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Abstract

The paradigm of Logical Execution Time (LET) tasks is widely
adopted by major tool vendors for designing deterministic and
time-predictable software in multi-core systems, particularly in
the automotive industry. To extend the use of LET in distributed
environments, System Level Logical Execution Time (SL-LET) has
been developed to effectively manage communication and delays
between networked devices. However, there is currently a lack of
open-source tools available for SL-LET, and the task allocation and
scheduling problem for SL-LET remains unsolved.

To address these concerns, we introduces a novel Integer Linear
Programming (ILP)-based optimisation approach for SL-LET task
allocation and scheduling, focusing on minimising core utilisation
and average system response times. To illustrate the effectiveness
of the approach, we benchmark our ILP-based solution against a tra-
ditional core allocation heuristic across multiple task sets. Through
this evaluation, our approach, when compared to the heuristic, is
able to demonstrate average response times that are 26.9 % smaller.
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1 Introduction

Logical Execution Time (LET) [8] is a paradigm known for its time-
deterministic behaviour and consistency in data reading and writ-
ing. By specifying periodic time points for reading and writing
data, a LET task is ensured to publish data at the intended time and
consumed by the correct dependent task instance(s). In fact, the be-
haviour of a LET system is invariant to the chosen target hardware,
deployment strategy, or task scheduling policy. This is attractive for
the design and implementation of safety- and time-critical software,
and allows for separation of concerns between a system’s design
and its implementation. For example, the Automotive Open System
Architecture (AUTOSAR) standard promotes the use of LET as a
way to develop reliable multi-core automotive software.
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Figure 1: LET task parameters

An example LET task is shown in Figure 1. A LET task has a
fixed period and initial offset. During each period, the task reads all
inputs and writes all outputs at statically determined time points,
specifically at the start and end of the LET interval. Task execution
also occurs within this interval. The activation offset shifts the LET
interval within the period. These parameters enable the data flow
between tasks to be predicted at design time and be invariant to
changes in implementation or execution platform.

However, while this is highly desirable for safety- and time-
critical applications, there are major drawbacks when it comes to
distributed communication. LET assumes that all task communica-
tions complete instantaneously, which is unrealistic for distributed
systems, or be considered as part of their execution, which incurs
scheduling overhead. In such systems, communication between
devices incurs network delays due to factors such as data encapsu-
lation, decapsulation, and transmission latency.

System Level Logical Execution Time (SL-LET) has been pro-
posed [4] to address this issue by extending LET to incorporate
bounded communication delays into the paradigm. It does so by
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decomposing each communication delay into network and protocol
delays, and modelling each as a LET task. These tasks are collec-
tively known as interconnect tasks, which can be scheduled like
regular LET tasks to ensure that both time and dependency deter-
minism are preserved, even in distributed systems.

However, the research and development of SL-LET systems is
non-trivial, and progress in this area relies on tools to validate new
concepts and techniques on realistic systems. There are currently
no openly available tools for system design using SL-LET that
are accessible to researchers. Additionally, the core allocation and
scheduling problems for distributed systems, taking into account
network delays, present significant challenges in the design of
effective and efficient SL-LET systems.

Contributions. We propose a novel Integer Linear Programming
(ILP)-based approach to tackle the allocation and scheduling prob-
lems in SL-LET systems that aims to produce a schedule with the
lowest response times.

2 Related Work

Gemlau et al. utilises the communication paradigm of SL-LET
to achieve a proof-of-concept distributed predictable communi-
cation [5]. While this work explores the extension of LET and
introduces the benefits of SL-LET, optimising end-to-end latency
of SL-LET was not considered.

Giinzel et al. and Durr et al. acknowledged that for time critical
distributed systems, it is essential that tasks meet their correct
deadline [3, 6]. Their works present cause-effect chain end-to-end
timing analysis by exploring maximum reaction time and maximum
data age. Although Giinzel et al. extend the timing analysis to LET,
they do not discuss how this could be applied for SL-LET with
distributed devices or timing optimisation.

