Creniamizarisi ma0IoOHIB — e MEXaHi3M, 110 J03BOJISIE MMEPEBU3HAYUTH TIOBEIIHKY
mabJIoHy I KOHKPETHUX THINB a00 3HadeHb. Creriamizallis OyBae MOBHOO, KOJIM HAIaHO
BCi mmabioHHI mapameTpu (MO CyTi, CHEMiaji3ailis OJHOTO KOHKPETHOTO BHIAAKY), 1
YacTKOBOIO. SICKpaBHM TPUKIAAOM € std::vector<bool>, SIKHH € YaCTKOBOKO CIIEIialli3alli€ro
std::vector<T>. 3aMicTh TOTO, 100 30epiraTu KokHE OylieBe 3HaUEHHS B OKpeMoMmy OaiTi (110
mpu3Beno 6 1o 700% HAITUIIKOBUX BUTPAT IMaM'sTi), CHeEIliali30BaHa BEPCisi BUKOPUCTOBYE
0iToBI TOJIs, 30epiratouu 8§ 3Ha4YCHb B OJTHOMY OaWTi.

Creniamizanisi TakoX Bifirpa€ posib YMOBH 3YIHUHKH B PEKYPCHBHUX MeTa(yHKISX.
Posrasaemo metadyHKIio ;i oounciaeHds ancen @idonawdi:

Fibonacci,= Fibonacci, _,+ Fibonacci,_,,n=2,3,...
OcHoBHUI mA0OJOH peallizye PeKypCHBHE MpaBuio, a crerjamizamii aist 0 ta 1 HamawoTh
KiHIIEBI 3HAYCHHS JIs 3yITMHKH PEKyPCii.
template<int n> struct Fibonacci {
static consteval int fib() {
return Fibonacci<n - 1>::fib() + Fibonacci<n - 2>::fib();
}
|5
template<> struct Fibonacci<1> { static consteval int fib() { return 1; } };
template<> struct Fibonacci<0> { static consteval int fib() { return 0; } };

EdexTuBHICT TakuMX OOYHUCIICHh MOXHA MiJBUINUTH 32 JOMOMOIOK KEIIyBaHHS,
30epiraloun BXK€ OOYHUCICHI pEe3ylbTaTH y CTaTUYHUX WIEHaX KJIacy, LI0 JO3BOJISIE
ONTHMI3yBaTH AJITOPUTMIYHY CKJIATHICTh 3 €KCIIOHEHITIHHOT 10 JIIHIHHO].

Cua MeramporpaMyBaHHsS TOJsSTae y BHpilIeHHI peanbHux 3amad. Y 2001 pomi
Amngpeii Anekcannpecky [3] chopmymoBaB 3amady peanizauii maOnoHY NpPOEKTyBaHHS
«Abcmpaxmua Dabpura» 3 €TUHAM IIa0JIOHHUM MeTOIOM Create<T>. Ha Toii yac enerantHe
pitieHHs. OyJi0 HEMOXKJIMBUM, 1 JOBOAWUJIOCA BHKOPHCTOBYBATH TIPOMI3IKI MaKpOCH
npenpouecopa. CyyacHe MeTanporpaMyBaHHsI JO3BOJISE BUPILINTH IO 331a4y 3a TOTIOMOTOIO
CTPYKTYpH HaHWX chucky TwmiB (type list). Taka ¢aOpuka moxke mepeBipsATH Ha eTari
KOMITUTATI{, 91 BXOJWUTH MIEBHUIM THI J0 CIUCKY MPOAYKTIB, SIKi BOHA MOX€E CTBOPIOBATH, 1 IH
MOXIIMBO HOTO CKOHCTPYIOBATH 3 HaJIaHUX apryMeHTiB, BukopuctoBytoun SFINAE.

type_list<Triangle, Rectangle, Circle> factory{};

Triangle* t = factory.create<Triangle>(3, 4, 5);

Takwii miaxig poouts (GabpuKy «IpyKHBOIO N0 IAOJOHIBY» 1 JO3BOJISE JIETKO i
PO3LIMPIOBATH, HE 3MiHIOIOUH iICHYIOUMH iHTepdeiic.

