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We describe FCSL, the Flight Computer Specification Language of the HiroSim simulation
stack, and its companion hardware abstraction layer (HAL). A flight computer is a graph of
small algorithms scheduled by an explicit state machine: each algorithm owns one subsystem,
exposes typed input/output ports as its entire interface, and is written in a restricted Python di-
alect compiled to native code with no dynamic memory allocation on the control path. The com-
piler wires the algorithms and orders their execution from the dataflow, and runs each only
in the states that schedule it. The same compiled controller runs unchanged in software-in-
the-loop, hardware-in-the-loop, and on hardware, with only the HAL changing, and a Python

harness, A1gTwin, lets ordinary pytest tests step it from one algorithm to the whole machine.

Keywords: flight software; domain-specific language; code generation; state machines; synchronous dataflow; mod-
ular software architecture; unit and integration testing; hardware abstraction layer; software/hardware-in-the-loop;

real-time systems.

I. Introduction

A flight computer reads sensors, runs control law and guidance logic at fixed rates, and writes actuators, while se-
quencing through mission phases (for a lander, say: boot, ascent, coast, descent, safe). Such software is held to a
higher standard than ordinary application code: it must be deterministic (the same inputs produce the same outputs at
the same times), analyzable (its timing and resource use can be bounded ahead of flight), and validated before it flies.
The dominant industrial answer is a combination of restrictive coding standards, model-based design with automatic
code generation, and extensive in-the-loop testing [1, 2, 7].

FCSL is our take on this problem, implemented within the HiroSim stack [24]. It is deliberately small. A controller

is not a program in a general-purpose language; it is a graph of algorithms whose execution is governed by an explicit
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finite state machine, with algorithm bodies written in a restricted subset of Python and compiled to native Nim at build
time. The runtime contains no Python interpreter and performs no heap allocation on the control path. The companion
HAL gives the controller a single, stable interface to sensors, actuators, the clock, and logging; one implementation of
that interface drives the simulator, another drives real Linux hardware, so the identical compiled controller is exercised
in simulation and then flown.

Determinism and analyzability are necessary but not sufficient: flight software is also built, reviewed, and main-
tained by teams, and a second argument of this paper is a software-engineering one. It is easier for engineers to reason
about a flight computer as a set of modular algorithms, each in charge of one subsystem — a sensor frontend, a nav-
igation filter, a guidance law, an actuator mixer — than as one monolithic control program. In FCSL the algorithm
is exactly that unit, and its typed input/output ports are its entire interface. The integration work that is traditionally
hand-written and error-prone does not exist as source code: from the declared port connections the compiler wires the
algorithms together, type-checks every connection, infers the dependency graph, and orders execution automatically,
and the state machine determines which algorithms run, at what rate, in each mission phase — an algorithm runs only
in the states that schedule it. The same modularity extends to test. Beyond full closed-loop simulation with the flight
computer in the loop, HiroSim’s Python client library (simclient) provides an AlgTwin harness that compiles and
spawns a flight computer from its specification, so a plain pytest test can exercise a single algorithm in isolation, a
connected group of algorithms, or the entire machine, stepping it tick by tick with synthetic inputs (Section XI).

This paper first situates FCSL within the HiroSim stack (Section II), then explains the rationale behind each of
these decisions (Sections III-VI), the compilation process and HAL (Sections VII-IX), worked examples (Section X),
the test workflow from a single algorithm to the whole machine (Section XI), why the same structure makes the design
tractable for Al-assisted authoring (Section XII), and how FCSL relates to existing flight- and robotics-software sys-
tems (Section XIII). Where useful we cite the HiroSim sources so the description stays grounded in the implementation

rather than the aspiration.

II. Overview: FCSL in the HiroSim stack

HiroSim [24] is a modular stack for closed-loop physics simulation and flight-software development, aimed at robotics,
aerospace, and drone applications in which one controller must be validated in simulation before it goes on a vehicle.

Its components are:

* adeterministic, event-driven simulator (written in Nim) with a nanosecond-precision integer clock, a selection
of integrators (Euler, RK2, RK4, AB4, Velocity Verlet, adaptive RK45), and dynamically loaded model plugins

that can be authored in any language with a C ABI (Nim, C/C++, Rust);



a UDP telemetry pipeline — a receiver that compacts the packet stream into columnar NumPy windows, an

HTTP supervisor service, and a live browser visualizer with time-series plots and 3D vehicle views;

* the onboard SDK, whose compiler fcslc turns an FCSL specification (machine JSON plus restricted-Python

algorithms) into native code — the subject of this paper;

¢ the FCSL-HAL, the hardware abstraction layer that lets the compiled flight computer run against either the

simulator or real Linux hardware (Section VIII);

e a Zenoh communication bus connecting the simulator, flight computers, and hardware-in-the-loop rigs, with

bridges to ROS 2 (Section IX); and

¢ a Trick-style variable server and a Python client library, simclient, for live commanding, inspection, and
scripted test — including the A1gTwin harness of Section XI, which compiles and spawns a flight computer so

pytest tests can step it with synthetic inputs, no simulator required.

The stack’s organizing principle is the one this paper develops in detail: the flight computer is specified once,
compiled once, and exercised at every rung of the validation ladder — in-process simulation, cross-process simulation
over the flight transport, virtual hardware-in-the-loop, and real hardware — with only the seam behind the controller
changing between rungs. The simulator provides the deterministic plant and the telemetry pipeline provides the ob-

servability; FCSL and the HAL, described next, provide the controller and the seam.

