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Abstract
Despite decades of progress in model-based techniques and tools for embedded real-time systems, there is still no integrated
environment that supports the entire development lifecycle. This paper presents MIMOS-Tools, a comprehensive toolchain
that spans all development phases, including modeling, simulation, formal verification, real-time scheduling, schedulability
and end-to-end latency analysis, and code generation for heterogeneous multicore platforms. All phases are grounded in a
single, coherent, and deterministic model of computation, ensuring that verified functional and timing properties are preserved
throughout development and carried over to the final implementation. Unlike existing synchronous design tools such as
Simulink and SCADE, MIMOS-Tools supports asynchronous communication and computation through FIFO queues and
flexible real-time scheduling, rather than relying on offline static schedules typical of synchronous approaches. This enables
modular and incremental design and implementation. At the same time, synchronous systems can be represented within the
proposed asynchronous framework using periodic tasks with zero deadlines, in accordance with zero-time semantics (the
synchronous hypothesis).
In this paper, we present the formal operational semantics of the underlying MIMOS model of computation—a multi-rate
task graph model introduced in [48] for real-time system modeling—which forms the semantic foundation of MIMOS-Tools.
We also provide a detailed account of the toolchain’s key features and demonstrate its capabilities and industrial applicability
through case studies across diverse application domains.
The toolchain and all models for case studies presented in this paper are currently available at https://github.com/uu-m
imos/MIMOS-Tools.

Keywords Embedded Real-Time Systems · Dataflow Networks · Modeling · Simulation · Verification · Real-Time Scheduling
and Code Generation

1 Introduction
Over the past decades, a broad range of theories, methods,
and tools have been developed for the design, analysis, and
deployment of embedded real-time systems. Major advances
include modeling and simulation environments [43,17], for-
mal verification techniques e.g. [29], real-time scheduling and
timing analysis [33,9,8,45], time-triggered architectures [27,
21], and synchronous programming languages and industrial
design tools [6,19,20,16,2]. These technologies have signif-
icantly improved the reliability and predictability of complex
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real-time systems and have been successfully adopted in
industrial practice, including in safety-critical domains.

Despite this substantial progress, a complete and practi-
cal toolchain that supports the entire development lifecycle
of real-time systems—from modeling and simulation to
formal verification, real-time scheduling, system-level tim-
ing analysis, automatic code generation, and subsequent
system evolution—remains unavailable. Existing solutions
usually address only specific development stages and focus on
particular classes of properties. For instance, formal verifica-
tion often relies on abstractions that omit implementation
details, creating a semantic gap between verified mod-
els and deployed systems. Conversely, real-time scheduling
theory concentrates on non-functional aspects such as work-
load characterization and resource allocation while largely
abstracting from functional behavior. As a consequence, en-
gineers must manually integrate heterogeneous models and
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tools across multiple abstraction levels, a process that is
error-prone and difficult to certify in safety-critical contexts.

The need for an integrated and semantically coherent de-
velopment environment has long been recognized by both
the Formal Methods and Real-Time Systems communities.
Such an environment requires a model of computation that is
expressive enough to capture functional and non-functional
aspects while preserving a clear separation of concerns—for
example, between functional correctness and timing cor-
rectness, and between computation and communication. It
must also be deterministic so that transformations across
abstraction levels preserve the intended behavior of the sys-
tem under development and ensure that properties established
early in the design flow remain valid after deployment. Strong
composability is likewise essential to support modular de-
velopment, incremental integration, dynamic updates, and
long-term system evolution.

To address these requirements, the MIMOS model was
introduced in previous work [48]. It is inspired by Kahn Pro-
cess Networks (KPN) [24], a classical deterministic model
for concurrent computation. While preserving functional de-
terminism, MIMOS augments KPN processes with explicit
timing and resource constraints. In this way, it defines both
a multi-rate task-graph model and a real-time scheduling
framework, enabling the enforcement of end-to-end timing
requirements on the deterministic functional behavior of
systems.

In MIMOS, systems are modeled as networks of peri-
odic real-time tasks that communicate through asynchronous
channels, allowing each task to execute at its own rate. This
contrasts with the synchronous design paradigm, which relies
on a global base clock and thus limits modularity and flex-
ibility 1. Unlike traditional Kahn process networks, which
rely on blocking reads on FIFO queues, MIMOS adopts
wait-free communication mechanisms: FIFO buffers with
timed non-blocking reads and registers for sampled data.
To ensure timing determinism, and inspired by the Logical
Execution Time (LET) approach of Giotto [21], MIMOS
restricts channel read and write operations to predefined time
instants—specifically at task release and deadline—thereby
preserving time-triggered task releases and communication
independently of the actual scheduling of computations
between these instants. This combination yields two fun-
damental properties of MIMOS. Determinism ensures that
output streams are uniquely determined by input streams, en-
abling faithful system-level simulation, formal verification,
and final implementation within a model-based development
flow. Composability allows new components to be integrated
without perturbing the behavior of existing ones throughout
the development lifecycle.

1 A detailed discussion of related work and comparisons is provided
in Section 6.

In this paper, we present a formal operational seman-
tics for the MIMOS model, which forms the foundation of
MIMOS-Tools, a comprehensive end-to-end toolchain for
real-time system development. By relying on a single, coher-
ent, and deterministic model of computation throughout all
stages, the toolchain eliminates semantic gaps between de-
sign and implementation and enables a consistent and reliable
development process.

We also provide a detailed description of MIMOS-Tools’s
key features including:

– Graphical modeling: a visual, hierarchical environ-
ment with mixed-language support and LLM-assisted
programming for rapid prototyping and iterative design.

– Simulation and verification: fast functional analysis and
validation through simulation, complemented by formal
verification to guarantee system properties.

– Real-time scheduling and analysis: task mapping from
design models to real-time tasks; schedulability and
end-to-end latency analysis using both analytical and
simulation-based methods; and graphical simulation of
run-time scheduling.

– Target code generation: a semantics-preserving trans-
lation from MIMOS models to executable multicore
code whose execution retains the functional and timing
properties verified in the earlier stages.

The paper is organized as follows: section 2 presents the
MIMOS model, its operational semantics, and the determin-
ism theorem. section 3 describes the design principles of the
toolchain and its layered architecture. section 4 details the key
features of MIMOS-Tools, illustrated with a drone controller
example. section 5 demonstrates the toolchain’s applicability
through case studies. section 6 reviews related work and pro-
vides a comparison with MIMOS-Tools. section 7 concludes
the paper.

2 The MIMOS Model: Multi-Rate Task Graph
We first clarify the terminology. By the MIMOS model
(or simply MIMOS) we mean the formalism used to con-
struct models, whereas a MIMOS model denotes a particular
instance built in this formalism to represent or design a
system.

MIMOS2 is a formalism originally introduced in [48] for
modeling, implementing, and updating real-time systems.
Conceptually, it can be viewed as a multi-rate task graph
model for real-time systems. In this section, we present an
operational semantics for MIMOS to establish the formal
foundation of MIMOS-Tools. This operational characteriza-
tion provides a deterministic model of computation that is
applied uniformly across all features of the toolchain.

