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Abstract
Emerging real-time applications are increasingly moving to distributed heterogeneous platforms,
under the promise of more powerful and flexible resource capabilities. This shift inevitably brings
new challenges. The design space to deploy chains of threads is more complex, and sound estimates
of worst-case execution times are harder to obtain. Additionally, the environment is more dynamic,
requiring additional runtime flexibility on the part of the application itself. In this paper, we present
an optimization-based approach to this problem. First, we present a model and real-time analysis
for modern distributed edge applications. Second, we propose a design-time optimization problem
to show how to set the main parameters characterizing such applications from a time-predictability
perspective. Then, we present an orchestration and runtime decision-making mechanism that monitors
execution times and allows for runtime reconfigurations, spanning from graceful degradation policies
to re-distributions of workload. A prototypical implementation of the proposed approach based on
the QNX RTOS and its evaluation on a realistic case study based on an edge-based valet parking
application conclude the paper.

1. Introduction
The landscape of applications of interest for real-time

systems is rapidly evolving. Some of today’s emerging
scenarios differ considerably from what the research com-
munity worked on in the past. First, the multi-core rev-
olution caused a paradigm shift from single-core plat-
forms, introducing considerable challenges, such as quanti-
fying memory-contention delays at DRAM, bus, and cache
level [36, 57], which need to be considered even when
applications are partitioned to cores mimicking single-core
scheduling. Second, real-time applications typically run
on complex Commercial-Off-The-Shelf (COTS) platforms,
featuring heterogeneous cores with different speed profiles,
powerful hardware accelerators, and complex memory hier-
archies that strongly enhance the average-case performance.
However, executions occurring on this hardware are largely
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not predictable, and typically employ scheduling policies not
disclosed by the vendors [2, 36].

These aspects point out a remarkable difference with
respect to classical single-core real-time systems: the (al-
most) impossibility of relying on sound worst-case exe-
cution time (WCET) estimates. The availability of sound
WCETs is an ordinary key assumption in single-core sys-
tems, that allows for decoupling the scheduling effects –
typically accounted for with the worst-case response time
(WCRT)– from the execution time experienced by a certain
computational activity (thread) in isolation. WCETs can be
precisely bounded for application-specific platforms (e.g., in
avionics) by leveraging static analysis tools [35], but it is un-
doubtedly much harder in COTS platforms and, nowadays,
is not standard practice for many application scenarios. In
many cases, pseudo-WCETs –better called worst-observed
execution times (WOETs)– are obtained by profiling the
application in different conditions and possibly inflating the
measured execution time by some engineered safety percent-
age. But estimates can be inaccurate, especially for complex
real-time applications interconnected in highly distributed
systems, such as those in the increasingly popular IoT-to-
Edge-to-Cloud Compute Continuum, in which the software
can be incredibly complex and possibly subject to software
vulnerabilities. The causes of inaccuracies in execution time
estimates may be multiple, including the application pro-
gram being originally tested in a slightly different platform,
or the presence of data-dependent code paths that have not
been covered during testing, or rare boundary conditions in
iterative optimization problems (like the ones required for
Model Predictive Control applications), as well as bugs and
cyber attacks. The frequency, in terms of the number of
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Paper Chains Distributed MultiMode Degr./Adapt. Monitoring Optimization/Orchestration Target OS/Context
Zhu et al. [70] YES Distr. ECUs NO NO NO Design-time Optimization AUTOSAR Classic
Bate et al. [7] YES Distr. ECUs NO Scenario-based NO Heuristics Automated Design

Struhar et al. [64] NO Edge/Fog NO Reservation Parameters YES Static Opt. + Orchestration Linux
Kritikakou et al. [42] NO Distr. ECUs Dual Susp. Low Crit. YES NO Bare-metal

Guo et al. [33], Yang et al. [67] NO NO Dual Reduce Perf. Low Crit. YES NO Theory-Mixed-Crit.
Gifford and Phan [29] NO NO Arbitrary NO YES Task Redistribution Multi-core
Lakshmanan et al. [44] NO Distr. ECUs Dual NO NO Design-time Optimization Mixed-criticality

Monaco et al. [48] NO Edge/Cloud NO Reduce Alloc. Resources YES Orchestration only Kubernetes
Durrieu et al. [27] NO Distr. ECUs Arbitrary Adaptation Tables YES Reconfiguration tables Avionics

Stankovic et al. [63] NO Compatible NO NO NO NO Theory-Control
Papadopoulos et al. [53] NO NO Dual Control and Reservations YES NO Control-VestalMCS
Burns and Baruah [13] NO NO Dual Param. Change Low Crit. YES NO Control-VestalMCS

Sinha et al. [62] NO NO Dual Reservation Budget YES NO Vestal-LitmusRT
Kritikakou and Skalistis [43] NO NO Dual Drop Low. Crit. YES NO Vestal

Zou et al. [71] YES NO Dual Drop Low. Crit. YES NO Functional Dependencies
Peeck et al. [56] YES NO NO Not discussed YES NO Automotive

Schlatow et al. [59] YES NO NO Budget Enforcement YES NO Genode
Kampmann et al. [40] YES NO NO Not discussed YES Orchestration Service-oriented

This Paper YES Edge Arbitrary Modular + Degr. Order YES Static Opt. + Orchestration RTOS (POSIX-QNX)

Table 1
Comparison of a selection of related papers.

affected jobs in a time interval, of such WOET overshoots is
hard to predict and can be harmful even in case they are tran-
sitory, as they might nonetheless last long enough to disrupt
the functional behavior, especially during critical working
conditions. Furthermore, the unreliability of threads’ WCET
estimates also makes the thread-to-cores (and thus threads-
to-platforms) allocation problem harder, as it can only rely
on initial estimates that may turn out to be inaccurate or
wrong at runtime.

To face this problem in the context of soft real-time
systems –considered hereafter– we propose to manage these
sources of unpredictability by monitoring execution times
and providing analysis-driven runtime decision-making and
orchestration mechanisms. This is used to re-distribute the
workload in case of core or platform overloads, i.e., if the
system becomes unschedulable when running the analysis
again with an updated (larger) execution time estimate.
Furthermore, orchestration can also integrate the need to
manage the dynamic and open nature of such systems, where
new threads and new computing platforms may join (or
leave) the system at runtime [17].

When the workload increases, it is however possible
that the available platforms can simply be not enough to
accommodate it while meeting timing requirements. Then,
a key question arises: how to enforce a graceful degradation
of performance for some threads to guarantee the timing
constraints of the overall thread set? For example, it could
be allowed to increase some thread periods and deadlines,
switch some threads to a faster –but less accurate– operating
mode, or kill some low-critical threads. Another dilemma
concerns the order in which threads are to be degraded.
These questions necessarily involve both the design and
orchestration aspects of the application. The problem be-
comes even more complex for chains of communicating
threads, where degrading a thread may have unforeseen
consequences on the chains it belongs to.
Contributions. These issues have no universal solution
since the preferred choice can change case by case. There-
fore, this paper proposes to tackle them in a modular and

configurable manner by means of a set of (tunable) reaction
policies to cope with overloads while guaranteeing that the
degradation process follows a degradation order specified
by the designer.

We pursue this goal through the following steps, which
establish the contribution of our paper: (i) we provide
a model for a distributed system where communicating
threads form processing chains, which is amenable to real-
time analysis and includes multiple operating modes to
support graceful degradation; (ii) we derive a response-
time analysis for the presented model; (iii) we design an
optimization problem for the initial allocation of the dis-
tributed application; (iv) leveraging (i), (ii), and (iii), we
design the reaction policies based on modified versions of
the optimization problem at (iii). Importantly, the designer
can configure our reaction policies by specifying a degra-
dation order that the runtime-decision-making algorithm
must follow. To show the viability of our approach, we
further (v) implement a prototype for a small-scale edge
system, considering the QNX real-time operating system
(RTOS), which seamlessly allows following the proposed
model by leveraging automatic code generation from a
modified Amalthea APP4MC model [39], and (vi) evaluate
the proposed approach experimentally.

2. Related Work
The problem tackled in this paper spans multiple popular

research topics, which we briefly cover in the following.
Firstly, the subject of optimal partitioning of task chains

onto multiple heterogeneous platforms has sparked many
research publications. Since the problem is known to be NP-
hard [5], most works approach it either using heuristics or
(M)ILP formulations (see, e.g., [70]). Another topic related
to this paper regards mixed-criticality real-time tasks. The
seminal work is due to Steve Vestal [66]. According to this
model, the system can execute in two criticality modes: at
the beginning, the lowest criticality mode is selected. Each
criticality mode is characterized by an expected execution
time for each task: if any task exceeds that estimate, the
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system transitions to the higher criticality mode, in which all
low criticality tasks do not execute. Many works targeted this
design, extending it in several directions, see, e.g., [14, 42].

Burns and Baruah [13] presented several degradation
options to make Vestal’s model more practical for mixed crit-
icality [66], focusing on dual criticality systems. They inves-
tigate the change in priority, reduction of execution time bud-
get, increment of period, and capacity inheritance, for low
criticality tasks. However, their focus is on single-processor
systems only and degradation policies only penalize low
criticality threads. Davis et al. [25] proposed the Com-
pensating Adaptive Mixed Criticality (C-AMC) scheduling
scheme, which allows executing degraded versions of low-
criticality tasks, characterized by a shorter execution time, to
overcome the increase of load due to higher-criticality tasks
executing more than expected, while still providing some
essential functional behavior for low-criticality tasks. Sinha
et al. [62] proposed a monitoring-based approach for Vestal’s
dual criticality systems [6, 66] to avoid mode switches by
monitoring the progress of each thread and dynamically
changing its budget. An implementation in Litmus-RT is
also provided. Similar approaches are also proposed by
Kritikakou and Skalistis [43] to avoid mode switches by
using slack time. Zou et al. [71] presented an approach for
Vestal’s dual criticality systems that considers the functional
dependencies among threads to derive a degradation process
that discards computational load at the task level (rather than
dropping all low-criticality tasks simultaneously).

Other works in literature attempted to provide graceful
degradation to lower criticality tasks even when the system
switches to the high criticality execution mode. Relevant
works on this topic, such as [33, 67], however, do not
consider chains of tasks and distributed systems and support
only two modes (dual-mode). Other approaches for graceful
degradation employ adaptive mechanism [31, 61], mainly
focusing either on fault tolerance [31] or control perfor-
mance [61]. Examples of adaptations of real-time systems
subject to temporal violations are also rate adaptation [16],
the elastic model [15], and the feedback-scheduling of con-
trol tasks [63], which however do not consider multi-mode
tasks or runtime optimization/reallocation strategies.

Providing adaptability to distributed systems is a topic
common to several works in literature. Bate et al. [7] con-
sidered improving the flexibility of distributed real-time
systems by predicting how the system’s state can evolve,
leveraging a set of predefined scenarios. Durrieu et al.[27]
considered multi-moded avionics applications proposing the
usage of adaptation tables, which list the applications to
be interrupted in case of an overload. Reallocations can
also occur at runtime in case of a permanent core failure,
based on fixed reconfiguration tables. Gifford and Phan [29]
considered multi-mode applications in the context of multi-
core systems, proposing resource allocation algorithms that
support dynamic cache and memory bandwidth allocation,
together with a schedulability analysis for the mode transi-
tion. Struhar et al. targeted the orchestration of containers
on Linux [64]. This work differs from our proposal since

they do not provide a guaranteed degradation order and since
we focus on small-scale edge systems running an RTOS,
which are broadly different from large-scale systems running
general-purpose OSes. Papadopolous et al. [53] presented
a control-theoretic method to achieve resilience in a dual
criticality system using a resource reservation mechanism
coupled with a feedback control loop that monitors execution
time overruns. Different from this paper, the optimization of
deadlines, modes, and allocation is not addressed.

