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EKCIIEPUMEHTAJIBHA OHIHKA IMPOAYKTHUBHOCTI METOAY
KOHTEWUHEPU3AIIIL B BOPTOBOMY INPOTPAMHOMY 3ABE3IEYEHHI
HAHOCYIIYTHHUKA CUBESAT

00’°ckm 00cnidxHcenHs — 064UCTI08ANbHA ePEKMUBHICMb PISHUX CUCMEMHUX apXimeKkmyp 60pmoeo2o npozpa-
MHO20 3abe3neyennss 6opmosux obuucnosayie nanocynymuukie CubeSat. IIpedmemom docnidxcenns c naxia-
OHI 8UMPAMU HA 0OYUCIEHHA NPU BUKOPUCMAHHI MemoOy Koumelunepuzayii 8 no6yoosi bopmosozo npozpam-
Ho2o0 3a6e3neyenns narocynymuuxie CubeSat. Mema pobomu — excnepumeHmanbHO 00IPYHMY8AMU BUCHOBKU
U000 MOJCIUBOCHI MA OOYIALHOCHIE GUKOPUCMAHHS MeMOOy KOHmelHepu3ayii 6 00pmogomy npoepamHomy 3d-
besneuenni nanocynymuuxie CubeSat. 3a60anna: o6rpyunysamu Heo 6XiOHICMb NOULYKY HOBUX APXTMEKMYDHUX
piwenb 6 6opmosomy npoepamtomy 3abesneuenni Hanocynymuuka CubeSat, sukxonamu nopisHAIbHUL AHANI3
nepesae ma HedONIKi@ BUKOPUCTAHHS MOHOIIMHOT (KNAcuyHoi) ma MiKpocepeicHoi apximekmypu @ 60pmoeomy
npoepamnomy sabesnevenni nanocynymuuxa CubeSat, 00Tpynmysamu 6udip cucmemHo2o npoepammHozo cepe-
008UWA BUKOHAHHA KOHMEUHepis, SUSHAUUMU TMUNO8Y CHPYKMYpY npoepamuozo sabesneyenna CubeSat ma
cmpamezio adanmayii koumetineprozo cepedosuwa WASM3 6 onepayitiny cucmemy FreeRTOS, pospooumu
NAaH ma npoeecmu eKCcnepuUMeHmanbHi 00Ci0NCeHH s, 3d Pe3yIbmamami AKUX copMyaI08amu 8 UCHOBKU U000
MOACIUBOCIE MA OOYIILHOCII BUKOPUCTHAHHS KOHMEUHEPHOI apXimekmypu ¢ 00pmog8oMy Npo2pamHoMy 3a0e3-
neuenni Hanocynymuuxa CubeSat. Bucnogku. Y 00cnioicenni npooemMoHcmpogana akmyaibHiCms po3pooxu
npoepamHozo 3abe3neyents HaHOCYNYMHUKIE HA OCHO8I MiKpocepgicié ma konmelinepie. Ompumani excnepu-
MEeHmANbHI pe3yabmamu 0036801810Mb NOPIGHAMU NPOOYKMUBHICIL OOPMOE020 00HUCTI8AYA 3 GUKOHAHHS Pi3-
HUX aN2opuUmMie, peanizo8anux 3a 00nomo2oio mogu npoepamysanns C (euxonanmns na 3anisi, Bare-Metal) ma
apximexmypu, no6y006anoi Ha ni0X00i MIKpOCEpPBICi8, PO32aNyiCeHUx MidC KOHmMeUHepamu cepeodosuya
WASM3, wo eukonyromocs nio kepysannsm OCPY FreeRTOS ma pospo6aenux 3a mosamu C ma C++. Ochos-
HUM BUCHOBKOM POOOMU € 3HAUOeHa MOJICIUBICIb gukopucmanus anapamuoi naamegpopmu «Falco SBC/CDHM»

y sKkocmi 00CmynHoi ma nomyaschoi oouuciosanvioi nramepopmu oas nanocynymuuxie CubeSat.

Kniouoei cnosa: CubeSat; nanocynymnux;, COTS;
Mikpocepgicis,; npoepamme 3a6e3nevenns; WASM3;
OHI gumpamu.

