteed to complete.

The utilization of a task 7,, given by the longest dependent run-
nable chain, is the maximum cumulative utilization of all cores in
®,, and it is defined as u., = maz (Vo € p | uk,,,). Similarly,
the WCET estimate of a task 7, is the maximum sum of C} allo-
cated to a core in @, and it is defined as WCETTP = max (Vi €

(I)p ‘ ZrieRg Ci)'



In a partitioned scheduling scheme, once runnables are allocated
to cores, an on-line uniprocessor scheduling algorithm is used. In
our case, the on-line scheduler must guarantee that, when a runnable
starts executing all its predecessor runnables upon which it depends
have already finished.

RunPar is compatible with static time-triggered schedulers, like
in AR-OS. AR-OS implements scheduling tables [2] that define the
starting point and the order in which tasks are activated. Section 3.3
explains the changes required at AR-OS level to schedule, not only
tasks but runnables as defined by RunPar in P so the starting point
of runnables guarantees the fulfillment of inter-runnables depen-
dencies. Extension of RunPar to support dynamic priority-based
schedulers (e.g. rate monotonic) remains as future work.

3.2 Mapping Runnables to Cores

RunPar considers the set of tasks 7 = (71, -+, 7) that form
the application, and allocates the runnables of each task 7, into m
cores. Runnables from different tasks are not allowed to be exe-
cuted in parallel, forcing tasks to be executed sequentially and so
respecting the single-core task scheduling. This section presents
our runnable-to-core allocation algorithm, which is called for each
of the tasks in 7.

Figure 4 shows the pseudo-code implementation. The algorithm
takes as input the task 7, = (R, &p) (i.e. Figure 3) and a set of m
cores sc = (c1,- -+ ,Cm). As output it provides a valid allocation
D,,.

RunPar starts classifying runnables into two different types: de-
pendent runnables (dR) and independent runnables (iR), lines 2
and 3 in the algorithm. A runnable 7; in R, is dependent if there
exists arunnable 7; in R, and the edge e;_; or e;_; in £p. In other
words, the runnable r; produces (or consumes) data that is con-
sumed (or produced) by 7;, creating a run-after dependence among
them. Similarly, runnable r; is independent if for all runnables in
R p, neither exist edges e;—; nor e;_; in &,. In Figure 1, runnables
r4 and r7 from tasks 1ms and 5ms respectively, are classified as
independent runnables. The rest is classified as dependent.

It is important to recall that runnables can also consume data
produced by other tasks or by past instances of the same task it
belongs to. Such a dependence is not taken into account because
the sequential execution of tasks guarantees that when a new task
instance starts, all previous tasks instances (including itself) have
already finished, and so the data dependence is not violated. This
is the case of runnable 77 in Figure 1.

After the classification of runnables, dR and iR are sorted, cre-
ating Sorted dependent Runnable (SdR) and Sorted independent
Runnable (SiR) sets and RunPar spawns into two different sub-
phases: allocation of dependent and independent runnables.

3.2.1 Dependent Runnables

The allocation of dependent runnables (lines 7 to 28) is based on
a variant of the worst-fit decreasing heuristic [12, 4, 14] in which
runnables are allocated to the least-occupied cores, i.e. cores in
which u®,,,, is smaller. Moreover, runnables are sorted in decreas-
ing order by its utilization, which prioritizes runnables with higher
utilization to be allocated first.

The use of worst-fit heuristic guarantees a better runnable-to-
core load balance, which in turn provides more parallelism among
runnables with respect to other heuristics such as first-fit decreasing
heuristics. This is so because data dependencies among runnables
reduce considerably the possibilities in which runnables can be al-
located, and so worst-fit allows selecting the less loaded core.