2 MIMOS stands for Multi-Inputs and Multi-Outputs Systems
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We begin with an informal overview, followed by for-
mal transition rules and the determinism theorem, which
guarantees that systems specified in MIMOS behave deter-
ministically with respect to both functionality and timing.

2.1 Informal Semantics
In MIMOS, a system is modeled as a directed graph where
nodes represent computation tasks and edges represent com-
munication channels. Tasks communicate exclusively via
channels by exchanging tokens (values of specific data types).

Tasks and Channels. Each task may have multiple input and
output channels and a task function, which defines a mapping
from input tokens (read from input channels) to output tokens
(written to output channels).

Tasks can be described using any real-time task models
with deterministic release patterns as described in the sur-
vey [42]. For the current implementation, we support only
periodic tasks (as other exisiting tools e.g. Simulink), char-
acterized by a period (or time distance between consecutive
releases) and a relative deadline (latest allowed completion
time after release) [33]. Each task is also assigned a worst-
case execution time (WCET), which defines the resource
budget allocated to the task and is used for schedulability
analysis and code generation3. This parameter does not af-
fect the model’s timing behavior, which depends solely on
periods and deadlines, assuming tasks are schedulable under
the given WCET bounds.

Channels are single-writer and single-reader: exactly one
task writes to each channel and exactly one task reads from
it4. Channels buffer tokens and are classified into two types:

– FIFO queues are unbounded first-in, first-out buffers that
preserve the order of tokens. Each write appends a token
to the tail, and each read removes and returns a token
from the head if the FIFO is non-empty. A FIFO may be
initialized with any finite number of tokens. Reads are
assumed to be non-blocking and instantaneous, meaning
the reader can immediately determine whether the FIFO
is empty and access its head token if available.

– Registers store a single token. Each write overwrites the
stored token, while each read returns it without removal.
Registers are initialized with one token and therefore
always contain a valid value. Reads from registers are
instantaneous. Registers can also be used to maintain a
task’s local state by connecting them back to the task
itself.

3 We assume the WCET is validated by external tools, e.g., Absint’s
aiT [15].

4 However, the contents of channels may be copied to multiple readers
without changing the model.

Task Release and Execution Pattern. Each task is released
according to its assigned period. Every task release follows
a three-phase read–compute–write pattern:

– Read at release instant. At its release time instant, the
task performs an instantaneous, non-blocking read on all
its input channels. If the task is enabled (i.e., all input
channels are non-empty; this is always true for register
channels, which always hold a valid token), it consumes
one token from each FIFO input channel, reads the current
value from each register input channel, and transitions to
the activated state. Otherwise, the task skips this release:
it consumes no tokens, produces no outputs, and its inputs
are not checked again until the next release instant.

– Compute within the period. For an activated task, its
task function is computed at some point between the
release and the deadline. There are no constraints on
when or how the computation occurs within this inter-
val—it may execute immediately, be deferred, or even
be distributed across multiple processors. It is assumed
that the computation is fully scheduled and guaranteed
to complete within the deadline by the scheduler5.

– Write at deadline. At the deadline instant, the activated
task writes the results computed by the task function to
its output channels.

Note that the read and write operations of all tasks may
occur only at deterministic time instants, predefined by each
task’s period and deadline. Furthermore, the results computed
for writing to output channels must be ready between the
scheduled read and write instants. When read and write
operations occur at the same instant (possibly by different
tasks), write operations are prioritized and executed before
read operations (the write-before-read rule). This ensures
that read operations always access the latest values written
by preceding write operations, making the outcome of read
and write operations at any instant deterministic. In other
words, the contents of each channel are uniquely determined,
since each channel has exactly one writer and one reader.
Intuitively, this implies that the state representing the contents
of all channels—starting from a given initial state—after any
sequence of read, compute, and write operations over time is
unique.

Figure 1 shows an example MIMOS model with two peri-
odic tasks 𝜏1 (period 5, deadline 3) and 𝜏2 (period 6, deadline
4), connected by two FIFO channels: a FIFO 𝑐1 from 𝜏1
to 𝜏2, initialized empty; and a FIFO 𝑐2 forming a feedback
loop from 𝜏2 to 𝜏1, initialized with one token. At time 0,
both tasks are released: 𝜏1 reads the initial token from 𝑐2 and
ready to execute if scheduled, while 𝜏2 finds 𝑐1 empty and
skips this release. At time 3 (the deadline and pre-defined

5 Completion without deadline violation must be verified a priori
through off-line schedulability analysis.
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𝜏1 𝜏2

Period: 5
Deadline: 3

Period: 6
Deadline: 4

𝑐1 (FIFO)

𝑐2 (FIFO)
(1 initial token)

(a) The two tasks with different periods and deadlines, communicating
via FIFOs 𝑐1 and 𝑐2, with one initial token present in 𝑐2.

time

time

𝜏1

𝜏2

0 3 5 8 10 13

0 4 6 10 12

· · ·

· · ·

(b) The instants for releases (up-arrows), deadlines (shorter down-
arrows), computations (colored), communication (dashed).

Fig. 1 An example MIMOS model for a dataflow network and its execution timeline.

for write-operation), 𝜏1 writes to 𝑐1. At time 5, 𝜏1 is released
again but 𝑐2 is empty, so 𝜏1 skips this release. At time 6, 𝜏2
is released again, consumes the token from 𝑐1, and ready to
execute if scheduled. At time 10, 𝜏2 writes to 𝑐2 and 𝜏1 is
simultaneously released; the write-before-read rule ensures
𝜏2’s write completes first, so 𝜏1 successfully reads the new
token and is ready to execute if scheduled.

2.2 Formal Semantics
This section formally defines the syntax of MIMOS and the
behavior of MIMOS models as a labeled transition system
and establishes the above informally stated deterministic
property.

System Model and Configuration
A System Model in MIMOS consists of a finite set of tasks
T and a finite set of channels C, forming a directed graph
where nodes are tasks, edges are channels, and each channel
is typed as either a FIFO or a register. Tasks are ranged
over by 𝜏 and channels by 𝑐. Each task 𝜏 ∈ T is defined by
a tuple (P(𝜏),D(𝜏), I(𝜏), O(𝜏), F(𝜏)) where P(𝜏),D(𝜏) ∈
N>0 stand for the period and relative deadline6, I(𝜏), O(𝜏) ⊆
C denote the input and output channels, and F(𝜏) specifies
the task function. We assume that for any two distinct tasks
𝜏, 𝜏′, I(𝜏) ∩ I(𝜏′) = ∅ and O(𝜏) ∩ O(𝜏′) = ∅ i.e., each
channel has at most one reader and one writer.

Let D denote the domain of token values, where D∗ is
the set of all finite sequences over D and 𝜀 ∈ D∗ represents
the empty sequence. Since each task may have multiple input
and output channels, we let v range over vectors of token
values, with one component per channel. A scheduled write-
operation is a tuple (𝜏, 𝑑, v), meaning that task 𝜏 writes
v to its output channels at the future time 𝑑. A System
Configuration is a tuple (𝑡, 𝑠,W,R) where

– 𝑡 ∈ N≥0 is the current time,

6 Note that both are non-zero for the natural reason to be feasible.

– 𝑠 : C → D∗ is the state, mapping channels to their
current contents7.

