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(57) A method to execute jobs of a set of tasks in a
computer system according to a global time-triggered
schedule, wherein the computer system comprises one
or more cores on one or more central processing units of
the computer system, -wherein said global time-triggered
schedule comprises one time-triggered schedule, "core
schedule", for each of said cores, wherein the tasks of the
set of tasks to be executed on a specific core are exe-
cuted on said core according to the core schedule of said
core. The core schedule specifies for each job a flexibility
interval, wherein the duration of the flexibility interval of a
job is equal or longer than the execution interval of said

job, wherein at least the flexibility interval of one job is
longer than the execution interval of said job, wherein the
flexibility interval of a job starts no later than the release
point of the execution interval of said job, and wherein the
flexibility interval of a job ends no sooner than the com-
pletion point of the execution interval of said job, wherein
the flexibility of a job defines a time interval during which
said job can be executed, and wherein runtime dispatch-
ing means are provided, which select and launch jobs for
execution according to the global time-triggered sche-
dule, taking into account for each core all flexibility inter-
vals as specified in the core schedule.
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Description

[0001] The present invention relates to a method to
execute jobs of a set of tasks in a computer system
according to a global time-triggered schedule,

- wherein the computer system comprises one or
more cores on one or more central processing units
of the computer system,

- wherein said global time-triggered schedule com-
prises one time-triggered schedule, "core schedule",
for each of said cores, wherein the tasks of the set of
tasks to be executed on a specific core are executed
on said core according to the core schedule of said
core,

- wherein the global time-triggered schedule specifies
a cycle with a cycle length for the set of tasks,

wherein the core schedule of a core specifies for
each task of the set of tasks, which is to be executed
on said core:

* an execution interval for each task instance,
"job", of the task, during which execution interval
the job can be executed, wherein each execu-
tion interval comprises a release point, at which
the execution interval starts, and a completion
point, at which the execution interval ends,
wherein the duration of an execution interval
is the duration of the time span between the
release point and the completion point of the
execution interval, wherein the execution inter-
val of a job defines a time interval during which
the job has a guarantee to be executed on the
core, and

e a period according to which period the jobs of
said task are executed on the core,

o wherein the execution interval of each job
of the task is iterated cyclically according to
the cycle, and

wherein the execution intervals of any two jobs of the
same and of different tasks do not overlap, and
wherein the cycle is a common multiple of all periods
of all tasks in the set of tasks.

[0002] The execution of periodic jobs of software tasks
following a time-triggered paradigm has been studied in
literature and employed in industry for many years.
Among its benefits, stands out the deterministic timely
execution of the jobs of software tasks in a cyclic manner,
generally driven by an offline-computed schedule (the tt-
schedule) allowing a correctness-by-design methodol-
ogy. Moreover, tt-schedules can be computed based on
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optimization objectives that are hard to reach with other
paradigms, like minimizing job-leveljitter or fulfilling com-
plex job interdependencies.

[0003] However, itis also known thatthe time-triggered
paradigm offers little to no flexibility in terms of dynami-
cally adapting to changes in the runtime behavior of
software jobs. This lack of adaptation may be an asset
for critical systems requiring an exact and deterministic
behavior over time, but it may also reduce the capability
to maximize the usage of resources in systems with less
stringent determinism requirements.

[0004] Priorto computing a tt-schedule, software tasks
must be characterized, particularly with respect to their
timeliness requirements, like required execution time and
execution rate (i.e., period). A common objective of the
time-triggered paradigm is to compute the tt-schedule
based on the worst-case timeliness bounds, like the
worst-case execution time and lowest execution rate.
Once the tt-schedule is constructed, it is cyclically en-
forced at runtime by a dispatching mechanism. Account-
ing for the worst-case guarantees that any change in the
behavior of the jobs of a task during runtime will not
exceed the system capacity, and hence the execution
correctness remains guaranteed.

[0005] However, in modern computer systems, parti-
cularly automotive computer systems, it is typically an
objective to maximize the utilization of hardware compo-
nents, like CPU and memory since any unused resource
would be preferably scaled down at design time to reduce
production costs and overall power consumption.
[0006] These two objectives often conflict with each
other and cannot be trivially solved. Indeed, adding flex-
ibility to the time-triggered paradigm enabling the adap-
tation to runtime changes in the execution timeliness of
the periodic jobs of tasks while conserving determinism
and correctness guarantees is a challenge.

Time-Triggered Scheduling

[0007] Existing time-triggered scheduling methods
plan the execution of software tasks in defined CPU cores
by computing one or multiple execution intervals for each
periodic job of said software task in one or multiple of said
CPU core(s), in accordance with a defined set of sche-
duling constraints.

[0008] Anexecutioninterval comprises a starttime and
a duration for which the assigned CPU core(s) will ex-
clusively execute the assigned job of said software tasks.
[0009] A computed tt-schedule is typically represented
in the form of a timetable containing a list of computed
intervals with the assignment of jobs and CPU core(s).
[0010] The computation of a tt-schedule is based on
defined scheduling constraints determining the correct
relation between execution intervals conforming a valid
tt-schedule. For example, an execution interval cannot
be assigned to multiple jobs, as it would result on a single
resource (the CPU core) required to execute the instruc-
tions of two jobs simultaneously, which is not feasible. As
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another example, different execution intervals on the
same CPU core cannot overlap, as this would again
resultin multiple jobs planned to execute simultaneously
on the same CPU core, hence invalidating the guaran-
teed reservation of execution time for each individual job.

TT scheduling constraints

[0011] A computer system comprises one or more
hosts, each of which comprises one or more CPU cores.
[0012] A software application consists of one or more
periodic software components, or tasks. Each task is
characterized by their period, an earliest release time,
and a deadline- A task is cyclically executed on a core
according to its period, bearing a sequence of task ex-
ecution instances, or jobs.

[0013] Att-schedule is computed according to general
correctness constraints for TT scheduled found in litera-
ture, e.g., [1], and summarized here for completeness.
The computation of a tt-schedule relates to computing
execution intervals for each periodic job of a software
task within a defined schedule cycle, wherein said com-
putation conforms to defined scheduling constraints, in-
cluding, but not limited to:

Start constraint: The start of the execution of any job
of a software task sw; must be after the given earliest
release time e, in each period p;.

Deadline constraint: The end of the execution of any
job of a software task sw; must be before the given
deadline d; in each period p;.

Non-overlap constraint: No two jobs of any tasks can
execute at the same time on the same core.

Dependency constraints: Other requirements further
restricting the interrelation of software tasks intro-
duce additional dependency constraints when com-
puting the tt-schedule. For example, in some cases
functional correctness requires that the execution of
a job of a first software task shall occur, in all cycles,
following the execution of a job of a second software
task. In other cases, the order of execution of jobs of
a group of software tasks may conform to a directed
acyclic graph (DAG), whereby within a certain max-
imum interval of time the jobs of the first and last
software tasks of the DAG shall complete their ex-
ecution. These additional dependency constraints
may be categorized as simple dependency con-
straints, or complex dependency constraints, de-
pending on the complexity of said interrelation.

[0014] Tasks may have either simple or complex de-
pendencies. A dependency comprises two or more tasks,
wherein a defined order of execution between jobs of said
tasks are specified, wherein
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* in a simple dependency all of said comprised tasks
have the same period, whereas

¢ in a complex dependency at least two of said com-
prised tasks have different period.

[0015] In addition, simple and complex dependencies
relate to a maximum latency constraint, wherein said
maximum latency can be one of the following

* amaximumresponse time, specifying that for all jobs
ofthe firsttask in the set of defined tasks, there exists
a trace of successor jobs following a defined order,
through all other intermediary jobs of tasks in the set,
such that the trace does not take longer than said
response time,

e a maximum data age, specifying that for all jobs of
the last task in the set of tasks according to the
defined order, there exists a trace from some jobs
of the first task in the set of tasks, going through jobs
of all other intermediary tasks in the set, whereby
said trace does not take longer than said data age.

[0016] Jitter constraint: For every job of a task, there is
a non-negative delay between the scheduled start and
the earliest release time; the jitter constraint defines a
maximum permitted difference between said delays for
any pair of jobs of a task.

[0017] Itis known thatthe construction of a tt-schedule
is a computationally intense operation that cannot be
solved optimally within reasonable time for large systems
[2, 3]. Approximative heuristic algorithms have been
used in the past and perform reasonably well on average
cases [4].