Another branch of related papers has been published over
the recent years under the name of self-awareness, targeting
the unpredictability of execution times in modern high-
performance platforms addressed by monitoring and au-
tonomous orchestration [50, 51]. One of the first works [51]
describes the idea of using self-aware resource managers in
the Internet-of-Things to gain benefits in terms of application
accuracy and power consumption. This concept is elaborated
further in [50] presenting the controlling current change -
CCC - and information processing factory - IPF - approaches
(coming from corresponding research projects): the first
follows an analytical approach with contracting and formal
system analysis, and the latter uses incremental changes and
feedback control. However, both works just discuss the is-
sues and solutions at a high level of abstraction. Later, Mostl
et al. [49] extended the concepts provided in CCC from the
safety-related systems engineering point of view. Schlatow
et al. [60] further expanded the concept by presenting a
framework to enable modeling and automating integration
activities, which include automated decision-making. How-
ever, decision-making policies are not discussed in detail.

Along this research direction, the closest to our work
are [40, 56, 59]. Peeck et al. [56] presented a decentralized
monitoring concept supporting the supervision of thread
chains at runtime, which allows for the detection of latency-
bound violations at runtime. However, it detects violations
by directly measuring latencies and does not use real-time
analysis. Furthermore, it does not consider multiple oper-
ating modes. Also, reaction policies and optimization are
not addressed. Schlatow et al. [59] leveraged the concepts
of self-aware computing for model-implementation incoher-
ence of CPU scheduling. To this end, a new reservation pol-
icy with an event-based replenishment policy is proposed.
The reservation policy works with a budget and overhead
monitoring system. Optimization and orchestration are not
addressed. Kampmann et al. [40] presented a concept for
a service-oriented architecture allowing dynamic runtime
reconfiguration with a corresponding implementation stack
and web-based architecture design tool. In this work, the ar-
chitecture includes an orchestrator to control the interaction
among services at runtime. However, orchestration policies
are not discussed in detail because the focus is more on
architecture definition and implementation.

Still related to this paper, other works targeting the
optimization of real-time systems are [7, 19–21, 69, 70].
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A selection of related works is compared in Table 1,
which classifies each paper accounting for: (i) the considera-
tion of chains of communication threads, (ii) the type of dis-
tributed system (automotive distributed Electronic Control
Units - ECUs, edge, etc.), (iii) the consideration of multi-
moded threads, (iv) the degradation and adaptation policies,
(v) the presence of monitoring mechanisms, (vi) the consid-
eration of design-time optimization or runtime orchestration
strategies, and (vii) the considered OS or context.

Overall, none of them targeted the optimization of a
distributed multi-mode system while providing a modular
set of reaction policies with the key property of guaranteeing
to satisfy a provided degradation order.

3. System Model
Platform and Threads. This paper considers a distributed
system with a set of interconnected nodes, i.e., computing
platforms. Each node 𝑛𝑥 ∈  consists of a heterogeneous
multicore platform. Each platform comprises a set 𝑥 of
cores, where each core 𝑝𝑘 ∈ 𝑥 can have a different speed
profile. The set of all cores is denoted hereafter as  =
∪𝑛𝑥∈𝑥.

The system runs a workload composed of a set  of
real-time threads. For each core 𝑝𝑘 ∈ , the set 𝑘 ⊆ 
denotes the threads allocated to core 𝑝𝑘. Each thread 𝜏𝑖 ∈ 𝑘has 𝑖 = {1,… , 𝑑,…} execution modes. A thread 𝜏𝑖adopting its d-th execution mode is denoted with 𝜏𝑑𝑖 . When
the execution mode is not relevant or clear from the context,
we simply use 𝜏𝑖. An orchestrator selects the currently active
mode for each thread. In each mode, threads can be char-
acterized by different parameters, such as execution times,
deadlines, and periods, modeled in the following. A lower
mode index identifies an operational mode that provides a
more accurate result for some metrics of interest. Each 𝜏𝑑𝑖 is
characterized by a worst-observed execution time (WOET)
𝑒𝑑𝑖,𝑘 that depends on the core 𝑝𝑘. Threads are periodic: each
thread releases a potentially infinite sequence of instances
(called jobs), with period 𝑇 𝑑

𝑖 . Each thread is characterized
by a constrained deadline 𝐷𝑑

𝑖 ≤ 𝑇 𝑑
𝑖 , meaning that each of its

instances needs to be completed within 𝐷𝑑
𝑖 time units from

its release. We consider a discrete model of time, where a
time unit is an integer multiple of some basic units (e.g., a
processor cycle).

On each core, threads are scheduled according to a par-
titioned fixed-priority scheduling policy, where each thread
is assigned a unique priority 𝜋𝑖 and is allocated to only one
core. For simplicity, the priority is assumed to be indepen-
dent of the mode. Each thread 𝜏𝑖 is also associated with
a unique criticality index 𝑐𝑖 (the lower, the more critical).
This index is an integer that identifies a degradation order
specified by the system designer, which the orchestrator
follows in its graceful degradation decisions (a thread with
a high value of 𝑐𝑖 will be picked as a candidate for being
degraded before another thread with a lower value). Unlike
most state-of-the-art works that target only dual-criticality
threads, our model allows obtaining a more refined order of

𝒑𝟏 𝒑𝟑

𝝉𝟑 𝝉𝟑,𝟒

𝒑𝟐

𝝉𝟒

𝒏𝟏 𝒏𝟐

𝝉𝟐𝝉𝟏

Figure 1: A chain 𝛾 = (𝜏1,… , 𝜏4) spanning two nodes and
three cores. The copy-in thread 𝜏(3,4) is introduced to restore
the shared-memory communication across nodes.

criticality levels. Also, in this formulation the criticality does
not pose any constraint on the assigned priority.
Communication Model. Threads are characterized by com-
munication dependencies modeled by means of a direct
acyclic graph (DAG), where vertexes encode threads and
edges encode communication dependencies among them.
Threads allocated to the same platform communicate using
a shared-memory buffer. Communication between threads
allocated to different platforms occurs by means of message-
passing primitives in a data-driven manner involving the
network. When using data-driven communication, the so-
called sender thread (i.e., the producer) calls a function to
send the data to the consumer thread through the network
stack. Under this paradigm, the reception of a message from
a thread involves the release of a corresponding instance.

To maintain consistent shared-memory communication
across all threads and reduce jitter propagation effects [37],
the data-driven reception of data is managed by a dedi-
cated copy-in thread, which is in charge of receiving (e.g.,
by issuing a blocking system call) the data and copying
it into a portion of memory, to make it available to the
actual receiving thread. An example is shown in Fig. 1.
In this way, functional threads always read data according
to a full shared-memory communication paradigm, with
the advantage of avoiding the introduction of computation-
ally intensive additional interfering instances of functional
threads in the analysis (which contribute to increasing the
pessimism [37]). Such an approach is also easily extensible
to the Logical Execution Time (LET) [38] paradigm (which
is left to future work).

The set of copy-in threads allocated on a core 𝑝𝑘 is
denoted with  cp

𝑘 , and  cp denotes the set of all copy-in
threads, irrespective of the core in which they are allocated
to (with  cp ∩  = ∅). For simplicity, we map each pair of
threads communicating this way to a distinct copy-in thread.
When it is relevant to denote the producer thread 𝜏𝑑𝑖 and the
corresponding consumer thread 𝜏𝑞𝑗 related to a given copy-
in thread, we denote the copy thread as 𝜏𝑑(𝑖,𝑗) ∈  cp

𝑘 , using a
tuple for the thread index; we simply use a single index (e.g.,
𝜏𝑑𝑓 ∈  cp

𝑘 ) when the relation to the producer and consumer
is irrelevant or clear from the context. Each copy-in thread
𝜏𝑑(𝑖,𝑗) ∈  cp

𝑘 is characterized by the execution time 𝑒(𝑖,𝑗),𝑘,
priority 𝜋(𝑖,𝑗), and period 𝑇 𝑑

(𝑖,𝑗) = 𝑇 𝑑
𝑖 . The execution time

𝑒(𝑖,𝑗),𝑘 of the copy-in thread corresponds to the time required
to copy the data to the memory of the receiving thread.
We reasonably assume that the amount of data exchanged
among threads is independent of the mode; hence, also,
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𝑒(𝑖,𝑗),𝑘 does not depend on the mode. Each copy-in thread in-
herits the mode index of the corresponding producer thread
since it is activated by messages sent by it and inherits
the same (mode-dependent) period. However, despite being
still characterized by a period, the data-driven activation
introduces an activation jitter that must be accounted for in
the analysis [37], as discussed next.

Threads in DAG without in-/out-going edges are named
source and sink, respectively. A chain 𝛾𝑥 = (𝜏𝑓 ,… , 𝜏𝑙)is a path in the DAG starting with a source thread and
ending with a sink. Each chain is characterized by an end-
to-end deadline 𝐷𝛾𝑥 . The set of all chains is denoted as Γ =
{𝛾1,… , 𝛾𝑎}. Depending on the thread-to-node allocation,
the chain can contain copy-in threads. The subset of compu-
tational threads and copy-in threads of a chain 𝛾𝑥 are referred
to as 𝛾exe

𝑥 and 𝛾cp
𝑥 , respectively. The symbol  denotes

the set containing all the pairs (𝜏𝑖, 𝜏𝑗) of communicating
threads. Communicating threads on different nodes are fur-
ther characterized by a worst-observed communication delay
𝜆𝑥,𝑦(𝑖,𝑗) from 𝜏𝑖 ∈  to 𝜏(𝑖,𝑗) ∈  cp, when 𝜏𝑖 and 𝜏𝑗 are
allocated on nodes 𝑛𝑥 ∈  and 𝑛𝑦 ∈  ⧵ 𝑛𝑥, respectively.
Communication delays (e.g., due to accesses to memory) are
included in WOETs for communicating threads in the same
node.
Definitions. Before proceeding, we recall some useful def-
initions. A job is said to be pending, from the time instant
when it is released to when it completes. The worst-case
response time (WCRT) of an arbitrary thread is defined as
the longest time span elapsed between the release and the
completion of any of its jobs for any possible schedule that
complies with the system model. The same thread in differ-
ent modes can have different WCRTs: 𝑅𝑑

𝑖 is then a WCRT
upper bound for 𝜏𝑑𝑖 .1 The schedulability analysis presented
in the following consider each thread to be in a fixed mode
during the analysis interval. The symbol𝑚 denotes the vector
of modes adopted by each thread during the analysis interval.
The thread set is said to be schedulable if the condition
𝑅𝑑
𝑖 ≤ 𝐷𝑑

𝑖 holds for all threads 𝜏𝑑𝑖 ∈  considering modes
in 𝑚. The worst-case end-to-end latency 𝐿𝛾𝑥 of a chain
𝛾𝑥 = (𝜏𝑓 ,… , 𝜏𝑙) is the longest timespan elapsed between the
release of any job of 𝜏𝑓 and the completion of the job of 𝜏𝑙that consumes the output propagated from that job of 𝜏𝑓 , for
any possible schedule that complies with the system model.
The chain set is schedulable if 𝐿𝛾𝑥 ≤ 𝐷𝛾𝑥 for all 𝛾𝑥 ∈ Γ.
The entire system is said to be schedulable if all threads and
chains are schedulable.

The set of computational (i.e., non-copy-in) and copy-
in threads with a priority higher than any given thread 𝜏𝑖 on
core 𝑝𝑘 are denoted with hp𝑚𝑘 (𝜏𝑖) and hp𝑚,cp

𝑘 (𝜏𝑖), respectively.
hp(𝜏𝑖) and hpcp(𝜏𝑖) denote the sets of higher-priority threads
irrespective of the allocation.
Mode Transitions. To keep the analysis simple, we do not
consider the transient effects due to mode changes [58, 65],
which are generally negligible for soft real-time systems and

1The WCRT also depends on the modes of the interfering threads and
on the core 𝑝𝑘: for brevity, we omit the corresponding indexes from 𝑅𝑑

𝑖 .