Cause-effect chains for automotive system and its timing analy-
sis and optimisation have been studied for a while now [1, 2, 14, 18].
Data age analysis and optimisation is discussed by Schlatow et al.,
where a Mixed Integer Linear Program (MILP) approach is used [15].
Each task’s offset and priority are put into consideration and the
MILP constraints map tasks to processors while the objective func-
tion minimises the data age and the response time to ensure that
the reduction of data age is prioritised over response time. How-
ever, they focus only on multicore system on a single device, and
don’t directly conform to the LET or SL-LET paradigms. Kordon
et al. evaluates the data age of LET by graphing all event chains
in the system [10], while Pazzagalia et al. use an MILP approach
to manipulate the task-processor mapping for LET tasks and to
address execution interference [13]. However, they still do not tackle
SL-LET over distributed systems.

Reducing the latency for LET is a topic that has previously been
investigated in detail [9, 16, 19]. Kéhler et al. present the concept of
robustness margins for cause-effect chains that ensure end-to-end
deadlines are met as long as the software extension is kept within
set bounds. The margin is calculated by subtracting a LET instance’s
duration from its Worst Case Response Time (WCRT), and the paper
proves that if the increased response time is less than the robust-
ness margin the deadline will be satisfied. Although the authors
formalise robustness margins, they do not discuss optimising the
end-to-end latency of task schedules in SL-LET.

Lee et al.

Martinez et al. and Wang et al. recognised that, compared to other
paradigms such as Dynamic Buffer Protocol (DBP), LET performs
poorly in terms of end-to-end latency [11, 17]. To address this
limitation, the Flexible Logical Execution Time (fLET) model was
proposed and formalised through the introduction of a virtual offset,
which manipulates a task’s release time, and a virtual deadline,
which allows a task to output early. Giinzel and Becker [7] explored
the use of task phases to optimise end-to-end latency. However,
these approaches do not account for execution across multiple
distributed devices as in the SL-LET paradigm.

In summary, while there is a plethora of work on scheduling and
event-chain analysis of LET-based systems, until recently very little
attention has been paid to their SL-LET counterparts. The addition
of distribution and communication delays in SL-LET complicates
their end-to-end analysis and scheduling, meaning that traditional
LET techniques are not directly applicable in this domain.

3 ILP Constraints

The core allocation and scheduling problem for an SL-LET system
SL (defined in Appendix A) is formulated using ILP. Here, we restrict
numeric definitions to be integer multiples of some arbitrary base
timescale, such as 1ns.

3.1 LET Task Constraints

A set of variables are created for each task instance t% € 77 to store
the LET interval in terms of its start and end times, denoted #%.Is
and t..le respectively.

Viieq tels = te.o+ te.a+iXtep (1a)
Viieq tole=tyls+1,.8 (1b)

For each task instance t,’;, its execution time, tj’;.s to t};.e, must be
equal to the Worst Case Execution Time (WCET) of the underlying
task t, and within the LET interval.

Ve tle—tl.s=teweet (2a)
Vieq trs 2 tls (2b)
Ve the<tlle (2¢)

3.2 Core Allocation Constraints

Task to core assignments are encoded through a binary variable
ay € A, where x and k are the task and core indices respectively.

VieeT Z axg =1 (3

creC
The possible pairings of task allocations are captured through
a binary variable /79" ‘; ;» which indicates that tasks t, and t, are

allocated to cores c; and c; respectively.

VaX,kEA vay,[EA ;%Z’[ < Ay k (43)
core

VaxykeA VayJEA x.k,yl < ay (4b)

Ya, A Vay ea ,i(;:eyl 2y t+ay;—1 (4c)
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To capture when two tasks t, and t, are allocated to different

cores, the binary variable t“ySk is used.
v v tusk Z Z core (4d)
teeT Viyer ¥ xkyl
creCceC

k#l

3.3 Task Execution Constraints

To ensure that the execution for two tasks allocated to the same
core does not overlap we introduce a binary variable bms Wthh

indicates that t. occurs after t{,. Here, N is a practlcally 1nﬁn1te

number from the scheduling perspective, where N' = 2 X makespan.

. J task task
Vt)ic,f]yE‘E,X#y tx ty S < NX bxty] + N x lﬁ (52)
J task task
Vit il ey 1078 —ths SN = N x bk 4 N xcylask (s)

3.4 Objective 1: Minimise Cores

A binary variable uy indicates if core ¢; € C has at least one task
assigned to it. To minimise the number of cores used, the sum of
each of these variables is used.

Ya, €A Uk 2 Axk (6a)
VeeeC Uk < Z Ay k (6b)
feeT

Objective: Minimise Cores

min Z ug 7)
creC
3.5 Objective 2: Minimise Response Time

Two variables, A ; and Ay, y, contain the communication delays
between cores (ci to ¢;) and tasks (Zx to ty) respectively.