– W is the set of write-operations scheduled to commit at
future time instants and

– R ⊆ T is the set of tasks released at 𝑡 and ready to read
their inputs.

We assume that the initial configuration of a system is
(0, 𝑠0, ∅,T), where time starts at 0, the initial contents of
channels are given by 𝑠0, and 𝑅0 = T (all tasks released at
time 0).

Operational Semantics: Transition Rules
To formalize the transition rules, we define the precise
meaning of channels read- and write-operations. The read
operation (v, 𝑠′) = 𝑟 (𝜏, 𝑠) reads the input channels of 𝜏:
for each 𝑐 ∈ I(𝜏), if 𝑐 is a FIFO then v(𝑐) is the head
token of 𝑠(𝑐) and 𝑠′ (𝑐) is 𝑠(𝑐) with its head removed,
and if 𝑐 is a register then v(𝑐) = 𝑠′ (𝑐) = 𝑠(𝑐). Chan-
nels not in I(𝜏) remain unchanged. The write operation
𝑠′ = 𝑤(𝜏, 𝑠, v) updates the output channels of 𝜏: for each
𝑐 ∈ O(𝜏), if 𝑐 is a FIFO then v(𝑐) is appended to the
end of 𝑠(𝑐), and if 𝑐 is a register then 𝑠′ (𝑐) is overwritten
with v(𝑐). Channels not in O(𝜏) remain unchanged. We use
Released(𝑡) ≜ {𝜏 ∈ T | ∃𝑘 ∈ N. 𝑡 = 𝑘 · P(𝜏)} to stand for
the set of tasks released at time 𝑡, and W(𝑡) ≜ {(𝜏, 𝑑, v) |
(𝜏, 𝑑, v) ∈ W ∧ 𝑑 = 𝑡} for the set of write-operations sched-
uled for time 𝑡. Furthermore, we define the next event time
NextTime(𝑡) ≜ min

(
{𝑘 · P(𝜏) | 𝜏 ∈ T , 𝑘 ∈ N, 𝑘 · P(𝜏) >

𝑡} ∪ {𝑘 ·P(𝜏) +D(𝜏) | 𝜏 ∈ T , 𝑘 ∈ N, 𝑘 ·P(𝜏) +D(𝜏) > 𝑡}
)
,

which is the earliest future time instant at which either a task
is released or a write operation is scheduled. A task 𝜏 can
compute if it has all inputs available, denoted Enabled(𝜏, 𝑠)
if ∀𝑐 ∈ I(𝜏). 𝑠(𝑐) ≠ 𝜀.

The operational semantics is defined by three transition
rules: (1) Read fires at time 𝑡 when no write operations are
scheduled at 𝑡, i.e. W(𝑡) = ∅, and there exists a released

7 Register channels store a single data value, viewed as a length-one
sequence in D∗.
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task 𝜏 ∈ R enabled in the current state 𝑠. The inputs of 𝜏
will be read, assigned to v, and will be used to compute the
outputs F(𝜏) (v) to write by the deadline of 𝜏 i.e. 𝑡 + D(𝜏).
The precondition W(𝑡) = ∅ enforces the write-before-read
rule: all writes scheduled at 𝑡 must complete before any
reads at that instant. (2) Write commits the write operations
scheduled for time 𝑡 one by one. (3) Next advances time
when no write operations are pending and no released tasks
in R are enabled. Time advances to 𝑡

′
= NextTime(𝑡), and R

is reset to the set of tasks released at 𝑡′. With these rules, we
can establish the determinism theorem for MIMOS.

Transition Rules

Read
W(𝑡 ) = ∅ 𝜏 ∈ R Enabled(𝜏, 𝑠) (v, 𝑠′ ) = 𝑟 (𝜏, 𝑠)

(𝑡 , 𝑠, W, R) −→ (𝑡 , 𝑠′, W ∪ { (𝜏, 𝑡 + D(𝜏 ) , F(𝜏 ) (v) ) }, R \ {𝜏})

Write
(𝜏, 𝑡 , v) ∈ W(𝑡 ) 𝑠′ = 𝑤(𝜏, 𝑠, v)

(𝑡 , 𝑠, W, R) −→ (𝑡 , 𝑠′, W \ { (𝜏, 𝑡 , v) }, R)

Next
W(𝑡 ) = ∅ ∀𝜏 ∈ R. ¬Enabled(𝜏, 𝑠) 𝑡 ′ = NextTime(𝑡 )

(𝑡 , 𝑠, W, R) −→ (𝑡 ′, 𝑠, W, Released(𝑡 ′ ) )

Theorem 1 (Determinism)
For any given sequence of transitions, the reached configu-
ration starting from the initial configuration is unique.

Proof
By induction on the length of transition sequence. ⊓⊔

2.3 Further Extensions
The standard MIMOS model (formally defined in subsec-
tion 2.2) assumes that each task reads exactly one token
from each input channel and writes exactly one token to each
output channel per activation, and is skipped if any input is
unavailable. We discuss two extensions: multi-token reads
and writes for more compact models, and optional inputs and
outputs for handling empty inputs.

Multi-Token Reads and Writes. Some applications require
tasks to consume or produce multiple tokens per activation.
For example, a down-sampling task may read several input
samples to produce one output, while an up-sampling task
may read one input to produce several outputs. We believe
that these cases can be modeled using standard MIMOS,
but to achieve more compact models, we allow each input
channel to be annotated with a positive integer specifying
the number of tokens read per activation, and similarly each
output channel with a positive integer specifying the number
of tokens written per activation. The standard model corre-
sponds to the case where all counts are 1. Upon release, a task

is enabled if each input channel contains at least as many to-
kens as its annotated count; otherwise, the release is skipped.
It reads that many tokens from each input channel as a se-
quence and at its deadline instant appends as many tokens as
its annotated count to each output channel. In MIMOS-Tools,
the annotated count 𝑘 ∈ N>0 is denoted by [𝑘].

Optional Inputs and Outputs. In some applications, a task
may execute even when certain input channels are empty.
For instance, a controller may proceed with default or previ-
ous values when sensor data is missing. To support this, we
extend the domain of task functions to accept and produce
absent values. Let Val⊥ = Val ∪ {⊥}, where ⊥ represents
an absent value, similar to Option or Maybe types in func-
tional programming [38]. A task function may then accept ⊥
on some of its inputs, receiving it when the corresponding
channel is empty with no token consumed. For those (and
only those) input channels 𝑐 whose corresponding argument
in 𝐹 (𝜏) admits ⊥, 𝜏 is always enabled at release, much like
register channels which always hold a valid value, even if
𝑐 is empty; all other input channels must provide a value
at release. Symmetrically, for those (and only those) output
channels 𝑐 whose corresponding result in 𝐹 (𝜏) may be ⊥, 𝜏
performs no write on 𝑐 in an activation where 𝐹 (𝜏) yields ⊥
for 𝑐.