Symbol Description
 Set of interconnected nodes
𝑛𝑥 A specific node in 
 Set of all cores across all nodes
𝑥 Set of cores in node 𝑛𝑥
𝑝𝑘 A specific core in 𝑥
 Set of real-time threads in the system
𝑘 Set of threads allocated to core 𝑝𝑘
 cp Set of all copy-in threads across all cores
 cp

𝑘 Set of copy-in threads allocated on core 𝑝𝑘
 Set of all pairs of communicating threads
𝜏𝑖 A specific thread in 𝑘
𝜋𝑖 Priority of thread 𝜏𝑖
𝑐𝑖 Criticality index of thread 𝜏𝑖
𝑖 Set of execution modes for thread 𝜏𝑖
𝜏𝑑𝑖 Thread 𝜏𝑖 in its d-th execution mode
𝑒𝑑𝑖,𝑘 WOET of thread 𝜏𝑑𝑖 on core 𝑝𝑘
𝑇 𝑑
𝑖 Period of thread 𝜏𝑑𝑖

𝐷𝑑
𝑖 Deadline of thread 𝜏𝑑𝑖

𝑅𝑑
𝑖 WCRT of thread 𝜏𝑑𝑖

𝜏𝑑(𝑖,𝑗) Copy-in thread for prod. 𝜏𝑑𝑖 and cons. 𝜏𝑞𝑗 , 𝑑 ≠ 𝑞
𝑒(𝑖,𝑗),𝑘 WOET of copy-in thread 𝜏𝑑(𝑖,𝑗) on core 𝑝𝑘
𝑇 𝑑
(𝑖,𝑗) Period of copy-in thread 𝜏𝑑(𝑖,𝑗)

Γ Set of all chains in the system
𝛾𝑥 A specific chain in Γ
𝛾exe
𝑥 Subset of computational threads in chain 𝛾𝑥
𝛾cp
𝑥 Subset of copy-in threads in chain 𝛾𝑥
𝜆𝑥,𝑦(𝑖,𝑗) Worst-observed comm. delay from 𝜏𝑖 to 𝜏(𝑖,𝑗)
𝐿𝛾𝑥 Worst-case end-to-end latency of chain 𝛾𝑥
𝐷𝛾𝑥 End-to-end deadline of chain 𝛾𝑥
𝑚 Threads’ modes in the analysis interval
hp𝑚

𝑘 (𝜏𝑖) Set of HP threads than 𝜏𝑖 on 𝑝𝑘
hp𝑚,cp

𝑘 (𝜏𝑖) Set of HP copy-in threads than 𝜏𝑖 on core 𝑝𝑘
hp(𝜏𝑖) Set of HP threads irrespective of allocation
hpcp(𝜏𝑖) Set of HP copy-in threads irresp. of allocation

Table 2
Symbols presented in the system model.

that can be accounted for with state-of-the-art methods [4,
58]. Instead, we focus on steady-state schedulability.
Summary of Symbols. Table 2 summarizes the symbols
introduced in the system model.

4. Proposed Approach
The proposed analysis-driven allocation and runtime

decision-making scheme consists of three main phases.
1. Initial design. In the initial phase, we perform the de-
sign of the distributed application. A mixed-integer linear
programming (MILP) formulation, presented in Section 6,
is used to satisfy timing constraints (for both threads and
chains), while assigning threads to cores (and hence to
nodes) and deciding the operational mode of each thread
based on the analysis in Section 5. The MILP relies on initial
estimates of the WOETs to provide an initial allocation.
2. Monitoring. In our architecture, shown in Fig. 2, comput-
ing nodes report the execution times of monitored threads to
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Figure 2: Monitoring and decision-making infrastructure.

the orchestrator, a separate node in charge of the decision-
making process to guarantee timing constraints. Individual
non-orchestrator nodes maintain a record of the current
WOET value for each thread and core type. Every time
a thread instance executes, the node keeps track of the
observed execution time (discounting preemptions) and, at
the end of the instance, compares it with the previous WOET
record. The orchestrator is then informed about any viola-
tions of the WOET detected by the nodes. The orchestrator
maintains a global WOET record that is used in reallocation
decisions.
3. Orchestration and runtime decision-making. The ini-
tial allocation can be (partially) modified at runtime. Our
orchestration and runtime decision-making architecture con-
sists of a set of trigger events and reaction policies, as shown
in Fig. 3. Trigger events give rise to the need for a new
configuration produced by the orchestration and runtime
decision-making module. For example, the notification of a
WOET update, the arrival/exit of a thread, and horizontal
scaling (i.e., the availability of a newly connected platform)
are important events for triggering changes in the configu-
ration. This paper focuses on WOET updates but remains
compatible with the others. Since applications managed
by an edge-distributed system can be very diverse, there
is no universal solution on how to react to such events.
Therefore, we propose a set of modular reaction policies:
mode relaxation, deadline inflation, reallocation, and thread
discarding. The designer can enable an arbitrary subset of
such policies and specify an order among them: for example,
if some new WOET updates make the current parameter
assignment infeasible (when running the schedulability test
in Section 5), in some cases it could be preferred to first try
changing the allocation, while in others to restore schedula-
bility by inflating deadlines, or by switching some threads to
a degraded execution mode.

The specification of the reaction policies is detailed in
Section 7. Among them, deadline inflation, mode relax-
ation, and thread discarding imply a (possibly temporary)
degradation of the current service. The key property of
our orchestration and decision-making process consists of
ensuring a well-defined degradation order that the designer
can configure in the orchestrator, by setting which policies
should be adopted first and the order in which the threads
are considered in the decisions. This is done, for example,
by leveraging the threads’ criticalities, or interleaving the
threads and policies order, in such a way that the designer

Orchestration and 
Runtime Decision-Making

Reaction policies

• Deadline inflation
• Mode relaxation
• Thread discarding
• Reallocation

Trigger events

• WOET update
• Thread arrival/exit
• Platform arrival

User-specified 
reaction and 
degradation 

order

Input Output

New 
configuration

Figure 3: Orchestration and runtime decision-making.

can specify which are the threads to be sacrificed (and how)
to favor highly critical ones.

5. Schedulability Analysis
The approach of our paper relies on a proper response-

time analysis for constrained-deadline threads, developed for
the system model of Section 3. We consider an arbitrary
thread 𝜏𝑖 allocated to a core 𝑝𝑘 ∈  under partitioned fixed-
priority scheduling. The classical schedulability test [45]
under these assumptions checks the following condition:

∃𝑡 ∈ [0, 𝐷𝑖] | 𝑊𝑖(𝑡) ≤ 𝑡 (1)
where 𝑊𝑖(𝑡) is a function upper-bounding the overall pro-
cessing time required by a thread 𝜏𝑖 and all the threads that
can possibly interfere with 𝜏𝑖 in any window of length 𝑡. If
Eq. (1) holds for a given time 𝑡′ in the interval, then 𝑊𝑖(𝑡′) is
a valid WCRT bound for 𝜏𝑖. The schedulability test of Eq. (1)
is general and can be instantiated under different scheduling
schemes providing an appropriate instance of 𝑊𝑖(𝑡).In this paper, threads are characterized by multiple op-
erating modes. Considering an arbitrary thread 𝜏𝑑𝑖 (in mode
𝑑), the worst-case response time can be bounded as:

𝑅𝑑
𝑖 = min

𝑡≥0

{

𝑒𝑑𝑖,𝑘 + 𝐼𝑚𝑖,𝑘(𝑡)
|

|

|

𝑒𝑑𝑖,𝑘 + 𝐼𝑚𝑖,𝑘(𝑡) ≤ 𝑡
}

, (2)

where 𝑒𝑑𝑖,𝑘 is the WOET of thread 𝜏𝑑𝑖 executing on 𝑝𝑘 in mode
𝑑, and 𝐼𝑚𝑖,𝑘(𝑡) represents an upper-bound on the amount of
interference on the execution of 𝜏𝑑𝑖 from threads in core 𝑝𝑘with priority higher than 𝜋𝑖, released in an arbitrary window
of length 𝑡, and with modes 𝑚. 𝐼𝑚𝑖,𝑘(𝑡) is computed as:

𝐼𝑚𝑖,𝑘(𝑡) =
∑

𝜏𝑞ℎ∈hp𝑚𝑘 (𝜏𝑖)

⌈

𝑡
𝑇 𝑞
ℎ

⌉

𝑒𝑞ℎ,𝑘+
∑

𝜏𝑠(𝑓,𝑔)∈hp𝑚,cp
𝑘 (𝜏𝑖)

(

⌈

𝑡
𝑇 𝑠
𝑓

⌉

+ 1

)

𝑒(𝑓,𝑔),𝑘

(3)
The first addend of Eq. (3) represents the interference from
the computational threads with priority higher than 𝜋𝑖, while
the second addend is the interference from the copy threads.
Regarding the second term, since the activation of copy
threads is triggered by the completion of the preceding
thread in the chain, the number of activations in the window
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is safely inflated by 1 to account for the data-driven activa-
tion delay (caused by the execution of the sender thread), if
the WCRT of the sender thread 𝜏𝑠𝑓 plus the communication
delay 𝜆𝑥,𝑦(𝑓,𝑔) is less than or equal to 𝑇 𝑠

(𝑓,𝑔) = 𝑇 𝑠
𝑓 . This is proven

in Lemma 1.
Lemma 1. Consider a sender thread 𝜏𝑠𝑖 ∈  allocated on
𝑛𝑥 ∈  , a consumer thread 𝜏𝑐𝑗 ∈  on 𝑛𝑦 ∈  ⧵ 𝑛𝑥, and
its copy-in thread 𝜏𝑠(𝑖,𝑗) ∈  cp (on 𝑛𝑦). If 𝑅𝑠

𝑖 + 𝜆𝑥,𝑦(𝑖,𝑗) ≤ 𝑇 𝑠
𝑖 ,

then the number of pending jobs of 𝜏𝑠(𝑖,𝑗) in an arbitrary time
window [𝑡′, 𝑡′ + 𝑡) is bounded by

(⌈

𝑡∕𝑇 𝑠
𝑖
⌉

+ 1
)

.

Proof. First note that if the number of pending jobs of 𝜏𝑠(𝑖,𝑗) is
bounded by

⌈

(𝑡 + 𝑅𝑠
𝑖 + 𝜆𝑥,𝑦(𝑖,𝑗))∕𝑇

𝑠
(𝑖,𝑗)

⌉

, then it is also bounded
by (⌈𝑡∕𝑇 𝑠

𝑖 ⌉ + 1), since 𝑅𝑠
𝑖 + 𝜆𝑥,𝑦(𝑖,𝑗) ≤ 𝑇 𝑠

𝑖 (by assumption),
𝑇 𝑠
𝑖 = 𝑇 𝑠

(𝑖,𝑗), and ⌈

(𝑡 + 𝑇 𝑠
𝑖 )∕𝑇

𝑠
𝑖
⌉

≤
⌈

𝑡∕𝑇 𝑠
𝑖
⌉

+ 1 hold. The
lemma follows by noting that there cannot be more than
⌈

(𝑡 + 𝑅𝑠
𝑖 + 𝜆𝑥,𝑦(𝑖,𝑗))∕𝑇

𝑠
𝑖

⌉

pending jobs in [𝑡′, 𝑡′ + 𝑡), since the
copy-in thread 𝜏𝑠(𝑖,𝑗) behaves as a normal thread subject to
a data-driven activation jitter [37], which is due to the re-
sponse time of the sender thread 𝑅𝑠

𝑖 and the communication
delay 𝜆𝑥,𝑦(𝑖,𝑗), yielding an overall jitter of 𝑅𝑠

𝑖 + 𝜆𝑥,𝑦(𝑖,𝑗).
Consequently, the schedulability test in Eq. (1) becomes:
∃𝑡 ∈ [0, 𝐷𝑑

𝑖 ] | 𝑒𝑑𝑖,𝑘 + 𝐼𝑚𝑖,𝑘(𝑡) ≤ 𝑡, (4)

with 𝐼𝑚𝑖,𝑘(𝑡) as in Eq. (3).
Furthermore, the previous analysis assumes that each

subchain composed of a sender thread and a copy-in thread
has at most one pending instance at a time. Analogously
to the classical case of periodic/sporadic threads with con-
strained deadlines [45], this can be achieved by guaranteeing
that the whole subchain of events, composed of the producer,
the network propagation, and the copy-in thread, completes
within the producer thread’s period 𝑇 𝑑

𝑖 , i.e., ensuring the
condition:

𝑅𝑑
𝑖 + 𝜆𝑥,𝑦(𝑖,𝑗) + 𝑅𝑑

(𝑖,𝑗) ≤ 𝑇 𝑑
𝑖 , ∀(𝜏𝑖, 𝜏𝑗) ∈  (5)

which, if satisfied, implies the condition required for Lemma 1.
Finally, following state-of-the-art results from Davare et

al. [24] for communications occurring in shared memory,
and from Henia et al. [37] for communications occurring in
a data-driven manner, adding the communication delay 𝜆𝑥,𝑦(𝑖,𝑗)to the latter, and considering the external event triggering
the chain arriving synchronously with the release of the first
thread of the chain 𝜏𝑑𝑓 , the end-to-end latency of an arbitrary
chain 𝛾𝑥 can then be easily bounded as follows:
𝐿𝛾𝑥 =

∑

𝜏𝑑𝑖 ∈𝛾
exe
𝑥

(

𝑇 𝑑
𝑖 + 𝑅𝑑

𝑖
)

+
∑

𝜏𝑑(𝑖,𝑗)∈𝛾
cp
𝑥

(𝑅𝑑
(𝑖,𝑗)+𝜆𝑥,𝑦(𝑖,𝑗))−𝑇 𝑑

𝑓 . (6)

Limiting the number of checkpoints. Directly implement-
ing the schedulability test of Eq. (4) in a linear programming

formulation is highly impractical, since it requires writing a
separate inequality for each 𝑡 in the interval.