Runtime execution variability

[0018] In some cases, the sequence of jobs of a task
may exhibit different run-time execution requirements
along their cyclic execution iterations, due for example
to differences over time in the data they need to process.
This run-time variability can be addressed when comput-
ing a tt-schedule by assuming the worst-case runtime
(worst-case computation time, or WCET) foreach job ofa
software task, hence planning the amount and length of
execution intervals sufficient to satisfy said worst-case
behavior (e.g., largest execution path).

[0019] An advantage of a time-triggered scheduling
paradigm is the deterministic and timely behavior of
the executed jobs of software tasks during runtime, re-
gardless of their cyclic variation in the execution require-
ments, typically resulting in only minimal deviations be-
tween cycles (e.g., due to unavoidable runtime inaccu-
racy introduced by uncertainties of the underlying hard-
ware and software components).

Runtime adaptability

[0020] In the general case, the construction during
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design-time of the tt-schedule prevents exercising run-
time adaptations to the dynamic variability of the jobs of
software tasks and can be a disadvantage of the time-
triggered scheduling paradigm. For example, when a job
of a software task does not require a complete execution
interval within a cycle, the remaining time (slack) cannot
be easily reassigned to the jobs of the next software tasks
in the tt-schedule.

[0021] Another related disadvantage of a time-trig-
gered scheduling paradigm is the overprovisioning
caused by assuming a worst-case bound for the time-
liness of software tasks, in particular a WCET, when
computing the timetable, hence assigning larger execu-
tion intervals than on average required during execution,
since during runtime, jobs often require less execution
time than the WCET of their respective task.

[0022] Some existing methods address the negative
effects of overprovisioning due to the WCET by comput-
ing a tt-schedule with consideration of lower bounds, for
example the average execution time, instead of the
WCET, for certain tasks [5], whereby if jobs of said tasks
exceed their assigned execution interval in any of its
cycles, they may be interrupted and not accomplish their
execution in the current cycle, or in some cases, jeopar-
dize jobs of other software tasks by exceeding their
planned execution interval.

[0023] Otherexisting methods allow the computer sys-
tem to exchange its configuration during runtime among
a set of alternative precomputed tt-schedules (e.g., re-
ferred as "modes") [6]. These methods try to estimate at
design time the variability that will be observed during
runtime and compute dedicated tt-schedules adapted to
these conditions. This adaptation of the configuration is
commonly known as performing a system mode change.
In these methods, the number of supported modes are
limited by two factors: on one hand the number of pos-
sible system states (observable variability) resulting on
the need of a different tt-schedule grows exponentially
with the size of the system (e.g., number of CPU cores,
number of software tasks, number of constraints), and
hence only a fraction of them can be feasibly stored in the
computer system for future use (e.g., due to limited
memory capacity); on the other hand, a system mode
change cannot be applied instantaneously and may re-
quire complex algorithms to guarantee system stability at
runtime during the transition, hence adding latency and
limiting the adaptability chanced in a deployed running
system.

[0024] Yetotherexisting methodsinclude mechanisms
to dynamically modify the computed tt-schedule during
runtime [9, 10], in response to an actual state of the
system. These methods are limited by the computation
complexity of the constraints involved in the fast (re)
computation of a new tt-schedule, typically within one,
or few, execution cycles. Hence, the employed algo-
rithms cannot handle large numbers of constraints, or
fulfill all constraints within a sufficiently fast response
time. In addition, safety and certification concerns arise
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when dynamic changes may negatively affect the timely
execution of jobs related to safety-critical tasks, for ex-
ample those in deployed automotive or industrial appli-
cations. Therefore, the modification of timetables at run-
time has a limited use in real-world use-cases.

Operating System/Runtime System dispatcher

[0025] An active module, typically a software compo-
nent, is provided in the computer system, which module
orchestrates the execution of software tasks by selecting,
at defined instants of time, jobs of tasks from a set of
ready jobs and dispatching them for execution in one or
more of the CPU cores in the computer system. This
active module, the dispatcher (or dispatching means), is
the runtime component enforcing the decisions made by
the scheduler and may be implemented in a computer
system in different forms, for example as a stand-alone
runtime software component, as a module of an operat-
ing system, or as a high-level software stack.

[0026] Usually, one such active module is provided.
However, it may also be possible that two or more such
active modules are provided.

[0027] Inacomputer system implementing a time-trig-
gered paradigm, the dispatcher selects jobs for execution
based on the tt-schedule. Once a job is dispatched, the
dispatcher waits until the end of the execution interval of
said job and proceeds to select the next job following the
order and timing defined in the tt-schedule (i.e., time-
table).

[0028] In computer systems implementing other sche-
duling paradigms, the dispatcher may select jobs of soft-
ware tasks for execution based on defined criteria. For
example, in computer systems implementing an earlier
deadline first (EDF) paradigm the dispatcher selects for
execution the jobs with the nearest deadline from the set
of ready jobs. In contrast, in a computer system imple-
menting a fixed priority (FP) paradigm, software tasks are
characterized by a defined and fixed priority, whereby the
dispatcher selects for execution the jobs of software task
with the highest defined priority from the set of ready jobs.
When the dispatched job yields, or new jobs become
ready, the dispatcher may select and launch a new job
based on the same criteria.

[0029] It is an object of the invention to optimize the
usage of resources, in particular of CPU time and/or core
time in a computer system in which jobs of periodic tasks
are executed according to a time-triggered schedule.
[0030] This is achieved with a method according to
claim 1, wherein the core schedule specifies for each
job a flexibility interval, wherein the duration of the flex-
ibility interval of a job is equal or longer than the execution
interval of said job, wherein

at least the flexibility interval of one job is longer than
the execution interval of said job, wherein

the flexibility interval of a job starts no later than the
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release point (start point, start/release instant) of the
execution interval of said job, and wherein

the flexibility interval of a job ends no sooner than the
completion point (end point, end/completion instant)
of the execution interval of said job, wherein

the flexibility of a job defines a time interval during
which said job can be executed, and wherein

[0031] runtime dispatching means are provided, which
select and launch jobs for execution according to the
global time-triggered schedule, taking into account for
each core all flexibility intervals as specified in the core
schedule.

[0032] The periodic execution of tasks within the sche-
dule cycle comprises one or more executions of task
instances, or jobs, of said tasks represented by one said
element in the timetable, wherein each job corresponds
to an execution of the task according to its periodicity,
repeated cyclically according to the schedule cycle. If the
task period is equal to the schedule cycle, there is one
single job of said task within the schedule cycle, whereas
if the schedule cycle is larger than the period, there are
multiple jobs of said task according to the relation be-
tween the period and the schedule cycle. Note that the
length of the schedule cycle preferably is a common
multiple of the period of all tasks, for example, the least
common multiple. If, forexample, the period of ataskis 10
and the cycle is 20, there will be two instances of the task
("jobs") within the cycle. Each of them will have its own
intervals within their respective period interval (from
0..10, and 10..20), and the flexibility intervals may even
be of different length and belong to a different one of the
three subsets, which subsets will be explained below.
[0033] According to the invention, flexibility intervals
are provided for each job, whereby the flexibility interval
of ajob fully overlaps the execution interval of this job and
is equal or larger than its execution interval. This makes it
possible for the runtime dispatching means to organize
the execution of jobs more flexibly in terms of time and
thus to make better use of the available resources, in
particular to allow a better usage of the time of each core.
[0034] As mentioned, the invention requires that at
least the flexibility interval of one job is longer than the
execution interval of said job. For an optimal effect of the
invention, itis advantageous that the flexibility intervals of
several jobs, in particular of a plurality of jobs, preferably
of all jobs are longer than the corresponding execution
intervals.

[0035] In a general case, a method to compute tt
schedules relates to deciding a valid placement on a
timeline for each execution interval of each job to be
scheduled, subject to defined scheduling constraints
defining the schedulability bounds, bounds, for the cor-
rect placement of said intervals. Once a tt-schedule is
computed, said constraints are implicitly fulfilled by the
provided execution intervals conforming the schedule.
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The placement of the execution interval of each job is
bounded by the limits imposed by the defined scheduling
constraints. However, in the computation process, multi-
ple decisions are possible within said bounds, resulting in
alternative but equivalently correct tt-schedules.