Beryn

JBamiaTe I'STh POKIB TOMY mpodecopu Pobept
Teirrc (Crendopncekuii yHiBepcuteT) 1 xopai Iyu-
Cyapi (Cal Poly — KanihopHiliCbkuil MOITEXHIYHUN Y Hi-
BEPCUTET) 3MIHICHUIN BaXXIMBY 3MiHY B Iapaiurmi Koc-
MIYHHX JOCIIPKEeHb, PO3poOHBIIM KOHIENT 10-caHTIMe -
TpoBOTO HaHOCymyTHHKA - CubeSat [1]. Ile 3po6mumo xo-
CMIYHI JOCTIDKCHHS Ta HAayKy JAOCTYIHIMIUMH Ui CTy-
JICHTIB. 3a MeHIIe HbK JecsTh pokiB CubeSats nmepetBo-
PUIIMCS 3 OCBITHIX IHCTPYMEHTIB Y CTAaHAAPTHY IMaaTdo-
PMy Wi IeMOHCTpallii TeXHOJOTiH 1 HayKOBUX JOCIHIi-
JDKeHb. BHKOPHCTAaHHSI KOMEpPUIHHMX FOTOBUX KOMIIOHE-
utie COTS (Commercial Off-The-Shelf) [2] i miniatro-
pH3allisl TeXHOJIOTIH TPU3BENN JIO CTBOPEHHS 0arathoX
Miciif i3 3Ha4HOI0 HayKOBOIO HiHHICTIO [3].

Kosxxen 670k CubeSat MiHIMAJILHOTO THUIIOPO3MIPY
1U mae posmipu 10x10x10 ¢m2 i macy mo 1,33 kr. Taxi
6okM MOXyTh 30upaTHCh B OimbIl BemuKi 30ipKu

bopmosuil 06uuCII08aY,; KOHMEUHEPU3AYIs, apXimekmypa
Fopusimep/Falco; obuucniosanvra ecpekmusnicms, Haxia-

HAaHOCYNyTHUKIB. Bike peanizoBaHo KoH]irypauii
CubeSat 3 1, 2, 3, 6, 12 ta "asite 27U 115 3a70BOJICHHS
MOTUTY Ha OUTBIII MOJJIMBOCTI HaHOCYMyTHHKIiB. Cra-
HoM Ha 31 TpaBHA 2024 poKy HAMITOIIMPEHIIIMMH € KOH-
¢irypauiil 3U (41%), 6U (15%) i 1U (12%) (puc. 1).
OCHOBHMMH IlepeBaraMM HaHOCYIyTHHKIB Kiacy
CubeSat, y nopiBHsIHHI 3 TpaUIIHHUMU CYyITyTHUKAMH,
€ HHU3bKa BapTICTh, MOJyJIbHA MOOYAOBAa 3 HOBTOPHHUM
BUKOPUCTAHHAM OKPEMUX ITICHCTEM 1 3HAYHO MEHIIHH
gac po3po0Oku. OrHaK BOHA MarOTh IPOOJIEMH 3 IPOJIyK-
THBHICTIO Ta HaAIAHICTIO. ICHYFOUi NMpOIECH MPOEKTY-
BaHHS, pO3pOOKH, 3a0€3MEeUEHHS IKOCTI Ta SKCIUTyaTallil
noTpeOyI0Th yAOCKOHAJeHb. HaHOoCymyTHUKH, PO3p00-
7eHi B yHiBepcuteTax [4], mepecninyrote OCBiTHI, Hay-
KOBi Ta TEXHOJIOTIYHI I, 3aTyd4aloyd CTyACHTIB 10 KO-
MaHIHO{ poOOTH, BUIPOOOBYBaHHS HOBHX KOMITOHEHTIB
i ;eMoHcTpanii iHHoBariiHX Miciit. CubeSat cTamm He-
BII’€MHHMM KOMIIOHeHTOM cy4yacHoi STEM-ocsitu [5, 6].
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Puc. 1. KitbKicTh 3amyIeHUX HAHOCYIYyTHHUKIB B 3aJIC)KHOCTI
BT ix po3Mipy (ctanoM Ha TpaBeHb 2024) [7]