Naturally, these two extensions can be combined. For an
input channel annotated with a read-up-to count 𝑘 ∈ N>0,
a read operation reads as many tokens as available, up to
𝑘 , and the task function receives ⊥ if the channel is empty.
Such a channel does not affect whether a task is enabled at
release. For an output channel annotated with a write-up-to
count, a write operation may produce a sequence of up to 𝑘

tokens. However, to preserve determinism, the exact number
of tokens written must be determined by the computed output
of its task function. In MIMOS-Tools, read-up-to and write-
up-to counts are denoted by [≤ 𝑘].

The Synchronous Case in MIMOS.. Recall that dead-
lines are assumed to be non-zero, a natural assumption for
the schedulability of MIMOS models. However, to model
synchronous systems under zero-time semantics or the syn-
chronous hypothesis, we may set all task deadlines to zero and
modify the transition rules to allow read, compute, and write
operations to occur within the same time instant, following
the causality relation defined by the MIMOS network. This
yields a synchronous model consistent with those supported
by existing tools, such as Simulink for synchronous design.
This feature is currently supported by MIMOS-Tools, though
technical details are deferred to future work.
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3 Design Principles and Tool Architecture
This section briefly presents the design principles underlying
the model of computation, which enable separation of con-
cerns to increase modeling and implementation flexibility
while reducing analysis complexity, and explains how these
principles support the MIMOS-Tools toolchain architecture,
from system modeling to code generation for deployment on
heterogeneous platforms.

Functional Correctness Independent of Non-functional
Behavior. Functional correctness should be preserved during
design-space exploration aimed at satisfying non-functional
requirements. For example, changing the execution time of a
task must not affect its output or logical correctness. While
this property is straightforward for an individual task, it
becomes considerably more challenging at the system level,
where functionality emerges from the coordinated execution
of multiple tasks. The designer must ensure that variations
in the execution order imposed by the scheduler do not alter
the system’s functional behavior. This ideal separation is
achieved in the Kahn model, where functionality is uniquely
defined and independent of the execution order of the Kahn
processes. This is the essential reason why the MIMOS model
is built on the Kahn model.

More precisely, MIMOS enforces this separation through
a time-triggered execution pattern [27]. Each task reads its
inputs at its release instant, computes its outputs before the
deadline, and writes the outputs at the deadline, following
a deterministic read–compute–write pattern. This abstracts
away variations in a task’s response time—an approach
known as Logical Execution Time (LET), as adopted in
Giotto [21]. Because all read and write operations occur at
time instants determined solely by task periods and dead-
lines, data exchanged between tasks is independent of the
physical scheduling of computations. This separation allows
functional and timing properties to be verified independently,
thereby reducing overall verification complexity.

Separation of Communication and Computation. Embed-
ded systems face two fundamental concerns: computation
and communication. Computational tasks should be designed
independently of any specific communication mechanism.
Allowing communication to occur during task execution
introduces not only data races but also implicit interfer-
ence: a task may receive new data mid-execution, altering its
workload or control flow and tightly coupling producers and
consumers. Such coupling complicates scheduling analysis.
Unlike Kahn Process Networks [24], which rely on blocking
reads, MIMOS tasks communicate exclusively through non-
blocking, wait-free channels. Since tasks never stall waiting
for input, system components can be specified as indepen-
dent real-time tasks, enabling efficient and predictable timing
analysis [14].

Layered Architecture. To decouple the logical system de-
scription from its physical deployment, MIMOS-Tools adopts
a layered architecture inspired by standards such as AU-
TOSAR [3] and SAVOIR [23]. Unlike AUTOSAR, which
primarily separates application software from the runtime
environment and basic software services, MIMOS-Tools or-
ganizes its layers around the engineering concerns at each
stage: functional correctness (specified by MIMOS models
representing timed dataflow networks), timing correctness
(ensured by schedulable multiple software threads), and plat-
form deployment (executed dynamically on heterogeneous
resources).

This layered approach, illustrated in Figure 2, is de-
signed to enable flexible modeling, facilitate efficient analysis
through abstraction, and provide re-configurability and adapt-
ability through on-line flexible (not necessarily off-line static)
scheduling [47].

Functional Layer: At the top is the functional layer, where
systems are modeled as MIMOS networks. At this layer, we
focus exclusively on functional correctness: designers spec-
ify task behaviors and channel connections without concern
for schedulability or resource allocation. The toolchain at
this layer supports graphical modeling and visualized sim-
ulation, static analysis for deadlock freedom checking and
channel overflow detection, and functional verification. The
deterministic semantics of MIMOS ensure that functional
correctness established at this layer is preserved throughout
the design flow.

Software Layer: The middle layer is the software layer,
which puts the separation of communication and computation
into practice. Leveraging the non-blocking communication,
the verified components from the Functional Layer will be
mapped into a set of independent real-time tasks. Each node
can be abstracted as a DAG task [44] that exposes internal
parallelism and dependencies among sub-functions. More
generally, to optimize the final implementation, a group of
nodes may be mapped to a single DAG task if their tim-
ing parameters fit together, e.g. with the same period. The
toolchain at this layer supports scheduling and timing anal-
ysis to determine whether the task set is schedulable when
given a scheduling policy and a platform configuration. This
layer also addresses end-to-end latency analysis, i.e., the de-
lay from an input event at one task to its observable effect at
an output after propagation through intermediate tasks.

Hardware Layer: At the bottom is the hardware layer,
where the validated system model is deployed onto target plat-
forms. The code generation module automatically transforms
the system model into executable programs. The generated
code preserves the deterministic semantics established at
the functional layer while respecting the timing constraints
verified at the software layer.

This layered architecture enables designers to reason about
functional correctness independently of timing concerns, then
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progressively refine the design to meet real-time requirements
without invalidating functional properties. Changes to timing
parameters or scheduling policies at the software layer do
not affect the functional behavior validated at the function
layer, supporting efficient design-space exploration for safety-
critical systems.

Fig. 2 The layered architecture of MIMOS-Tools and the key features
of its individual tools. Left-to-right arrows indicate data flows through
communication channels, while dashed top-to-bottom arrows represent
task mapping (currently, to be provided by users) and real-time schedul-
ing.

4 Key Features of MIMOS-Tools
MIMOS-Tools is composed of a set of individual tools, each
offering dedicated functionality to support different stages of
the system development process. In this section, we present
its main features. To illustrate these features, we use a sim-
plified Unmanned Aerial Vehicle (UAV) controller [32], a
drone altitude controller as a running example throughout
the section. The example system consists of four tasks. The
RadioControl processes radio signals received from the
pilot and issues target-altitude commands to the PID con-
troller, thereby acting as a low-rate mission planner. The
PIDController computes the control output based on the
pilot’s commands and the current altitude provided by the
sensor. The Sensor samples the drone’s current altitude,
and the Aerodynamics models the physical dynamics of
the UAV and acts as the actuator. Using this example, we
demonstrate how MIMOS-Tools supports each stage of the
development process.