[0036] Forexample,a periodicjob subjecttoadeadline
constraint may be scheduled arbitrarily within the interval
bounded by the period start and the relative deadline,
provided periodicity and deadline are the only constraints
to be fulfilled. By exercising a decision to fix the execution
interval of the job, the scheduling process selects one of
multiple possible correct execution intervals for said job.
[0037] Insome cases, early decisions made during the
computation of a tt-schedule affect later decisions related
to other jobs. For example, when jobs are subject to
dependency constraints, any decision affecting the ex-
ecutioninterval of a precedent job affects the decision ofa
successor job, since the dependency mandates that the
successor job can only be scheduled after the execution
interval of the predecessor job, hence tightening the
lower bound to the execution interval of the successor
job.

[0038] Some methodsto compute tt-schedules apply a
simple policy to select the start of execution intervals
base on the lower bound when deciding the placement of
the execution interval of each job, i.e., scheduling jobs as
soon as possible. Alternatively, other methods apply a
policy to select the end of the execution interval based on
the upper bound when deciding the placement of the
executioninterval of eachjob, i.e., scheduling jobs as late
as possible. More complex methods select arbitrary va-
lues between said bounds when deciding the placement
of the execution interval of each job, based on additional
defined criteria.

[0039] It may be provided that a method to compute tt-
schedules is extended to keep track and update the
schedulability bounds for each job, by iteratively adjust-
ing the upper and lower bounds of all jobs upon each
scheduling decision. It may be also provided that said
extended method, after computing the tt-schedule, ad-
ditionally computes flexibility intervals for each job based
on said upper and lower schedulability bounds, wherein
for each job, the start of its flexibility interval corresponds
to the lower schedulability bound, and the end of its
flexibility interval corresponds to the upper schedulability
bound.

[0040] It may also be provided a method to derive
schedulability bounds based on an existing tt-schedule
and the set of scheduling constraints, wherein said meth-
od computes upper and lower bounds for each execution
interval, subject to the set of defined scheduling con-
straints. For example, an iterative method may initiate the
flexibility interval of a first job from the tt-schedule to the
interval corresponding to its execution interval and itera-
tively increase it while checking that the set of defined
constraints are still fulfilled. Once at least on constraint is
not fulfilled, the flexibility interval for said first job is fixed to
that of the previous iteration and a next job is selected as



9 EP 4 726 544 A1 10

first job until all jobs have been provided a flexibility
interval.

[0041] It may be provided that among the jobs of those
tasks of the set of tasks that are to be executed on the
core at least one first subset of jobs is provided, wherein
for the jobs of said at least one first subset the core
schedule specifies flexibility intervals which do not over-
lap with each other, wherein at least one of the flexibility
intervals of a job is longer than the execution of said job.
[0042] This first case, in which jobs which comprise a
flexibility interval are jobs with flexibility intervals follow-
ing the rules of said first subset, maximally simplifies the
runtime behavior of the dispatcher.

[0043] Alternative orin addition it may be provided that
among those tasks of the set of tasks that are to be
executed on the core at least one second subset of jobs
is provided, wherein for the jobs of said at least one
second subset the core schedule specifies flexibility in-
tervals so that the flexibility intervals of two or more jobs of
said at least one second subset of jobs are identical, i.e.,
for said two or more jobs of said at least one second
subset the start instant of their flexibility intervals is the
same instant and the end instant of their flexibility inter-
vals is the same instant. For example, at least one of the
flexibility intervals of a job is longer than the execution of
said job.

[0044] This second case, in which jobs which comprise
a flexibility interval are jobs with flexibility intervals follow-
ing the rules of said second subset, also allows a sim-
plified runtime behavior of the dispatcher, as it may be
provided that the jobs of this second subset can be
executed in any arbitrary order within said interval.
[0045] Alternative orin addition it may be provided that
among those tasks of the set of tasks that are to be
executed on the core at least one third subset of jobs
is provided, wherein the flexibility intervals of any two jobs
of said at least one third subset partially overlap. For
example, at least one of the flexibility intervals of a job is
longer than the execution of said job

[0046] This third case, in which jobs which comprise a
flexibility interval are jobs with flexibility intervals follow-
ing the rules of said third subset, adds the most complex-
ity to the runtime dispatching means.

[0047] In this context it is noted that the subsets as
described are self-contained, meaning that for those jobs
with overlapping intervals the overlap must be between
jobs of the same set (i.e., not with a job which is in one of
the other sets).

[0048] The non-overlapping subset (first subset, sub-
set 1) is the most restrictive subset: for a job to be in this
subset its flexibility intervals shall not overlap with any
flexibility interval of any other job of this subset. If there is
an overlap between flexibility intervals of two jobs, both
overlapping jobs are not part of the first subset.

[0049] Nextis the second subset (subset 2) with iden-
tical flexibility intervals. Flexibility intervals of a jobs of this
subset shall overlap only with flexibility intervals of other
jobs with identical flexibility interval. If there is an overlap
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with a non-identical flexibility interval, then again both
jobs cannot be in the second subset.

[0050] Any other combination of flexibility intervals
refers to tasks of the third subset.

[0051] In the invention, tasks from at least one subset
must be present, wherein said atleast one present subset
contains at least one flexibility interval which is longer
than the corresponding execution interval. However, jobs
from two or even three subsets may also be present. The
dispatching means must be configured to be able to
handle jobs from the subsets present. Typically, a dis-
patcher is provided which can handle jobs from all sub-
sets, but it is also possible for the dispatching means to
comprise a separate dispatcher for each of the present
subsets.

[0052] It should be noted that there can be more sub-
sets of each type. For example, there could be two
different subsets of the "type" subsets 1, one with 3 jobs,
one with 5, wherein all 3 jobs of the first subset 1 overlap
with each other, and all 5 jobs of the second subset 1
overlap with each other, but none of the 3 jobs overlap
with none of the 5 jobs.

[0053] Regarding a dispatching policy applied by the
dispatching means, the different possible cases (case 1 -
case 3) connected to the subsets of jobs (subset 1 -
subset 3) described above will be described in the follow-
ing.

[0054] Forcompleteness, a"case 0"is described here,
which may occur, since jobs can still be present which
have "rigid" execution intervals and no flexibility intervals,
which must also be processed by the dispatching means.
The dispatching policy in this case is as follows: the
runtime dispatching means will iterate over the timetable
while keeping track of the progress of time in relation to
the cycle. The dispatching means (also called "dispatch-
er") will compare the current time with the instants of time
defining the start and end of each execution interval,
which will be sorted increasingly in the timetable. The
following rules describe the behavior of the runtime dis-
patcher in case 0:

¢ Atthe beginning of an execution interval, the respec-
tive job will be selected and launched to execute. If
another job is being executed it will be preempted
(i.e., interrupted).

* Atthe end of said execution interval, if the job is still
running, the job will be stopped and a new job will be
selected as above.

¢ |If no execution interval exists for an interval of time
(e.g., agapin the timetable), the dispatcher will yield
and wait until the next execution interval.

¢ If a job finishes execution before the end of its ex-
ecution interval, the dispatcher will yield.

[0055] According to case 1 (non-overlapping flexibility
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intervals) it may be provided that for jobs of the at least
one first subset of task jobs the runtime dispatching
means act according to the following rules:

= ifthe currenttime is within the flexibility interval ofa
job, said job

o will be launched to execute, if the core for said
job isidle, i.e., no job is executing, and

oifthe core for said job is notidle, i.e., another job
is executing, said selected job will be launched
to execute at the instant of time that occurs first
among the following:

= instant of time at which the core for said
job becomes idle, or

= the current time reaches the start of the
execution interval of the selected job.

[0056] The runtime dispatcher according to this case 1
will iterate over the timetable while keeping track of the
progress of time in relation to the cycle. The dispatcher
will compare the current time with the instants of time
defining the start and end of each flexibility interval, which
will be sorted increasingly in the timetable.

[0057] In the case of a not idle (processing) core, the
job will in any event start at the release point of its
execution interval. At the end of a flexibility interval, if
the job is still running, the job will be stopped. If the instant
corresponds to the start of the flexibility interval of another
job, said job will be selected as described above.
[0058] If no flexibility interval exists for an interval of
time (e.g., a gap in the timetable), the dispatcher (=
runtime dispatching means) will yield until the next flex-
ibility interval. Yields refers to giving away the control over
the CPU or core since the dispatcher has nothing to do
(there is no job that can be executed now).

[0059] If all jobs finish execution before the end of its
flexibility interval, the dispatcher will yield until the next
flexibility interval.