Hanocymytauxu CubeSat maioTe He3alIexKHE Kepy-
BaHHS JKUBICHHSM, TeMIIEPATypPHUH KOHIPOJb, Kepy-
BaHHA JAHWMH, KOHTPOJb OpIEHTAMil, CHCTEMY 3B’SI3KY
Ta HaBiraiiro. HaHOCYyTHUKH UBISITECS Bil COHSIYHHX
€JIEMEHTIB Ha OCBITICHIA YacTHHI OpOiTH, Ta BiI XiMid-
Hoi Oatapei mpu HecTadi coHsSUHOI eHepril. CraHmapTH-
30BaHi cnenudikanii modynosu CubeSat MiHIMIZyIOTH
PU3UK 11 PaKeTH-HOCIA Ta IHIMNX KOPHCHUX HaBaHTA-
KEeHb, pO3MINICHUX Ha Hiil. MoayJIbHA CTPYKTypa J03BO-
Jg€ JIeTKO KOMOIHYBaTH Pi3HI KOMIIOHEHTH JUII PI3HHX
MICiif, IO CHPOIIYE iX MPOEKTYBaHHs, IHTETPAIlil0 Ta IMO-
BTOPHE BUKOPHUCTAHHS.

KimouoBa nmepeBara ctaHIapTH30BaHUX crenudika-
it s CubeSats mosisirae B ToMy, 0 BOHU MiHIM3YIOTh
PU3UK IUI1 PEINTH PaKeTH-HOCIA Ta iHMMX i KOPHCHUX
HaBaHTaxeHb [8]. Bimminennss CubeSat Bin Hocis 3miiic-
HIOIOTBCS Yepes aucrencepu, Hanpukian P-POD (Poly —
Picosatellite Orbital Deployer), po3po6nenuii CalPoly.
CubeSats katanyseTytoTecs 3 P-POD micns qocsirHeHHs
op6iTH 1 MOYMHAIOTH CBOT MICii.

bmmspko monoeuau Mmicii CSLI (CubeSat Launch
Initiative) [9] npoBomsiTh HAayKOBI JOCIIDKSHHS, BKIIIO-
YJal04u KOCMIYHY TIOTOJy, HAyKH Npo 3eMIto, 6i0JIoTiro,
BMBYEHHS HABKOJIO3EMHHMX O0’€KTIB, KIIIMaTU4YHI 3MIHH,
CHITOBE TMOKPHUTTA, OpOiTalibHE CMITTA, IIAHETOJIOTIIO,
acTpoHOMIIo Ta reiiodizuky. Husbka BapTicTs po3poOKu
CubeSat no3BoJIsi€ BAKOHYBATH PU3MKOBaHI IPOEKTH, He-
MOXJIMBI i 9ac MacmTabHuX Miciit NASA.

3a3Buuail 70 CKIaAy THIOBHX HAHOCYILyTHHUKIB
CubeSat BX0IITh HACTYTIHI €JIEKTPOHHI CHCTEMMU:

- OoproBuii obuncmosau (OBC(D) — On Board
Computer (and Data));

- cucrema opientanii  (ADCS - Attitude
Determination and Control System);
- cucrema eneproxupineHus (EPS — Energy

Power System);

- cucrema 3853ky (Comm, a6o COM);

- xopucHe HaBaHtaxkeHHs (Payload) , sike Bnacue
1 CTBOPIOE KOMEPIIHHY KOPHUCTh Bill HAHOCYITY THHKA.

- Cucrema kepyBauus jmpurynom (Propulsion
Control System), sika 3a3Buuaii BAKOPUCTOBYETHCS B JI0-
cTatHbO Benmkux (6U+) HanocymytHukax CubeSat.

Jlo CubeSat TakoX BXOIATh HEENEKTPOHHI KOMIIO-
HEHTH, Taki K COHsIYHI MaHe, OaTapel, aHTeHH, IBUTYH
a0o0 JeKilbKa JBUTYHIB Ta MEXaHIYHAa KOHCTPYKIIis, Ha-
BKOJIO SIKOi 30MparoThCst BCi Moy (puc. 2).

VY neskux pmocuTh ckiagHux 30ipkax CubeSat
OBC(D) ta ADCS 00'emHYIOTBCSI B €IMHUH MOIYJb 00-
po6xku komana (CDHM — Command and Data Handling
Module).