III. The same code in simulation and on hardware

The central design goal is simulation-to-flight continuity: the artifact validated in simulation is bit-for-bit the artifact
that flies. This is the single most effective defense against a class of failures that has destroyed real vehicles — the
controller behaves correctly against the model used to develop it but differently against a separately written “flight
build,” or against subtly different units, frames, or sign conventions on the real bus.

Model-based design names a ladder of fidelities for exactly this reason: model-in-the-loop (MIL), software-in-the-
loop (SIL), processor-in-the-loop (PIL), and hardware-in-the-loop (HIL) [1]. Open-source autopilots expose the same
ladder: ArduPilot and PX4 both ship a SITL (“software in the loop”) build of the same flight code linked against a
simulated vehicle, and a HITL mode that runs the real firmware on the real board against a simulator [14, 13]. FCSL
adopts this principle as a first-class property rather than a build variant.

Concretely, FCSL recognizes four run modes (Figure 1), which differ only in how the controller’s inputs and

outputs are connected, never in the controller code:



1. In-process SIL. The compiled controller is loaded as a simulator plugin and its inputs/outputs are wired directly

to simulator variables. Fully deterministic; the fastest way to iterate.

2. SIL over the flight transport. The same binary that flies runs as its own process and exchanges per-channel

values with the simulator over the Zenoh bus.

3. Virtual HIL. The controller runs as its own process and talks to the simulator through the HAL’s typed sen-

sor/actuator channels, fed synthetically over the wire.

4. On hardware. The controller runs as its own process and the HAL is backed by real Linux device drivers.

Figure 1 also shows a fifth, hybrid arrangement: the experimental composite HAL of Section VIII sources selected
channels from real hardware and the remainder from the simulator, so a vehicle can be brought up one sensor at a time
against otherwise simulated I/O.

Modes 3 and 4 share the HAL interface, so moving from virtual HIL to flight is a one-line construction change
at startup — the loop is the same. As the HiroSim HAL documentation puts it, “the same alg loop runs against real
Linux hardware or the simulator — only the HAL implementation behind the API changes” [24]. We return to the

mechanism in Section VIII.

IV. Simplicity and no runtime dynamic allocation

Flight software is judged by what it cannot do as much as by what it does. The most consequential restriction in FCSL
is that the generated control path performs no dynamic memory allocation after initialization.

The rationale is standard in safety-critical practice and is worth stating plainly. Dynamic allocation introduces (i)
unbounded or hard-to-bound latency — an allocation can trigger a free-list refill, a page fault, heap compaction, or,
under a tracing collector, a pause whose timing is data dependent; (ii) failure modes with no good in-flight recovery
— fragmentation and out-of-memory cannot be sensibly handled mid-control-loop; and (iii) loss of analyzability —
worst-case execution time and worst-case memory are no longer static properties. For these reasons NASA/JPL’s
“Power of Ten” rules for safety-critical code forbid dynamic memory allocation after initialization (rule 3), and the
MISRA C guidelines and the practices behind DO-178C avionics certification discourage or ban it outright [2, 3,
1]. The same instinct drives hard-real-time language design: synchronous languages compile to code with statically
bounded memory and time [5, 6, 7].

FCSL enforces the rule structurally, not by convention. The language has only scalars, fixed-size arrays, and flat
structs with scalar fields (Section VI); there are no growable collections, no strings on the control path, no objects
with dynamic lifetime. The code generator therefore emits only stack scalars, fixed-size array literals, and statically

shaped records; it never emits a growable sequence, a string constructor, a hash table, a closure, or a heap allocation on
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Fig. 1 The five FCSL modes of operation: in-process SIL, SIL over the flight transport, virtual HIL, flight,
and a hybrid composite HAL that mixes real and simulated 1I/O.



the execute path. A unit test scans every generated source file for the tell-tale constructs (seq[, newSeq, string(,
Table[, new(, alloc() and fails the build if any appear in control code [24]. State that must persist between ticks is
declared up front in fixed-size fields and pre-allocated at initialization.

Simplicity is the same argument applied to control flow. Algorithm code cannot raise or catch exceptions; numer-
ically singular operations (a singular matrix inverse, a non-positive-definite Cholesky factor) return NaN-filled results
rather than raising, because there is no sensible place to catch an exception inside a 1 kHz loop. Floating point uses
IEEE-754 defaults (quiet NaN/Inf, no trap), so a bad input degrades a channel rather than aborting the vehicle. The
generated scheduler does, by default, wrap each instance’s execute in a containment guard: an unhandled runtime
fault (an out-of-bounds index, a divide-by-zero) marks that instance’s health output failed and increments a per-
instance fault counter instead of terminating the process — exceptions are contained at the instance boundary, never
used as control flow (Section V). The bias, in the words of the HiroSim design notes, is to “prefer explicitness, static

structure, and analyzability over convenience” [24].

V. A state machine over a graph of algorithms

A. The model

An FCSL program is one JSON file describing a finite state machine. Its elements are:

* Algorithms — the catalog of reusable computation blocks, each a single class (Section VI).
* Instances — named instantiations of algorithms with their parameters bound to constant values at compile time.

» Connections — explicit wiring of one instance’s output to another’s input, e.g. sensors.theta — pilot.theta.