Moreover, RunPar considers the combined utilization (cU) of
runnables instead of using their utilization (u). Section 3.1 shows

RunPar Allocation Algorithm
Input 7, = (R, Ep): A task of the application,

sc = (1, -+, Cm): total number of cores
Output ®,, = (¢1,- -+, ¥m): A valid allocation of R, into sc
d, =0
dR = Vri € Rp | 3r; € Rp,Jeisj Vejsi €Ep
iR = Vr; € Rp |V’I“j € Rp, ﬂeiﬁ)j Nejsi € gp

<sdR,siR>=sort_runnables_cU (dR,iR)

// First—phase:Allocation of dependent

// runnables

forall (r; € sdR|r; ¢ ®,andPrj € sdR, ej; € Ep) do
10 ¢ = worstfit(r;)

11 ®, += allocate (c,r;)

12 endfor

13 forall (r; € sdR |7 & ®pand3Ir; € Oy, ej; € &) do
14 maxdep = 0

15 forall ¢, € sc do

O 0 1NN R W~

16 if (maxdep < uf,, andr; € pr) then
17 maxdep = wF o

18 Tlargest = Tj

19 endif

20  endfor

21 ¢ = worstfit_startdef (r; ,maxdep)

22 n = core(Targest)
23 if (USym — Usum >0) then

24 Uidle = u?umiugum

5 ®, += allocate (c,miae)
26 endif

27 ®, += allocate (c,r;)

28 endfor

29

30 // Second—phase:Allocation of independent
31 // runnables

32 forall (r; € siR|r; ¢ ®,) do

33 if (Iriqie € p and u; < ujqre) then

34 ¢ = core (7rigie)

35 ®, += allocate (c,r;)
36 if(uidle—ui:()) then
37 remove (Tiqie, Pp)

38 else

39 Uidle = Uidle — Ui

40 endif

41 else

42 ¢ = worstfit (r;)

43 ®, += allocate (c,r;)
44 endif

45 endfor

46

47 return ®,;

Figure 4: Pseudo-code implementation of the allocation algo-
rithm.

that the utilization u; of runnable r; is computed based on its WCET
estimate and period (C;/P). The cU; instead, considers the max-
imum sum of the utilizations of all chains of dependent runnables
of r;. For example, in Figure 1 the cU; of runnable r; from task
Ims, is w1 + ug. Similarly, cUs of runnable r3 is us, and cUs of
runnable 72 from task 4ms is u2 + max < us,us >. The use



of cU guarantees that the longest chain of dependent runnables is
allocated first. The function in line 5, sorts dR and iR runnables
based on cU. Note that for independent runnables cU equals to u.

The algorithm works as follows. The first runnables to be allo-
cated are those that produce data, but do not consume data from any
other runnable from the same task (line 9). Runnables are allocated
to cores using the worst-fit heuristic (lines 10 and 11). In Figure
1, the first allocated runnables when processing tasks /ms and 2ms
are 71 and r2 respectively.

In a subsequent step, the rest of consumer/producer runnables are
allocated respecting run-after dependencies, i.e. a runnable is not
allocated until all its precedence dependent runnables are allocated
(line 13). Moreover, the time at which a runnable starts executing
must be after all runnables producing its input data finish. There-
fore, given a runnable r; and its producer runnable finishing the
latest 5, r; is allocated after r; finishes its execution, considering
its WCET estimate (C);) to guarantee that the data will be avail-
able. To do so, the algorithm searches for the largest cumulative
utilization among the cores in which the dependent runnables are
allocated (lines 14-20). Then, function worstfit_startdef (line 21)
returns the core in which r; fits better, starting its execution after
Tlargest finishes, i.e. at maxdep (lines 17 and 18).

In case the cumulative utilization of the core c in which r; will be
allocated (u$,,,,,), is smaller than the time at which r; must at least
start, i.e. after the cumulative utilization of the core n in which
Tiargest 18 allocated (line 22) (ugy.y,), an idle runnable (riqie) is
inserted (lines 23-26) with its corresponding utilization (u;qze )(line
24). In other words, idle runnables delay the start of runnables un-
til all their input data is guaranteed to be available. Idle regions
will then be used to allocate independent runnables as explained in
the next section. Note that u¢,,,, can be considered when allocat-
ing dependent runnables because they are scheduled contiguously,
introducing an r;4;. if required.