In literature, several works attempted to ease this prob-
lem by reducing the number of points to test. Lehockzy et
al. [45] showed that an exact schedulability test requires
checking only the points corresponding to the activation
instants of interfering threads plus the deadline of the thread
under analysis. Other works [11, 68] further reduced such
sets under different conditions. Anyway, the resulting num-
ber of constraints is still exponential with the thread set size
in the worst case, and any further reduction requires relying
on sufficient-only tests. Nonetheless, a sufficient-only test
with high accuracy can provide significant benefits for the
runtime of the optimization problem, especially if executed
online, as proposed next in Section 7. Park and Park [54]
showed that under implicit deadline with rate monotonic
scheduling, restricting the checkpoints to the last activation
of the interfering threads in [0, 𝐷𝑖], plus the point 𝐷𝑖, pro-
vides a sufficient-only test with extremely high accuracy.
Building upon this result, Pazzaglia et al. [55] extended this
result to general thread set models with similar accuracy
(drop in the order of 1%), and with a set of checkpoints
polynomial in the number of threads.

For the case under analysis here, the application consists
of a combination of purely periodic threads and threads
activated with jitter by a periodic source (i.e., the copy-in
threads). The formulation of Eq. (2) coincides with an initial
(critical) release instant where all periodic threads are syn-
chronously released at 0, while all interfering copy threads
have the first activation released with maximum jitter (equal
to their period) at 0, and all successive instances released
periodically with no jitter [3]. Thus, the relative alignment
of the activations resembles that of purely periodic threads
with constrained deadlines, as the first two activations of
each copy thread coincide. Building upon the corresponding
case of periodic task set model with jitter in [55], the check
in Eq. (4) can be restricted to ∃𝑡 ∈ 𝑚

𝑖 , with:

𝑚
𝑖 ∶=

⋃

𝜏𝑞ℎ∈
(

hp𝑚𝑘 (𝜏𝑑𝑖 ) ∪ hp𝑚,cp
𝑘 (𝜏𝑑𝑖 )

)

{⌊

𝐷𝑑
𝑖

𝑇 𝑞
ℎ

⌋

⋅ 𝑇 𝑞
ℎ

}

∪
{

𝐷𝑑
𝑖
}

.

(7)

6. Design-Time Optimization
MILP Inputs. Next, we list the constants that are provided
in input to the optimization problem.
I1 For each pair of sender thread 𝜏𝑖 and receiver thread 𝜏𝑗 ,i.e., (𝜏𝑖, 𝜏𝑗) ∈ , a copy-in thread 𝜏(𝑖,𝑗) is added in

the set  cp. The optimizer only enables the thread if
𝜏𝑖 and 𝜏𝑗 are in different nodes.

I2 The priority and criticality assignment of each thread are
constant and user-defined.

Other placement constraints can be provided as input,
such as groups of threads to be allocated in the same or
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in different cores if required by the designer, which can
be easily added to the optimization problem as additional
constraints.

Before proceeding with the presentation of the optimiza-
tion problem, we extend the set of points in Eq. (7) to account
for all possible points for 𝜏𝑖 in all combinations of modes.
This extension is required because modes are decision vari-
ables in the MILP, but having a linear formulation requires
checkpoints to be independent of the optimization variables.

The new set of checkpoints 𝑖 is hence defined as:

𝑖 ∶=
⋃

𝑑∈𝑖

⋃

𝜏ℎ∈ ∗

⋃

𝑞∈ℎ

{⌊

𝐷𝑑
𝑖

𝑇 𝑞
ℎ

⌋

⋅ 𝑇 𝑞
ℎ

}

∪
{

𝐷𝑑
𝑖
}

, (8)

with  ∗ = hp(𝜏𝑖) ∪ hpcp(𝜏𝑖).
Main MILP Variables. The optimization problem is char-
acterized by the following sets of variables:

• Thread assignment to Core (TC): For each thread 𝜏𝑖 ∈
 ∪  cp, for each core 𝑝𝑘 ∈ , TC𝑖,𝑘 ∈ {0, 1}, is
a binary variable set to 1 if 𝜏𝑖 is assigned to 𝑝𝑘; 0
otherwise.

• Thread assignment to Node (TN): For each thread 𝜏𝑖 ∈
 ∪  cp, and for each node 𝑛𝑥 ∈  , TN𝑖,𝑥 ∈ {0, 1}
is a binary variable set to 1 if 𝜏𝑖 is assigned to 𝑛𝑥; 0
otherwise.

• Threads in Same Core (SC): For each thread pair 𝜏𝑖 ∈
 ∪  cp, 𝜏𝑗 ∈  ∪  cp ⧵ 𝜏𝑖, SC𝑖,𝑗 ∈ {0, 1} is set to 1
if 𝜏𝑖 is assigned on the same core as 𝜏𝑗 ; 0 otherwise.

• Threads in Same Node (SN): For each pair of commu-
nicating threads (𝜏𝑖, 𝜏𝑗) ∈ , SN𝑖,𝑗 ∈ {0, 1} is set to
1 if 𝜏𝑖 is assigned to the same node as 𝜏𝑗 ; 0 otherwise.

• Thread Mode (TM): For each thread 𝜏𝑖 ∈  ∪  cp, for
each mode 𝑑 ∈ 𝑖, TM𝑖,𝑑 ∈ {0, 1} is equal to 1 if
thread 𝜏𝑖 is set to mode 𝑑; 0 otherwise.

• Mapping of Communicating threads (MC): For each
pair of communicating threads (𝜏𝑖, 𝜏𝑗) ∈ , for each
node pair 𝑛𝑥 ∈  , 𝑛𝑦 ∈  ⧵ 𝑛𝑥, MC𝑖,𝑗

𝑥,𝑦 ∈ {0, 1} is
equal to 1 if 𝜏𝑖 is in node 𝑛𝑥 and 𝜏𝑗 is in node 𝑛𝑦; 0
otherwise.

• WOET of Thread (ET): For each thread 𝜏𝑖 ∈  ∪  cp,
for each mode 𝑑 ∈ 𝑖, ET𝑑

𝑖 ∈ ℝ≥0 is the WOET of
𝜏𝑖, which depends on the core in which it is allocated
to and the mode of the thread.

• WOET of an Interfering thread (EI): For each thread
pair 𝜏𝑗 ∈  ∪ cp, 𝜏𝑖 ∈ hp(𝜏𝑗)∪hpcp(𝜏𝑗) for each mode
𝑑 ∈ 𝑖, EI𝑑𝑖,𝑗 ∈ ℝ≥0 is equal to the WOET of 𝜏𝑖 (on
the core in which it is allocated) if it can interfere with
𝜏𝑗 and 𝜏𝑖 is in mode 𝑑; 0 otherwise.

• Response time Candidate of a thread (RC): For each
𝜏𝑖 ∈  ∪  cp, for each 𝜈𝑖,𝑔 ∈ 𝑖, RC𝑖,𝑔 ∈ ℝ≥0 is a
candidate WCRT bound for 𝜏𝑖.

Var. Description Type
TC𝑖,𝑘 Set if thread 𝜏𝑖 is assigned to 𝑝𝑘 Binary
TN𝑖,𝑥 Set if thread 𝜏𝑖 is assigned to 𝑛𝑥 Binary
SC𝑖,𝑗 Set if 𝜏𝑖 and 𝜏𝑗 share the same core Binary
SN𝑖,𝑗 Set if 𝜏𝑖 and 𝜏𝑗 share the same node Binary
MC𝑖,𝑗

𝑥,𝑦 Set if 𝜏𝑖 is in node 𝑛𝑥 and 𝜏𝑗 in 𝑛𝑦 Binary
TM𝑖,𝑑 Set if thread 𝜏𝑖 is set to mode 𝑑 Binary
ET𝑑

𝑖 WOET of thread 𝜏𝑖 in mode 𝑑 Real
EI𝑑𝑖,𝑗 WOET of interf. 𝜏𝑖 in mode 𝑑 Real
RC𝑖,𝑔 Candidate WCRT for thread 𝜏𝑖 Real
SV𝑖,𝑔 Selector variable for WCRT at 𝜈𝑖,𝑔 Binary
RT𝑖 WCRT bound of thread 𝜏𝑖 Real
SCC𝑖,𝑗,𝑘 Set if 𝜏𝑖 and 𝜏𝑗 are both on 𝑝𝑘 Binary
SNN𝑖,𝑗,𝑥 Set if 𝜏𝑖 and 𝜏𝑗 are both on 𝑛𝑥 Binary

Sym. Description
TV𝑖 Period of 𝜏𝑖 in the selected mode -
DV𝑖 Deadline of 𝜏𝑖 in the selected mode -
CD𝑖,𝑗 Comm. delay between 𝜏𝑖 and 𝜏𝑗 -

Table 3
Variables and Symbols used in Section 6.

• Selector Variable for response time candidate of a
thread (SV): For each 𝜏𝑖 ∈  ∪ cp, for each 𝜈𝑖,𝑔 ∈ 𝑖,SV𝑖,𝑔 ∈ {0, 1} is set to 1 if the WCRT is selected for
point 𝜈𝑖,𝑔 .

• Response Time of a thread (RT): For each 𝜏𝑖 ∈  ∪
 cp, RT𝑖 ∈ ℝ≥0 is the WCRT bound of 𝜏𝑖.

The variables and symbols used in this section are also
summarized in Table 3.
Constraints Overview. We now present the constraints of
our optimization problem. For some constraints, we use the
so-called big-M formulation [32], where 𝑀 is a large con-
stant, representing infinity. In the following, all constraints
that are not straightforward to derive are accompanied by a
corresponding proof.

Constraints are organized as follows. Constraints 1-2
enforce the properties related to the thread-to-node, thread-
to-core and thread-to-mode assignment. Constraints 3-4
enforce the formulations related to execution times. Con-
straint 3 ensures the execution time accounts for the selected
thread-to-core and thread-to-core assignment. Constraint 4
focuses instead on the execution time of a thread if it
interferes with another thread. Constraints 5-8 compute the
response time bounds and ensure schedulability of both
threads and chains.
MILP Constraints. First, we enforce a group of basic con-
straints on thread assignments to cores and to nodes, as well
as thread modes. Constraint 1 (a) and (b) enforce that each
thread is assigned to only one core and mode, respectively;
Constraint 1(c) enforces that a copy-in thread is mapped
to the same node as the receiving thread; Constraint 1(d)
enforces that a copy-in thread has the same mode of the
sender thread.

8



Constraint 1 (Basic Constraints).
For each 𝜏𝑖 ∈  ∪  cp ∶

∑

𝑝𝑘∈
TC𝑖,𝑘 = 1 (9a)

For each 𝜏𝑖 ∈  ∪  cp ∶
∑

𝑑∈𝑖

TM𝑖,𝑑 = 1 (9b)

For each 𝜏(𝑖,𝑗) ∈  cp, 𝑛𝑥 ∈  ∶ TN(𝑖,𝑗),𝑥 = TN𝑗,𝑥 (9c)
For each 𝜏(𝑖,𝑗) ∈  cp, 𝑑 ∈ 𝑖 ∶ TM𝑖,𝑑 = TM(𝑖,𝑗),𝑑 (9d)

Constraint 2 defines the thread-to-node mapping starting
from the thread-to-core mapping.
Constraint 2 (Threads to nodes mapping). For each thread
𝜏𝑖 ∈  ∪  cp, and for each node 𝑛𝑥 ∈  ,

TN𝑖,𝑥 =
∑

𝑝𝑘∈𝑥

TC𝑖,𝑘 (10)

Proof. The constraint follows by noting that, by definition
of TN𝑖,𝑥, TN𝑖,𝑥 is set to 1 if thread 𝜏𝑖 is assigned to one of its
cores 𝑝𝑘 ∈ 𝑥, and is 0 otherwise.