The data dependencies of the graph are inferred from this wiring, not declared separately.
¢ States — each state names a fixed set of enabled instances and a fixed rate (in Hz) for each, its schedule.

 Transitions — guarded edges (from, request, to, priority) between states, optionally gated by a health

condition.

Nothing in this model is vehicle-specific or predefined. FCSL ships no built-in states, no fixed mission phases,
and no canonical set of algorithms: the user declares however many states the mission needs, names them freely,
and equips each with its own set of algorithm instances and rates. The four-state lander machine used as the running
example in this paper is exactly that — an example, not a template the language imposes.

The execution model is a single global tick at tick_hz. In the active state, each enabled instance runs at its

scheduled rate (every rate must divide tick_hz exactly, giving a predictable major cycle), and within a tick the



(a) dataflow graph of the active state
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(b) mission state machine (the lander example)
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Fig. 2 An FCSL program is a graph of algorithms (a) scheduled by a state machine (b), shown here for the
paper’s four-state lander example.

enabled instances run once, in topological order of their connections. A cycle in a state’s dataflow is rejected at
compile time. The schedule is static: which blocks run, in what order, at what rate, is fixed per state and known before
flight. This is the time-triggered, statically-scheduled discipline of the synchronous languages, not the dynamic, event-
driven scheduling of a general RTOS task set [5].

Figure 2 shows a two-instance dataflow graph and a four-state mission machine (the HiroSim lander).

B. The software-engineering case: modular subsystems, automatic composition

Before the real-time properties, this model is a decomposition discipline. An engineer thinks of a flight computer as
a set of subsystems — a sensor frontend, a navigation filter, a guidance law, a control law, an actuator mixer, a fault
monitor — and FCSL’s unit of code, the algorithm, is exactly one such subsystem. An algorithm’s typed ports are its
entire interface: it cannot reach into another block’s state, call another block, or observe the machine except through its
declared inputs. This buys the standard benefits of strong modularity — independent ownership, parallel development
against port contracts, focused review, reuse of one algorithm across vehicles or as multiple instances with different
parameters — with the boundaries enforced by the compiler rather than by convention.

The integration code that in a hand-written flight computer is the riskiest code — the main loop that calls subsys-
tems in the right order, moves data between them, and remembers which ones run in which mode — does not exist as
source code in FCSL. The engineer declares which outputs feed which inputs; the compiler wires the blocks together,
type-checks every connection (including array shapes), infers the dependency graph, and orders execution topologi-
cally within each tick. The engineer declares which instances each state schedules and at what rate; the runtime runs
an algorithm only in the states that schedule it, so phase logic stays out of algorithm bodies entirely. Adding a sub-
system is adding an instance and its connections to the JSON; removing one is deleting them; the compiler re-derives
the schedule and rejects at build time anything left dangling — a connection to a port that does not exist, a type or

shape mismatch, a dataflow cycle, a transition request with no entry in the transition table. Integration errors therefore



surface as build errors in the one file that describes the architecture, rather than as flight anomalies traced back through

glue code. That one file is also the review artifact: instances, wiring, per-state schedules, and the transition table,

auditable in one place without reading any algorithm body.

The same modularity pays a third time in test: because a machine is just a list of instances and connections, any

subset of algorithms is itself a valid machine, and Section XI shows how that turns the unit of design into the unit of

test.

C. Why a state machine, and why this shape

Mission logic is naturally modal: a lander in its ascent phase and its braking phase obey different control laws, guards,

and limits. Encoding modes as an explicit state machine — rather than as if ladders and boolean flags scattered across

the control code — has a long pedigree. Harel’s statecharts [4] established the visual, hierarchical state machine as

the canonical way to specify reactive system behavior, and that model underlies MATLAB Stateflow and much of

the model-based-design tooling used in aerospace. The synchronous languages Lustre, Esterel, and their industrial

descendant SCADE compile mode logic and dataflow together into statically scheduled, statically bounded code that

has been certified for use in commercial avionics [5, 6, 7]. The actor-oriented view of Ptolemy and the “coordination

language” tradition make the same separation FCSL makes — between the computation inside a block and the schedule

that composes blocks [10, 8]. Behavior trees are a more recent alternative for sequencing robot/agent behavior with

similar goals [11]. At the autopilot level, ArduPilot’s flight modes and PX4’s commander are, in effect, hand-written

state machines over a fixed set of controllers [13, 14].

FCSL makes three specific choices within this tradition:

1. Algorithms never mutate machine state directly. An algorithm requests a change by writing a reserved

output, transition_request, with a transition name (or the empty string for “no request”). The runtime
collects requests during the tick and applies at most one transition at the end, arbitrated by the priority declared
in the JSON. This prevents hidden mode changes, makes arbitration explicit, and keeps the transition table

auditable in one place rather than scattered through control code [24].

Health is first class. Every algorithm has an auto-injected health output (one of nominal, degraded, failed,
or stale), and a transition may carry a health guard, so fault detection and the response to it (e.g. “on failed
navigation, enter SAFE”) live in the same declarative table as nominal sequencing. Two runtime monitors
feed the same output. An optional per-instance worst-case-execution-time budget (max_wcet_us) times each
execute; an overrun increments a counter and demotes the instance’s health to degraded. And the default
fault-containment guard (Section IV) sets health to failed on an unhandled runtime fault. The safety-net

transitions in the table react identically whether the downgrade came from the algorithm’s own logic, a timing



overrun, or a contained fault.