TaxuM 4MHOM, MeTanporpaMmyBaHHs mabdiaoHamy B C++ BUBOAUTH HAC 32 PAMKH YUCTO
IMIIEpaTUBHOTO TMPOTrPaMyBaHHs, JO3BOJISTIOYM BHUKOHYBATH CKJIaJHI OOYMCIICHHS Ha eTari
KOMITUJIALIT, reHepyBaTH e(peKTUBHUI KOJ Ta peali3oByBaTH CKJIaAHI MAaTEPHU MPOEKTYBAHHS
€JIEraHTHO Ta O€3IMEYHO 3 TOUYKH 30y THIIB.
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Abstract: Modern UAV and UGV technologies are highly competitive dynamic field of
applied research and development. Mainstream software stacks being used include PX4,
ArduPilot, Betaflight, as well as ROS2 — a modular computing environment for processing
sensor data streams, running perception and control algorithms, as well as software-in-the-
loop simulations. In our research, ROS2 integration with Betaflight for on-board sensor data
streaming is implemented and tested.

Keywords: data streaming, digital twin, ROS2, UAV, Betaflight.

Introduction

The ultimate goal in unmanned aerial vehicles (UAV) research is to enable high-speed
perception, mapping and planning, which requires software-in-the-loop and hardware-in-the-
looop simulation and training. It will allow full autonomy in multiple applications —
surveilance, military, disaster recovery, agriculture and logistics.

Robot operating system (ROS2) is one of the tools for achieving the goal. It’s data
streaming model consists of topics and nodes as publishers/subscribers, allowing one-to-many
distributed communication between system components. We focused on the integration of
ROS2 middleware with the mainstream flight control stack to enable data collection and
sensor fusion. Our expected outcome was to understand the limitations, data rates, processing
latency and standard deviation that can be achieved with the off-the-shelve hardware.

Related work

The open-source tooling and the ecosystem has greatly improved, fuelling wide spectrum
of research in UAV flight simulation, perception and control. Two popular flight control
software stacks, both PX4 and Ardupilot, are targeted at RnD, industrial and commercial use.
Survey [1] has brief introduction into the ecosystem, and there are multiple examples of PX4
integration with companion computers [2], [3].

Betaflight-based flight control stack gained it’s reputation as affordable, user-friendly
and effective in Ukraine, though not optimal for autonomous applications. However, it was
shown in [4], that despite limited support for MAVLink, Betaflight integration with
companion computer is possible via MSP protocol. Another example is indoor racing
platform running Betaflight with NVIDIA Orin NX companion, ROS2 middleware, sending
control commands and reading IMU data via MSP [5].

The gap in Betaflight’s integration options presents a good research opportunity, as
design and implementation of autonomous flight control algorithms is a crucial task today.

Results

An optimal companion computer in terms of price/productivity in our task was the
Orange Pi Zero 3 series. Flight controller GOKU F405S was running Betaflight 4.5.2.
Implementation steps needed for our experimental set up on the Companion include but not
limited to:

* configure ROS2 docker container with USB serial link to flight controller,

* research MSP protocol structure and message format,

* implement MSP bridge node to poll Betaflight and publish to ROS2 topics,

* insert timestamps into the data stream for latency measurement,

* implement data sink node for ROS2 bag storage and MQTT streaming.

We found the upper rate limit of Betaflight’s MSP implementation to be at 100 Hz.
Increasing request rate did not increase response rate over this limit. Read rate measurements
in Table 1 were obtained at the bridge node using standard ROS2 topic monitoring tools. File
write latency was calculated at the Data sink node by inspecting timestamps in ROS2 Bag file
and comparing them with original read timestamps. Barometer and IMU packets mean write
latency was 2.47 and 8 ms respectively, with standard deviation of 1.6 and 9.5 ms. P95
latency was around 5 ms for barometer and 26 ms for IMU datastream. Note, that IMU packet
is larger, as it contains both accelerometer and gyroscope sensor readings.
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Figure 1. ROS2-MSP integration schema for Betaflight telemetry and control.

Finally, the MQTT data sink was implemented and tested over Wi-Fi connection. Due to
the networking overhead the latency was higher: P95 latency of 27 ms for barometer and 125
ms for the IMU. In this case, the MQTT broker (EMQX) on the laptop was used to receive
data from the companion computer for analisys, visualization and storage.

Sensor MSPread MSPread MSPread MSPread Filewrite  MQTT write
rate, Hz rate, min, rate, max, rate o, ms latency, latency,
ms ms mean, ms  mean, ms
IMU 99.4 0.1 5.2 0.57 8 105.7
Barometer 99.6 0.1 3.5 0.71 2.47 17.7

Table 1. Metrics for sensor data streams over MSP and MQTT protocols.

Conclusion

Data streaming integration with popular flight control stack was implemented and tested.
We showed that MSP protocol in Betaflight has rate limitation. Using pull mode for querying
single sensor, we achieved the maximum frequency of up to 100 Hz and measured the
latencies for MQTT target. Future research will focus on sensor data fusion for reliable
navigation in complex environments, as well as running quadcopter control algorithms on
companion computer.
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