Next, we enforce the definition of variables SC𝑖,𝑗 (threads
𝜏𝑖 and 𝜏𝑗 in same core) and SN𝑖,𝑗 (threads 𝜏𝑖 and 𝜏𝑗 in
same node). This can be achieved by standard techniques
to implement linearly AND (∧) and OR (∨) constraints in
optimization problems [32] by defining a set of auxiliary
boolean variables SCC𝑖,𝑗,𝑘 and SNN𝑖,𝑗,𝑥 to denote whether
threads 𝜏𝑖 and 𝜏𝑗 are allocated on the same specific core
𝑝𝑘 or specific node 𝑛𝑥, respectively. This is performed by
enforcing the constraints

SCC𝑖,𝑗,𝑘 = TC𝑖,𝑘 ∧ TC𝑗,𝑘 and SC𝑖,𝑗 =
⋁

𝑝𝑘∈
SCC𝑖,𝑗,𝑘,

and analogously for nodes
SNN𝑖,𝑗,𝑥 = TN𝑖,𝑥 ∧ TN𝑗,𝑥 and SN𝑖,𝑗 =

⋁

𝑛𝑥∈
SNN𝑖,𝑗,𝑥.

The definition of variables MC𝑖,𝑗
𝑥,𝑦 (mapping of communi-

cating threads (𝜏𝑖, 𝜏𝑗), in nodes 𝑛𝑥, 𝑛𝑦) relies on the same
techniques, but just by enforcing

MC𝑖,𝑗
𝑥,𝑦 = TN𝑖,𝑥 ∧ TN𝑗,𝑦.

Next, we enforce the definition of ET𝑑
𝑖 , that is, the WOET

of a thread 𝜏𝑑𝑖 . For computational efficiency, Constraints 3-
5 define only lower bounds of the variables: the solver will
select the smaller values that satisfy the real-time constraints
(defined later in Constraints 6-8).
Constraint 3 (WOET of a thread). For each thread 𝜏𝑖 ∈  ,
for each mode 𝑑 ∈ 𝑖,

ET𝑑
𝑖 ≥

∑

𝑝𝑘∈
𝑒𝑑𝑖,𝑘 ⋅ TC𝑖,𝑘. (11a)

For each thread 𝜏(𝑖,𝑗) ∈  cp, for each mode 𝑑 ∈ 𝑖,

ET𝑑
(𝑖,𝑗) ≥

∑

𝑝𝑘∈
𝑒𝑑(𝑖,𝑗),𝑘 ⋅ TC(𝑖,𝑗),𝑘 − SN𝑖,𝑗 ⋅𝑀. (11b)

Proof. The first inequality follows by noting that the only
term greater than zero is associated with the core in which
TC𝑖,𝑘 = 1 (for Constraint 1(a) only one such a core exists).
The second inequality for copy-in threads is similar, but it
also disables the constraint (ET𝑑

(𝑖,𝑗) ≥ −∞) if SN𝑖,𝑗 = 1, i.e.,
if the producer and consumer are in the same node (thus, no
copy-in thread is needed).

Constraint 4 enforces the definition of variable EI𝑑𝑖,𝑗 , i.e.,
the WOET of 𝜏𝑑𝑖 if it can interfere with 𝜏𝑗 .
Constraint 4 (Interfering WOET). For each pair of threads
𝜏𝑗 ∈  ∪  cp, 𝜏𝑖 ∈ hp(𝜏𝑗) ∪ hpcp(𝜏𝑗), for each 𝑑 ∈ 𝑖,

EI𝑑𝑖,𝑗 ≥ ET𝑑
𝑖 −𝑀 ⋅ (2 − SC𝑖,𝑗 − TM𝑖,𝑑). (12)

Proof. The constraint enforces the definition of EI𝑑𝑖,𝑗 , being
EI𝑑𝑖,𝑗 ≥ ET𝑑

𝑖 only if 𝜏𝑖 and 𝜏𝑗 are in the same core (SC𝑖,𝑗 = 1)
and only if 𝜏𝑖 is in mode 𝑑 (TM𝑖,𝑑 = 1); otherwise the
constraint is disabled: EI𝑑𝑖,𝑗 ≥ −∞.

Next, Constraint 5 enforces the conditions required for
RT𝑖 to correctly encode a response time bound for 𝜏𝑖. Before
proceeding, we define the auxiliary variable ET𝑖 to represent
the WOET of the thread 𝜏𝑖 under analysis (independent of the
mode), enforcing the constraint

ET𝑖 ≥
∑

𝑑∈𝑖

ET𝑑
𝑖 − (1 − TM𝑖,𝑑) ⋅𝑀.

For conciseness in the presentation of the next constraint,
we also introduce the sets hpam(𝜏𝑖), hpcp

am(𝜏𝑖), which are
analogous to hp(𝜏𝑖) and hpcp(𝜏𝑖) but they contain multiple
occurrences of all threads, one for each mode, in such a way
that ∑𝜏𝑞ℎ∈hpam(𝜏𝑖)(⋅) is equivalent to ∑

𝜏ℎ∈hp(𝜏𝑖)
∑

𝑞∈ℎ
(⋅).

Constraint 5 (WCRT bound candidate). For each thread
𝜏𝑖 ∈  ∪  cp, and for each 𝜈𝑖,𝑔 ∈ 𝑖 obtained with
Equation (8),

RC𝑖,𝑔 ≥ ET𝑖 +
∑

𝜏𝑞ℎ∈hpam(𝜏𝑖)

⌈

𝜈𝑖,𝑔
𝑇 𝑞
ℎ

⌉

EI𝑞ℎ,𝑖 +…

+
∑

𝜏𝑞ℎ∈hpcp
am(𝜏𝑖)

(

⌈

𝜈𝑖,𝑔
𝑇 𝑞
ℎ

⌉

+ 1
)

EI𝑞ℎ,𝑖 (13a)

RC𝑖,𝑔 ≤ 𝜈𝑖,𝑔 + (1 − SV𝑖,𝑔) ⋅𝑀, (13b)
RT𝑖 ≥ RC𝑖,𝑔 − (1 − SV𝑖,𝑔) ⋅𝑀. (13c)

Additionally, for each 𝜏𝑖 ∈  ∪  cp,
∑

𝜈𝑖,𝑔∈𝑖

SV𝑖,𝑔 = 1. (13d)

Proof. Given an arbitrary checkpoint 𝜈𝑖,𝑔 ∈ 𝑖, Eq. (13a)
enforces its corresponding response time candidate RC𝑖,𝑔 to
be greater than or equal to its computational requirement
ET𝑖 plus the interference in the core to which it is allocated,
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computed as in Eq. (3) for 𝑡 = 𝜈𝑖,𝑔 . Then, Eq. (13b) enforces
RC𝑖,𝑔 to be smaller than the time that is provided by the
core up to 𝑡 = 𝜈𝑖,𝑔 if SV𝑖,𝑔 = 1, otherwise it has no
effect (RC𝑖,𝑔 ≤ ∞). Using Eq. (13d) and the set of boolean
variables SV𝑖,𝑔 , the solver enforces the second inequality
(13b) only for one of the points in set 𝑖: in other words,
it is sufficient it exists one checkpoint, namely 𝜈𝑖,𝑔∗ ∈ 𝑖,in which the condition (13b) is true, thus implementing the
schedulability test in Eq. (4). For that checkpoint 𝜈𝑖,𝑔∗ it
follows that SV𝑖,𝑔∗ = 1. Finally, Eq. (13c) selects such a
checkpoint 𝜈𝑖,𝑔∗ as the response-time bound for 𝜏𝑖.

For the next constraints, we first define the auxiliary
symbols TV𝑖 =

∑

𝑑∈𝑖
𝑇 𝑑
𝑖 ⋅ TM𝑖,𝑑 and DV𝑖 =

∑

𝑑∈𝑖
𝐷𝑑

𝑖 ⋅TM𝑖,𝑑 that denote the period and deadline of an arbitrary
thread 𝜏𝑖 in the mode that the solver selected, respectively
(which easily holds by recalling Eq. (9b), i.e., only one
value of TM𝑖,𝑑 is equal to 1). We also define the symbol
CD𝑖,𝑗 =

∑

𝑛𝑥∈
∑

𝑛𝑦∈⧵𝑛𝑥 𝜆
𝑖,𝑗
(𝑥,𝑦) ⋅ MC𝑖,𝑗

𝑥,𝑦 to denote the
communication delay experienced in the communication of
threads 𝜏𝑖 and 𝜏𝑗 .Leveraging the auxiliary variables introduce above, the
last constraints of the formulation can be compactly defined.
Constraint 6 enforces the condition in Eq. (5), while Con-
straints 7 and 8 enforce the timing constraints.
Constraint 6 (Analysis Condition). For each thread pair
(𝜏𝑖, 𝜏𝑗) ∈ ,

RT𝑖 + RT(𝑖,𝑗) + CD𝑖,𝑗 ≤ TV𝑖. (14)
Constraint 7 (Schedulability). For each 𝜏𝑖 ∈  ,

RT𝑖 ≤ DV𝑖. (15)
Constraint 8 (Chain Deadline). For each 𝛾𝑥 = (𝜏𝑓 , .., 𝜏𝑙) ∈
Γ
∑

𝜏𝑖∈𝛾𝑥

(RT𝑖+TV𝑖)+
∑

𝜏𝑖∈𝛾𝑥⧵𝜏𝑙

(RT(𝑖,𝑗)+CD𝑖,𝑗)−TV𝑓 ≤ 𝐷𝛾𝑥 , (16)

where, for each 𝜏𝑖 ∈ 𝛾𝑥 ⧵ 𝜏𝑙, 𝜏𝑗 is its successor in the 𝛾𝑥.

Proof. The constraint implements the latency bound of Eq. (6)
and enforces it to be smaller than or equal to the dead-
line.
Objective function(s). We consider three different (alterna-
tive) objective functions.

1. MODE-WEIGHTED minimizes the weighted ratio of the
selected thread mode multiplied by a function of the
criticality of the thread to maximize the accuracy of
the functional results by privileging thread with higher
criticalities,

𝐦𝐢𝐧
∑

𝜏𝑖∈

∑

𝑑∈𝑖

(𝑑 ⋅ TM𝑖,𝑑 ⋅𝑤(𝑐𝑖)).

The objective function is explained as follows. Due to
Eq. (9b) of Constraint 1, the solver must set the values

of variables TM𝑖,𝑑 such that only one term of the
summation is different from zero for each thread 𝜏𝑖 ∈
 . Each value in the summation is weighted by 𝑤(𝑐𝑖),which is a function that maps each criticality index to a
corresponding weight to be used in the objective func-
tion. As discussed in Section 3, a lower mode index
identifies an operational mode that provides a more
accurate result for some metrics of interest. Thus, for
the same value of𝑤(𝑐𝑖), the optimizer will try to select
the best accurate execution modes whenever possible,
since TM𝑖,𝑑 is multiplied by the corresponding index
𝑑. In this way, it is possible to tune the mode/criticality
trade-off in the objective function.
For example, consider a system with three threads
𝜏1, 𝜏2, and 𝜏3, with 𝑐𝑖 = 𝑖 (for simplicity), and all
being characterized by two modes 1 and 2, which are
the values of 𝑑 in the objective function. By setting
𝑤(𝑐1) = 1000, 𝑤(𝑐2) = 400, and 𝑤(𝑐3) = 1, for
𝑑 = 1 the product 𝑑 ⋅ 𝑤(𝑐𝑖) results to 1000, 400,
and 1, respectively; for 𝑑 = 2, 𝑑 ⋅ 𝑤(𝑐𝑖) results to
2000, 800; and 2. Therefore, the solver will try to
privilege higher criticality threads to be assigned to
more accurate modes, followed by medium and low
criticality threads, because this will also minimize the
ratio 𝑑 ⋅𝑤(𝑐𝑖): assigning the highest criticality thread
𝜏1 to mode 1 will be considered more important be-
cause it would just add 1000 to the objective function;
on the contrary, if 𝜏1 is set to mode 2 the payback
would be 2000 (the difference between the two is
1000). Conversely, assigning the medium criticality
thread 𝜏2 to mode 1 instead of mode 2 will provide
a difference in the objective function equal to 400
because the product 𝑑 ⋅𝑤(𝑐2) evaluates to 400 and 800,
respectively.