3 TOUKU 30py PO3MOJIUTY 0OUYUCITIOBAIBHUX 3aBIaHb
Ha OOpTy BUAUIMMO JBa MiAXOJH: IICHTPAi30BaHU,
ko OBC/CDHM BukoHye Bce, a BCi iHIN KOMIIOHEHTH
MiHIMaJdbHO aKTHBHI (pHc. 3), Ta PO3NOAUICHUH, KOJH
OBC/CDHM mumie koOpauHYy€ poOOTy HIINX KOMIIOHE-
HTIB CHCTEMH, & KOXXCH KOMIIOHCHT BHKOHYE BJIACHY

nporpamy (puc. 4).
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Puc. 2. TunoBa cTpykTypa Ta KOMIIOHEHTH
HanocynyTHHka CubeSat po3mipy 3U

1. Orusia cy4yacHOro cTaHy Ta BUMOT
1o ooprosoro I13

Hanani ocHOBHY yBary 0yje nIpHIiieHO 60pTOBOMY
nporpamHomy 3a0e3neuennio (I13), ockimbku OOpTOBE
13 3a3Buyail € CKIAAHIIUM IsI PO3POOKH, MIATPUMKH

Ta eKCIUTyaTallil, HDK amapaTHa 4YacTWHA 3 HACTYIHHX
MIPUYHH.

1. Cxnagmicts po3poOku Ta TectyBaHHs: 113 mo-
BUHHO B3a€MOISITH 3 YUCICHHUMH {HITUMU IpOTrpaMaMH
Ta CUCTEMaM¥ Ta BPaXOBYBaTH 0374 MOMIIMBHX CIICHA-
piiB BUKOPUCTAHHS, IO YCKIIAJHIOE HOTO PO3pOOKY 1 Te-
CTyBaHHS.

2. TlocTiifiHi OHOBIICHHS Ta MIATPMMKA HEOOXITH i
IUTl BUNPABJICHHS OMIJIOK, TIOKPAIICHHS ()YHKIIOHAb-
HOCTI 1 3a0e3neueHHs Oe3MeKH.

3. 13 mae 6yTH CyMiCHUM 3 PI3HUMH anapaTHUMU
KOMIIOHEHTAMH, III0 MOe OyTH CKIAJHUM depe3 Bapia-
il y TeXHIYHHX XapaKTepHCTHKaX Ta MOXIHMBOCTIX 00-
JaTHAHHS.

4. boproBe II3 mpairoe Ha eHEPTETUUHO OOMExKe-
Hilf mnaThopMi B peKHMi peansHOro 4acy, 10 HaKIajae
JOJIATKOBI BUMOTH J0 €HEPTETUYHOI e()eKTUBHOCTI TPO-
rpaMHOi peami3alii alrOpuTMiB, MBUAKOCTI Ta HaAIHHO-
CTi 00pOOKH TAHUX.

Crarra [10] BuOUTsie HACTyIHI KIFOYOBI HE(YHKIN-
OHaJbHI BUMOTH 10 I13 HAaHOCYITy THHKIB:

-  Haoimicme: 3axUCT Bi 300iB Ta BiIMOB, CIIPH-
YUHEHHUX 30BHINMHIMU (aKTOpaMHU, TAKUMH SIK BUIIPOMi-
HIOBaHHA, €KCTPEMaJbHi TeMIEpaTypH TOLIO, 3AATHICTH
BHSIBIIITH, 130JIFOBATH Ta BIJHOBIFOBATHCS IIiCisA 3001B,
peamizaris 0e3MmeYHuX PeXKUMIB I 3aMmo0iraHHs KPUTH-
YHUM BiIMOBaM; BAKOPUCTAHHS HAHHUX KOM YHIKaIlii-
HUX MPOTOKOJIB 3 MEPEBIPKOI0 MOMMUIOK, MOIKIIHMBICTH
MPOTPaMHOTO PEe3epPBYBAHHS KPUTHYHHUX JAHUX Ta 3aBa-
HTa)XyBayiB;
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Puc. 4. JlenentpanizoBana (po3mnojiieHa) opraHizamis oouncnens B CubeSat

- MoOyabHicmp: 4YiTKa IHKANCYJAISI Ta iHTEp-
¢eiicn MoIymiB, MOB'SI3aHUX 3 KOPUCHUM HaBaHTa)KEH-
HSIM Ta MACUCTEMaMH, JIeTKa 3aMIHHICTb Ta pO3IMIMPIOBa-
HICTb IUX MOJIYJIB JUIA Pi3HUX MiCii, migTpuMKa MacIi-
TaOOBaHOCTI IS JI0JaBaHHsI/BUIAJICHHS MOJIYJIiB, 3a0e3-
MIEYCHHS 3/IATHOCTI OHOBIFOBATH OKPEMi MOJYyJi Ha Op-
OiTi;

A6MOHOMHICMB: MOKJINBICTH

aBTOHOMHOTO
IUIAHYBAaHHA 3aBJaHb Ta ASTIBHOCTI CYIyTHHUKA, TeHepa-
Lisl pO3KIaliB BUKOHAHHS Ha OOPTYy Ha OCHOBI IJIel Mi-
cif Ta 0OMexXeHb CHCTEMH, TOUHE Ta IepeadadyBaHe BU-
KOHAHHSl 3r€HEpPOBaHMX IUIAHIB 3 BHUSIBJICHHSIM MOPY-
IICHb.