4.1 Modeling and Simulation
The toolchain provides a graphical modeling environment
that enables users to describe MIMOS models via a GUI (Fig-
ure 3). Users construct a system model by creating tasks and

channels in a drag-and-drop manner. Each task can be config-
ured through the properties panel with its timing parameters,
associated channels, and channel types (FIFO or register).
Tasks are interconnected by channels, thereby defining the
communication structure of the system.

Hierarchical modeling. To support structural abstraction,
the tool also provides two complementary mechanisms for
hierarchical model composition and decomposition. First,
a group of tasks and channels can be collapsed into a
subsystem, a named visual block that hides the internal
structure and helps manage visual complexity in large de-
signs. Collapsing or expanding a subsystem does not alter
the semantics of the model. Second, individual tasks can
be defined as composite nodes, in which the task’s func-
tionality is internally organized as a directed acyclic graph
(DAG) of sub-functions. This exposes internal parallelism
that can be exploited by the scheduling and code generation
stages on multi-core platforms. Unlike subsystems, a com-
posite node represents a single MIMOS task and follows
the same read–compute–write timing pattern described in
subsection 2.1.

Mixed-language and LLM-assisted development. Once
the system architecture has been defined, the user provides
an implementation for the function of each task. The tool
currently supports implementations in C++ and Java, and
will be extended to additional programming languages to
enable rapid prototyping of mixed-language systems. Be-
yond manual coding, the tool also supports natural-language
specification of task functions. In this mode, a large language
model (LLM) automatically generates implementations from
user-provided descriptions. This capability is particularly ef-
fective for MIMOS tasks because each task is inherently a
pure function over data streams.8 Users therefore only need to
describe what the function computes from its inputs, without
having to manage system-wide dependencies.

Simulation and Visualization. The tool simulates models by
executing the operational semantics defined in subsection 2.2
step by step. Users can specify the simulation duration and
visualize the outputs of selected tasks as functions of time.
The simulator progresses through successive event instants,
producing a deterministic execution trajectory that is uniquely
determined by the initial configuration and the system model.

User-defined predicates can be evaluated over the resulting
trajectory. Each predicate is a Boolean function over con-
figurations, and when applied to the execution sequence, it
produces a corresponding sequence of truth values, enabling
users to monitor whether system properties hold at each
time instant. Figure 4 illustrates an example of LLM-assisted

8 Local state can be viewed as a self-feedback loop: the updated state
produced by one activation becomes an input to the next activation of
the same task.
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Fig. 3 Graphical modeling interface with properties panel of the UAV altitude controller, consisting of four tasks connected by FIFO and REGISTER
channels.

development of the UAV system along with its simulation
results.

4.2 Formal Verification
The simulation feature of MIMOS-Tools is intended to ex-
plore a finite portion of the reachable state space of a model
over a bounded time horizon. It illustrates the operational
behavior of the model by generating a finite execution tra-
jectory. Logical properties can then be evaluated over such
trajectories, for example, that the size of a FIFO queue re-
mains below a fixed bound or that the value of a data variable
stays within a given interval. However, simulation alone can-
not establish whether these properties hold over the entire
reachable state space of a MIMOS model (over potentially
unbounded time). The verification feature, in contrast, aims to
establish correctness properties for all execution trajectories,
including infinite ones, by analyzing the static structure of
the model and also by exhaustively exploring the reachable
state space.

We distinguish two classes of correctness properties: (1)
model consistency and feasibility, which can be checked
using static techniques; and (2) local and global behavioral
properties, which are verified through state-space exploration.

Deadlock and Buffer Overflow Detection. The tool
provides a static analysis to verify deadlock-freedom and
overflow-freedom of a model prior to deployment. These
properties capture the consistency and feasibility of the model

by reasoning about long-run token production and consump-
tion rates using only structural information: the network
topology, task periods and deadlines, read policies (e.g., the
number of tokens required by a non-blocking read), and the
initial token distribution.

A deadlock occurs when a task becomes permanently
inactive because cyclic dependencies, combined with insuf-
ficient initial tokens, eventually starve one of its FIFO reads.
A channel overflow occurs when the token count of a FIFO
grows without bound because the producer’s long-term exe-
cution rate exceeds that of the consumer. If neither problem is
detected, the tool reports (i) the task utilization—the ratio of
successful activations to total releases in the long run—and
(ii) the peak queue size for each FIFO, which gives the mini-
mal buffer capacity required for implementation. A utilization
of 1.0 means that the task executes at every release, whereas
lower values indicate inefficiencies such as suboptimal initial
token placement or mismatched production and consumption
rates. The computed buffer bounds are passed directly to the
code generator (subsection 4.4) for static channel allocation.
Figure 5 demonstrates these capabilities in modeling the UAV
controller using MIMOS. The static analysis tool detected
deadlock- and channel overflow-errors for two early versions
of the model. By adjusting task parameters and channel types,
a corrected model is achieved with the errors removed.

Specification and Verification of Functional Properties.
Local correctness properties of a model can be specified

as predicates over the inputs, local states, and outputs of
its nodes. Global system-level properties are specified as
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User Prompt for LLM

Implement a C++ function for a UAV altitude PID controller. It takes
two inputs: a target altitude setpoint in_cSP (double, in meters)
and a batch of recent altitude measurements in_cAlt[4] (double
array, in meters). It outputs a thrust command out_cU (double, in
Newtons). Average the measurements before computing the error.
The drone weighs 500 g.

Generated Code (the core for PID)

double avg_alt =
(in_cAlt[0] + in_cAlt[1]
+ in_cAlt[2] + in_cAlt[3]) / 4.0;

double error = in_cSP - avg_alt;
double der = (error - prev_error) / DT;
prev_error = error;
double u = KP * error + KD * der

+ MASS * GRAVITY; // feedforward
out_cU = max(U_MIN, min(U_MAX, u));

Fig. 4 LLM-assisted development and simulation of the UAV altitude controller. Top left: LLM-assisted task function generation — the user
provides a natural language description of the task function for LLM. Top right: the tool generates the corresponding C++ implementation.
Bottom left: simulated altitude tracking across four setpoints (2 m → 4 m → 6 m → 4 m). Bottom right: visualized true values of predicates
of interests e.g. SafeEnvelope specifying a safety property, evaluated over the execution trajectory.

(a) Deadlock detected. (b) Channel overflow detected. (c) Deadlock- and overflow-free.

Fig. 5 Static analysis results for the UAV model: deadlock and channel overflow detected in early versions of the model by static analysis shown in
(a) and (b), and resolved by adjusting timing parameters of tasks and channel types with correct results shown in (c).

temporal formulas over the local predicates. Currently, the
tool supports the CTL fragment adopted in UPPAAL [29],
including invariant and reachability properties, as well as
lead-to properties expressing that the satisfaction of one local
predicate (or a set of predicates) at some time instant implies
the eventual satisfaction of another predicate at a later time.

As shown in Figure 4.1. the truth values of local predicates
may vary along execution trajectories, i.e., a property may
hold or not at a given time instant. Given a vector of such

local predicates, the verification tool explores the full reach-
able state space using the operational semantics developed
in subsection 2.2. In parallel, it constructs a finite automaton
abstraction whose configurations correspond to the vectors
of truth values of the local predicates. As an example, con-
sider the predicates P:Height > 40 and Q:Height < 100,
which constrain the altitude of a flying drone. These pred-
icates induce an automaton with four states over the full

Springer



10 Wang Yi et al.

state space of the drone model, corresponding to the possible
combinations of their truth values.