2. RD-MAX aims to provide a robust assignment that pre-
serves the schedulability of threads through the changes
in parameters, by minimizing the maximum ratio
between the response time and the deadline. It requires
defining a single additional variable RMAX, subject to
the following constraint: for each 𝜏𝑖 ∈  , for each
𝑑 ∈ 𝑖,

RMAX ≥ (RT𝑖∕𝐷𝑑
𝑖 ) − (1 − TM𝑖,𝑑) ⋅𝑀,

and thus the objective function being 𝐦𝐢𝐧 RMAX.
3. LT-MAX minimizes the maximum latency of the chains.

It requires defining one variable for each chain to store
its latency, computed as the left-hand expression of
Eq. (16), and another one LMAX for the maximum
among them, then solving 𝐦𝐢𝐧 LMAX.

Complexity and Scalability. Table 4 lists the number of
constraints and number of variables per constraint of the
MILP formulation proposed above. In the table, sets with
index “∗” are a short notation for the sets with maximum size
among their peers, e.g., |∗| = max𝜏𝑖∈ |𝑖|. Recalling
Equation (8), we can also find the upper-bound for the set of
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Cnstr. Eq. # of constraints # of variables
per constraint

Cnstr. 1 (9a) (|( ∪  cp)|) (||)
Cnstr. 1 (9b) (|( ∪  cp)|) (|∗|)
Cnstr. 1 (9c) (| cp

| × | |) (1)
Cnstr. 1 (9d) (| cp

| × |∗|) (1)
Cnstr. 2 (10) (|( ∪  cp)| × | |) (|∗|)
Cnstr. 3 (11a) (| | × |∗|) (||)
Cnstr. 3 (11b) (| cp

| × |∗|) (||)
Cnstr. 4 (12) (|( ∪  cp)|2 × |∗|) (1)
Cnstr. 5 (13a) (|( ∪  cp) × |∗|) (| ∪  cp

|)
Cnstr. 5 (13b) (|( ∪  cp) × |∗|) (1)
Cnstr. 5 (13c) (|( ∪  cp) × |∗|) (1)
Cnstr. 5 (13d) (|( ∪  cp)|) (|∗|)
Cnstr. 6 (14) (| |

2) (1)
Cnstr. 7 (15) (| |) (1)
Cnstr. 8 (16) (|Γ|) (| |)
Cnstr. 9 (17a) (| |) (|∗|)
Cnstr. 9 (17b) (| |) (|∗|)
Cnstr. 10 (18a) (| |) (1)
Cnstr. 10 (18b) (| |) (1)

Table 4
Complexity of the MILP formulation in terms of the number
of constraints and number of variables per constraint.

schedulability points being |∗| ≤ |∗|
2 × | |. The total

number of variables for the proposed MILP formulation is
then (|∗|× |∗|

2 × |( ∪  cp)|), while the total number
of constraints is (|( ∪  cp)|2 × | | × |∗|

2 × |Γ|). In
other words, the MILP formulation complexity is affected
in particular (quadratically) by the total number of threads
(including the copy-in threads), and also by the number of
modes per thread. While being potentially computationally
intensive for realistically sized systems, we remark that
such full-system optimization is required to be performed
offline, only once, at design stage. In the next section we
cover the aspects of the additional formulation for runtime
re-optimization, which often involves only a subset of the
variables and constraints introduced here.

7. Orchestration and Runtime
Decision-Making
As described in Section 4, reaction policies for orchestra-

tion and runtime decision-making are triggered by the arrival
of a new trigger event (with a focus on WOET updates) to
the orchestrator. When this happens, the orchestrator runs a
modified version of the optimization problem presented in
Section 6, assigning fixed values to the variables of threads
that will remain unaffected by the event, thus re-optimizing
only a subset. This approach has multiple advantages: it
avoids changing the current deployment too much, avoids
affecting components that are not influenced by a particular
trigger event, and speeds up the optimization procedure,
which is essential for runtime reconfiguration and to enhance

Var. Description Type
bM𝑖 Set if the mode of 𝜏𝑖 can be changed Binary
bD𝑖 Set if the deadline of 𝜏𝑖 is fully inflated Binary
𝐷𝜖𝑖 Deadline inflation coefficient for thread 𝜏𝑖 Real

Table 5
Additional variables introduced in Section 7.

scalability. In the following, we also present the computa-
tional complexity of the approach under the different re-
action policies, by discussing the corresponding simplified
optimization problem.

In the following, we refer to a generic thread set rcthat includes only the threads affected by the reconfigura-
tion according to a particular instantiation of the runtime
decision-making policy. The threads to be considered in set
rc depend on both the enabled reaction policies and the
specific use case: its definition for a specific application is
thus left to the designer. We show some examples in the
evaluation (Section 9).

The additional variables required by the methods of this
section are summarized in Table 5 and also presented in
detail in the following.
Mode relaxation. With mode relaxation, the orchestrator
tries to switch one or more threads to a degraded execution
mode, characterized by a smaller execution time requirement
and/or a larger period and deadline, to meet timing require-
ments at the expense of reduced functional performance.
Again, it is fundamental for the designer to have control
over the guaranteed degradation order since the impact of a
mode degradation can be different depending on the specific
thread. To this end, we rely on an optimization problem
based on a subset of constraints from the formulation of
Sec. 6. For the mode relaxation, we are interested in re-using
only those constraints that are influenced by the variable
TM𝑖,𝑑 . Moreover, all constraints related to threads that are
not in rc can be effectively removed by fixing the corre-
sponding variables to the values of the current configuration.
For example, the variables in (9a) and (9c) are substituted by
the values found in the offline optimization of the setup. On
the other hand, we require an additional set of constraints
to guide the solver towards reconfiguring the mode degrada-
tion. To this end, we first introduce the following variable:

• Mode degradation order enforcer: For each thread
𝜏𝑖 ∈ rc, bM𝑖 ∈ {0, 1} is equal to 1 if and only if
the solver is allowed to change the mode of 𝜏𝑖.

The following constraints enforce the relationship be-
tween bM𝑖 and the order dictated by the thread’s criticality
𝑐𝑖.
Constraint 9. For each 𝜏𝑖 ∈ rc with current mode tm𝑖,

∑

𝑑∈𝑖

(𝑑 ⋅ TM𝑖,𝑑) ≤ tm𝑖 + bM𝑖 ⋅𝑀, (17a)
∑

𝑑∈𝑖

(𝑑 ⋅ TM𝑖,𝑑) ≥ tm𝑖 − bM𝑖 ⋅𝑀. (17b)
11



For each thread 𝜏𝑖 ∈ rc, given the thread 𝜏𝑗 ∈ rc with
immediately lower criticality,

bM𝑖 ≤ bM𝑗 ⋅𝑀. (17c)
Proof. When the thread with immediately lower criticality
𝜏𝑗 has bM𝑗 = 0, then Eq. (17c) enforces that also bM𝑖 = 0.
Thus, from Eq. (17a) and Eq. (17b) the mode of 𝜏𝑖 in the
optimization problem is fixed to the value tm𝑖 of the current
solution. Otherwise if bM𝑗 = 1 no constraint is enforced
(Eq. (17a) and Eq. (17b) become −∞ ≤ MM𝑖 ≤ ∞),
allowing the solver to change the mode freely.

The objective function is set to minimize the sum of the
boolean variables bM𝑖 so that only the minimum number
of threads (in order of criticality) are affected by the mode
relaxation, i.e., 𝐦𝐢𝐧

∑

𝜏𝑖∈rc bM𝑖. Due to effectively fixing
all variables related to cores and nodes assignment, and
considering a restricted subset of threads rc affected by the
reconfiguration, the final complexity of such reaction policy
is (|∗|

2 × |rc|), while the total number of constraints is
(|rc|2 × |∗|

2 × |Γ|).
Deadline inflation. The deadline inflation strategy uses an
inflation coefficient, defined for each overrunning thread 𝜏𝑖,to decide the amount of inflation of the deadline. The coef-
ficients are introduced as variables of the MILP formulation
as follows:

• Deadline inflation: For each thread 𝜏𝑖 ∈ rc, 𝐷𝜖𝑖 ∈
ℝ≥0, is the amount of which the deadline of the thread
is inflated.

These variables need to be inserted in a new MILP formula-
tion, so that the solver can optimize their values.

As for the mode relaxation, all the variables that are
not involved in the deadline inflation and the corresponding
schedulability test need to be assigned to constant values
given by the current solution deployed on the distributed
system. Then, Constraint 7 is substituted by the following
formulation:
Constraint 10 (Schedulability under deadline inflation).
For each 𝜏𝑖 ∈ rc,

RT𝑖 ≤ DV𝑖 +𝐷𝜖𝑖, (18a)
DV𝑖 +𝐷𝜖𝑖 ≤ TV𝑖. (18b)

Since our analysis relies on the assumption of con-
strained deadlines 𝐷𝑑

𝑖 ≤ 𝑇 𝑑
𝑖 , the corresponding constraint

DV𝑖 + 𝐷𝜖𝑖 ≤ TV𝑖 of Eq. (18b) is added, and the set of
points in Eq. (8) needs to be updated to add point 𝑇 𝑑

𝑖 , which
is the new maximum deadline allowed to the thread. In this
reaction policy, all assignments of cores, nodes and modes
can be kept fixed. The constraints related to the response
time analysis are nonetheless to be re-checked, since the
deadlines can be modified. The final complexity of such
policy is (|rc|), while the total number of constraints is
(|rc|2 × |Γ|)

Designers could configure the deadline inflation to work
together with mode relaxation, thus requiring the definition

of an ordering across the two degradation policies. Indeed,
the orchestrator could react to an unschedulability condition
for a thread 𝜏𝑖, detected by running the response-time anal-
ysis of Section 5, by either inflating the deadline of 𝜏𝑖, by
changing its mode, or that of other threads that can interfere
with 𝜏𝑖. This can be done by adding another MILP variable
to account for the order of degradation, as follows:

• Deadline degradation order: For each thread 𝜏𝑖 ∈ rc,
bD𝑖 ∈ {0, 1} is equal to 1 if and only if the solver is
allowed to inflate the deadline of thread 𝜏𝑖 .

The variable can be used to add a set of constraints for
each thread 𝜏𝑖 ∈  , and given the thread 𝜏𝑗 ∈  with im-
mediately lower degradation order (e.g., with immediately
lower criticality), expressed as either 𝐷𝜖𝑖 ≤ bD𝑗 ⋅ 𝑀 or
𝐷𝜖𝑖 ≤ bM𝑗 ⋅𝑀 depending on whether the deadline inflation
of 𝜏𝑖 is preceded by either a mode relaxation or deadline
inflation for 𝜏𝑗 in the degradation order. Then, the objective
function is also changed to minimize the sum of variables
bM𝑖 and bD𝑖.Thread degradation achieved with mode relaxation and
deadline inflation does not create a danger to the timing con-
straints of a communication chain. Indeed, both options rely
on solving a simplified version of the optimization problem
for initial allocation with all the parameters (thread-to-core
allocations, thread modes, etc.) that are not affected by the
degradation policy remaining constants, as explained above.
However, Constraint 8 is still present (with possibly some
of the elements in the summations being constants instead
of variables, if not involved in the degradation strategy
configuration) and it ensures that the end-to-end deadline
is respected. Therefore, the MILP solver needs to find a
degraded solution that still meets the chain deadline.
Orchestration. Another possible degree of freedom to re-
store schedulability is orchestration, i.e., moving threads
from one core to another or even between different nodes.
This can be done by using the optimization problem of
Sec. 6, enforcing it to change the assignment of only a
subset of threads or cores. Possible orchestration policies
are: local, which reallocates a thread only within the same
node; global, which reallocates a thread in any node of the
edge system; clustered, which reallocated a thread only in
a cluster of cores selected by the designer (e.g., only some
cores with lowest overall load). The MILP formulation can
be flexibly adapted to many different application scenarios
and be configured by the application designer according to
the specific needs. The resulting complexity of this policy
has a similar expression to the one of the full offline MILP,
substituting the thread set with rc as well as considering
the correspondingly affected nodes and cores. Similarly to
mode relaxation and deadline inflation, orchestration does
not harm the end-to-end deadline constraints of chains since
Constraint 8 is still active.
Thread discarding. If schedulability cannot be recovered
with the previous techniques, discarding some threads to
leave room for the others can be a powerful ultimate solution.