3.2.2 Independent Runnables

The allocation of independent runnables occurs once all depen-
dent runnables have been allocated (lines 30 to 45). The reason is
that independent runnables have the freedom to be allocated at any
point in time within its corresponding period. As already pointed
above, it is important to remark that independent runnables are
in fact dependent runnables that consume data produced by other
tasks or by past instances of the same task it belongs to. The EMS
does not contain any purely independent runnable.

RunPar is based on a worst-fit decreasing heuristic that priori-
tizes runnables by sorting them based on their utilization, so inde-
pendent runnables with higher utilization are allocated first. The
algorithm first checks if a runnable fits within any idle region (line
33). If it fits, the runnable is allocated within the same core and
time slot assigned to the idle runnable (lines 34 and 35), and the
utilization of the idle runnable is reduced (line 39) or even elimi-
nated (line 37). If it does not fit, the runnable is allocated using a
worst-fit decreasing heuristic (lines 42 and 43).

3.3 Allocation Algorithm Solution: @

If a valid solution is found, i.e. all dependent and independent
runnables are allocated, and so the algorithm returns a valid alloca-
tion ®,, of task 7, in which each runnable (including idle regions)
is assigned to a core (line 47). A valid solution means a task will re-
spect its deadline i.e. all runnables comprising the task will execute
within their period.

Figure 5 shows the resultant ®1,,,s, Pams and Ps,, s of Ims, 4ms
and 5ms tasks respectively, when applying RunPar to the applica-
tion presented in Figure 1, executing in a two-core processor. C} is

Task Ims Task 4ms Task Sms

1T L Al f_%
Core 1 | C, | Cigler ||

Core0| C, I-)| C; |
Cidiex
time

(cycle 20)

Figure 5: Valid allocation () of the automotive application
presented in Figure 1 in a two-core processor, executing cycle
20. C,; is the WCET estimate of runnable 7;.

the WCET estimate of runnable r;; C;q;. is the time slot in which
the core executes an idle runnable.

In order to support RunPar, AR-OS scheduling tables has to be
extended to schedule the runnables from task 7, as defined by ®,,.
To that end, each task entry in the scheduling table is extended
with a new runnable scheduling table that defines the starting point,
the order and the core of each of the runnables that form the task.
It is important to remark that runnables are scheduled based on
their WCET estimates (C), guaranteeing that no race conditions
can occur, i.e. consumer runnables do not start executing until all
its dependent producer runnables finish, even if they execute for
their WCET estimates.

3.4 Validating the Single-core Task
Scheduling

Our allocation strategy reduces the WCET estimate of tasks, by
exploiting runnable-level parallelism of application’s task, but does
not necessarily reduce the response time of the overall application.
The reason is because our strategy maintains the single-core task
scheduling, and so the starting point and order in which tasks are
executed remains the same. However, the overall time the processor
is used by the application is reduced because tasks execute faster,
providing extra computational space in the task scheduling to allo-
cate new application functionality (or even to allocate other tasks
from different applications).

The single-core task scheduling remains valid in the multi-core
ECU if the resultant task utilization after parallelizing runnables
(ur,), is smaller than or equal to the task utilization when executing
runnables sequentially (useq-, ).

It could be the case, however, that the WCET estimate reduc-
tion obtained by executing runnables of a task in parallel is not
enough to hide the overhead introduced due to interferences when
accessing the hardware shared resources [18, 17], making -, be
higher than useq-, . In this case, it is required to validate that the
single-core task scheduling is still valid, and the increment of the
utilization of a task can be compensated by the utilization reduction
of the other tasks.

If -, is higher than useq-,, the system can emulate the single
core execution. All runnables of the tasks are executed sequentially
in one core while other cores are idle and do not execute anything.
Since we know that there will be no interference from other cores,
we can safely use WCET estimates obtained for single core execu-
tion (assuming UBD = 0) and by doing so decrease the WCET
estimate of the task.



