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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. The global time-triggered schedule includes one
time-triggered schedule, “core schedule”, for each core,
wherein the tasks of the set of tasks to be executed on a
specific core are executed on the core according to the core
schedule of the core. The core schedule specifies for each job
a flexibility interval, wherein the flexibility of a job defines
a time interval during which the job can be executed.
Runtime dispatching means 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.
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METHOD TO EXECUTE TIME-TRIGGERED
TASKS IN A COMPUTER SYSTEM WITH
FLEXIBLE EXECUTION INTERVALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to European Patent
Application No. 24205298.3, filed Oct. 8, 2024, which is
incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] 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,

[0003] wherein the computer system comprises one or
more cores on one or more central processing units of
the computer system,

[0004] wherein said global time-triggered schedule
comprises one time-triggered schedule, “core sched-
ule”, 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,

[0005] wherein the global time-triggered schedule
specifies a cycle with a cycle length for the set of tasks,
[0006] wherein the core schedule of a core specifies

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

[0007] an execution interval for each task instance,
“job”, of the task, during which execution interval
the job can be executed, wherein each execution
interval comprises a release point, at which the
execution interval starts, and a completion point, at
which the execution interval ends, wherein the dura-
tion of an execution interval is the duration of the
time span between the release point and the comple-
tion point of the execution interval, wherein the
execution interval of a job defines a time interval
during which the job has a guarantee to be executed
on the core, and

[0008] a period according to which period the jobs of
said task are executed on the core,

[0009] wherein the execution interval of each job of the
task is iterated cyclically according to the cycle, and
[0010] wherein the execution intervals of any two jobs

of the same and of different tasks do not overlap, and

[0011] wherein the cycle is a common multiple of all
periods of all tasks in the set of tasks.

TECHNICAL BACKGROUND

[0012] 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 methodology. Moreover,
tt-schedules can be computed based on optimization objec-
tives that are hard to reach with other paradigms, like
minimizing job-level jitter or fulfilling complex job inter-
dependencies.

[0013] However, it is also known that the time-triggered
paradigm offers little to no flexibility in terms of dynami-
cally adapting to changes in the runtime behavior of soft-
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ware 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 determin-
ism requirements.

[0014] Prior to 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 enforced at runtime
by a dispatching mechanism. Accounting 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.
[0015] However, in modern computer systems, particu-
larly automotive computer systems, it is typically an objec-
tive to maximize the utilization of hardware components,
like CPU and memory since any unused resource would be
preferably scaled down at design time to reduce production
costs and overall power consumption.

[0016] These two objectives often conflict with each other
and cannot be trivially solved. Indeed, adding flexibility to
the time-triggered paradigm enabling the adaptation to run-
time changes in the execution timeliness of the periodic jobs
of' tasks while conserving determinism and correctness guar-
antees is a challenge.

Time-Triggered Scheduling

[0017] 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 scheduling
constraints.

[0018] An execution interval comprises a start time and a
duration for which the assigned CPU core(s) will exclu-
sively execute the assigned job of said software tasks.
[0019] 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).
[0020] The computation of a tt-schedule is based on
defined scheduling constraints determining the correct rela-
tion 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 instructions
of two jobs simultaneously, which is not feasible. As another
example, different execution intervals on the same CPU core
cannot overlap, as this would again result in multiple jobs
planned to execute simultaneously on the same CPU core,
hence invalidating the guaranteed reservation of execution
time for each individual job.

TT Scheduling Constraints

[0021] A computer system comprises one or more hosts,
each of which comprises one or more CPU cores.

[0022] A software application consists of one or more
periodic software components, or tasks. FEach task is char-
acterized by their period, an earliest release time, and a
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deadline-A task is cyclically executed on a core according to
its period, bearing a sequence of task execution instances, or
jobs.

[0023] A tt-schedule is computed according to general
correctness constraints for TT scheduled found in literature,
e.g., [1], and summarized here for completeness. The com-
putation of a tt-schedule relates to computing execution
intervals for each periodic job of a software task within a
defined schedule cycle, wherein said computation conforms
to defined scheduling constraints, including, but not limited
to:

[0024] 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,.

[0025] 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,.

[0026] Non-overlap constraint: No two jobs of any tasks
can execute at the same time on the same core.

[0027] Dependency constraints: Other requirements
further restricting the interrelation of software tasks
introduce additional dependency constraints when
computing 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 maxi-
mum interval of time the jobs of the first and last
software tasks of the DAG shall complete their execu-
tion. These additional dependency constraints may be
categorized as simple dependency constraints, or com-
plex dependency constraints, depending on the com-
plexity of said interrelation.