3. The schedule is part of the state, not the code. Because ecach state declares its instances and rates, the same
algorithm can run at 100 Hz in one phase and be absent in another with no change to the algorithm itself — the

phase is the state, not a variable inside a block [24].

VI. Why a Python dialect

Algorithm bodies are written in a restricted subset of Python. An algorithm is a class with four type-annotated dic-
tionaries — inputs, outputs, parameters, state — and two methods, start (self) (run once per instance) and

execute (self) (run each tick). Fields are read and written as self.<name>. Listing 1 shows the canonical shape.

Listing 1 An FCSL algorithm: a class with four typed dictionaries and two methods. transition_request

is the reserved output by which an algorithm asks the machine to change state.

class Guidance:
inputs = {"ax": "f64", "ay": "f64"}
outputs = {"cmd_pitch": "f64", "cmd_yaw": "f64",
"transition_request": "TransitionRequest"}
parameters = {"gain": "f64"}
state = {}

def start(self):
pass

def execute(self):
self.cmd_pitch = clamp(self.ax * self.gain, -1.0, 1.0)
self.cmd_yaw = clamp(self.ay * self.gain, -1.0, 1.0)
if abs(self.ax) > 50.0 or abs(self.ay) > 50.0:
self.transition_request = "ENTER_SAFE"
else:
self.transition_request = ""

The choice of a Python dialect — as opposed to a graphical block language like Simulink/SCADE, or a hand-

written C/C++ API — is pragmatic:

» Familiar, expressive syntax. Control engineers and students read and write Python. The body of a control
law looks like the math, with no pointers, headers, or build scaffolding in the way. This is the same reason
Python-like syntax appears in numerical tools that nonetheless compile to native code (Cython, Numba) and in

MATLAB Function blocks.

A real parser for free. FCSL parses the source with Python’s own ast module, then lowers a restricted subset
into its own intermediate representation; it does not run the Python and observe it. Anything outside the subset
— imports, exceptions, dynamic objects, general strings/collections, arbitrary library calls — is rejected at

compile time. The dialect is Python-shaped but is its own language with its own type system.



* A narrow language is a safe language. Restricting the surface is exactly what makes the no-allocation and
static-schedule guarantees enforceable (Section IV). This mirrors the philosophy of domain-specific languages:

a smaller language admits stronger analysis [12, 7].

The type system has scalar types (bool, i32/i64, u32/u64, £32, £64, plus TransitionRequest and Health)
and fixed-size arrays, including nested ones: £64[4], u32[16], £64[3][3]. Every array dimension is a positive
integer literal, so all shapes are known at compile time. User-defined structs are declared once at the top level of the
machine JSON (a structs block mapping a type name, e.g. Vec3, to its fields) and may then appear in any of the four
dictionaries, with struct parameters bound by inline JSON literals; in the current form struct fields must be scalars — no
nested structs, no arrays inside structs — so every struct lowers to a flat, statically shaped record. The standard library
available inside execute is deliberately aeronautical: elementwise math (sin, cos, exp, ...), an allocation-free
linear-algebra kernel (dot, norm, matmul, matvec, transpose, cross3, det, inv, solve, eye, diag), scalar-first
quaternions (quat_mul, quat_rotate), cholesky, and a composable discrete Kalman filter (kf _predict_state,
kf_predict_cov, kf_gain, kf_update_state, kf _update_cov, and the numerically robust kf _update_cov_-
joseph). Dimensions are checked at compile time, so a shape mismatch is a build error, not a flight surprise.

Where the controller must call user-defined code — a device routine, an optimized kernel, an existing library —
it declares an @extern stub outside the class with typed arguments. Only the stub’s typed signature is checked at
compile time; FCSL places no restrictions on the body of an extern function. The no-allocation discipline binds the
algorithm dialect, not the user’s own code: an extern is free to allocate, buffer, or call arbitrary libraries, with its real-
time behavior the responsibility of its author (Section XIV). The default binding is a portable C ABI (the stub lowers
to a call into a named C function in a named header), which is the only flavor that survives to a standalone embedded

build; a Nim binding is also available for host-side helpers.

VII. Compilation

FCSL is ahead-of-time compiled, not interpreted. The compiler, fcslc, reads the program JSON and its algorithm
.py files at build time and emits a single self-contained native (Nim) source file. In doing so it parses the restricted
Python, resolves the wiring, type-checks every connection and array shape, topologically sorts each state (rejecting
cycles and schedules whose rates do not divide tick_hz), validates that every transition_request literal appears
in the transition table, and lowers transition_request to a generated enum so that transition handling does no
string comparison and no allocation. The generated module exports a fixed contract: an enum of transition requests,
an enum of machine states, a record per instance for its state/parameters/inputs/outputs, an init and execute proc per
instance, and machine-level initMachine and step procedures. External code writes the source instance’s outputs,

calls step, and reads command outputs — a two-seam host interface.
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The generated module is then compiled into a native shared library and loaded by the host (the simulator, or a
standalone flight binary). The compiled artifact contains no Python interpreter and never reads the JSON or the . py
at runtime; the JSON and Python are a build-time description only. A single, program-agnostic plugin target transpiles
each FCSL program, generates an index that registers each compiled machine under its file-name stem, and links them
into one shared object; adding a new flight computer is one more line in that list [24]. A direct consequence, noted
prominently in the HiroSim developer docs, is that editing an algorithm, a port, a connection, or even a parameter
value has no effect until the plugin is rebuilt and restaged — the running system reflects the compiled artifact, not the
source on disk.