4. RESULTS
4.1 Experimental setup

4.1.1 EMS application

Our allocation algorithm has been evaluated with a real automo-
tive application, an Engine Management System (EMS). An EMS
is a typical automotive embedded real-time system in which the
amount of fuel and the injection time are fundamental for smooth
revolutions of the engine. The injection time and fuel amount de-
pend on the state and the rotation speed of the engine, which changes
continuously during operation. Hence the EMS requires an update
either from cyclic executed tasks, whose period ranges from one
millisecond to one second, or a crank-angle interrupt triggered task.
Overall, the examined engine control contains eleven cyclic tasks,
with periods of 1, 4, 5, 8, 16, 20, 32, 64, 96, 128 and 1024 ms, and
one crank-angle triggered task, with a minimum period of 1 ms.
The crank-angle task has a period that varies depending on the rev-
olutions of the engine. In order to guarantee the correct execution
of the task, the smallest possible period is considered for schedul-
ing purposes. The execution is non-preemptive, i.e. the execution
of a task cannot be interrupted by any other task.

4.1.2 WCET analysis tool and Processor Setup

In order to compute the WCET estimates (C) of runnables, we
use a static timing analysis tool OTAWA. OTAWA models the multi-
core processor architecture presented in Section 2.2 in which every
request that accesses the NoC and the on-chip memory is delayed
by UBD, so the runnable is subject to the worst-case delay that
it can suffer due to interferences. We consider 2-core and 4-core
processors, with private per-core scratchpads for instructions and
write-through data caches. For both processor configurations cores
are connected through a tree NoC to the on-chip RAM memory.
We consider Liree = 1 cycles for a 2-core processor, Liree = 2
for a 4-core processor (i.e. each core has to traverse 1 and 2 routers
for 2- and 4-core processors respectively) and 1-cycle routers. The
memory latency is set t0 Lyem = 10 cycles. This configura-
tion provides a UBD = 11 cycles for the 2-core architecture and
UBD = 32 cycles for the 4-core architecture (see Section 2.2 for
further details).

The approach presented in this paper is independent of the pro-
cessor architecture and the timing analysis method, so other archi-
tectures and tools can be used to compute the WCET estimates of
runnables.

4.1.3 Metrics

In order to evaluate our allocation algorithm, we consider the

W CET; speed-up metric, defined as 2<DYCET: where seqW CET,

. ) pq’rWCET.,. ’ ;
is the WCET estimate of task 7 executing runnables sequentially,

and parW C E'T is the WCET estimate of task 7 executing runnables
in parallel as defined in ® by our allocation algorithm.

In case of segW C' ET, the C' of runnables is computed assum-
ing UBD = 0, i.e. runnables do not suffer any delay due to
interferences. In case of parWCET:, C' is computed assuming
UBD = 11 and UBD = 32 for the 2-core and 4-core processor
architecture configurations as defined before.

Moreover, in order to evaluate the maximum runnable-level par-
allelism that our algorithm is able to exploit, we use the no inter-
ference W C'E'T: speed-up metric, in which the effect of interfer-
ences is assumed 0. To do so, the parW C ET; of the 2-core and
the 4-core processor architectures are computed assuming no inter-
ferences, i.e. UBD = 0. Considering WCET estimates in which
interferences are not accounted, allows discarding the pessimism
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Figure 6: WCET speed-ups of EMS’ tasks in a 2-core processor
architecture, in which the WCET estimation accounts and dis-
cards the impact of inferferences (labeled as interferences and
no interferences respectively).
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Figure 7: WCET speed-ups of EMS’ tasks in a 4-core processor
architecture, in which the WCET estimation accounts and dis-
cards the impact of interferences (labeled as interferences and
no interferences respectively).

introduced by timing analysis tools because of sharing processor
resources such as the NoC and the memory as well as the actual
contention in shared resources.