[0028] Tasks may have either simple or complex depen-
dencies. A dependency comprises two or more tasks,
wherein a defined order of execution between jobs of
said tasks are specified, wherein
[0029] in a simple dependency all of said comprised

tasks have the same period, whereas

[0030] in a complex dependency at least two of said
comprised tasks have different period.

[0031] In addition, simple and complex dependencies
relate to a maximum latency constraint, wherein said
maximum latency can be one of the following
[0032] a maximum response time, specifying that for

all jobs of the first task 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,

[0033] 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.

[0034] 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.
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[0035] It is known that the construction of a tt-schedule
is a computationally intense operation that cannot be
solved optimally within reasonable time for large sys-
tems [2, 3]. Approximative heuristic algorithms have
been used in the past and perform reasonably well on
average cases [4]

Runtime Execution Variability

[0036] 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 computing a tt-schedule
by assuming the worst-case runtime (worst-case computa-
tion time, or WCET) for each job of a software task, hence
planning the amount and length of execution intervals
sufficient to satisfy said worst-case behavior (e.g., largest
execution path).

[0037] An advantage of a time-triggered scheduling para-
digm is the deterministic and timely behavior of the
executed jobs of software tasks during runtime, regardless of
their cyclic variation in the execution requirements, typi-
cally resulting in only minimal deviations between cycles
(e.g., due to unavoidable runtime inaccuracy introduced by
uncertainties of the underlying hardware and software com-
ponents).

Runtime Adaptability

[0038] In the general case, the construction during design-
time of the tt-schedule prevents exercising runtime adapta-
tions 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.

[0039] Another related disadvantage of a time-triggered
scheduling paradigm is the overprovisioning caused by
assuming a worst-case bound for the timeliness of software
tasks, in particular a WCET, when computing the timetable,
hence assigning larger execution intervals than on average
required during execution, since during runtime, jobs often
require less execution time than the WCET of their respec-
tive task.

[0040] Some existing methods address the negative effects
of overprovisioning due to the WCET by computing 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 inter-
rupted and not accomplish their execution in the current
cycle, or in some cases, jeopardize jobs of other software
tasks by exceeding their planned execution interval.

[0041] Other existing methods allow the computer system
to exchange its configuration during runtime among a set of
alternative precomputed tt-schedules (e.g., referred 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 possible system states (observable
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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 require complex algorithms to guarantee system sta-
bility at runtime during the transition, hence adding latency
and limiting the adaptability chanced in a deployed running
system.

[0042] Yet other existing methods include mechanisms to
dynamically modify the computed tt-schedule during run-
time [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 algorithms cannot handle large num-
bers of constraints, or fulfill all constraints within a suffi-
ciently fast response time. In addition, safety and certifica-
tion concerns arise when dynamic changes may negatively
affect the timely execution of jobs related to safety-critical
tasks, for example those in deployed automotive or indus-
trial applications. Therefore, the modification of timetables
at runtime has a limited use in real-world use-cases.

Operating System/Runtime System Dispatcher

[0043] An active module, typically a software component,
is provided in the computer system, which module orches-
trates 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 operating system, or as a high-level software
stack.

[0044] Usually, one such active module is provided. How-
ever, it may also be possible that two or more such active
modules are provided.

[0045] In a computer 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., timetable).
[0046] In computer systems implementing other schedul-
ing paradigms, the dispatcher may select jobs of software
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 implementing a fixed priority
(FP) paradigm, software tasks are characterized by a defined
and fixed priority, whereby the dispatcher selects for execu-
tion 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.