[0060] In general, the execution interval defines a
guaranteed interval, but it is superseded by the flexibility
interval to select and launch jobs for their execution.
Therefore, the execution time of jobs may be larger than
that of their execution intervals, which is an advantage in
cases when the exact worst-case execution time of the
taskis notknown, oritis underestimated for one or all jobs
of said task, or those cases in which a job may eventually
overrun.

[0061] Also in the general case, there is the possibility
that another dispatcher is taking control and selecting
other jobs of other tasks to execute in the "gaps" of the tt-
schedule (i.e., when the tt-schedule "yields"). Therefore,
when a job of a task in the tt-schedule is to be scheduled
according to the dispatcher of the invention, there could
be already a job of "another" task running, which can be
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either one in the sets of tasks related to the tt-schedule, or
some other task related to some other dispatcher.

[0062] When such additional dispatchers are (for ex-
ample hierarchically) active in the computer system, the
execution of jobs of other tasks, for example fixed priority
tasks, may occur within the flexibility interval of a selected
job, up to, at most, the beginning of the execution interval.
[0063] In such case, advantages of the invention are:

= allowing jobs of other tasks, for example fixed
priority tasks, to execute without jeopardizing the
guaranteed execution interval of the tasks provided
by the tt-schedule, and

= allowing jobs of the tasks in the tt-schedule to
execute as soon as the processing core remains idle
within their flexibility interval, but not later than the
instant in which the execution interval starts, and

= allowing jobs of the task in the tt-schedule to
execute until the end of its flexibility interval.

[0064] According to case 2 (strictly overlapping flex-
ibility intervals) it may be provided that

for jobs of the at least one second subset of task jobs the
runtime dispatching means act according to the following
rules:

= ifthe currenttime is within one or multiple flexibility
intervals, a selection of one of the jobs for which said
flexibility interval is equivalent will be performed
based on one of the following defined criteria:

o the job with the earliest execution interval will
be selected and launched to execute, or

o the job with the shortest execution time will be
selected and launched to execute, or

o the job resulting from a selection based on
defined constraints, for example the earliest
deadline, or the highest priority, will be selected
and launched to execute (this allows the selec-
tion to be based on dynamic algorithms like
Earliest Deadline First (EDF), or a fixed priority
scheduler), or

o the job for which the probability of finishing its
execution in less time than that accounted for in
its execution interval and providing more slack,
i.e., unused CPU execution time, is higher will be
selected.

[0065] The runtime dispatching means according to
this case 2 will iterate over the timetable while keeping
track of the progress of time in relation to the cycle. The
dispatcher will compare the current time with the instants
of time defining the start and end of each flexibility inter-
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val, which will be sorted increasingly in the timetable. The
selection in this sub-case is based on an estimate of the
probability that a job will leave unused execution time.
This time slack may be then used by other overrunning
jobs within the subset of jobs sharing the flexibility interval
bounds. The probability that a job finishes earlier can be
dynamically measured during the execution over the past
cycles, for example by calculating the moving average
over the series of past execution cycles, or it can be
based on static analysis and pre-defined before runtime.
[0066] In the context of case 2 it may be provided that
the job selected and launched to execute will remain
executing until any one of the following events occurs:

= the job finishes its execution for the current cycle,
or

= the job reaches the amount of execution time
corresponding to its execution interval, irrespective
of the relative position of the current time within the
flexibility interval during execution of the job, prefer-
ably plus any amount of slack available within the
execution interval, calculated as:

o the sum of existing idle intervals within the
flexibility interval, calculated as the difference
between the length of the flexibility interval and
the sum of the execution intervals of all jobs
within said flexibility interval (this can be stati-
cally determined prior to runtime; this condition
guarantees that no job will be left with less than
an interval corresponding to the length of its
execution interval), or

o the sum of slack provided by any job executing
within the flexibility interval and not consumed
by any other previous job (this can be dynami-
cally determined based on the execution of
jobs),

or

= the job reaches the amount of execution time
corresponding to its execution interval plus a defined
overrun budget, specified as

o a fixed interval of time, e.g., 1 ms, or
o arelative percentage of its own execution time,
e.g., 10%,

or

= the current time reaches the end of the flexibility
interval.

[0067] The selection procedure will repeat as above
with the remaining jobs (i.e., excluding the already exe-
cuted job). If necessary, the slack account and statistical
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parameters will be updated.

[0068] Once all jobs have finished their execution for
this cycle, the dispatcher will yield until the end of the
flexibility interval, and then repeat.

[0069] According to the most generic case, case 3, the
flexibility intervals of different jobs may partially overlap
with flexibility or execution intervals of other jobs. Note
that execution intervals of different jobs cannot overlap.
The runtime dispatcher according to this case will iterate
over the timetable while keeping track of the progress of
time in relation to the cycle. The dispatcher will compare
the current time with the instants of time defining the start
and end of each flexibility interval and execution interval,
which will be sorted increasingly in the timetable.
[0070] Inthis context it may be provided that for jobs of
the at least one third subset of jobs the runtime dispatch-
ing means act according to the following rules:

= when the current time reaches the start of a
flexibility interval, the jobs related to said flexibility
interval will be added to a list of eligible jobs, and
wherein

= when one of the following conditions is met:

o the core on which the job is to be executed
becomes idle,

o a currently executing job finishes its execution,
or is stopped, or is forced to stop,

o the current time reaches the start of the execu-
tion interval of one of the jobs in the list of eligible
jobs,

the runtime dispatching means will select the job
from the list of eligible jobs for which the start of its
execution interval occurs earlier.

[0071] Once ajob selected from the list of eligible jobs,
said job is removed from said list and launched for ex-
ecution. When the list of eligible jobs is empty, the runtime
dispatching means will yield.

[0072] Itmay further be provided thatthe execution ofa
job is stopped or the job is forced to stop execution

¢ when the current time equals the completion point of
the execution interval of said job and there is a job in
the list of eligible jobs for which the start of its ex-
ecution interval equals the current time, or

» the current time is later than the completion point of
the execution interval of said job and there is a job in
the list of eligible jobs for which the start of its ex-
ecution interval equals the current time, or

¢ when the current time reaches the end of the flex-
ibility interval of said executing job, if no job is in the
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list of eligible jobs for which the start of its execution
interval equals the current time.

[0073] In this context is should be noted that it may be
provided that a job finishes its execution by itself before
the above conditions are met.

[0074] According to the invention, at least one of the
cases 1-3 and the corresponding policy of the dispatch-
ing means is present. However, it may also be possible,
that other cases, also case 0, or all cases 0, 1 - 3 are
present in a schedule. The dispatching means are con-
figured to deal with all those cases which are present,
implementing at least one of the runtime dispatching
policies described in cases 1, 2, and 3, in combination,
or not, with the policy described in case 0.

[0075] Furthermore, the invention refers to runtime
dispatching means for selecting jobs of tasks and launch-
ing said jobs to execution in a computer system, in
particular for the use in a method as described above,
according to a global time-triggered schedule,

- wherein the computer system comprises one or
more cores on one or more central processing units
of the computer system,

- wherein said global time-triggered schedule com-
prises one time-triggered schedule, "core schedule",
foreach of said cores, wherein the jobs of tasks of the
set of tasks to be executed on a specific core are
executed on said core according to the core sche-
dule of said core,

- wherein the global time-triggered schedule specifies
a cycle with a cycle length for the set of tasks,

wherein the core schedule of a core specifies for the
jobs of each task of the set of tasks, which is to be
executed on said core:

¢ an execution interval for each task instance,
"job", of the task, during which execution interval
the job can be executed, wherein each execu-
tion interval comprises a release point, at which
the execution interval starts, and a completion
point, at which the execution interval ends,
wherein the duration of an execution interval
is the duration of the time span between the
release point and the completion point of the
execution interval, wherein the execution inter-
val of a job defines a time interval during which
the job has a guarantee to be executed on the
core, and

e a period according to which period the jobs of
said task are executed on the core,

o wherein the execution interval of each job
of the task is iterated cyclically according to
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the cycle, and

wherein the execution intervals of any two jobs of the
same and of different tasks do not overlap, and

wherein the cycle is a common multiple of all periods
of all tasks in the set of tasks.

[0076] The runtime dispatching means is character-
ized in that it is configured to select and launch jobs of
tasks for execution according to the core schedule,
taking into account all flexibility intervals of the core
schedule.