Essentially the finite automaton abstraction is used to
model check global temporal properties. Note that although
the automaton is finite-state, the verification procedure must,
in general, explore the full (potentially infinite unless the
data domain of variables and also the length of FIFO’s are
bounded) state-space of the underlying model. The current
implementation provides two verification techniques: explicit
state-space exploration for rapid prototyping, and symbolic
state-space representation and exploration based on abstract
interpretation [12,13].

Figure 6 shows the finite automaton constructed for the
UAV controller, where 13 local predicates are defined. Al-
though the number of abstract states grows exponentially
with the number of predicates in the worst case, the automa-
ton constructed from the UAV model remains compact and
tractable, demonstrating the practical effectiveness of the
abstraction.

Fig. 6 Finite automata abstraction for 13 local predicates inserted in
the UAV model, where the marked red-colored nodes highlight that
particular predicates of interests, e.g, out_cU < 4.9 (selected in the
panel for specifying properties) are true of the model. The abstraction
induces a substantially smaller automaton, illustrating the power of the
verification technique of MIMOS-Tools.

4.3 Real-Time Scheduling and Analysis
This is one of the major features that distinguishes MIMOS-
Tools from existing model-based design tools such as
Simulink: MIMOS-Tools enables the specification of sys-
tem components as real-time tasks, supports schedulability
checking, and provides worst-case bounds on end-to-end
latency from inputs to their corresponding outputs.

Task Abstraction of MIMOS Models. In the MIMOS
model, the nodes (components) of a network represent real-
time tasks. In MIMOS-Tools, each node is abstracted as a
periodic real-time task characterized by its release period,
relative deadline, and resource requirement, expressed as the

worst-case execution time (WCET). In general, a node may be
specified as a periodic DAG task, where vertices correspond
to sub-functions with individual resource requirements. A
sequential task is the special case where the DAG reduces to
a single node. The WCET of each sub-function can be vali-
dated using a separate timing-analysis tool, such as AbsInt’s
aiT [15].

As described in section 3, system components in MIMOS
communicate exclusively through non-blocking, wait-free
channels. Because tasks never stall waiting for data, they can
be treated as independent real-time tasks, for which efficient
schedulability analysis techniques are available. The current
implementation can handle systems with many thousands of
nodes [36].

Scheduling and Schedulability Analysis. The designer con-
figures the tool by specifying (1) the scheduling policy
and preemption mode, (2) the platform parameters (num-
ber of cores, memory-access time, preemption cost, and
communication cost), and (3) the analysis method. The
tool currently supports more than 20 multi-core scheduling
policies, grouped into three main categories: global schedul-
ing (Global RM, Global FP, and Global EDF), partitioned
scheduling with various bin-packing heuristics (worst-fit,
best-fit, and first-fit), and federated scheduling variants.

The tool provides two analysis modes. The analytical
mode computes schedulability guarantees and worst-case re-
sponse times (WCRT) using established methods tailored to
the selected scheduling policy. The simulation mode visu-
ally simulates task execution over the system’s hyperperiod,
checks for deadline violations, and extracts the observed
worst-case response times.

We illustrate the scheduling feature with the UAV
controller. Figure 7(a) shows an example DAG for the
AeroDynamics task of the controller. Figure 7(b) shows
the schedule on a 4-core platform under Global RM policy
and also the worst-case response times of the four main tasks
of the controller. The left panel reports each task’s timing
parameters, and computed WCRT (Worst-Case Response
Times).

End-to-End Latency Analysis. Beyond response times, the
tool also computes worst-case end-to-end latency for user-
specified source–sink paths through the MIMOS network.
Intuitively, the end-to-end latency of a path measures the
maximum delay from a data change at a source task’s input to
its observable effect at a sink task’s output, after propagation
through all intermediate tasks and channels [48]. Because
task reads and writes occur at deterministic time instants fixed
by periods and deadlines, these latencies depend solely on the
network topology and task timing parameters, and are inde-
pendent of the scheduling policy and platform configuration.
The tool reports the worst-case delay for each specified path.
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(a) Example DAG: AeroDynamics. (b) 4-core GRM: Response times and Gantt chart.

Fig. 7 Real-time scheduling and schedulability analysis for the UAV model with 4 DAG tasks scheduled by Global RM (GRM) scheduling.

A concrete demonstration on a multi-rate avionics system is
given in subsection 5.1.

4.4 Code Generation
Consistent (deadlock-free), feasible (overflow-free), timing-
correct (with schedulable tasks and task chains meeting end-
to-end timing constraints), and functionally correct design
models can be obtained after the previous design steps. These
models can then be transformed into executable programs
while preserving their specified execution semantics and
verified timing and functional properties, targeting multi-core
platforms running Real-time Linux [39].

The resulting executable is organized into three layers:
(i) Node functionality, comprising the task functions defined
by the user during modeling (subsection 4.1); (ii) Coordina-
tion, managing inter-task communication through channels
and enforcing correct read/write semantics as defined in
subsection 2.2; and (iii) Scheduling policy, orchestrating
task execution across processor cores according to the an-
alyzed scheduling parameters (subsection 4.3). Note that
timing properties, such as task schedulability, are verified
with respect to this scheduling policy. The coordination
layer instantiates channels with statically determined buffer
sizes obtained from the verification phase (subsection 4.2),
ensuring that the generated buffers are both sufficient and
memory-efficient. The code generator automatically produces
layers (ii) and (iii) and integrates them with the user-defined
task functions. Figure 8 shows representative snapshots of
the coordination and scheduling layers for the UAV example.

5 Case Studies
In the previous section, we used the UAV controller to demon-
strate how all features of MIMOS-Tools, covering the entire
development process from modeling to automatic code gen-
eration for deployment. This section presents case studies
selected from different application domains and illustrate

how they can be modeled and validated with a focus on spe-
cific aspects: modeling and simulation, formal verification,
and real-time scheduling.

5.1 ROSACE Longitudinal Flight Controller
ROSACE (Research Open-Source Avionics and Control
Engineering) [37] is a well-established multi-periodic longi-
tudinal flight controller which has been studied extensively in
the literature [7,41,31]. As described in [37], it regulates alti-
tude ℎ, vertical speed𝑉𝑧 , and airspeed𝑉𝑎 for a medium-range
civil aircraft. Compared to the simplified UAV controller in-
troduced in section 4, this case study shows how the toolchain
handles a complex multi-rate system from industrial avionics.