ApxXiTekTypHi pimeHHst 6optoBoro I13 HaHOCYYT-
HUKIB JIOCTATHHO PI3HOMAaHITHI.

13 xanancekoro npoexty CubeSat, sike mpamtoe min
onepariiiHoo cuctemoro FreeRTOS Ha GopToBOMY 00-
gucmoBadi (OBC) na 6a3i STM32, mae OGaratopiBHEBY
apXITeKTypy Ta PO3JAUICHE Ha ITSITh PIBHIB: BiJ HIXK-
HBOTO DIBHS, NMPU3HAYCHOTO MUII TepudepitHuX NpH-
CTpOiB, JI0 BEPXHBOTO PIBHS, NMPHUCBIYEHOTO 3aCTOCYH-
kam wicil. TIporokon CubeSat (CSP — CubeSat Space
Protocol) BukopuctaHo mist 3abe3neyeHHs 3B’5I3Ky MK
HmicHCTeMaMu Ta JUIT 3B’S3Ky 3 HAa3eMHHM CeTrMEH-
ToMm [11].

[t 3a0e3nedeH s HaliHOCTI pO3pOOKH IpoTrpam-
HOTo 3a0e3NeYeHHs, MOJyJIBHOCTI, 6araTopa3oBoro BH-

KOPUCTAHHA Ta MAacIITa0OBAaHOCT, B CYIIyTHHUKY
Masat-1[12] 6yno BuKOpHCTaHO OaraTopiBHEBHI Cep-
BiC-OpIEHTOBaHMH apXITeKTypHUHM mimxim, sKkui 0Oazy-

€ThCS Ha KIHIIEBOMY aBTOMATI JUI1 BUKOHAHHA (yHKIIHA
y JeTepMiHOBaHUK croci0. MoJenb KilieHT-cepBep Oyia
oOpaHa 11 MDKIPOIECHOTO 3B’SI3Ky Ta JOCTYIy [0

pecypciB, BUKOpHCTOBYI0uH eauHi API i nokpameHHs
MiKIIathopMHOTO OOMiHY AaHMMH. MexaHi3M BUSB-
JICHHS Ta yCyHEHHs HECIIPaBHOCTEH, Ta BITHOBIECHHS PO-
6omu II3 (Fault detection, isolation and recovery —
FDIR), posrmsaayTrii B myOutikaiii, 6a3yeTbes Ha iepap-
XITHUX PIBHAX, IO JO3BOJIIE BITHOBIIOBATH HECIIPABHO-
CTI Ha HIDKYMX DIBHAX, TapaHTye I30JMII0 i MIHIMI3ye
00CHT BILIABY.

[lpu gpeueHTpani3oBaHOMY MiAXOAlI peami3yeThCs
BOYZOBYBAaHHS KUIbKOX MOPIBHSHO MOTYKHHUX MPOIIECO-
PIB/MIKpOKOHTPOJIEPIB Ha KOXHI CHCTEMHIH IImaTi.
ToMy crioknBaHHS €HEpTil, CKIAAHICTh, BAPTICTh i, Ha-
perTi, AMOBIPHICTE MPHUXOBAHOT MOMMWIIKH JIOCSATAE MaK-
cuMyMy. Bemka mpo0iieMa B TakuX pO3NOAUICHUX, alie
MOHOJIITHUX CHCTeMaX BUHHUKA€ 31 CKIAJHICTIO TECTy-
BaHH, KOJIM 3yCHJUIS Ta 4ac, BUTPaueHi Ha MOIIYK IIOMH-
JIOK, € y>Ke BUTPATHUMH, a IPOCKT 3arajoM € ayxe 00-
MEXCHHH 3 TOUKH 30py 4acy Ta pecypcis.