SUMMARY OF THE INVENTION

[0047] Itis an object of the invention to optimize the usage
of resources, in particular of CPU time and/or core time in
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a computer system in which jobs of periodic tasks are
executed according to a time-triggered schedule.
[0048] This is achieved with a method according to claim
1, wherein the core schedule specifies for each job a flex-
ibility interval, wherein the duration of the flexibility inter-
val of a job is equal or longer than the execution interval of
said job, wherein
[0049] at least the flexibility interval of one job is longer
than the execution interval of said job, wherein
[0050] the flexibility interval of a job starts no later than
the release point (start point, start/release instant) of the
execution interval of said job, and wherein
[0051] 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
[0052] the flexibility of a job defines a time interval
during which said job can be executed, and wherein
[0053] 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.
[0054] The periodic execution of tasks within the schedule
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 between the period and the sched-
ule cycle. Note that the length of the schedule cycle pref-
erably is a common multiple of the period of all tasks, for
example, the least common multiple. If, for example, the
period of a task is 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 O . . . 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.
[0055] According to the invention, flexibility intervals are
provided for each job, whereby the flexibility interval of a
job 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.
[0056] 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,
it is 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.
[0057] Ina 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 correct placement of said intervals.
Once a tt-schedule is computed, said constraints are implic-
itly fulfilled by the provided execution intervals conforming
the schedule. The placement of the execution interval of
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each job is bounded by the limits imposed by the defined
scheduling constraints. However, in the computation pro-
cess, multiple decisions are possible within said bounds,
resulting in alternative but equivalently correct tt-schedules.
[0058] For example, a periodic job subject to a deadline
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.
[0059] In some 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 depen-
dency constraints, any decision affecting the execution inter-
val of a precedent job affects the decision of a successor job,
since the dependency mandates that the successor job can
only be scheduled after the execution interval of the prede-
cessor job, hence tightening the lower bound to the execu-
tion interval of the successor job.

[0060] Some methods to 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 execution inter-
val of each job, i.e., scheduling jobs as late as possible. More
complex methods select arbitrary values between said
bounds when deciding the placement of the execution inter-
val of each job, based on additional defined criteria.
[0061] It may be provided that a method to compute
tt-schedules is extended to keep track and update the sched-
ulability bounds for each job, by iteratively adjusting 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, additionally computes flex-
ibility 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.

[0062] It may also be provided a method to derive sched-
ulability bounds based on an existing tt-schedule and the set
of scheduling constraints, wherein said method computes
upper and lower bounds for each execution interval, subject
to the set of defined scheduling constraints. 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 iteratively 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 first job until all jobs have been
provided a flexibility interval.

[0063] 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 overlap with each
other, wherein at least one of the flexibility intervals of a job
is longer than the execution of said job.

[0064] This first case, in which jobs which comprise a
flexibility interval are jobs with flexibility intervals follow-
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ing the rules of said first subset, maximally simplifies the
runtime behavior of the dispatcher.

[0065] Alternative or in 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 intervals so that the flex-
ibility 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. For
example, at least one of the flexibility intervals of a job is
longer than the execution of said job.

[0066] 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 simplified
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.

[0067] Alternative or in 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

[0068] 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 complexity
to the runtime dispatching means.

[0069] 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).

[0070] The non-overlapping subset (first subset, subset 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.

[0071] Next is the second subset (subset 2) with identical
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
with a non-identical flexibility interval, then again both jobs
cannot be in the second subset.

[0072] Any other combination of flexibility intervals
refers to tasks of the third subset.

[0073] Inthe invention, tasks from at least one subset must
be present, wherein said at least 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 dispatcher is provided which
can handle jobs from all subsets, but it is also possible for
the dispatching means to comprise a separate dispatcher for
each of the present subsets.

[0074] It should be noted that there can be more subsets 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
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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.

[0075] 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 following.

[0076] For completeness, 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 “dispatcher”) will com-
pare 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 dispatcher in case 0:

[0077] At the beginning of an execution interval, the
respective job will be selected and launched to execute.
If another job is being executed it will be preempted
(i.e., interrupted).

[0078] At the 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.

[0079] If no execution interval exists for an interval of
time (e.g., a gap in the timetable), the dispatcher will
yield and wait until the next execution interval.

[0080] If a job finishes execution before the end of its
execution interval, the dispatcher will yield.

[0081] According to case 1 (non-overlapping flexibility
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:

[0082] if the current time is within the flexibility inter-
val of a job, said job
[0083] will be launched to execute, if the core for said

job is idle, i.e., no job is executing, and

[0084] 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:

[0085] instant of time at which the core for said job

becomes idle, or
[0086] the current time reaches the start of the
execution interval of the selected job.

[0087] 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.
[0088] 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.
[0089] 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 flexibility inter-
val. 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).
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[0090] If all jobs finish execution before the end of its
flexibility interval, the dispatcher will yield until the next
flexibility interval.

[0091] In general, the execution interval defines a guar-
anteed 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 task is not known, or
it is underestimated for one or all jobs of said task, or those
cases in which a job may eventually overrun.

[0092] 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 either one in the sets
of tasks related to the tt-schedule, or some other task related
to some other dispatcher.

[0093] When such additional dispatchers are (for example
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. In such
case, advantages of the invention are:

[0094] allowing jobs of other tasks, for example fixed
priority tasks, to execute without jeopardizing the guar-
anteed execution interval of the tasks provided by the
tt-schedule, and

[0095] 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

[0096] allowing jobs of the task in the tt-schedule to
execute until the end of its flexibility interval.