12



Nevertheless, it is likely to be a symptom of a poorly de-
signed system; hence, discarding threads should be avoided
since it might impact the functional behavior of the system.
Furthermore, it makes the optimization much more complex
for the general case; however, some simpler but common
cases can still be managed. For example, a possible way of
integrating thread discarding in the optimization problem
is to provide, for some low-criticality threads that are not
involved in communication chains, an additional mode in
which the execution time is equal to 0. More difficult is
instead discarding threads that are part of a chain since
the absence of a thread in the chain clearly invalidates the
functional behavior of the chain itself due to input-output
relations between threads.

A possible solution to use discarding for threads involved
in chains in which no thread receives/sends data from/to
more than one producer/consumer is to individuate low-
criticality chains, which can be, for example, related to a
non-safety related system service (e.g., infotainment) and
remove the functionality as a whole. Again, the approach
of modeling the discarding as an additional mode with zero
execution time can be used, e.g., for the source node of
the chain: then, additional constraints need to be added to
specify that, for each chain, if the source node is discarded
(and hence set to the zero execution time functional mode),
then also the other threads in the chain need to be discarded.
This results in just adding an “if-then-else” (which can easily
be implemented in linear form with the techniques already
discussed in the paper) constraint to state that if the source
thread is set to the “discard” mode, then also all the other
threads in the chain should be in the same mode.

General chains with threads receiving or sending data
from/to more than one producer/consumer may consider
such threads as “forking/joining junctions”, which give rise
to multiple chains in which the threads preceding the junc-
tion contribute to multiple chains. Hence, it can be decided to
consider discardable only threads following/preceding one
branch after the junction, with threads contributing to only
one low-criticality chain.

Another solution that does not involve modifying the
optimization problem is to run multiple instances of the
optimization problem by providing different thread sets in
input by iteratively removing one or more threads that have
been marked as “rejectable” by the designer: these threads
need to be carefully selected to preserve the consistency of
event chains. Again, this can be done by assigning criticality
values to threads, following a degradation order decided
by the designer. For example, the corresponding algorithm
can include solving the optimization problem again after
first removing all the low-criticality threads not involved
in chains and seeking a solution. If no solution is found,
the linear sequence of threads in low-criticality chains (not
involved in forks/join) can be removed, too. While this
option is worth mentioning as an ultimate solution to recover
from an unexpected timing misbehavior, we do not consider
it in detail since its usage should be kept at a minimum, and

if triggered, the designer should consider revising the system
design.
Restoring the performance. The previous techniques al-
low for restoring schedulability at the expense of perfor-
mance degradation. Then, if possible, the system should be
scaled horizontally (i.e., adding more computing platforms),
enabling the restoration of the non-degraded mode. Low-
criticality soft real-time systems can also consider some
observed overload conditions as temporary and restore the
original configuration if no further violations are detected
within a timeout limit, or considering the WOET in a moving
time window. Nevertheless, how often a WOET overshoot
may occur is hard to predict, making it hard to set a safe
timeout limit or length of such time window. Hence, con-
sidering the new WOET estimate as a consequence of an
overrun as the new permanent WOET estimate is often a
safer solution. Furthermore, in case WOET overruns are just
transients, e.g., when a memory-intensive thread suffers an
overrun due to excessive memory interference coming from
another memory-intensive thread allocated to another core
of the same node, orchestration offers a valuable solution to
overcome this issue by reallocating the interfered or inter-
fering thread to another node to avoid mutual interference
between the two. This also offers a more resilient solution in
case the transient exceedance occurs again. A detailed study
of these techniques is left as future work.

8. Prototype Implementation
This section describes a prototype implementation of

the runtime environment for our proposed approach, target-
ing low-end embedded systems and the QNX RTOS. An
overview of the implemented system is shown in Fig. 2.

QNX is a POSIX-based RTOS and ISO26262 certified
to the highest assurance level (ASIL-D) [22]. Because of
this, QNX is the preferred base operating system for high-
performance platforms of many car manufacturers. While
our implementation focuses on QNX, where possible, the
standard POSIX API is used to allow cross-OS compatibil-
ity. The proposed implementation is based on the QNX 7.1
Software Development Platform (SDP) and considers mul-
tiple compute nodes that are interconnected by an Ethernet
network.
Code Generation. The initial allocation is provided by the
optimizer in the form of an Amalthea APP4MC model [39].
Amalthea is an open-source data model that allows the
modeling of non-functional aspects of complex hardware
and software systems. An automated process is implemented
to generate the code for each QNX node in such a way
as to fully abstract away the execution and communication
details based on copy-in threads presented in Section 3. The
automatic code generation of the functional behavior is out
of the scope of this paper. Still, state-of-the-art techniques
can be used [52], or the system integrator can easily plug
manually coded functions within the generated code.

Code generation is implemented as part of APP4MC [39],
the Eclipse-based tooling platform for Amalthea models.
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The existing infrastructure provides parsing functionality to
be used in Java projects in APP4MC. Template-based code
generation is implemented via Xtend [10] to generate the
necessary configuration and code (in the C programming
language) for the application on each QNX node. Our code
generation mechanism extends the one in [8]. In contrast
to the application characteristics considered here, the work
in [8] considers APS partitions [23] to provide timing isola-
tion, and communication is based on the QNX synchronous
message passing mechanism [9], while runtime monitoring
and orchestration have not been explored. Instead, we focus
on a more cross-compatible approach leveraging mecha-
nisms available on POSIX operating systems.

The framework generates only minimal files represent-
ing the data exchanged among threads, the registration of
all application threads, and stubs for user implementation
of each thread’s application logic. This information is pro-
vided through the Amalthea model. For testing purposes,
the thread’s application logic can also be generated so that
execution time is emulated with a configurable uncertainty
compared to the specified execution time value.
Execution. Each QNX node hosts the code of all application
threads in the system. This avoids the need for expensive
migration operations [47] (which can take up to several
seconds [1]) between nodes during a reconfiguration, which
is suitable for small-scale edge systems with nodes running
an RTOS and subject to stringent timing constraints, as those
considered in this paper. All application threads are based
on the same thread template and provide the necessary logic
to realize all possible application states. The state variable
of a thread is used to indicate the current operating state
of the thread and is only modified by the node runtime
manager. If a thread is in EXECUTE state, the user logic is
executed periodically. This includes reading global input
data to thread local copies and writing thread local output
data to their global counterparts. This process is hidden
from the user code and allows the user code to be agnostic
of any framework knowledge. Threads in the COPY-IN state
decode the data received through the network and write the
updated values to the memory of the node. Finally, a thread
is INACTIVE on a node when it is in mode EXECUTE on one of
the other nodes, and no thread on the same node consumes
the data it produces. The INACTIVE state is realized with a
dedicated semaphore of the thread that is only posted by the
manager thread of the node when the thread state changes
again.
Communication. Several forms of communication are real-
ized in accordance with the system model of Section 3.

Communication within a single node is realized us-
ing shared memory that is accessed by the communicating
threads. A reading thread creates local copies of the input
data at the start of its execution while writing threads update
the global variables at the end of their execution. Thus, the
implicit communication model is used [41].

Communication across node boundaries is always data-
driven and realized via messages over the network. If two
threads communicate across node boundaries, we use a

copy-in thread on the receiver node, as discussed in Sec-
tion 3.
Monitoring and Orchestration. To realize the orchestra-
tion, each QNX node implements a manager component
that collects runtime statistics and is able to reconfigure the
application at runtime (see Fig. 2). A central manager node
in the network periodically collects the runtime statistics of
the QNX nodes and triggers the runtime decision-making
procedure if needed. Any system reconfiguration is then
communicated to the manager components on the QNX
nodes that reconfigure the user application accordingly. The
system manager may reside on any QNX node but can also
be implemented on a separate node (e.g., running Linux, to
leverage a vast amount of compatible optimization tools).
To collect the runtime statistics, each thread records the
execution time for each job. The largest per-mode observed
execution time is stored.
Implementation Extensions. The prototype implementa-
tion discussed in this section is a solid baseline for eval-
uating the monitoring-based runtime decision-making ap-
proach advocated by this paper. Nonetheless, there is room
for extending it in future work. The prototype assumes all the
threads are stateless; however, the discussed thread struc-
ture is compatible with extensions to stateful applications,
e.g., implementing job-checkpointing [46] for migration that
could also allow for the local state of each thread. Support
for migration operations can also be included [47], e.g., in
case the footprint of the distributed application is too large
compared to the memory size of each node. However, we
show next in the evaluation that this is not the case for
possible reference applications. Finally, possible future ex-
tensions may include the monitoring of network delays and
devising reaction policies to cope with network-dependent
overruns that are, however, not the focus of this paper. All
these extensions of the implementation remain compatible
with our approach.

9. Evaluation
We evaluate the proposed approach considering a target

distributed system with two Raspberry Pi 4B with 4 cores
and a Gigabit Ethernet network card, using the QNX 7.1
Software Development Platform (SDP), and an orchestrator
node consisting of an Intel Xeon Silver 4114 processor
with 10 cores (20 threads) at 2.2 Ghz and 32GB RAM,
running Linux. The three platforms can be representative
of a realistic edge architecture, composed of more resource-
constrained embedded systems (the Raspberry Pi 4B) and
a more powerful Xeon node, which is used in state-of-the-
art edge server solutions (e.g., the Dell PowerEdge solution
[26]). The optimization problem has been implemented in
C++ and solved with IBM CPLEX, an industry-grade opti-
mization toolkit, on the Linux node. The orchestrator node
runs Linux on an Intel architecture to ensure compatibility
with CPLEX because it has limited compatibility with ARM
platforms and is not compatible with QNX. Thus, for the
experiment, the proposed monitoring and decision-making
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MODE-WEIGHTED RD-MAX LT-MAX

ID Name 𝑇 0
𝑖 𝑒𝑖 𝑐′𝑖 𝑝𝑘 𝑛𝑥 𝑅𝑖 mode 𝑝𝑘 𝑛𝑥 𝑅𝑖 mode 𝑝𝑘 𝑛𝑥 𝑅𝑖 mode

𝜏0 Lidar Detection 1 33 11 H 1 0 11 0 0 1 11 1 1 0 11 1
𝜏1 Lidar Detection 2 33 11 H 0 0 31 0 0 1 22 1 2 0 11 1
𝜏2 Park. Detection 1 66 35 H 3 1 35.1 0 0 0 35 1 0 0 40 1
𝜏3 Park. Detection 2 66 35 H 0 1 63 0 1 0 35 0 3 1 90 1
𝜏4 Camera Detection 1 200 120 H 2 0 192 0 2 0 120 1 0 1 184 0
𝜏5 Camera Detection 2 200 120 H 1 0 186 0 3 1 120.06 1 1 1 190 0
𝜏6 Communication 10 1 M 2 0 1 0 2 1 2.63 1 0 0 1 0
𝜏7 EKF 15 4 H 0 1 4 0 2 1 6.63 1 0 1 4 0
𝜏8 Planner 15 12 H 3 0 12 0 1 1 12 1 1 1 12 0
𝜏9 SFM 33 15 M 1 1 15 0 3 0 25.71 1 2 0 37 2
𝜏10 Localization 400 139 H 0 0 216.32 0 0 1 271 1 3 0 139 0
𝜏11 Data Logging 300 100 L 1 1 205 0 3 0 160 0 1 1 532 3
𝜏12 Customer Notification 80 30 L 3 1 65.08 0 2 1 48.63 2 2 1 30.14 1
𝜏13 Park Reserv. Mgmt. 110 40 L 2 1 103 0 0 0 110 3 1 0 84 3
𝜏14 System Updates 110 20 L 2 1 80 0 2 1 98.64 3 2 1 130.57 3

Table 6
Case study parameters and solutions of the initial allocation problem. Times are in milliseconds.

infrastructure, as shown in Fig. 2, is instantiated by the
hardware topology shown in Fig. 4. As discussed in Sec-
tion 2, the proposed framework brings together a unique set
of properties that have not been addressed together by related
work. Hence, in the following, we evaluate the proposed
framework without explicit comparison to other approaches.