4.2 WCET Speed-up of EMS tasks

Figures 6 and 7 show the WCET speed-ups of EMS’ tasks ob-
tained with RunPar in a 2-core and 4-core processor architectures
respectively (the higher the better). In both cases, RunPar is used
with (1) WCET estimates that consider the effect of interferences
(labeled as interferences) and (2) WCET estimates assuming no in-
terferences (labeled as no interferences).

In the 2-core processor architecture, RunPar is capable of ex-
ploiting the performance opportunities of the multi-core ECU, im-
proving the WCET performance of almost all tasks with respect to
single-core processor architectures. The speed-up of the 8 ms task
is significant, 1.8x, being close to the ideal speed-up in a 2-core
processor architecture, i.e. 2x. Tasks 16, 20, 96 and 1024 ms, and
the CrAn task also exhibit high speed-ups, around 1.5x. Such a
WCET speed-up represents a WCET reduction of 45% in case of
8ms task, and around 33% for tasks 16, 20, 96 and 1024 ms.

When we compare the speed-ups obtained with and without the
effect of interferences in the computation of the WCET estimates,
we observe the performance degradation of multi-core execution
due to sharing the NoC and the memory processor resources. Such



a degradation is further augmented by the pessimism introduced by
the timing analysis tools. In our case, OTAWA assumes that each
memory requests is delayed by UBD cycles. Hence, if no inter-
ference is assumed, the 8 ms task achieves the maximum speed-up,
i.e. 2x, and CrAn and 4, 16 and 32 ms tasks increase the speed-up
close to 1.8X for the 2-core processor.

However, achieving maximum levels of parallelism not only de-
pends on the effect of interferences, but also on the characteristics
of the task, e.g. number of runnables, inter-runnable dependencies.
This is the case of tasks 1, 20, 64, 96, 128 and 1024 ms tasks for
the 2-core processor, in which the WCET estimates are not affected
much by interferences.

The 5 ms task is composed of one single runnable which is ex-
ecuted in a single core, and so having no benefit at all of parallel
execution.

In the 4-core processor architecture, the impact of interferences
on the WCET estimates increases significantly (OTAWA assumes
UBD equal to 32 cycles), which makes the performance benefits
brought by multi-core execution being higher than those for the 2-
core processor but relatively worsen as the WCET degradation due
to considering interferences grows noticeably. Thus, the speed-up
of EMS tasks slightly increases when moving from a 2-core to a
4-core processor architecture, achieving speed-ups of 2.1x in case
of 8 ms and CrAn tasks, and 1.7x in case of 20 ms task. Such a
WCET speed-up represents a WCET reduction of 53% in case of 8
ms and CrAn tasks, and 41% for 20 ms task.

When discarding the effect of interferences in WCET estimates,
the speed-up of 8, 16, 96 ms and CrAn tasks increases significantly,
with speed-ups of 3.8x, 3.5x, 2.8x and 2.7x respectively. In the
case of 1, 64 and 1024 ms tasks the WCET speed-up is not affected
much by interferences. In fact, if we compare the WCET speed-up
of these three tasks obtained in the 2-core and the 4-core processor
architectures, we observe the exact same performance.

We conclude that RunPar effectively exploits the maximum runnable-

level parallelism exposed in EMS’ tasks in a multi-core ECU. Un-
fortunately, the impact of interferences due to shared resources re-
duces the benefits brought by multi-core execution. Such negative
effect is increased as the number of ECU core increases. Results
could be improved by using a timing analysis tool delivering less
pessimistic WCET estimates or a processor architecture where the
maximum effect of interferences is lower so UBD is also lower.
Investigating new timing analysis techniques and processor archi-
tectures to reduce the impact of interferences is out of the scope of
this paper, though part of our current work.

4.3 Increasing Overall Available CPU
Capacity

The parallel execution of runnables reduces the WCET estimates
of tasks, which in turn reduces the task utilization (u-) and so re-
duces the CPU capacity required by the EMS application with re-
spect to the single-core execution. This extra capacity can be then
exploited for executing new application functionality or other auto-
motive applications.