According to case 2 (strictly overlapping flexibility inter-
vals) it may be provided that

[0097] for jobs of the at least one second subset of task
jobs the runtime dispatching means act according to the
following rules:

[0098] 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:

[0099] the job with the earliest execution interval
will be selected and launched to execute, or
[0100] the job with the shortest execution time will
be selected and launched to execute, or
[0101] the job resulting from a selection based on
defined constraints, for example the earliest dead-
line, or the highest priority, will be selected and
launched to execute (this allows the selection to be
based on dynamic algorithms like Earliest Dead-
line First (EDF), or a fixed priority scheduler), or
[0102] the job for which the probability of finish-
ing 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.
[0103] 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
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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. 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.

[0104] 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:

[0105] the job finishes its execution for the current
cycle, or
[0106] 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:

[0107] 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 statically 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

[0108] the sum of slack provided by any job execut-
ing within the flexibility interval and not consumed
by any other previous job (this can be dynamically
determined based on the execution of jobs),

[0109] or
[0110] the job reaches the amount of execution time
corresponding to its execution interval plus

[0111] a defined overrun budget, specified as
[0112] a fixed interval of time, e.g., 1 ms, or
[0113] a relative percentage of its own execution

time, e.g., 10%,

or

[0114] the current time reaches the end of the flexibility

interval.

[0115] The selection procedure will repeat as above with
the remaining jobs (i.e., excluding the already executed job).
If necessary, the slack account and statistical parameters will
be updated.
[0116] Once all jobs have finished their execution for this
cycle, the dispatcher will yield until the end of the flexibility
interval, and then repeat.
[0117] 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.
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[0118] In this context it may be provided that for jobs of
the at least one third subset of jobs the runtime dispatching
means act according to the following rules:

[0119] 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

[0120] when one of the following conditions is met:
[0121] the core on which the job is to be executed

becomes idle,

[0122] a currently executing job finishes its execu-
tion, or is stopped, or is forced to stop,

[0123] the current time reaches the start of the execu-
tion interval of one of the jobs in the list of eligible
jobs,

[0124] the runtime dispatching means will select the job
from the list of eligible jobs for which the start of its
execution interval occurs earlier.

[0125] Once a job selected from the list of eligible jobs,
said job is removed from said list and launched for execu-
tion. When the list of eligible jobs is empty, the runtime
dispatching means will yield.

[0126] It may further be provided that the execution of a
job is stopped or the job is forced to stop execution

[0127] 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

[0128] 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

[0129] when the current time reaches the end of the
flexibility 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.

[0130] 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.

[0131] According to the invention, at least one of the cases
1-3 and the corresponding policy of the dispatching 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 configured 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.
[0132] Furthermore, the invention refers to runtime dis-
patching means for selecting jobs of tasks and launching
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,

[0133] wherein the computer system comprises one or
more cores on one or more central processing units of
the computer system,

[0134] wherein said global time-triggered schedule
comprises one time-triggered schedule, “core sched-
ule”, 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 according to the core schedule of
said core,

[0135] wherein the global time-triggered schedule
specifies a cycle with a cycle length for the set of tasks,
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[0136] 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:

[0137] an execution interval for each task instance,
“job”, of the task, during which execution interval
the job can be executed, wherein each execution
interval comprises a release point, at which the
execution interval starts, and a completion point, at
which the execution interval ends, wherein the dura-
tion of an execution interval is the duration of the
time span between the release point and the comple-
tion point of the execution interval, wherein the
execution interval of a job defines a time interval
during which the job has a guarantee to be executed
on the core, and

[0138] a period according to which period the jobs of
said task are executed on the core,

[0139] wherein the execution interval of each job
of the task is iterated cyclically according to the
cycle, and

[0140] wherein the execution intervals of any two jobs
of the same and of different tasks do not overlap, and

[0141] wherein the cycle is a common multiple of all
periods of all tasks in the set of tasks.

[0142] The runtime dispatching means is 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 sched-
ule.

[0143] 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.

[0144] In some cases, a runtime dispatcher may imple-
ment multiple dispatching policies, or in other cases mul-
tiple dispatchers may coexist simultaneously in a computer
system. For example, a system may consist of two dispatch-
ers, one implementing a fixed priority policy and one
implementing a time-triggered policy, wherein each said
dispatcher relates to a separate set of jobs.

[0145] Some computer systems, for example, computer
systems based on GNU/Linux, implement several runtime
dispatchers organized hierarchically. When the top dis-
patcher 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.