This “specify high, generate native, certify the generator” pattern is exactly how safety-critical control code is
produced industrially: SCADE compiles a synchronous dataflow/state model to C qualified for DO-178; MATLAB
Simulink with Embedded Coder generates C/C++ from block diagrams and Stateflow charts for production con-
trollers [7, 4]. FCSL is a small instance of the same idea — the generated code is meant to be boring, readable, and

obviously free of the constructs the domain forbids.

VIII. The hardware abstraction layer

The HAL is the seam that makes simulation-to-flight continuity (Section III) concrete. The controller is written against
a single interface — read sensors, write actuators, ask the time, sleep until the next tick, log — and never names a
device, a bus, or the simulator. Three deliberately separate APIs sit behind it: the HAL the controller calls, the driver
interface that device backends implement, and the wire interface that simulator/HIL transports implement.

Two implementations satisfy the HAL. A driver-backed HAL composes per-sensor frontends over real device
drivers; on Linux the default backends read inertial, magnetometer, and barometer data through the industrial-1/O (IIO)
sysfs interface, drive motors and servos through PWM sysfs, read RC/joystick input through evdev, and read the battery
through power-supply sysfs. A wire-backed HAL reads and writes the same logical channels as identifier-addressed
frames over a transport, and, given a clock channel, advances on simulator time so a hardware-in-the-loop run is
paced by the sim. A composite HAL can overlay selected real channels onto a wire-backed HAL for partial-hardware
bring-up. Moving from simulation to flight is therefore a one-line change of which HAL is constructed at startup; the
control loop is untouched. The per-sensor frontend structure intentionally mirrors ArduPilot’s AP_InertialSensor,
AP_Baro, AP_Compass, and friends — each owns several backends, tracks their health, and selects a primary — so
the abstraction will be familiar to autopilot developers [13, 24].

For the lowest level, the language itself exposes a tiny, stable hardware-I/O ABI that an algorithm can call directly.
These five builtins (Table 1) are backed by a board-support shim (fcsl_hw.h / fcsl_hw.c) that one replaces for a

given board; in simulation they are stubbed.
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Builtin Signature Purpose

hw_read_gpio u32 -> bool read a digital input pin
hw_write_gpio u32, bool -> ()  write a digital output pin
hw_read_adc u32 -> u32 read an analog-to-digital channel
hw_read_u32 u32 -> u32 read a board register/port

hw_write_u32 u32, u32 -> (O write a board register/port

Table 1 The in-language hardware-I/O builtins: a small, stable ABI to a board-support shim. The richer
typed sensor/actuator interface is the separate HAL library.

IX. Communication buses

FCSL separates three kinds of traffic, each with its own transport, rather than forcing everything through one bus.

Telemetry (one-way, observability). A standalone flight computer publishes its outputs over UDP using the same
packet protocol the simulator uses: a configuration packet announces the set of channels (and is re-sent at exponentially
spaced sequence numbers for loss resilience), followed by a data packet per tick. Array outputs are flattened row-major

into scalar channels. This path is for recording and dashboards; it never closes a control loop.

Control (closed-loop) over Zenoh. The sensor—controller —actuator loop runs over the Zenoh publish/subscribe
bus [16]. Subscriptions write named values into the controller’s input instance before step; publications serialize
selected outputs after it. Payloads are either raw little-endian scalars or CDR-wrapped (below). Endpoints are ordinary
Zenoh locators (e.g. tcp/127.0.0.1:7447), and the controller can be a Zenoh client or peer. This is the transport

over which the same binary that flies talks to the simulator (run mode 2).

Sensor/actuator HAL channels. In HIL and on hardware, the HAL moves typed channels — scalars, 3-vectors,
quaternions, opaque byte blobs — addressed by a numeric 16-bit identifier (names live only in the configuration,
never on the wire). A compact, deterministic little-endian codec serializes each channel as (id, type, payload);
sensors flow on one Zenoh key, actuators (plus an arm flag) on another, and a third key carries simulator time so the

controller is paced by the sim. Bulk data (images, point clouds) is explicitly kept off this control path.

A serial-capable link layer. Below the channel codec sits an optional port-multiplexed link layer for serial-style
transports (UDP today; UART, TCP, and Zenoh bindings are follow-ons). Each frame is versioned, little-endian,
and protected by a CRC-16/CCITT-FALSE checksum; up to 16 ports are multiplexed onto one link, and each port
carries a delivery policy chosen per stream: latest (the newest value overwrites; the reader sees only the most re-
cent), lossy-sequenced (FIFO; sequence gaps are counted but not repaired), or reliable (go-back-N with cumulative
acknowledgments and automatic fragmentation/reassembly of messages larger than one frame). Byte-stream trans-

ports COBS-encode each frame behind a zero delimiter. The layer follows the discipline of Section I'V: every buffer is
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a fixed-size array sized by compile-time constants, malformed input is dropped and counted rather than raised, and the
multiplexer performs no I/O and owns no threads or timers — frames move and retransmissions fire only at explicit
tick boundaries, so a hardware-in-the-loop run over a lossy serial link is reproducible under the simulator clock. On the
simulator side a serial_link model bridges a link endpoint into the simulation and can inject seeded, deterministic

impairments (drop and corruption percentages) for testing the policies under loss.