[0077] The invention relates to runtime dispatching
means, e.g., a runtime dispatcher module, for example
the operating system dispatcher, responsible for the
selection of one job among the jobs to be executed on
the core, and launch said job to execution. Said selection
is performed among the subset of eligible jobs, normally
referred as the set of ready jobs, of the set of jobs, and
relates to the respective intervals of each job depending
on the above-mentioned cases.

[0078] In some cases, a runtime dispatcher may im-
plement multiple dispatching policies, or in other cases
multiple dispatchers may coexist simultaneously in a
computer system. For example, a system may consist
of two dispatchers, one implementing a fixed priority
policy and one implementing a time-triggered policy,
wherein each said dispatcher relates to a separate set
of jobs.

[0079] Some computer systems, for example, compu-
ter systems based on GNU/Linux, implement several
runtime dispatchers organized hierarchically. When the
top dispatcher has no job to select for execution among
the list of eligible jobs of its set of tasks, it yields and
delegates to the next dispatchers in the hierarchy to
perform a selection. If no dispatcher has eligible jobs
to select, the respective core (CPU) idles until a job
becomes eligible.

[0080] Inconnectionwith case 1itmay be provided that
the runtime dispatching means is configured to act for first
subsets of jobs, for which the core schedule specifies
flexibility intervals which do not overlap with each other,
wherein at least one of the flexibility intervals of a job is
longer than the execution of said job according to the
following rules:

= ifthe currenttime is within the flexibility interval of a
job, said job

o will be launched to execute, if the core for said
job is idle, i.e., no job is executing, and

oifthe core for said jobis notidle, i.e., another job
is executing, said selected job will be launched
to execute at the instant of time that occurs first
among the following:
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= instant of time at which the core for said
job becomes idle, or

= the current time reaches the start of the
execution interval of the selected job.

[0081] Inconnectionwith case 2itmay be provided that
the runtime dispatching means is configured to act for
second subsets of jobs, for which the core schedule
specifies flexibility intervals so that the flexibility intervals
of two or more jobs of said second subset of jobs are
identical, i.e., for said two or more jobs of said second
subset the start instant of their flexibility intervals is the
same instant and the end instant of their flexibility inter-
vals is the same instant according to the following rules:

= ifthe currenttime is within one or multiple flexibility
intervals, a selection of one of the jobs for which said
flexibility interval is equivalent will be performed
based on one of the following defined criteria:

o the job with the earliest execution interval will
be selected and launched to execute, or

o the job with the shortest execution time will be
selected and launched to execute, or

o the job resulting from a selection based on
defined constraints, for example the earliest
deadline, or the highest priority, will be selected
and launched to execute, or

o the job for which the probability of finishing its
execution in less time than that accounted for in
its execution interval and providing more slack,
i.e.,unused CPU execution time, is higher will be
selected.

[0082] In connection with case 2 it may further be
provided that the runtime dispatching means is config-
ured such that the job selected and launched to execute
will remain executing until any one of the following events
ocCCcurs:

= the job finishes its execution for the current cycle,
or

= the job reaches the amount of execution time
corresponding to its execution interval, irrespective
of the relative position of the current time within the
flexibility interval during execution of the job, prefer-
ably plus any amount of slack available within the
execution interval, calculated as:

o the sum of existing idle intervals within the
flexibility interval, calculated as the difference
between the length of the flexibility interval and
the sum of the execution intervals of all jobs
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within said flexibility interval, or

o the sum of slack provided by any job executing
within the flexibility interval and not consumed
by any other previous job,

or

= the job reaches the amount of execution time
corresponding to its execution interval plus a defined
overrun budget, specified as

o a fixed interval of time, e.g., 1 ms, or

o arelative percentage of its own execution time,
e.g., 10%,

or

= the current time reaches the end of the flexibility
interval.

[0083] Inconnectionwith case 3 it may be provided that
the runtime dispatching means is configured to act for
third subsets of jobs, for which the core schedule spe-
cifies that the flexibility intervals of any two jobs of said
third subset partially overlap according to the following
rules:

= when the current time reaches the start of a
flexibility interval, the jobs related to said flexibility
interval will be added to a list of eligible jobs, and
wherein

= when one of the following conditions is met:

o the core on which the job is to be executed
becomes idle,

o a currently executing job finishes its execution,
or is stopped, or is forced to stop,

o the current time reaches the start of the execu-
tion interval of one of the jobs in the list of eligible
jobs,

the runtime dispatching means will select the job
from the list of eligible jobs for which the start of its
execution interval occurs earlier.

[0084] In connection with case 3 it may further be
provided that the execution of a job is stopped or the
job is forced to stop execution:

¢ when the current time equals the completion point of
the execution interval of said job and there is a job in
the list of eligible jobs for which the start of its ex-
ecution interval equals the current time, or
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* the current time is later than the completion point of
the execution interval of said job and there is a job in
the list of eligible jobs for which the start of its ex-
ecution interval equals the current time, or

¢ when the current time reaches the end of the flex-
ibility interval of said executing job, if no job is in the
list of eligible jobs for which the start of its execution
interval equals the current time.

[0085] The invention also refers to a computer system
comprising one or more cores on one or more central
processing units, wherein the computer system is con-
figured to execute tasks according to a method as de-
scribed above, the computer system comprising runtime
dispatching means as described above.

[0086] Furthermore, the invention relates to a method
to generate a core schedule for the execution of jobs of
tasks on a core of a computer system, in particular for the
use in a method as described above, wherein the core
schedule comprises flexibility intervals for the jobs to be
executed on said core, the method comprising the steps
of:

e providing a time-triggered schedule for the tasks to
be executed on said core, which time-triggered sche-
dule comprises an execution interval for each job of
each task and a period for each task, according to
which period the jobs of said task are cyclically
executed,

e determine schedulability bounds based on said time-
triggered schedule and based on a set of scheduling
constraints, resulting in upper and lower bounds for
each execution interval,

e forexample byiteratively increasing, starting with the
execution interval of a first job of a task from said
time-triggered schedule for said core, the execution
interval while checking that the scheduling con-
straints are fulfilled, and

e onceinaniteration atleastone scheduling constraint
is not fulfilled, determine the extended execution
interval of the previous iteration as the flexibility
interval for said first job,

* selected as first job until all jobs have been provided
a flexibility interval,

* selecting a nextjob and repeating the method until all
jobs have been provided with a flexibility interval.

[0087] The invention is described in a non-limiting
manner with reference to the figures:

Fig. 1 depicts a time triggered schedule foraset TS
of jobs with no flexibility intervals.
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Fig. 2 depicts a time-triggered schedule with flex-
ibility intervals for a set TS, of jobs with non-over-
lapping flexibility intervals.

Fig. 3 depicts a time-triggered schedule with flex-
ibility intervals for a set TS; of jobs with completely
overlapping flexibility intervals.

Fig. 4 depicts a time-triggered schedule with flex-
ibility intervals for a set of jobs with partially over-
lapping flexibility intervals.

Fig. 5-8 depict exemplary execution instances, ac-
cording to embodiments of the invention, of the time-
triggered schedules depicted in figures 1- 4.

[0088] A computer system, for example an automotive
computer system, comprises one or more hosts, in par-
ticular processors, wherein each host, h;, in the set of said
hosts, H = {h,..h,}, comprises one or more CPU cores,
characterized by the set of CPU cores, CH = {ch; ch},
wherein said CPU cores are configured to execute in-
structions. Software applications, for example automo-
tive functions, comprise software components (tasks),
which comprise a sequence of instructions that can be
executed in said one or multiple CPU cores.

[0089] Software tasks are cyclically executed in said
CPU cores, wherein each software task, sw;, in the set of
defined software tasks, SW = {sw,..sw,,}, is character-
ized by

e thelength of its execution cycle, namely its period, or
minimum interarrival time, p;, and

e its maximum required execution budget, w; corre-
sponding to the accrued time required in one CPU
core to execute said task within one cycle, for ex-
ample its worst-case computation time (WCET), or
and estimation of the required computation time.

[0090]
ized by

A software task, sw;, may further be character-

* its earliest release time, e;, indicating the earliest
relative time when the software task is ready for
execution, relative to the beginning of a cycle, and/or

» its execution deadline, d;, indicating the latest rela-
tive point in time after the beginning of a cycle by
which the software task shall complete the execution
corresponding to said cycle.