[0146] In connection with case 1 it may be provided that
the runtime dispatching means is configured to act for first
subsets of jobs, for which the core schedule specifies flex-
ibility 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:

[0147] if the current time is within the flexibility inter-
val of a job, said job
[0148] will be launched to execute, if the core for said

job is idle, i.e., no job is executing, and
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[0149] 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:

[0150] instant of time at which the core for said job
becomes idle, or
[0151] the current time reaches the start of the
execution interval of the selected job.
[0152] In connection with case 2 it may 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 intervals is the same instant
according to the following rules:

[0153] 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 cri-
teria:

[0154] the job with the earliest execution interval will
be selected and launched to execute, or

[0155] the job with the shortest execution time will
be selected and launched to execute, or

[0156] the job resulting from a selection based on
defined constraints, for example the earliest dead-
line, or the highest priority, will be selected and
launched to execute, or

[0157] 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.

[0158] In connection with case 2 it may further be pro-
vided that the runtime dispatching means is configured such
that the job selected and launched to execute will remain
executing until any one of the following events occurs:

[0159] the job finishes its execution for the current
cycle, or
[0160] 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:

[0161] 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, or

[0162] the sum of slack provided by any job execut-
ing within the flexibility interval and not consumed
by any other previous job,

[0163] or

[0164] the job reaches the amount of execution time
corresponding to its execution interval plus a defined
overrun budget, specified as

[0165]

[0166] a relative percentage of its own execution
time, e.g., 10%,

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

[0167] the current time reaches the end of the flexibility
interval.

[0168] In connection with 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 specifies that the
flexibility intervals of any two jobs of said third subset
partially overlap according to the following rules:

[0169] 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

[0170] when one of the following conditions is met:
[0171] the core on which the job is to be executed

becomes idle,

[0172] a currently executing job finishes its execu-
tion, or is stopped, or is forced to stop,

[0173] the current time reaches the start of the execu-
tion interval of one of the jobs in the list of eligible
jobs,

[0174] the runtime dispatching means will select the job
from the list of eligible jobs for which the start of its
execution interval occurs earlier.

[0175] In connection with case 3 it may further be pro-
vided that the execution of a job is stopped or the job is
forced to stop execution:

[0176] 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

[0177] 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

[0178] when the current time reaches the end of the
flexibility 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.

[0179] 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 configured
to execute tasks according to a method as described above,
the computer system comprising runtime dispatching means
as described above.

[0180] 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:

[0181] providing a time-triggered schedule for the tasks
to be executed on said core, which time-triggered
schedule 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,

[0182] determine schedulability bounds based on said
time-triggered schedule and based on a set of schedul-
ing constraints, resulting in upper and lower bounds for
each execution interval,

[0183] 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 execu-
tion interval while checking that the scheduling con-
straints are fulfilled, and
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[0184] once in an iteration at least one scheduling
constraint is not fulfilled, determine the extended
execution interval of the previous iteration as the
flexibility interval for said first job,

[0185] selected as first job until all jobs have been
provided a flexibility interval,

[0186] selecting a next job and repeating the method
until all jobs have been provided with a flexibility
interval.

BRIEF DESCRIPTION OF THE DRAWINGS

[0187] The invention is described in a non-limiting man-
ner with reference to the figures:

[0188] FIG. 1 depicts a time triggered schedule for a set
TS, of jobs with no flexibility intervals.

[0189] FIG. 2 depicts a time-triggered schedule with flex-
ibility intervals for a set TS, of jobs with non-overlapping
flexibility intervals.

[0190] FIG. 3 depicts a time-triggered schedule with flex-
ibility intervals for a set TS; of jobs with completely
overlapping flexibility intervals.

[0191] FIG. 4 depicts a time-triggered schedule with flex-
ibility intervals for a set of jobs with partially overlapping
flexibility intervals.

[0192] FIGS. 5-8 depict exemplary execution instances,
according to embodiments of the invention, of the time-
triggered schedules depicted in FIGS. 1-4.

DETAILED DESCRIPTION OF EMBODIMENTS

[0193] A computer system, for example an automotive
computer system, comprises one or more hosts, in particular
processors, wherein each host, h,, in the set of said hosts,
H={h, ... h,}, comprises one or more CPU cores, charac-
terized by the set of CPU cores, C*={c", ... ¢",}, wherein
said CPU cores are configured to execute instructions.
Software applications, for example automotive functions,
comprise software components (tasks), which comprise a
sequence of instructions that can be executed in said one or
multiple CPU cores.
[0194] 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 characterized by
[0195] the length of its execution cycle, namely its
period, or minimum interarrival time, p,, and
[0196] its maximum required execution budget, w, cor-
responding to the accrued time required in one CPU
core to execute said task within one cycle, for example
its worst-case computation time (WCET), or and esti-
mation of the required computation time.