Interoperability. The Zenoh payloads can be wrapped in CDR, the DDS/ROS 2 wire format [17], so a HiroSim
simulation or flight computer can appear to a ROS 2 graph as ordinary topics through the zenoh-plugin-ros2dds
bridge; the simulator can even publish a rosgraph_msgs/Clock for use_sim_time. Finally, a Trick-style vari-
able server [18] speaks a newline-delimited JSON command protocol (get/set/eval/pause/resume/save/ restore)
shared by the simulator and the flight computer’s optional command server, for interactive inspection and scripted test.

Compared with the autopilot world: where ArduPilot and PX4 standardize on MAVLink for command and teleme-
try, FCSL uses UDP for observability and Zenoh for the control loop and HAL channels; where ROS 2 uses DDS over
a dynamically discovered graph of topics, FCSL uses a static, compile-time graph and can speak the same CDR

encoding when bridged [13, 14, 15, 16].

X. Examples

A. A minimal two-block controller

The smallest complete program is a sensor block feeding a control block at a single rate with no mode changes. The
machine JSON (Listing 2) names the algorithms, instantiates them with bound parameters, wires sensor outputs to

controller inputs, and declares one state that runs both at tick_hz.

Listing 2 A minimal FCSL machine: two instances, one state, no transitions.

{
"tick_hz": 1000,
"initial_state": "RUN",
"algorithms": {
"Sensors": { "source": "algorithms/sensors.py" 1},
"Pilot": { "source": "algorithms/pilot.py" }
}’
"instances": {
"sensors": { "algorithm": "Sensors", "parameters": {} },
"pilot": { "algorithm": "Pilot",
"parameters": { "gain": 2.0, "limit": 1.0 } }
},
"connections": [
{ "from": "sensors.theta", "to": "pilot.theta" },
{ "from": "sensors.thetadot", "to": "pilot.thetadot" }
1,
"states": { "RUN": { "schedule": { "sensors": 1000, "pilot": 1000 } } },
"transitions": []
}
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Listing 3 The Pilot algorithm referenced by Listing 2: a proportional-derivative law with a clamped output.

class Pilot:
inputs = {"theta": "f64", "thetadot": "f64"}

outputs = {"force": "f64", "transition_request": "TransitionRequest"}
parameters = {"gain": "f64", "limit": "f64"}
state = {}

def start(self):
self.force = 0.0

def execute(self):
u = -self.gain * (self.theta + 0.1 * self.thetadot)
self.force = clamp(u, -self.limit, self.limit)
self.transition_request = ""

B. Lighting an LED on over-temperature

A common board-bring-up task is to assert a digital output when a monitored quantity crosses a threshold. Listing 4
reads CPU temperature through an @extern (on a Linux board this reads a thermal zone; in simulation the symbol
is stubbed) and drives an LED through the GPIO builtin from Table 1. The threshold and pin are parameters, so the
same algorithm serves any board by re-binding constants in the JSON. The state machine could additionally route a

transition_request to a thermal-throttle state; here we keep it to the sensor-to-actuator path.

Listing 4 An over-temperature monitor: light an LED when CPU temperature exceeds a limit. cpu_temp_c

is an external C function; hw_write_gpio is the in-language GPIO builtin.

from fcsl_builtins import extern, f64 # editor-only; fcslc ignores the import

Q@extern(header="board_sensors.h") # lang="c" (default): reads the thermal zone
def cpu_temp_c() -> £64:

class ThermalGuard:
inputs = {}
outputs = {"led_on": "bool", "temp_c": "f64",
"transition_request": "TransitionRequest"}
parameters = {"limit_c": "f64", "led_pin": "u32"}
state = {}

def start(self):
self.led_on = False

def execute(self):
self.temp_c = cpu_temp_c()
self.led_on = self.temp_c > self.limit_c
hw_write_gpio(self.led_pin, self.led_on) # drive the LED pin
self.transition_request = ""

With 1imit_c bound to 80.0 and led_pin to the board’s LED line, the LED follows the over-temperature con-
dition every tick. Because temp_c and led_on are declared outputs, both are visible on the telemetry stream and to

the variable server with no extra code — the same introspection works identically in simulation and on hardware.
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XI. Testing: from one algorithm to the whole machine

The run modes of Section III give system-level validation: closed-loop simulation with the flight computer in the loop,
against a deterministic plant, up to hardware-in-the-loop. Day-to-day engineering also needs the lower rungs of the test
pyramid — fast unit tests of one algorithm and integration tests of a subsystem chain — runnable from CI in seconds,
with no simulator and no hardware. FCSL’s modularity (Section B) makes those rungs cheap, and the simclient

Python library provides the harness.

A. AlgTwin: stepping a compiled flight computer from Python

AlgTwin.from_config(path) takes an FCSL machine JSON, invokes the same compiler used for flight (fcslc
plus the Nim backend), caches the resulting binary keyed by a content hash of the config and every referenced al-
gorithm source, spawns it as a subprocess, and connects to its Trick-style command server. The test then drives
the machine synchronously: pause() freezes the production loop so manual stepping cannot race it; set(path,
value) writes any input, output, parameter-backed, or state field by its dotted path; tick(n) advances exactly n
ticks; get_value(path) reads any field; state() and set_state(name) read and force the machine state; and
save ()/restore() checkpoint and roll back the full machine state. Listing 5 drives the lander flight computer of
Figure 2 through its ASCENT—COAST transition with synthetic sensor values — a complete, runnable pytest-style

test.