0, if dev(k) = dev(l)
el = link.encap + link.net + link.decap,
’ if Alink € Link : link.src = dev(k) A link.dest = dev(l)
N, otherwise

(8a)

Ay = D | D0 VG X Ak (8b)

cr€C \ceC
To handle initial dependencies, each task t, also has a bottom
instance t; some large time in the past.

VieT t,JC‘.ls =-N (8¢)
Vieer ty.le = ty.ls+t5.0 (8d)

To determine dependencies between task instances, a binary

variable b y

can be only one source for each dependency, and the source’s end
time must allow for the communication delay Ay, y to be handled.

. is used to indicate whether tJ depends on t%. There
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A V,i A\,
deD talcetdAscht;S,C ti,Etd.dest

thle+ Ay — t]ls<N Nxbxw (8e)

dep _
Z beb =1 (8f)

tietygrcUty

Vdaep V,i

J
ty €td.dest

d.src

Delays are calculated for each task instance pair through a vari-

able delayyj,y,j, using b%P  to determine whether a dependency

x, t y.j
exists between t.. and t{,. The sum of these delays is then minimised
in order to reduce the average response time.

j

Vicer Vijeq; delayxiyj 2 ty ls ~tele =N+ N bx1y1 (%2)
j

Viieri Vi eqp delayxiy < ty.ls ~tles N = N x b vj OP)

A\ Vtﬁeﬂ delayxy,j = 0 (%)

Objective: Minimise Response Time

min Z

the Ty €T

delayyi,y,j (10)

4 Evaluation

In order to evaluate the proposed approach, a number of experi-
ments were performed across a range of task sets. The two ILP-
based algorithms, along with a simple greedy heuristic that allocates
tasks to the least-utilised core, are executed over the same task sets,
allowing us to compare their performance and outputs.

All algorithms and associated code were implemented in Python
using the library PuLP [12] and the ILP solver Gurobi. Variables
and constraints were created according to the formalisations in
Section 3. The code was executed using Python 3.13 on an Intel
Core 19-9900k @ 3.60 GHz with 32 GB of RAM running Ubuntu
22.04.5 LTS. A timeout of 5min (300 s) was set in Gurobi.

Task sets were created over an increasing number of tasks (start-
ing from 1) in order to evaluate the scalability of the algorithms. At
each size, we randomly create 10 schedulable task sets. For each
task a random period, initial offset, LET duration, and WCET are
chosen. The period is chosen from a set of possible values (1 ms,
2ms, 5ms, 10 ms, 20 ms) in order to simplify the Least Common
Multiple (LCM) as part of the hyperperiod calculation. Values are
chosen for the initial offset (up to 2 ms), LET duration (up to the
selected period), and WCET (up to 1 ms). Additionally, a total of
2 X (N — 1) dependencies are generated between the N tasks.

The evaluation was run over a distributed physical system con-
figuration in order to illustrate the applicability of this approach
for multi-device allocation problems. The system contains 3 cores
spread over 2 devices, each with a protocol delay of 0.5 ms, con-
nected via a network link of 1 ms.
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4.1 Experimental Results

Figures 2 and 3 show the performance of the various approaches in
terms of the optimisation metrics that we are looking at — number
of cores used and average dependency delay. Firstly, in terms of
core usage (Figure 2) we can see that the Minimise Cores (MC)
ILP approach always uses fewer or equal cores to the Minimise
Response Time (MRT) approach, averaging 0.13 (5.4 %) fewer cores.
On the other hand, the weaknesses of the heuristic are immediately
clear, as it aims to utilise all possible cores.

—#— MRT —— MC —e— Heuristic

Number of Cores

0 1 1 1 1
5 10 15 20 25

Number of Tasks
Figure 2: Average number of cores allocated

For average dependency delay (Figure 3 we can again see a simi-
lar, but opposite, trend with the ILP approaches, where the MRT
approach always has the minimal delay and the MC approach aver-
ages 0.55 ms (13.2 %) longer. Meanwhile, the heuristic also seems to
be in the similar ballpark, with it sometimes matching the MRT ILP
and generating delays that are, on average, 1.15ms (26.9 %) longer.