[0197] A software task, sw;, may further be character-
ized by
[0198] 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
[0199] its execution deadline, d,, indicating the latest
relative point in time after the beginning of a cycle by
which the software task shall complete the execution
corresponding to said cycle.
[0200] The software tasks in the CPU are executed fol-
lowing a time-triggered scheduling paradigm, whereby a
run-time component of said computer system (the dis-
patcher), for example the runtime dispatcher component of
the operating system, selects and dispatches instances of
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said tasks (jobs) to be executed for defined time intervals, or
intervals, in said CPU cores following a predefined time-
triggered schedule (the tt-schedule).

[0201] Each said interval is characterized by a start time,
or time offset, o, and a duration, or length, b.

[0202] A tt-schedule for a CPU core, c, the “core sched-
ule”, relates to a timetable, TT¢, characterized by the length
of the table cycle, ze, 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.

[0203] The periodic execution of tasks within the schedule
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.

[0204] In the 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.

[0205] According to the invention, each element of said
timetable is further characterized by an additional flexibility
interval, fi.

[0206] Table 1 shows an exemplary set of tasks (also
denoted as “task set”) TS,, comprising three tasks (one job
per task), sw,, sw,, and sw;, characterized by their period p,
early release time e (earliest start point), deadline d (latest
completion point), and execution budget w.
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TABLE 2
o b sW
S ty H-t SW
S5 t3 ty—t3 SWH

S3 ts tg —ts5 SW3

[0210] Table 3 shows an exemplary task set (“first” set of
tasks), TS,, comprising three tasks, sw,, sws, and swy,
characterized by their period p, early release time e, deadline
d, and execution budget w.

TABLE 3
SWy SWs5 SWg
p T T T
e to ty ts
d ty ts t,
A Wy Ws Wg

[0211] FIG. 2 depicts a time-triggered schedule for the
task set TS, from table 3, with execution intervals s, ss, S
and with non-overlapping flexibility intervals fi,, fis, and fig,
for the tasks of task set TS;.

[0212] Table 4 characterizes the tt-schedule from FIG. 2 in
the form of a timetable, wherein the schedule cycle is equal
to the period T, (i.e., z=T) and the execution intervals are s,
ss, and s, 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 sW fi
Sy ty th-t SWy fiy = (to, t2)
S5 3 ta-t3 SWs fis = (ty, t5)
Se ts te—ts SWe fis = (s, t7)
[0213] Table 5 shows an exemplary task set (“second” set

TABLE 1 of tasks), TS,, comprising three tasks, sw., swg, and sw,,
characterized by their period p, early release time e, deadline
SW1 W2 SWs d, and execution budget w.
p T T T
e to ty ts TABLE 5
d t ts t;
w Wi W2 W3 SW SWg SWo
p T T T
[0207] Reference sign “T” denotes the cycle length speci- Z EO EO EO
fied by the global time-triggered schedule. w ‘;7 st ‘;9

[0208] FIG. 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 FIG. 1, a fixed execution interval is assigned
to each task and no flexibility intervals are provided, as is the
case in the prior art.

[0209] Table 2 characterizes the tt-schedule from FIG. 1in
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 s,,
S,, and s; (0 . . . start time, b . . . duration/length),

[0214] FIG. 3 depicts a time-triggered schedule with flex-
ibility intervals for a task set with identical, completely
overlapping flexibility intervals, fi,, fi5, and fi,, for the task
set TS,.

[0215] Table 6 characterizes the tt-schedule from FIG. 3 in
the form of a timetable, wherein the schedule cycle is equal
to the period T, (ie., z=T) and the execution intervals
(parameters o, b) are s-, sg, and s,.
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TABLE 6
o b sW Fi
7 ty L=t sSW7 fiz = (to, t7)
Sg 3 -1t SWg fig = (to, t7)
Sy ts te—ts SWo fiy = (to, t7)

[0216] An additional exemplary set of tasks (“third” set of
tasks), TS;, comprising three tasks, sw,, sw,, and sw,,, is
characterized in Table 7, by the period, p, early release time,
e, deadline, d, and execution budget, w, of each task sw,,
sw,,, sw,, of the task set TS,.

TABLE 7
SWio SWy| SW)5
p T T T
e to to to
d t, t, t,
w Wio Wi Wiz

[0217] FIG. 4 depicts a time-triggered schedule with flex-
ibility intervals for a task set with partially overlapping
flexibility intervals, fi,,, fi;;, and fi,,, for the task set TS,
from Table 7.