[0091] The software tasks in the CPU are executed
following a time-triggered scheduling paradigm, whereby
a run-time component of said computer system (the
dispatcher), for example the runtime dispatcher compo-
nent of the operating system, selects and dispatches
instances of said tasks (jobs) to be executed for defined
time intervals, or intervals, in said CPU cores following a
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predefined time-triggered schedule (the tt-schedule).
[0092] Each said interval is characterized by a start
time, or time offset, o, and a duration, or length, b.
[0093] A tt-schedule for a CPU core, c, the "core sche-
dule", relates to a timetable, TTc, characterized by the
length of the table cycle, z¢, or schedule cycle, and a
sequence of one or more elements, wherein each said
element of said timetable is characterized by a reference
to an assigned job of a software task, sw, from the set of
software tasks, SW.

[0094] The periodic execution of tasks within the sche-
dule cycle comprises one or more executions of task
instances, or jobs, of said task represented by one said
element in the timetable, wherein each job corresponds
to an execution of the task according to its periodicity
within the schedule cycle. If the task period is equal to the
schedule cycle, there is one single job of said task within
the schedule cycle, whereas if the schedule cycle is
larger than the period, there are multiple jobs of said task
according to the relation between the period and the
schedule cycle. Note that the length of the schedule
cycle, shall be a common multiple of the period of all
tasks, for example, the least common multiple.

[0095] Inthe examples shown below, it is assumed for
the sake of simplicity that each specific task is only
executed once within a cycle with cycle length T (exactly
spoken only one job of said task is executed within a
cycle), so that in the following description for the sake of
simplicity the wording "execution of a task" instead of the
wording "execution of a job of said" is used.

[0096] Accordingtotheinvention, each element of said
timetable is further characterized by an additional flex-
ibility interval, fi.

[0097] Table 1 shows an exemplary set of tasks (also
denoted as "task set") TS,, comprising three tasks (one
job per task), sw,, sw,, and sws, characterized by their
period p, early release time e (earliest start point), dead-
line d (latest completion point), and execution budget w.

Table 1
sWy sw, SW,
p T T T
e to t, ts
d t ts t,
w Wy Wy Ws

[0098] Reference sign "T" denotes the cycle length
specified by the global time-triggered schedule.

[0099] Figure 1 depicts an example of a time triggered
schedule according to the state of the art, computed by an
offline time-triggered scheduler for said task set TS,. As
can be seen from Figure 1, a fixed execution interval is
assigned to each task and no flexibility intervals are
provided, as is the case in the prior art.

[0100] Table 2 characterizes the tt-schedule from Fig-
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ure 1 in the form of a timetable, wherein the schedule
cycle z is equal to the period p, (i.e., z = T) and the
execution intervals are sy, sy, and s; (o ... start time,
b ... duration/length),

Table 2
o b sw
CH t ty -t SWy
Sy ts ty-t3 SWp
S3 t5 ts - t5 SW3

[0101] Table 3 shows an exemplary task set ("first" set
oftasks), TS,, comprising three tasks, sw,, swg, and swg,
characterized by their period p, early release time e,
deadline d, and execution budget w.

Table 3
sw, | swg SWg
p T T T
e to t ts
d t ts t;
w w, Wi wg

[0102] Figure 2 depicts a time-triggered schedule for
the task set TS, from table 3, with execution intervals s,,
S5, Sg and with non-overlapping flexibility intervals fiy, fis,
and fig, for the tasks of task set TS;.

[0103] Table 4 characterizes the tt-schedule from Fig-
ure 2 in the form of a timetable, wherein the schedule
cycleis equaltothe periodT, (i.e.,z=T)and the execution
intervals are s, S5, and sg. The parameters o and b refer
to the execution interval of the respective task, fi denotes
the flexibility interval of the respective task.

Table 4
o b swW fi
sq | b | -ty | swy | fig=(th, )
S5 ts ty-t3 SW;5 fis = (15, t5)
Sg ts tg - t5 SWg fig = (ts, t7)

[0104] Table 5shows an exemplary task set ("second"
set of tasks), TS2, comprising three tasks, sw;, swg, and
Swy, characterized by their period p, early release time e,
deadline d, and execution budget w.

Table 5
sw; | swg | swy
T T T
t t to
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(continued)

swy swg SWy
w Wy Wg Wq

[0105] Figure 3 depicts a time-triggered schedule with
flexibility intervals for a task set with identical, completely
overlapping flexibility intervals, fi;, fig, and fig, for the task
set TS,.

[0106] Table 6 characterizes the tt-schedule from Fig-
ure 3 in the form of a timetable, wherein the schedule
cycleis equalto the period T, (i.e., z=T)and the execution
intervals (parameters o, b) are s, Ss, and sq,

Table 6
o b sw Fi
Sy t4 ty - t4 Swy fi, = (t, t7)
Sg ts ty-t3 Swg fig = (t, t7)
Sg ts tg - 15 SWq fig = (ty , t7)

[0107] An additional exemplary set of tasks ("third" set
of tasks), TS5, comprising three tasks, sw,g, swy4, and
SWy,, is characterized in Table 7, by the period, p, early
release time, e, deadline, d, and execution budget, w, of
each task sw,,, swn, sw,, of the task set TS;.

Table 7
SW1o SW1q SWi2
p T T T
e to to to
d t, t, t,
w W1 Wi Wi2

[0108] Figure 4 depicts a time-triggered schedule with
flexibility intervals for a task set with partially overlapping
flexibility intervals, fiyq, fiy4, and fiy,, for the task set TS,
from Table 7.

[0109] Table 8 characterizes the tt-schedule from Fig-
ure 4 in the form of a timetable, wherein the schedule
cycleis equaltothe periodT, (i.e.,z=T)and the execution
intervals (parameters o, b) are s4q, S44, S12-

Table 8
o b sw fi
S0 | b | tg-ty | oswyg | figg=(, t)
S | b | 5oty | swyy iy = (tp, to)
Si2 |t | tr-tg | swip | fip=(5,t)

[0110] Figures 5-8 depict exemplary execution in-
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stances ("jobs") of the time-triggered schedules depicted
in Figures 1-4 and characterized in the tables described
above.

[0111] Case 0: (state of the art)

[0112] The exemplary task set, TS, comprises three
tasks, swy, sw,, and sws, as described above.

[0113] Atime-triggered scheduler according computes
a time-trigger schedule for TS, as shown in Table 2, with
no flexibility interval.

[0114] Figure 5 depicts a possible execution trace of
said task set, TS, for the purpose of this example,
wherein the task execution time for each task in the task
set is less than or equal to the corresponding execution
interval of the task.

[0115] The starting execution time for each task is
strictly bound to the start of the execution interval deter-
mined by the time-triggered schedule, regardless of the
early termination of any preceding task in the corre-
sponding time-triggered schedule. For example, the ex-
ecution of sw, in Figure 5 starts at time ty independent of
the fact the task sw, has already finished execution at an
earlier point in time, tn, with respect to the end of the
execution interval, t,, of task sw, as defined in the time-
triggered schedule Table 2.

[0116] Also, according to a general time-triggered dis-
patcher without the additional advantages of the present
invention, the end of the execution time of task sws in
Figure 5 is upper bounded to the end of the execution
interval, tg, regardless of whether the task is already
finished with its execution at this point to or not.

Case 1:

[0117] Afirst set of tasks, TS4, comprising three tasks,
sw,, sws, and swg, is described above in detail and
characterized in Table 3. A time-triggered scheduler
including advantages of the invention may compute a
time-trigger schedule as characterized in Table 4 and
depicted in Figure 2, with flexibility intervals for the tasks
that do not overlap.

[0118] Figure 6 depicts a possible execution trace of
said first task set, TS,, for the purpose of this example,
wherein the task available execution time for some tasks
in the task set is larger than the corresponding task
execution interval.

[0119] A time-triggered dispatcher (dispatching
means) according to the invention may select and launch
tasks for execution as depicted in Figure 6. For example,
in the exemplary trace the execution of sw, in Figure 6
may start (due to its flexibility interval) at time t, ahead of
the start of the start of its execution interval, t,, if the CPU
core is idle at that time.

[0120] Task sws starts in this example during its flex-
ibility interval att31, later than the starting instance t; of its
execution interval s5 (= t4 - t3) and ends later than the end
t, of its execution interval (but before the end of its
flexibility interval). Accordingly, the start of the execution
time of task sws according to Figure 6, t54, is not bounded
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to the start of neither its flexibility interval, t,, nor its
execution interval, t,, for example allowing the CPU core
to execute other tasks, not depicted in the figure, or
remain in a low power mode to save energy.