The MIMOS model (Figure 9(a)) comprises 13 tasks
distributed across four rates: three environment-simulation
tasks (Elevator, Engine, AircraftDynamics) at 200 Hz,
five sensor-filter tasks at 100 Hz, three control-law tasks at
50 Hz, and two command-input tasks (speedCommand at
5 Hz and heightCommand at 1 Hz). Elevator and Engine
start at offset = 0 ms with a deadline of 1 ms, followed by
AircraftDynamics (offset = 1 ms, deadline = 1 ms), the five
sensor filters (offset = 2 ms; hFilter with deadline = 1 ms,
azFilter, VzFilter, VaFilter, and qFilter with dead-
line = 2 ms), AltitudeHold (offset = 3 ms, deadline = 1 ms),
and VerticalSpeedControl and TrueAirspeedControl
(offset = 4 ms, deadline = 1 ms). Register channels (yellow ar-
rows) capture multi-rate sensor sampling, FIFO channels
(blue arrows) enforce data-dependency ordering for com-
mand flows, and FIFO channels with optional consumer
input (red arrows) prevent fast actuators from blocking on
slower controllers.

Figure 9(b)–(d) show the results for a sequential altitude-
change scenario (10,000 m → 10,500 m → 11,000 m
→ 10,500 m) at constant airspeed. The controller ex-
hibits the expected behavior: altitude tracks each setpoint
with minimal overshoot, vertical speed is regulated at
the commanded ±2.5 m/s, and airspeed remains close
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Listing 1 Generated Coordination Layer

// Read inputs at the release instant
void readTaskPIDController(long long ts) {
pIDController.set_in_cSP(

*PilotPIDControllerin_cSP.pop(ts));
SensorPIDControllerin_cAlt.tryPop(

[&](double *msg) {
pIDController.set_in_cAlt(msg); });

}
// Write outputs at the deadline instant
void writeTaskPIDController(long long ts) {
sendData(&PIDControllerFlyingDronein_cU,

pIDController.get_out_cU(), ts);
}
// Enablement check: INACTIVE if no data expected,
// WAITING if upstream write still in progress
TaskState taskPIDControllerOrWait(

long long ts, long long wts) {
auto state = getPIDControllerState(ts);
if (state & INACTIVE) return INACTIVE;
if (state & WAITING) return WAITING;
setWritingStateTaskPIDController(wts);
readTaskPIDController(ts); // read at release
pIDController.run(); // user computation
return ACTIVATED;

}

Listing 2 Generated Scheduling Policy

// Task Period Priority
// Sensor 10 ms 80
// FlyingDrone 20 ms 79
// PIDController 40 ms 78
// Pilot 3500 ms 77

PeriodicTask ptPIDController(
PIDCONTROLLER_PERIOD,PIDCONTROLLER_OFFSET,
PIDCONTROLLER_CPU_ID,PIDCONTROLLER_PRIORITY,
PIDCONTROLLER_POLICY,PIDCONTROLLER_IS_REAL_TIME,
PIDCONTROLLER_RUN_TIME);

ptPIDController.start(
&startApplicationTime, startUpTime,
// Check at release; WAITING if upstream
// write is still in progress
[this](long long t, long long w) {
return taskPIDControllerOrWait(t, w); },

// Bounded re-check, skip if still absent
[this](long long t, long long w) {
return taskPIDController(t, w); },

// Write outputs at the deadline instant
[this](long long t) {
writeTaskPIDController(t); });

Fig. 8 Selected parts of the generated code in C++ for the UAV model. Left: the coordination layer generated enforces inputs are read at the release
instants and outputs written at the deadline. It checks the availability of inputs: it returns INACTIVE if no data is expected in this period, or WAITING
if an upstream task has not yet completed its write. Right: the generated scheduling policy uses the Rate-Monotonic priorities from the scheduling
analysis and passes them into the PeriodicTask constructor. Each task is then launched with three callbacks produced by the coordination layer.

(a) MIMOS model structure.

(b) Altitude ℎ (m) (c) Vertical speed 𝑉𝑧 (m/s)

(d) Airspeed 𝑉𝑎 (m/s) (e) End-to-end latency

Fig. 9 ROSACE Case Study with MIMOS-Tools: (a) communication structure; (b)–(d) simulation results for altitude, vertical speed, and airspeed;
(e) end-to-end latency analysis.

to the nominal 230 m/s throughout the maneuver. Fig-
ure 9(e) shows the end-to-end latency for selected source–
sink pairs. The critical control path AltitudeHold→
Elevator exhibits a worst-case delay of 3 ms, while the
full plant-feedback paths AircraftDynamics→ Engine

and AircraftDynamics→ Elevator both reach 5 ms—
meeting the original ROSACE requirement that the entire
control chain completes within 5 ms every 20 ms [37].
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Fig. 10 Verification of the train crossing controller [1]. MIMOS-Tools
produces a finite automaton with 158 states, representing the system
that is potentially infinite-state.

5.2 Train Crossing Control
The train crossing controller is a classic benchmark in the
formal verification community, originally proposed for the
UPPAAL model checker [49,29], and adopted later in differ-
ent contexts e.g. embedded systems programming [1]. The
case study here is based on the version in [1], where the
controller manages two (potentially infinite) streams of trains
from two separate railway tracks, merging them onto one
shared track for crossing e.g. a bridge.

A train (Track1 or Track2) operates as a state machine
with four states: (0) far away, (1) approaching, (2) stopped,
and (3) crossing. The controller maintains three states:
(0) free, (1) occupied by Train 1, and (2) occupied by Train 2.
The controller’s output signal to each train is either red
(stop and wait) or green (proceed to cross). When a train
approaches, it sends an action signal to the controller; the
controller grants access by setting the corresponding signal
to green if the shared track is free, otherwise the train waits in
the stopped state. The controller implements a fixed priority
policy: when both trains are waiting, Train 1 is always granted
access first. The critical safety requirement is collision avoid-
ance: two trains must never occupy the shared crossing track
simultaneously.

Note that the system is essentially infinite state, as the two
streams of trains are driven by independent random choices,
arriving and leaving at different time points according to
different patterns. Despite this, MIMOS-Tools reduces the
system to a finite automaton of 158 distinct symbolic states,
each representing an equivalence class of concrete states,
enabling exhaustive verification.

Three safety properties are verified against this model. The
first two hold: mutual exclusion A[] !(Track1.signal
== 1 && Track2.signal == 1) ensures the controller

never grants green signals to both trains simultane-
ously, and collision freedom A[] !(Track1.state ==
3 && Track2.state == 3) guarantees both trains never
occupy the crossing at the same time. However, the
third property—responsiveness Track1.state == 2 –>
Controller.signal1 == 1—is verified FALSE, reveal-
ing a liveness issue: a train stopped at the crossing entrance
may never receive a green signal, leading to indefinite wait-
ing. This subtle design flaw is automatically detected through
exhaustive symbolic exploration.

5.3 Real-Time Perception-Action Pipeline for
Autonomous Vehicles
This case study is from automotive industry, studied in [25].
It is a subsystem for Autonomous urban driving with hard
real-time constraints to detect and classify objects in traffics,
and accordingly, make driving decisions. Deep Neural Net-
work (DNN) inference has become the standard approach
for object detection, but it is computationally expensive,
making hard real-time deployment challenging. One way to
reduce inference cost without compromising safety is to pri-
oritize computation over the most critical parts of the image.
It motivates a dual-path structure: a high-priority ROI (re-
gion of interest) path directly feeding the control decision,
and a lower-priority full-scene path supplying contextual
consistency checks.