Figure 8 shows the utilization of EMS’ tasks when being allo-
cated on a single core ECU (labeled as sequential) and on a 2-core
and 4-core ECU using the RunPar. Note that in all processor config-
urations, the task scheduling is the same as our allocation strategy
maintains the single-core task scheduling.

The utilization (u,) of all EMS’ tasks (except Sms task because it
contains one single runnable) is reduced. It is of special interest the
tasks with highest utilization i.e. those whose WCET estimation is
higher with respect to its period. This is the case of tasks 16 and 32
ms and CrAn with utilization reductions of 8, 6 and 6 percentage

B Sequential M 2-cores 4-cores

Utilization

Ims 4ms 5ms  8ms 16ms 20ms 32ms 64ms 96ms 128ms 1024ms CrAn

Figure 8: Utilization of EMS’ tasks being allocated on a single-
core, 2-core and 4-core ECU (labeled as sequential, 2-core and
4-core respectively).

points (pp) respectively in case of the 2-core ECU (a reduction of
the utilization of, for instance, 8 percentage points in case of 16
ms task means that the utilization goes from 0.20 to 0.12) . In the
case of 4-core ECU, these 3 tasks have utilization reduced by 10,
7 and 9 percentage points respectively. These three tasks are, in
fact, the longest tasks of the EMS application with respect to their
period, and so are the tasks that benefits the most of a reduction
on its WCET estimation. This is not the case of 8 ms task, which
despite being the task that achieves the highest WCET speed-up
(see Figures 6 and 7), this is translated in an utilization reduction
of only 3 percentage points.

Overall, the reduction on EMS’ tasks utilization represents an in-
crement of the CPU capacity of 31% and 42% for the two-core and
four-core ECUs respectively. Such an extra capacity can be then
re-used for executing new application functionality or scheduling
other applications using AUTOSAR recommendations for execut-
ing in a multi-core ECU environment [1]. Alternatively, it can be
used for applying voltage and frequency techniques, so the energy
consumed by ECU can be reduced [19].

4.4 The Cost of Maintaining Tasks’ Ordering

Our allocation strategy maintains the application configuration
by parallelizing only runnables that belong to the same task, and
so forcing tasks to be executed sequentially. In order to evaluate
the potential performance lost due to maintaining the sequential
execution order of tasks, we perform the following experiment:

We first group all EMS’ runnables into a unique task represent-
ing the scenario that happens when all the tasks execute one after
the other, so runnables from different tasks can now execute in par-
allel, and use RunPar to allocate them to a four-core ECU. This
scenario, which occurs around every 15 seconds, has the greatest
opportunity to exploit the parallelism among all runnables. This
new task includes the new set of communication dependency edges
between runnables from different tasks (e.g. in Figure 1, a task
grouping the three tasks 1ms, 4ms and 5ms includes e;—4 and
es—5 edges). Then, we compare the WCET estimation of the new
task (W CETew—task) With the sum of WCET estimates of all
EMS’ task (W CETEMS—tasks) applying RunPar to each task as
done in Section 4.2.

The difference between WC ETEN S —tasks and WO ETy, cw—task
shows the performance opportunities lost due to sequential execu-
tion of tasks. It is important to remark that the purpose of this
experiment is only to evaluate the parallelism lost due to maintain-
ing sequential execution of tasks. Using a unique tasks to group
all runnables would change the application configuration, requir-
ing to re-analyze the complete application, which is contrary to the
purpose of our allocation strategy.



WCETew—task is around 5% lower than W CETE S —tasks-
As a result, the small WCET estimation reduction benefits due to
exploiting runnable-level parallelism among tasks does not com-
pensate the cost of re-validating and re-calibrating the application.

S. RELATED WORK

In partitioned approaches, finding an optimal allocation is an NP-
hard problem in the strong sense [8] and so non-optimal solutions
derived from the use of bin-packing heuristics are typically used
[12, 4, 14]. Most of scheduling works proposed in the critical real-
time embedded system domain consider independent processes that
do not communicate among them.