[0218] Table 8 characterizes the tt-schedule from FIG. 4 in
the form of a timetable, wherein the schedule cycle is equal
to the period T, (ie., z=T) and the execution intervals
(parameters o, b) are s, S;;, S;5.

TABLE 8
o b sW fi
S10 ty -1t SWio fijo = (to, t3)
Sit ty ts =1ty SWip fij; = (t, te)
S12 te t7 -t SWio fijp = (t3, t7)
[0219] FIGS. 5-8 depict exemplary execution instances

(“jobs™) of the time-triggered schedules depicted in FIGS.
1-4 and characterized in the tables described above.

Case 0: (State of the Art)

[0220] The exemplary task set, TS,, comprises three tasks,
SW,, SW,, and sw;, as described above.

[0221] A time-triggered scheduler accordingly computes a
time-trigger schedule for TS, as shown in Table 2, with no
flexibility interval.

[0222] FIG. 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.
[0223] The starting execution time for each task is strictly
bound to the start of the execution interval determined by the
time-triggered schedule, regardless of the early termination
of any preceding task in the corresponding time-triggered
schedule. For example, the execution of sw, in FIG. 5 starts
at time t; independent of the fact the task sw, has already
finished execution at an earlier point in time, t;;, with
respect to the end of the execution interval, t,, of task sw,
as defined in the time-triggered schedule Table 2.

[0224] 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 sw; in FIG.
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5 is upper bounded to the end of the execution interval, to,
regardless of whether the task is already finished with its
execution at this point tg or not.

Case 1:

[0225] A first set of tasks, TS,, comprising three tasks,
SW,, SWs, and sw, is described above in detail and charac-
terized 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 FIG. 2,
with flexibility intervals for the tasks that do not overlap.
[0226] FIG. 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.
[0227] A time-triggered dispatcher (dispatching means)
according to the invention may select and launch tasks for
execution as depicted in FIG. 6. For example, in the exem-
plary trace the execution of sw, in FIG. 6 may start (due to
its flexibility interval) at time to, ahead of the start of the
start of its execution interval, t;, if the CPU core is idle at
that time.

[0228] Task sw starts in this example during its flexibility
interval at t31, later than the starting instance t; of its
execution interval s5 (=t,~t;) 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 FIG. 6, t5,, is bounded 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.

[0229] The end of the execution time of task sw, in FIG.
6 is upper bounded to the end of the flexibility interval, t,,
regardless of the end of the defined end of the execution
interval, to, for example allowing said task sw, to execute
longer than its assigned execution interval if required.

Case 2:

[0230] Yet another exemplary task set, second task set
TS,, comprising three tasks, sw., swg, and sw,, is charac-
terized in Table 5, as described in detail above. A time-
triggered scheduler including advantages of this invention
may compute a time-trigger schedule as characterized in
Table 6 with flexibility intervals for the tasks, as depicted in
FIG. 3. In this example the flexibility intervals are equal.

[0231] FIG. 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.

[0232] According to a time-triggered dispatcher according
to the invention, the starting execution time for each task are
bounded by the corresponding flexibility interval deter-
mined by the time-triggered schedule, wherein said flexibil-
ity interval is equal for all tasks in the task set. For example,
in the exemplary trace the execution of sw, in FIG. 7 starts
at time to, 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 sw, having a shorter execution
time than its budgeted execution interval s,, which for
example is identified by historical observation of preceding
cycles, or due to the dispatching of task based on statically
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defined, or dynamically assigned, priorities, whereby swy is
assigned a higher priority than swy and sw,.

[0233] Furthermore, the execution time (t,—t;) of task sw
in the example according to FIG. 7 is larger than the
execution budget corresponding to its execution interval,
t,-1;, allowing a larger execution time for sws which for
example includes the accrued slack corresponding to unused
time from preceding tasks plus the additional time within the
flexibility interval, for example allowing sw to implement
a progressive algorithm maximizing 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:

[0234] A further exemplary task, TS;, the third task set,
comprising three tasks, sw,,, sw,,, and sw,,, is character-
ized in Table 7 as described above in detail. A time-triggered
scheduler may compute a time-triggered schedule 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 FIG. 4. Said time-trigger schedule
for the third task set is provided with flexibility intervals
computed according to embodiments of this invention and
wherein said flexibility intervals partially overlap.

[0235] FIG. 8 depicts a possible execution trace of said
third 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.