Listing 5 Stepping the compiled lander flight computer from Python with A1gTwin. The harness builds (and
caches) the flight binary, spawns it, and exposes synchronous set/tick/get_value over the command protocol;

the test injects synthetic sensor outputs and asserts on control outputs and state transitions.

from simclient import AlgTwin

with AlgTwin.from_config("examples/lander/fc/lander_control. json") as fc:
fc.pause() # manual stepping from here on
assert fc.state() == "ASCENT"

# Synthetic sensors: low and slow -> the ascent law keeps climbing.
fc.set("sensors.outputs.pos_z", 5.0)
fc.set("sensors.outputs.vel_z", 4.0)

fc.tick()

assert fc.get_value("ascent.outputs.throttle") > 0.5

# Cross the 40 m target altitude: ascent requests CUAST ...

fc.set("sensors.outputs.pos_z", 45.0)

fc.tick()

assert fc.get_value("ascent.outputs.transition_request") \
== "tr_START_COAST"

# ... and the machine consumes the request on the next tick.
fc.tick()
assert fc.state() == "COAST"
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B. Isolation, grouping, and the full machine

Because a machine is just a JSON list of instances and connections (Section B), the natural unit-test fixture is a
machine containing only the algorithm under test: one instance, one state that schedules it, no transitions. The test
sets the instance’s inputs, ticks, and asserts on its outputs — a plain Python function, no simulator, no hardware, no
mocks. An integration test is the same pattern over a connected subgraph — say, sensor frontend — navigation —
guidance — exercising the real compiled wiring under a synthetic sensor history. The full-machine config then tests
sequencing: forcing phases with set_state, replaying input profiles, asserting that transitions fire when they should
and that health guards trip on injected degradations. The unit of design is the unit of test at every level.

Two properties make this more than convenience. First, at every granularity the artifact under test is the compiled
native machine — the same generated code, scheduler, and runtime that flies — not a Python re-interpretation of the
algorithm, so there is no semantic gap between unit tests and flight even at the lowest rung of the pyramid. Second, the
runtime’s determinism (a fixed tick, a static schedule, no allocation, no hidden concurrency) makes every test exactly
reproducible: tick() advances the machine and nothing else does. The content-hash build cache keeps the loop fast
— the first run of a config compiles the binary in seconds, and subsequent runs reuse it, so these suites are cheap
enough for CI and pre-commit hooks.

A companion SimTwin wraps the simulator behind the same synchronous API (pause/step/set/get), so plant-
side tests — for example, asserting a sensor model’s empirical noise statistics — are written in the same style; and the
full closed-loop run modes of Section III remain the top of the pyramid. The result is one test vocabulary, in ordinary

Python, spanning a single algorithm to a flown binary.

XII. The same design is Al-friendly

A substantial fraction of HiroSim — including parts of the FCSL compiler and several complete vehicles and their
controllers — was authored in collaboration with a large language model (LLM). The observation that matters here is
structural: the properties argued for on software-engineering grounds in Section B — locality, declarative composi-
tion, strong static contracts, determinism — are precisely the properties that make the design tractable for an Al agent
to extend correctly. An LLM arrives with broad but shallow knowledge, has no persistent memory of the codebase be-
tween sessions, cannot run the system in its head, and pays a steep price for any ambiguity it must resolve by guessing;

the framework’s structure has to substitute for the situated knowledge a human contributor would accumulate.

Declarative composition bounds the task. Specifying a flight computer in FCSL means generating a JSON object
that references existing, documented primitives, plus small, contract-bounded algorithm bodies. Both are constrained,

well-specified tasks with a verifiable shape. The alternative — generating imperative code that mutates a shared object
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graph, getting the locking, the update order, and the lifecycle right — is an open-ended task with many ways to be
subtly wrong. By pushing composition into the declarative layer, FCSL converts most “add a subsystem” requests

from program-synthesis problems into configuration problems, which current models handle far more reliably.

Locality keeps the context in a prompt. Because an algorithm’s typed ports are its entire interface (Section B),
an agent asked to add or modify one needs to understand that algorithm’s contract and the names of the channels it
touches — not the global control flow of the machine. The relevant context fits in a prompt. Non-local reasoning about
interactions scattered across a codebase is exactly what exceeds an LLM’s working context and is hardest to verify

after the fact.

Static contracts catch “plausible but wrong.” An LLM is good at producing code that is locally plausible; a tight
static contract is what catches the cases where plausible is not correct, and it does so at the build step rather than three
seconds into a flight. The type system is small; array dimensions are static, so a shape mismatch in a linear-algebra
builtin is a compile error rather than a runtime surprise; transition requests lower to an enum, so a typo in a transition
name fails the build; and the no-allocation property is enforced by a scan of the generated code (Section IV). The
restriction list of Section VI is itself a feature: each forbidden construct is one fewer way for a generated controller to

be non-deterministic or unbounded, and the compiler’s rejection message tells the agent precisely what to change.