—m— MRT —— MC —e— Heuristic

8 4
Z 6
£
T4
5]
A

2 4

0 : : : :

5 10 15 20 25
Number of Tasks

Figure 3: Average dependency delay

Next, we also plot the spread of cores used against overall system
utilisation in Figure 4, which nicely illustrates the differences be-
tween the various approaches. Firstly, the behaviour of the heuristic
approach is apparent, with it using all available cores. Similarly,
for the ILP approaches we can see that the MRT approach is more
likely to use additional cores, even at lower system utilisations.

Finally, to evaluate scalability, Figure 5 shows the time required

to solve the allocation problem as the number of tasks increases.

Lee et al.

= MRT « MC « Heuristic

A AMMA MAA A AL &
3+ N EEE N N S S S

B

Number of Cores

0 0.5 1 1.5 2 2.5 3
Utilisation

Figure 4: Number of cores used based on system utilisation

Here, we see the benefit of the heuristic approach which requires
minimal solving time. Between the two ILP-based approaches, we
see exponential growth in the solve time, as expected, with the
MRT approach increasing more rapidly than that of the MC.

—m— MRT —— MC —e— Heuristic

Solve Time (s)

5 10 15 20 25
Number of Tasks

Figure 5: Average solve time

5 Conclusions

Independently addressing the task allocation and scheduling may
result in inefficient or unschedulable SL-LET systems. To address
this, we proposed an ILP-based technique to tackle both problems
simultaneously. Two optimisation objectives were defined to either
minimise the communication delay between tasks in the system,
or minimise the number of cores used (like a packing problem).

To illustrate the effectiveness of this approach, we performed a
series of evaluations on randomly generated task sets over a dis-
tributed system. The ILP approaches were compared with a simple
heuristic, which tackles the allocation and scheduling problems
separately, to show the importance of solving them together. On av-
erage, the ILP approaches produce inter-task delays that are 26.9 %
smaller and core usage that is 37.5 % lower than the heuristic.

In the future, we aim to investigate several extensions to this
work, such as heterogeneous computing architectures or adding
support for aperiodic tasks. Additionally, while this work optimises
for the average case, it does not minimise the worst case, which
would require evaluating event chains.
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A SL-LET Formalisation

Definition A.1 (System Level Logical Execution Time System). An
SL-LET system is a tuple SL = (P, L), where:

o P is the physical system (Definition A.2).
e L is the underlying LET system (Definition A.3).

Definition A.2 (Physical System). A physical system is a tuple
P = (Dev, Link), where:
e Dev is a set of devices with each device dev € Dev being a
singleton (C) where C is a set of availabe processing cores.
e Link is a set of links between devices with each link link €
Link being a tuple (src, dest, encap, decap, net), where:
— src € Dev is the source device,
— dest € Dev is the destination device,
— encap € N is the protocol delay of src,
— decap € N is the protocol delay of dest, and
— net € N is network delay between src and dest.

Definition A.3 (Logical Execution Time System). A LET system is
atuple L = (T, D,T), where:
o T is the set of all LET tasks in the system with each task
t € T being a tuple (p, 0, a, 5, wcet), where:
- p € Nis its period.
- o0 € N is its initial offset.
— a € Nis its activation offset.
— & € Nis the duration of its LET interval.
- weet € N is its WCET.
e D is a set of communication dependencies with each depen-
dency d € D being a tuple (src, dest), where:
— src € T is the source task.
— dest € T is the destination task.
e T is a set of all event chains with each event chainy € T
being a sequence (do,d1, - - - ,dp—1) of dependencies.
- ViE{l"__’lyl—l}di—l'deSt =d.src.

For each task t, € T, t,ic denotes the ith instance of its execution.
Let 7;, = {t}c | tx.0 +i X ty.p < makespan,i € No} be the set of
all instances of task tx, and let 7o = Uy, _e7 7, be the set of all
instances of all tasks in the LET system L.

For a given LET system L, the hyperperiod (HP) is defined as
the LCM of all task periods (eq. (11a)) and the “hyperoffset” (HO)
as the maximum of all task offsets (eq. (11b)). For a given physical
system P, the “hyperdelay” (HD) is defined as the maximum of all
link delays (eq. (11c)). The minimum makespan required to ensure
that all dependencies are satisfied at least once is shown in eq. (11d).

HP =lem ({tx.p | tx € T}) (11a)

HO = max ({tx.0 | txy € T}) (11b)

HD = max ({link.encap + link.net + link.decap | link € Link})
(11¢)

HD
makespan > |2+ | —
HP

)><HP+HO (11d)
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