[0236] According to a time-triggered dispatcher according
to the invention, the starting execution time for each task are
bounded by the corresponding flexibility interval deter-
mined by the time-triggered schedule, which flexibility
intervals are partially overlapping. For example, in the
exemplary trace the execution of sw,, in FIG. 8, may start
at time to, ahead of the start of its execution interval, t,.
Similarly, task sw,,, may start at time t,,, right after sw,,
finishes execution and ahead of the start of its execution
interval, t,.

[0237] Furthermore, the execution time (ts—t,,) of task
sw,, in FIG. 8 is larger than the execution budget corre-
sponding to its execution interval, t,-t,, allowing a larger
execution time for sw,.
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That which is claimed is:

1. 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 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 execution 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 interval of a job defines a time
interval during which the job has a guarantee to be
executed on the core, and
a period according to which period the jobs of said task
are executed on the core,
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,
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wherein:

the core schedule specifies for each job a flexibility
interval, wherein the duration of the flexibility inter-
val of a job is equal or longer than the execution
interval of said job,

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

the flexibility interval of a job starts no later than the
release point of the execution interval of said job,
and the flexibility interval of a job ends no sooner
than the completion point of the execution interval of
said job,

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

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.

2. The 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.

3. The method according to claim 1, 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 inter-
vals is the same instant and the end instant of their flexibility
intervals is the same instant.

4. The method according to claim 1, wherein 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.

5. The method according to claim 2, wherein for jobs of
the at least one first subset of task jobs the runtime dispatch-
ing means act according to the following rules:

if the current time is within the flexibility interval of a job,

said job
will be launched to execute, if the core for said job is
idle, i.e., no job is executing, and
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. The method according to claim 3, wherein 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:

Apr. 9, 2026

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

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

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

the job for which the probability of finishing its execu-
tion 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.

7. The method according to claim 6, wherein 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 correspond-

ing to its execution interval, irrespective of the relative

position of the current time within the flexibility inter-

val during execution of the job, preferably plus any

amount of slack available within the execution interval,

calculated as:

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, or

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 correspond-

ing to its execution interval plus a defined overrun

budget, specified as

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

a relative percentage of its own execution time, e.g.,
10%, or

the current time reaches the end of the flexibility interval.

8. The method according to claim 4, wherein for jobs of
the at least one third subset of jobs the runtime dispatching
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:

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

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

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.

9. The method according to claim 8, wherein the execu-
tion of a job is stopped or the job is forced to stop execution

when the current time equals the completion point

(completion instant) 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
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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 no job is in the list of
eligible jobs for which the start of its execution interval
equals the current time.

10. A runtime dispatching means for selecting jobs of
tasks and launching said jobs to execution in a computer
system, for the use in a method according to claim 1,
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 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 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 execution 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 interval of a job defines a time
interval during which the job has a guarantee to be
executed on the core, and

a period according to which period the jobs of said task

are executed on the core,

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,
wherein the cycle is a common multiple of all periods of all
tasks in the set of tasks, and
wherein 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. The runtime dispatching means according to claim 10,
wherein 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:

if the current time is within the flexibility interval of a job,

said job

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

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

12. The runtime dispatching means according to claim 10,
wherein 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 intervals is the
same 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:

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

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

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

the job for which the probability of finishing its execu-
tion 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.

13. The runtime dispatching means according to claim 12,
wherein the runtime dispatching means is configured 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 correspond-
ing to its execution interval, irrespective of the relative
position of the current time within the flexibility inter-
val during execution of the job, preferably plus any
amount of slack available within the execution interval,
calculated as:
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, or
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 correspond-
ing to its execution interval plus a defined overrun
budget, specified as
a fixed interval of time, e.g., 1 ms, or
a relative percentage of its own execution time, e.g.,
10%,
or

the current time reaches the end of the flexibility interval.

14. The runtime dispatching means according to claim 10,
wherein the runtime dispatching means is configured to act
for third subsets of jobs, for which the core schedule
specifies that the flexibility intervals of any two jobs of said
third subset partially overlap according to the following
rules:
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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:

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

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

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.

15. The runtime dispatching means according to claim 14,
wherein 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 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 job is in the list of
eligible jobs for which the start of its execution interval
equals the current time.

16. 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 claim 1.
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17. Amethod to generate a core schedule for the execution
of jobs of tasks on a core of a computer system, for the use
in a method according to claim 1, wherein the core schedule
comprises flexibility intervals for the jobs to be executed 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 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,

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,

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

once in an iteration at least one 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 next job and repeating the method until all jobs
have been provided with a flexibility interval.

#* #* #* #* #*
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