Determinism makes verification cheap. A non-deterministic collaborator’s changes must be verified against a fixed
baseline, and flaky verification is corrosive to an automated edit-test-review loop. Because runs are deterministic (a
fixed tick, a static schedule, seeded noise in the simulator), an AlgTwin assertion of Section XI either holds every
time or fails every time; the agent can run the suite after every change and read an unambiguous pass or fail. The
content-hash build cache and a fast-compiling backend keep a compile step inside the agent’s correction loop cheap,
which in aggregate is the difference between an agent that iterates freely toward a working controller and one throttled
by its own toolchain.

The same experience also showed where machine authorship was most fragile: precisely where guarantees thinned
to convention — the stale-artifact trap of Section VII (an edited source has no effect until the plugin is rebuilt), and
silent NaN propagation on the numeric path. The lesson generalizes and is the same one safety-critical practice teaches:

convert as many correctness obligations as possible from conventions into checks that fail loudly at build or test time.

XIII. Related systems and analogies

Autopilots: ArduPilot and PX4. FCSL is closest in spirit to the open-source autopilots. It shares their hardware-

abstraction discipline (FCSL’s HAL deliberately mirrors ArduPilot’s AP_HAL and AP_* sensor frontends), their explicit
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flight-mode state machines, and their “same code in SITL and on the board” methodology [13, 14]. It differs in being
a language and code generator rather than a C++ framework: control logic is specified declaratively and compiled,
the schedule is static and single-threaded by construction, and the no-allocation property is enforced by the generator

rather than left to reviewer discipline.

Robotics middleware: ROS2. ROS 2 composes nodes communicating over DDS topics with dynamic discovery
and largely event-driven execution [15, 17]. FCSL’s connections resemble topics, but the graph is static (fixed at
compile time), the execution is a single deterministic tick rather than a set of concurrently scheduled callbacks, and
there is no runtime discovery. FCSL can nonetheless interoperate with a ROS 2 graph by speaking CDR over a Zenoh-

to-DDS bridge — notably, ROS 2 itself now offers a Zenoh middleware, so the transport choice is convergent.

Synchronous and model-based languages. The deepest lineage is the synchronous dataflow and statechart tradi-
tion: Lustre and Esterel and their certified industrial descendant SCADE, and the statechart formalism behind MAT-
LAB Stateflow [5, 6, 7, 4]. These compile a combined dataflow-and-mode specification into statically scheduled,
statically bounded code, and SCADE-generated code flies in certified avionics. Giotto and the time-triggered architec-
ture contribute the static, rate-driven schedule; Ptolemy contributes the actor-oriented separation of computation from

coordination [8, 9, 10]. FCSL is a small, Python-flavored member of this family; it is not itself a certified toolchain.

Certified flight software in aircraft and spacecraft. The principles FCSL adopts are the ones embodied, at vastly
greater scale and rigor, in production flight computers. Commercial fly-by-wire systems are built to DO-178 soft-
ware assurance and run on partitioned, time-deterministic avionics platforms (ARINC 653) on architectures such as
the Boeing 777’s triple-triple-redundant primary flight computer and Airbus’s fly-by-wire suite, where determinism,
bounded resources, and extensive in-the-loop validation are non-negotiable [1, 19, 20, 21]. Crewed spaceflight has re-
lied on the same discipline since the Space Shuttle’s Primary Avionics Software System, whose redundant design and
exhaustive verification are a touchstone for the field [22]. Architecture description for such systems is itself standard-
ized (AADL) [23]. FCSL does not claim this assurance level — it is a prototype — but its choices (static schedule, no
dynamic allocation, explicit modes, generate-from-specification, simulation-to-flight continuity) are deliberately the

same choices, in miniature, that the certified systems make.

XIV. Limitations

FCSL is an early prototype, and several aspects are explicitly subject to change. User-defined structs are currently flat:
fields must be scalars, with no nested structs and no arrays inside structs. The WCET budgets of Section V measure

and react at runtime but provide no static timing or worst-case execution-time analysis. The entire HAL layer — its
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wire format, the simulator-side bus model, and the partial-hardware composite HAL — is experimental and expected
to evolve, and the serial link layer of Section IX so far ships with in-process and UDP bindings only (UART and
Zenoh bindings are planned). The no-allocation guarantee covers the FCSL-generated control path; @extern code
can allocate internally, and the property is enforced by a source scan and by the narrowness of the language rather than
by a formal proof about the final binary. None of these undercut the design thesis; they mark the boundary between

what is implemented and what is intended.

XV. Conclusion

FCSL specifies a flight computer as a graph of small algorithms scheduled by an explicit state machine, written in a
restricted Python dialect and compiled ahead of time to native code with no dynamic allocation on the control path. A
single hardware-abstraction interface lets the identical compiled controller run in software-in-the-loop, in hardware-
in-the-loop, and on real hardware, with only the implementation behind the interface changing. The same structure is
an engineering workflow: each subsystem is an independent algorithm behind typed ports, composed by the compiler
from declared connections rather than by hand-written glue, scheduled only in the states that need it, and testable —
in isolation, in groups, or as the whole machine — from ordinary Python tests against the same compiled artifact that
flies. These are not novel principles — they are the principles of synchronous languages, time-triggered scheduling,
safety-critical coding standards, certified avionics, and plain modular software design — but FCSL packages them in
a small, approachable form and wires them directly into a simulator so that the path from a Python control law to a

flown binary is short and continuous.
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