Edge Node
Raspberry Pi 4b

QNX

Edge Node
Raspberry Pi 4b

QNX

Runtime
Orchestrator

Server
Linux

Router

Runtime Monitoring Runtime Orchestration

Figure 4: Hardware setup used for the evaluations.

For the application, we envision as a practical use case
for the approaches of this paper an automated valet park-
ing [12] edge system, which we prototype by hybridizing two
related publicly available case studies: the WATERS 2019
Challenge by Bosch [34] and the TACLe Benchmark [28].

The WATERS 2019 contains an application for au-
tonomous driving. The automated valet parking application
shares most of the needed functionalities with the WATERS
2019, such as path planning, localization, and detection. It
has been enriched to duplicate the detection-related threads
(to mimic the fact that an automated parking area leverages
multiple and diverse detection sources) and to add data
logging, customer notification, parking reservation manage-
ment, and system updates, borrowing the parameters from
threads of the TACLe Benchmark. Event chains are shown
in Fig. 5. Only threads from the WATERS 2019 are included
in chains, while those coming from TACLe are considered as
additional workloads for optional functionalities and behave
as independent threads.

0. Lidar 1 7. EKF

6. Comm.

8. Planner

4. Camera 1

10. Localization

5. Camera 2

2. Park. D. 1

3. Park. D. 2
9. SFM

1. Lidar 2

Figure 5: Chains in the case study.

The TACLe Benchmark [28] does not report periods;
therefore, we used the same periods that have been associ-
ated with TACLe benchmark threads in [18]. Additionally,
the case studies do not provide deadlines, priorities, and
multiple modes, which are set as follows. Priorities are set
according to the rate-monotonic assignment, and deadlines
are set as 𝐷𝑑

𝑖 = 𝑒𝑑𝑖,𝑘 + 𝛽 ⋅ (𝑇 𝑑
𝑖 − 𝑒𝑑𝑖,𝑘), with 𝛽 ∈ [0, 1].

In this way, if 𝛽 = 1, 𝐷𝑑
𝑖 = 𝑇 𝑑

𝑖 , and if 𝛽 = 0, 𝐷𝑑
𝑖 =

𝑒𝑑𝑖,𝑘 All threads are provided with an additional degraded
mode (not shown in the table) in which the execution times
remain the same, but periods are multiplied by a factor 𝛼 =
1.5; Medium and low criticality threads have an additional
degraded mode with 𝛼 = 2; Low criticality threads have
a final degraded mode with 𝛼 = 2.5. WOETs are kept
unaltered. The application structure and values are reported
in Table 6 (first four columns). From the coarse-grained
criticalities 𝑐′𝑖 in Table 6, classified as high (H), medium (M),
and low (L), the criticality 𝑐𝑖 is derived by resolving ties in
rate-monotonic order.
Evaluation of copy-in threads execution times. The WOETs
of copy-in threads are not included in the WATERS 2019
data since their presence refers to a design choice of this
paper. However, the WATERS 2019 model reports the size
of the data exchanged among threads, which are also used
to determine the communication delays 𝜆𝑥,𝑦(𝑖,𝑗) according to
the network data rate. We performed a set of experiments
on the Raspberry Pi platforms to evaluate such execution
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Figure 6: WOET of the copy-in thread with varying data size.

Table 7
Footprint of the application, in byte.

Application text data bss total
Case Study 52037 3884 18149336 18205257
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Figure 7: Chain latencies with different obj. functions.

times based on the specified data sizes. Fig. 6 reports the
minimum, maximum, and average execution time of the
copy-in thread for varying data sizes. For each data point,
500 samples are collected.

Fig. 6 corroborates one of the design choices of this
paper: the usage of time-driven communication, with the
only exception of copy-in threads, to minimize additional
interfering activations in the response-time analysis due
to data-driven communications [37] (e.g., in the second
summation of Eq. (3)). Indeed, execution times of copy-in
threads are much shorter (on average) than those of the other
threads (reported in Table 6), thus making it easier to satisfy
the schedulability.
Memory Size. Table 7 reports the memory footprint of the
case study application. On each node, 18.2MB of memory
is required. This includes all global communication buffers,
the task local communication buffers, as well as the complete
code. For the case study application, the memory size is
negligible compared to the total memory available on the
used platform (8GB of RAM), which is representative of
the type of platforms the approach targets.
Initial Design Experiments. Table 6 reports the allocation
of each thread to cores (col. 𝑝𝑘) and nodes (𝑛𝑥), its WCRT
(𝑅𝑖), and the selected operating mode for each of the three

considered objective functions (see Section 6), consider-
ing 𝛽 = 0.9. All optimization objectives have advantages
and disadvantages. For example, with MODE_WEIGHTED, the
solver is able to find a solution with all threads at their
best functional mode (i.e., mode 0). However, it can be
generally less robust than RD_MAX, which tries to minimize the
ratio between WCRT bound and the deadline to avoid that
misestimations of the WOET can lead to an unschedulable
condition. On the other hand, with RD_MAX some threads
run in a less accurate mode (modes 1, 2, or 3). Finally,
LT_MAX privileges mostly threads involved in thread chains,
especially in computationally expensive ones. Other threads
(e.g., 𝜏11, 𝜏13, and 𝜏14) are assigned to a less accurate mode.
Fig. 7 shows the latencies of the three longest chains of
Fig. 5. Chain 0, 1, and 2 in the figure correspond to the
𝛾0 = (𝜏0, 𝜏10, 𝜏7, 𝜏8), 𝛾1 = (𝜏1, 𝜏10, 𝜏7, 𝜏8), and 𝛾3 = (𝜏6, 𝜏10,
𝜏7, 𝜏8), respectively. As expected, LT_MAX provides the best
(shortest) latencies. Different objective functions are also
characterized by different runtimes: MODE-WEIGHTED, RD-MAX,
and LT-MAX find the optimal solutions within 1223.13, 37.82,
and 55.29 seconds, respectively. Furthermore, the solver is
able to find a feasible solution within less than 3 seconds. All
runtimes are largely compatible with typical offline design
activities.
Runtime Decision-Making Experiments. For this experi-
ment, threads execute for a fixed amount of time specified by
the WOET. All experiments are performed over a runtime
of 30 s. The monitoring period of the central orchestrator
is set to 100ms. We report on five different variants of
the decision-making policies that a designer can apply. For
all settings, the solution with objective MODE_WEIGHTED is the
starting configuration. The cases assume threads to overrun
their WOET estimate: as previously discussed, the new
WOET is assumed to be permanent since it is likely due
to the thread being subject to a different working condition
that was not experienced during testing, or due to new data-
dependent code paths that were never executed.
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Figure 8: Task Parking Detection (𝜏3) with runtime decision-
making measurements and deadline inflation.

Fig. 8 considers the deadline inflation strategy. The
WOET of 𝜏3 first reaches 40ms (from 35) at 𝑡 =10 s and
then 45ms at 𝑡 =20 s. 𝜏3 is allocated to 𝑝0, 𝑛1, together with
𝜏7, which has a higher priority. When the WOET reaches
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Figure 9: Task Parking Detection (𝜏3) with runtime decision-
making measurements and mode relaxation (period/deadline).
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Figure 10: Task Parking Detection (𝜏3) with runtime decision-
making measurements and mode relaxation (execution time).

40ms, the solver finds a better WCRT candidate that still
satisfies the current deadline. Indeed, due to the formulation
of Constraint 5(d), the solver finds any WCRT candidate
that satisfies the constraints, not necessarily the smallest
one. In this case, when the solver runs again with a bigger
WOET for 𝜏3, the WCRT candidate selected in the previous
run becomes invalid, and another (still schedulable) candi-
date, corresponding to a different checkpoint 𝜈𝑖,𝑔 , is instead
selected. When the WOET reaches 45ms, schedulability
requires a deadline inflation for 𝜏3.

In all other settings, the WOET of thread 𝜏7 changes from
4ms to 7ms at 𝑡 =10 s, which leads to 𝜏3’s unschedulability,
and different runtime decision-making strategies are com-
pared. Deadline inflation alone does not lead to a schedulable
solution in this case. In Fig. 9, the solver then applies mode
relaxation and finds a solution where the mode of 𝜏7 is
changed from 0 to 1. This is visible in the recorded response
time values. After the mode switch of 𝜏7, the interference
faced by 𝜏3 is different due to the different period of 𝜏7. In
this setting, 𝜏3 misses six deadlines before reconfiguration.
Fig. 10 similarly achieves the same result, but by considering
a variation of the experimental setup in which 𝜏7 keeps the
same period in the new mode, but the WOET is 4.56ms,
resulting in the same utilization of 𝜏7 as in Fig. 9 after
reconfiguration.
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(a) Task Parking Detection 2 (𝜏3).
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(b) Task Parking Reservation Management (𝜏13).
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(c) Task System Update (𝜏14).
Figure 11: Runtime decision-making measurements with local
reallocation and mode relaxation.

Fig. 11 considers instead the case in which the orchestra-
tor reallocates the affected thread on the same node and can
also change the mode of lower criticality threads. The solver
finds a solution where the mode of 𝜏13 and 𝜏14 on 𝑝2 are
degraded to mode 1 and 2, respectively. This allows 𝜏7 to be
reallocated to 𝑝2. Fig. 11 shows the affected threads. 𝜏3 (top)
misses 4 deadlines and experiences no longer interference
after 𝜏7 is reallocated to 𝑝2. 𝜏13 and 𝜏14 (middle and bottom)
experience more interference after moving 𝜏7 to the same
core. Due to the degraded mode, both threads always meet
their deadlines.

Fig. 12 considers a different orchestrator configuration in
which the solver is allowed to orchestrate threads between
nodes but can only change the mode of the thread that
experiences a larger WOET. The solver relocates 𝜏7 to 𝑝0of 𝑛0 and changes its mode to 1. Since 𝜏7 is now allocated to
𝑛0, its copy-in threads on 𝑛1 can also be removed. Before 𝜏7
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(a) Task Parking Detection 2 (𝜏3).

0 5000 10000 15000 20000 25000 30000

# jobs of Lidar Detection 2 (τ1), Node 0, Core 0 [ms]

0

5

10

15

20

25

30

35

T
im

e
[m

s]

WOET Deadline Response Time

(b) Task Lidar Detection 2 (𝜏1).
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(c) Task Localization (𝜏10).
Figure 12: Runtime decision-making measurements with global
reallocation and mode relaxation.

is relocated, 𝜏3 misses two deadlines but no longer receives
interference afterward (top).
Running times. In all the runtime experiments, the time
required by the solver is in the range [60, 667] ms. Overall,
these runtimes are compatible with the timeframe of a soft
real-time system that can accept some temporary deadline
misses as long as schedulability is restored in a steady state.

10. Conclusions
This paper addressed the problem of the uncertainty in

the execution times in modern interconnected heterogeneous
platforms with a perspective based on well-consolidated
real-time analysis for partitioned fixed-priority schedul-
ing paired with a monitoring and analysis-based run-time
decision-making approach providing the key property of

guaranteeing a determined degradation order configurable
by the designer.

Future work will extend the approach to consider re-
source reservation and hardware accelerators, as well as
incorporate more sophisticated (but harder to encode in a
MILP) analysis techniques for end-to-end latency of task
chains in the optimization problem [30]. Further directions
involve optimizing performance restoration in case of the
detection of temporary overruns with, e.g., introducing a
timeout at the orchestrator level to restore the previous
WOET estimate in case the new WOET was never detected
again in the given timespan. Finally, we would like to in-
vestigate lightweight decision-making strategies for even
more resource-constrained nodes, e.g., by using heuristic
algorithms, and formally model the execution time of the
decision-making task to allow executing it together with
time-sensitive workloads while still allowing to provide
predictable response times.
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