We use it to demonstrate the modeling, scheduling,
simulation, and monitoring capabilities of MIMOS-Tools.
The system comprises six tasks shown in Figure 11(a): a
Camera task acquires frames at 20 fps (period 50 ms), a
Preprocessing task crops the ROI and produces a down-
scaled full-scene image at the same rate, a Roi_Network
task runs every 100 ms with an internal fork-join structure
over the two ROI halves, a Full_Image_Network task runs
every 200 ms consuming the most recently available pre-
processed frame via a Register channel, a Detection_Box
task fuses ROI and scene-level detections every 100 ms,
and an Engine_Controller task translates fused detections
into speed commands for the drive-by-wire controller. The
controller applies a three-level safety response policy: upon
detecting a vehicle or a cyclist, it decelerates to a reduced
speed; upon detecting a pedestrian, it issues an emergency
stop command, bringing the vehicle to a full halt until the
pedestrian clears the road-ahead zone; otherwise, it maintains
normal cruise speed.

Figure 11(b) shows the scheduling analysis result on a
four-core platform under Global EDF. Figure 11(c) shows
the simulation result at a representative time point: the
pipeline successfully detects pedestrians, vehicles, and cy-
clists in the scene and overlays bounding boxes on the camera
feed. When a pedestrian is detected in the road-ahead zone,
Engine_Controller immediately issues an emergency stop
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(a) The MIMOS Model for the urban autonomous system.

(b) Response times analysis and Gantt Chart.

(c) Simulation of traffic scenarios and Object-detection. (d) Safety monitoring and control logic.

Fig. 11 The urban autonomous perception pipeline for self-driving vehicles: (a) MIMOS model; (b) scheduling analysis on a 4-core platform; (c)
traffic simulation and detection results; (d) safety monitoring and emergency control triggers.

command, bringing the vehicle to a full halt—demonstrating
that the safety-critical response is correctly triggered end-to-
end through the pipeline. Figure 11(d) shows the predicate
monitor attached to Engine_Controller, confirming that
SpeedSafe holds almost continuously, Decelerating ac-
tivates transiently during vehicle and cyclist encounters, and
EmergencyStop fires only at isolated time points corre-
sponding to pedestrian detection events—consistent with the
defined safety policy.

6 Related Work and Comparison
The synchronous paradigm is the dominant solution widely
used in safety-critical domains and underlies industrial tools
such as Simulink and SCADE [43,2], programming lan-
guages including Lustre, Esterel, Signal and Prelude [4,20,
6,5,16], computational models e.g. Synchronous Data Flow
(SDF) and extended variants [30,18,11]. The synchronous
approach assumes zero-time computation and instantaneous
communication in logical time, it provides deterministic func-
tional semantics. In practice, systems in these frameworks
are scheduled statically and implemented by mapping all
executions to a global base rate, typically the greatest com-
mon divisor (GCD) of all task periods. The static schedule,
communication pattern, and buffering strategy are then com-
puted over the corresponding hyper-period. While effective
on uniprocessors [10], this approach introduces tight global

coupling: even a small local change, such as adding a task
with a new period, requires recomputing the base rate, re-
constructing the entire schedule and essentially redesigning
the system. This limitation becomes more serious on mod-
ern embedded platforms, which are increasingly multicore,
heterogeneous, and distributed [40]. Communication delays,
shared-resource contention, and independent clocks already
challenge the synchronous abstraction, and global base-rate
implementations further reduce flexibility. For example, in
the ROSACE case study [37], tasks with different periods
are executed inside a main loop synchronized to a 5 ms base
rate. Adding a task with period 11 ms forces the system tick
to drop to 1 ms and increases the hyper-period from 100 ms
to 1100 ms, requiring complete recomputation and reim-
plementation of the schedule and communication structure.
Such rigid global coupling conflicts with the incremental
evolution typical of large safety-critical systems [22,46].

MIMOS addresses this problem by eliminating the global
base rate. Tasks execute with their own periods and can be
scheduled dynamically, while schedulability is analyzed off-
line. As a result, adding a new task does not affect existing
ones as long as the system remains schedulable, provid-
ing true composability and enabling modular and scalable
evolution.

Rooted in the time-triggered paradigm [27], the LET ap-
proach adopted by Giotto [21] fixes logical read and write
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instants independently of the actual execution. MIMOS sim-
ilarly employs LET to guarantee timing determinism by
restricting channel reads and writes to predefined instants,
such as deadlines. In addition, MIMOS uses FIFO queues
to ensure functional determinism—a feature not provided by
Giotto. Beyond ensuring functional determinism as in Kahn
Process Networks [24], we believe that FIFO queues also
help tolerate timing errors such as release jitter, a property
we plan to investigate in future work.

Several alternative paradigms also aim to achieve de-
terminism. The Bittide mechanism [28] and its associated
programming model Timetide [26] enable deterministic
distributed execution through logical synchrony. Another
line of work focuses on deterministic computing, includ-
ing PTIDES [50] and its successor Lingua Franca [34,35],
which enforce functional determinism through timestamps
and event ordering. However, in these approaches, logi-
cal time can diverge from wall-clock time, limiting their
applicability for hard real-time systems with strict dead-
line guarantees. MIMOS-Tools targets real-time systems for
which, achieving timing determinism remains more chal-
lenging and typically requires explicit scheduling and timing
analysis.

7 Conclusion and Future Work
In this paper, we presented a new model of computation for
the asynchronous design and implementation of embedded
real-time systems, along with a toolchain based on this model
that supports the full development lifecycle of such systems.
All phases of the development process—including graphi-
cal modeling, simulation, verification, real-time scheduling,
schedulability and end-to-end latency analysis, and automatic
code generation for deployable executables on heterogeneous
multicore platforms—are grounded in this single, coher-
ent, and deterministic model of computation. This ensures
that verified functional and timing properties are preserved
throughout the development process and in the final imple-
mentation. Moreover, the toolchain supports modular and
incremental design, implementation, and future updates,
enabled by the underlying model for asynchronous com-
munication and computation via asynchronous channels and
flexible online scheduling.

The current version of MIMOS-Tools is ready for release
and can be used for educational, research, and industrial
purposes. However, developing a new toolchain requires
substantial resources and ongoing efforts for testing, bug
reporting and fixing, feature extension, and improvements
in scalability and applicability, particularly for large-scale
industrial systems. For future work, we plan to extend the
LLM-assisted design capabilities beyond the generation of
individual task functions. Currently, the toolchain uses LLMs

to generate task implementations from natural language de-
scriptions, exploiting the functional purity of MIMOS tasks.
Future enhancements will focus on system-level design, en-
abling the automatic generation of complete MIMOS network
architectures from high-level system requirements. We are
mindful of the critical need for powerful verification tech-
niques to provide safety guarantees in AI-assisted system
development. We plan to improve the scalability of the sym-
bolic verifier for state-space exploration. In particular, we aim
to support the verification of Signal Temporal Logic (STL),
which is currently employed only for monitoring. Further-
more, we intend to expand the range of platforms supported
as targets for code generation.
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