Along this line, Monot et al. [13] presented recently a scheduling
algorithm for multi-source AUTOSAR applications on multi-core
ECUs. Their approach groups all runnables with inter-runnable de-
pendencies into a single task, allowing tasks to be scheduled inde-
pendently. In the next step, a runnable scheduling is build on each
core independently of other cores. Overall, one of the main objec-
tives of the approach is obtaining uniform utilization of the cores
during the application execution. The scheduling algorithm pre-
sented in [13] has two main differences with our allocation strat-
egy. First, it requires changing the application configuration, i.e.
it reassigns runnables to tasks, creating a new runnable and task
scheduling, which causes the need for re-validating legacy applica-
tions. Second, it assumes little dependencies among runnables so
a sufficient number of tasks can be created to exploit parallelism in
multi-core ECUs. This is not the case of the EMS in which almost
all of runnables have inter-runnable dependencies (see Figure 3).
In fact, applying this approach to the EMS would lead to schedule
all runnables into a single core.

Faragardi et al. [5] presented a scheduler for AUTOSAR applica-
tions on multi-core ECUs having as scheduling criteria to minimize
the worst-case communication delays among runnables scheduled
in different cores. This solution assumes that the runnable-to-task
mapping that minimizes the communication among cores is already
given, and so it focuses only on the task scheduling. This approach
requires changing the application configuration, causing the need
for re-validating legacy applications.

An interesting work to mention is the one presented by Sinnen
et al. [22] targeting general purpose processor architectures. In
[22] a task scheduling approach is proposed to make the scheduler
aware of the cost of inter-processor communication in a general
purpose architecture. The scheduler is a variant of the list schedul-
ing in which tasks are allocated in two phases following a similar
approach to the one used by RunPar, i.e. allocating first dependent
tasks and then independent tasks. The main difference with Run-
Par is that the purpose of [22] is to improve the execution time of
a parallel application in a general purpose by minimizing the com-
munication delay.

To the best of our knowledge, this is the first allocation algo-
rithm that exploits runnable-level parallelism instead of task-level
parallelism and maintains the application configuration. Schneider
et al. [21] pointed that the parallel execution of tasks can break
the mutual exclusion relations between the critical sections present
in applications configured to be executed in single-core processors,
leading to race conditions. Therefore, considering runnables as the
UoS is the best approach to avoid race conditions.

6. CONCLUSIONS

This paper presents a new allocation strategy in which the single-
core configuration of AUTOSAR applications, i.e. its runnable-to-
task mapping and single-core task scheduling, is maintained when

migrating from single-core to multi-core ECUs, so the effort of re-
validating the applications is minimized.

To do so, we present RunPar, a new allocation algorithm for AU-
TOSAR automotive applications with runnables highly connected
among them, which considers runnables, and not tasks, as the UoS.
RunPar is based on a variant of the worst-fit decreasing heuristic
which prioritizes runnables with higher combined utilization, so the
longest chain of dependent runnables is allocated first. Moreover,
in order to maintain the single-core task scheduling, only runnables
from the same task are allowed to be executed in parallel. By doing
so, tasks are forced to execute sequentially, allowing to maintain
the task ordering of the application’s single-core task scheduling.
This approach requires minimum modifications at AR-OS level.

The allocation has been evaluated with a real automotive applica-
tion, an Engine Management System (EMS), which controls the in-
jection time and amount of fuel in a diesel engine and is composed
of more than one thousand highly connected runnables, grouped
into twelve tasks.

Results show that RunPar algorithm reduces on average WCET
of the EMS’ tasks by approximately 26% and 30% in the case of
2-core and 4-core architectures respectively, representing a WCET
speed-up of 1.35x an 1.43x. Such a WCET speed-up translates into
an increment of the CPU capacity of 31% and 42% for the two-core
and four-core ECUs respectively.

Therefore, it stands as a necessary step for porting AUTOSAR
automotive applications from single core and exploiting the poten-
tial performance of multi-core ECUs.
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