[0121] The end of the execution time of task swg in
Figure 6 is upper bounded to the end of the flexibility
interval, t;, regardless of the end of the defined end of the
execution interval, tg, for example allowing said task swg
to execute longer than its assigned execution interval if
required.

Case 2:

[0122] Yetanotherexemplary task set, second task set
TS,, comprising three tasks, sw;, swg, and swyg, is char-
acterized in Table 5, as described in detail above. A time-
triggered scheduler including advantages of this inven-
tion may compute a time-trigger schedule as character-
ized in Table 6 with flexibility intervals for the tasks, as
depicted in Figure 3. In this example the flexibility inter-
vals are equal.

[0123] Figure 7 depicts a possible execution trace of
said task set, for the purpose of this example, wherein the
task execution time for some tasks in the task set is larger
than the corresponding task execution interval.

[0124] According to a time-triggered dispatcher ac-
cording to the invention, the starting execution time for
each task are bounded by the corresponding flexibility
interval determined by the time-triggered schedule,
wherein said flexibility interval is equal for all tasks in
the task set. For example, in the exemplary trace the
execution of swg in Figure 7 starts attime t,, ahead of the
start of its execution interval, t5, and prior to tasks with an
earlier execution interval, sw; and swg, for example due
to the task swqy having a shorter execution time than its
budgeted execution interval sy, which for example is
identified by historical observation of preceding cycles,
or due to the dispatching of task based on statically
defined, or dynamically assigned, priorities, whereby
SWg is assigned a higher priority than sws and swj.
[0125] Furthermore, the execution time (t; - t3) of task
swg in the example according to Figure 7 is larger than
the execution budget corresponding to its execution in-
terval, t, - t3, allowing a larger execution time for swg
which for example includes the accrued slack corre-
sponding to unused time from preceding tasks plus the
additional time within the flexibility interval, for example
allowing sws to implement a progressive algorithm max-
imizing its execution time until the end of the flexibility
interval, whereby the functional performance of said
algorithm is improved proportionally to its runtime.

Case 3:

[0126] Afurther exemplary task, TS, the third task set,
comprising three tasks, swyq, SWy4, and swy,, is char-
acterized in Table 7 as described above in detail. A time-
triggered scheduler may compute a time-triggered sche-
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dule as described in Table 8 by the beginning of the
execution interval, o, the length of the execution interval,
b, the related task, sw, and the flexibility interval, fi, of
each execution interval, and depicted in Figure 4. Said
time-trigger schedule for the third task setis provided with
flexibility intervals computed according to embodiments
of this invention and wherein said flexibility intervals
partially overlap.

[0127] Figure 8 depicts a possible execution trace of
said third task set, for the purpose of this example, where-
in the task execution time for some tasks in the task setis
larger than the corresponding task execution interval.
[0128] According to a time-triggered dispatcher ac-
cording to the invention, the starting execution time for
each task are bounded by the corresponding flexibility
interval determined by the time-triggered schedule,
which flexibility intervals are partially overlapping. For
example, in the exemplary trace the execution of swio in
Figure 8, may start at time t;, ahead of the start of its
execution interval, t,. Similarly, task sw4;, may start at
time t,4, right after swio finishes execution and ahead of
the start of its execution interval, t,.

[0129] Furthermore, the executiontime (tg4-t4¢) of task
swy, in Figure 8 is larger than the execution budget
corresponding to its execution interval, t; - tg, allowing
a larger execution time for sw,.
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Claims

A method to execute jobs of a set of tasks in a
computer system according to a global time-trig-
gered schedule,

- wherein the computer system comprises one
or more cores on one or more central processing
units of the computer system,

- wherein said global time-triggered schedule
comprises one time-triggered schedule, "core
schedule", for each of said cores, wherein the
tasks of the set of tasks to be executed on a
specific core are executed on said core accord-
ing to the core schedule of said core,

- wherein the global time-triggered schedule
specifies a cycle with a cycle length for the set
of tasks,

wherein the core schedule of a core speci-
fies for each task of the set of tasks, which is
to be executed on said core:

* an execution interval for each task
instance, "job", of the task, during which
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execution interval the job can be exe-
cuted, wherein each execution interval
comprises a release point, at which the
execution interval starts, and a comple-
tion point, at which the execution inter-
val ends, wherein the duration of an
execution interval is the duration of
the time span between the release
point and the completion point of the
execution interval, wherein the execu-
tion interval of a job defines a time
interval during which the job has a guar-
antee to be executed on the core, and
* a period according to which period the
jobs of said task are executed on the
core,

o wherein the execution interval of
each job of the task is iterated cy-
clically according to the cycle, and

wherein the execution intervals of any two
jobs ofthe same and of differenttasks do not
overlap, and

wherein the cycle is acommon multiple of all
periods of all tasks in the set of tasks,
characterized in that

the core schedule specifies for each job a
flexibility interval, wherein the duration of
the flexibility interval of a job is equal or
longer than the execution interval of said
job, wherein at least the flexibility interval of
one job is longer than the execution interval
of said job, wherein

the flexibility interval of a job starts no later
than the release point of the execution inter-
val of said job, and wherein

the flexibility interval of a job ends no sooner
than the completion point of the execution
interval of said job, wherein

the flexibility of a job defines a time interval
during which said job can be executed, and
wherein

runtime dispatching means are provided,
which select and launch jobs for execution
according to the global time-triggered sche-
dule, taking into account for each core all
flexibility intervals as specified in the core
schedule.

2. Method according to claim 1, wherein among the

jobs of those tasks of the set of tasks that are to be
executed on the core at least one first subset of jobs
is provided, wherein for the jobs of said at least one
first subset the core schedule specifies flexibility
intervals which do not overlap with each other,
wherein at least one of the flexibility intervals of a
job is longer than the execution of said job.
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Method according to claim 1 or 2, wherein among
those tasks of the set of tasks that are to be executed
on the core at least one second subset of jobs is
provided, wherein for the jobs of said at least one
second subset the core schedule specifies flexibility
intervals so that the flexibility intervals of two or more
jobs of said at least one second subset of jobs are
identical, i.e., for said two or more jobs of said at least
one second subset the start instant of their flexibility
intervals is the same instant and the end instant of
their flexibility intervals is the same instant.

Method according to one of the claims 1 to 3, where-
in among those tasks of the set of tasks that are to be
executed on the core at least one third subset of jobs
is provided, wherein the flexibility intervals of any two
jobs of said atleast one third subset partially overlap.

Method according to one of the claims 2 to 4, where-
in for jobs of the at least one first subset of task jobs
the runtime dispatching means act according to the
following rules:

= if the current time is within the flexibility inter-
val of a job, said job

o will be launched to execute, if the core for
said job isidle, i.e., no job is executing, and
o if the core for said job is not idle, i.e.,
another job is executing, said selected job
will be launched to execute at the instant of
time that occurs first among the following:

= instant of time at which the core for
said job becomes idle, or

= the current time reaches the start of
the execution interval of the selected
job.

6. Method according to one of the claims 3 to 5, where-

in for jobs of the at least one second subset of task
jobs the runtime dispatching means act according to
the following rules:

= if the current time is within one or multiple
flexibility intervals, a selection of one of the jobs
for which said flexibility interval is equivalent will
be performed based on one of the following
defined criteria:

o the job with the earliest execution interval
will be selected and launched to execute, or
o the job with the shortest execution time will
be selected and launched to execute, or

o the job resulting from a selection based on
defined constraints, for example the earliest
deadline, or the highest priority, will be se-
lected and launched to execute, or
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o the job for which the probability of finishing
its execution in less time than that ac-
counted for in its execution interval and
providing more slack, i.e., unused CPU ex-
ecution time, is higher will be selected.

7. Method according to claim 6, wherein the job se-

lected and launched to execute will remain executing
until any one of the following events occurs:

= the job finishes its execution for the current
cycle, or

= the job reaches the amount of execution time
corresponding toits execution interval, irrespec-
tive of the relative position of the current time
within the flexibility interval during execution of
the job, preferably plus any amount of slack
available within the execution interval, calcu-
lated as:

o the sum of existing idle intervals within the
flexibility interval, calculated as the differ-
ence between the length of the flexibility
interval and the sum of the execution inter-
vals of all jobs within said flexibility interval,
or

o the sum of slack provided by any job ex-
ecuting within the flexibility interval and not
consumed by any other previous job,

or
= the job reaches the amount of execution time
corresponding to its execution interval plus a
defined overrun budget, specified as

o a fixed interval of time, e.g., 1 ms, or
o a relative percentage of its own execution
time, e.g., 10%, or

= the current time reaches the end of the flex-
ibility interval.

Method according to one of the claims 4 to 7, where-
in for jobs of the at least one third subset of jobs the
runtime dispatching means act according to the fol-
lowing rules:

= when the current time reaches the start of a
flexibility interval, the jobs related to said flex-
ibility interval will be added to a list of eligible
jobs, and wherein

= when one of the following conditions is met:

o the core on which the job is to be executed
becomes idle,

o a currently executing job finishes its ex-
ecution, or is stopped, or is forced to stop,
o the current time reaches the start of the
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executioninterval of one of the jobs in the list
of eligible jobs,

the runtime dispatching means will select the job
from the list of eligible jobs for which the start of
its execution interval occurs earlier.

9. Method according to claim 8, wherein the execution

of a job is stopped or the job is forced to stop execu-
tion

» when the current time equals the completion
point (completion instant) of the execution inter-
val of said job and there is a job in the list of
eligible jobs for which the start of its execution
interval equals the current time, or

« the current time is later than the completion
point of the execution interval of said job and
there is a job in the list of eligible jobs for which
the start point (start instant) of its execution
interval equals the current time, or

» when the current time reaches the end of the
flexibility interval of said executing job, if nojob is
in the list of eligible jobs for which the start of its
execution interval equals the current time.

10. Runtime dispatching means for selecting jobs of

tasks and launching said jobs to execution in a
computer system, in particular for the use in a meth-
od according to one of the claims 1 to 9, according to
a global time-triggered schedule,

- wherein the computer system comprises one
or more cores on one or more central processing
units of the computer system,

- wherein said global time-triggered schedule
comprises one time-triggered schedule, "core
schedule", for each of said cores, wherein the
jobs of tasks of the set of tasks to be executed on
a specific core are executed on said core ac-
cording to the core schedule of said core,

- wherein the global time-triggered schedule
specifies a cycle with a cycle length for the set
of tasks,

wherein the core schedule of a core spe-
cifies for the jobs of each task of the set of
tasks, which is to be executed on said core:

» an execution interval for each task
instance, "job", of the task, during which
execution interval the job can be exe-
cuted, wherein each execution interval
comprises a release point, at which the
execution interval starts, and a comple-
tion point, at which the execution inter-
val ends, wherein the duration of an
execution interval is the duration of
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the time span between the release
point and the completion point of the
execution interval, wherein the execu-
tion interval of a job defines a time
interval during which the job has a guar-
antee to be executed on the core, and
» a period according to which period the
jobs of said task are executed on the
core,

o wherein the execution interval of
each job of the task is iterated cy-
clically according to the cycle, and

wherein the execution intervals of any two
jobs of the same and of different tasks do not
overlap, and

wherein the cycle isacommon multiple of all
periods of all tasks in the set of tasks,
characterized in that

it is configured to select and launch jobs of
tasks for execution according to the core
schedule, taking into account all flexibility
intervals of the core schedule.

11. Runtime dispatching means according to claim 10,

wherein the runtime dispatching means is config-
ured to act for first subsets of jobs, for which the core
schedule specifies flexibility intervals which do not
overlap with each other, wherein at least one of the
flexibility intervals of a job is longer than the execu-
tion of said job according to the following rules:

= if the current time is within the flexibility inter-
val of a job, said job

o will be launched to execute, if the core for
said job is idle, i.e., no job is executing, and
o if the core for said job is not idle, i.e.,
another job is executing, said selected job
will be launched to execute at the instant of
time that occurs first among the following:

= instant of time at which the core for
said job becomes idle, or

= the current time reaches the start of
the execution interval of the selected
job.

12. Runtime dispatching means according to claim 10 or

11, wherein the runtime dispatching means is con-
figured to act for second subsets of jobs, for which
the core schedule specifies flexibility intervals so that
the flexibility intervals of two or more jobs of said
second subset of jobs are identical, i.e., for said two
or more jobs of said second subset the startinstant of
their flexibility intervals is the same instant and the
end instant of their flexibility intervals is the same
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instant according to the following rules:

= if the current time is within one or multiple
flexibility intervals, a selection of one of the jobs
for which said flexibility interval is equivalent will
be performed based on one of the following
defined criteria:

o the job with the earliest execution interval
will be selected and launched to execute, or
o the job with the shortest execution time will
be selected and launched to execute, or

o the job resulting from a selection based on
defined constraints, for example the earliest
deadline, or the highest priority, will be se-
lected and launched to execute, or

o the job for which the probability of finishing
its execution in less time than that ac-
counted for in its execution interval and
providing more slack, i.e., unused CPU ex-
ecution time, is higher will be selected.

13. Runtime dispatching means according to claim 12,

wherein the runtime dispatching means is config-
ured such that the job selected and launched to
execute will remain executing until any one of the
following events occurs:

= the job finishes its execution for the current
cycle, or

= the job reaches the amount of execution time
corresponding to its execution interval, irrespec-
tive of the relative position of the current time
within the flexibility interval during execution of
the job, preferably plus any amount of slack
available within the execution interval, calcu-
lated as:

o the sum of existing idle intervals within the
flexibility interval, calculated as the differ-
ence between the length of the flexibility
interval and the sum of the execution inter-
vals of all jobs within said flexibility interval,
or

o the sum of slack provided by any job ex-
ecuting within the flexibility interval and not
consumed by any other previous job,

or
= the job reaches the amount of execution time
corresponding to its execution interval plus a
defined overrun budget, specified as

o a fixed interval of time, e.g., 1 ms, or
o a relative percentage of its own execution

time, e.g., 10%,

or
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= the current time reaches the end of the flex-
ibility interval.

14. Runtime dispatching means according to one of the

15.

16.

17.

claims 10 to 13, wherein the runtime dispatching
means is configured to act for third subsets of jobs,
for which the core schedule specifies that the flex-
ibility intervals of any two jobs of said third subset
partially overlap according to the following rules:

= when the current time reaches the start of a
flexibility interval, the jobs related to said flex-
ibility interval will be added to a list of eligible
jobs, and wherein

= when one of the following conditions is met:

o the core on which the job is to be executed
becomes idle,

o a currently executing job finishes its ex-
ecution, or is stopped, or is forced to stop,
o the current time reaches the start of the
execution interval of one of the jobs in the list
of eligible jobs,

the runtime dispatching means will select the job
from the list of eligible jobs for which the start of
its execution interval occurs earlier.

Runtime dispatching means according to claim 14,
wherein the execution of ajob is stopped or the jobis
forced to stop execution:

« when the current time equals the completion
point of the execution interval of said job and
there is a job in the list of eligible jobs for which
the start of its execution interval equals the
current time, or

« the current time is later than the completion
point of the execution interval of said job and
there is a job in the list of eligible jobs for which
the start of its execution interval equals the
current time, or

» when the current time reaches the end of the
flexibility interval of said executing job, if no jobis
in the list of eligible jobs for which the start of its
execution interval equals the current time.

A computer system comprising one or more cores on
one or more central processing units, wherein the
computer system is configured to execute tasks
according to a method according to one of the claims
1 to 9, the computer system comprising runtime
dispatching means according to one of the claims
10 to 15.

Method to generate a core schedule for the execu-
tion of jobs of tasks on a core of a computer system,
in particular for the use in a method according to one
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of the claims 1 to 9, wherein the core schedule
comprises flexibility intervals for the jobs to be exe-
cuted on said core, the method comprising the steps
of:

+ providing a time-triggered schedule for the
tasks to be executed on said core, which time-
triggered schedule comprises an execution in-
terval for each job of each task and a period for
each task, according to which period the jobs of 70
said task are cyclically executed,

* determine schedulability bounds based on said
time-triggered schedule and based on a set of
scheduling constraints, resulting in upper and
lower bounds for each execution interval, 15
« for example by iteratively increasing, starting
with the execution interval of a first job of a task
from said time-triggered schedule for said core,

the execution interval while checking that the
scheduling constraints are fulfilled, and 20
* once in an iteration at least one scheduling
constraint is not fulfilled, determine the ex-
tended execution interval of the previous itera-

tion as the flexibility interval for said first job,

* selected as first job until all jobs have been 25
provided a flexibility interval,

selecting a next job and repeating the method until all

jobs have been provided with a flexibility interval.
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