CyyacHUH TiAXiT IO BUKOPHUCTAHHS OTIEpalliifHuX
cucteM peanbHoro yacy (OCPY), takux sik FreeRTOS,
embOS Ta Salvo, 103B0JIsIE HAJIG)KHUM YHHOM abCcTpary-
BaTH CKJIAJHICTh Ta MOJYJBHICTh CKIQAHOI cUCTeMH 0oO-
ptoBoro o6uucmosada (bO). OmHak ocHOBHa mpobiema
MOHOJITHOTO BOYJIOBAaHOTO MPOTPAMHOTO 3a0€3MeUeHHS,
fKa BCE IIE € 3aTaJbHOI0 NMPAKTHKOIO, 3aJMIIAETHCS aK-
TyanbHOI0. MOHOJITHA apXiTeKTypa MpH po3poOii mpus-
BOJUTL JIO BUKJMKIB, SIKi 3a3BUYail BKIIOYAIOTh y cebe
CKJIAIHICTh Ta Yac iHTeTpalli, OaraTo iTepariii mepenpo-
ekTyBaHHs oOMiHy nanumu Ta API, cknagHe BUSIBICHHS
Ta BUIPABJICHHS IMOMMJIOK, CKIaJHE MOBTOPHE BHKOPHC-
TaHHS TOIIO.

AKTyanpHI BHUKIMKHA TPH PO3poOIi MOHOJITHOTO
mporpamHoro 3abe3nedeHHs mii CubeSat monsraots 'y
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CKJIaJIHOCTI €TariB po3pOOKH, BIMIpaIfOBaHHsI, CYIIPOBO-
IDKEHHS Ta eKCIUTyaTallil, 0COOJMBO B BHIAIKY JCKUIb-
KOX reorpadiuHo abo KyJbTypHO pO3TalyXeHHUX KO-
MaHI. Y MOHOJITHHX MPOTPaMax Bech KOJ 30CepehKe-
HUH B 0JJHOMY OJIOII, IO MOX€ MPU3BOJIUTH JI0 KOH(ITI-
KTIB MK po3poOHuKaMu. KpiM TOTO, HasBHICTE 3HAYHOI
KUTBKOCTI B32€MO3aJIC)KHUX KOMIIOHEHTIB Y MOHOJITHHX
PIICHHSAX YCKIAIHIOE BHECCHHS 3MiH. MacmraboBa-
HICTB 4acTo cTae MpoOIEeMOI0, 0COOINBO TPHU JOJAaBaHH i
HOBUX (QYHKUIH a00 HEOOXITHOCTI MiXTPUMYBATH 3pOC-
TaHHS KOPUCTyBaLbKkoi 6a3u. Lle Takox ycKIaIHIOE Tpo-
IIeC TECTyBaHHS depe3 BEJMKHI 00CsT Koy Ta HOTo B3a-
€MO3aJICIKHOCTI, 1[0 MOJKE MPU3BECTH [0 HEIIOBHOTO I10-
KPHUTTI TeCTaMH Ta mosiBH e ekriB. Takum 4yuHOM, Be-
JIMKI MOHOJITHI CHCTEeMH MOTPEOYIOTh 3HAYHUX 3yCHIIb
JUTsT BIPOBADKEHHS Ta MATPUMKH, OCKUIbKA OyIb-iKi
3MIHHM 4aCTO BUMAararTh IIOBHOTO IEPE3aIyCKy CHCTCMH.

2. MikpocepBicHuii miaxin
10 nmodynosu 6oprosoro 113

st BUpIMIGHHS XX MPOOJeM MU MPOMOHYEMO 3a-
CTOCYBAaTH MOPIBHAHO HOBI MPHHIMIIK MOOYAOBU BOYIO-
BaHOTO MPOTPaMHOTO 3a0e3MeUeHHs, Taki K Mikpocep-
BiCHA apXiTekTypa (pHC. 5) Ta KOHIETIiT KOHTeHHEepH3a-
1ii.

ApXiTeKTypa MIKpOCEpBICIB — Iie MimXig J0 POo3po-
OKHM NpOTpaMHOTO 3a0€3MeUYeHHs, IPU IKOMY MpOorpam-
HUI 3aCTOCYHOK pO30MBa€ThCA Ha HEBEJMKI, HE3aJexKHi
Ta ciabKo MOB'I3aHi MDK cO00I0 CepBiCH, LI0 B3a€EMOIi-
016 uepe3 AP 3B'I30x MK IUMH MikpocepBicaMu
MOXe OyTH peasi30BaHMII 3a JOMOMOTOIO NPOTOKOJIB
HTTP, WebSockets, AMQP a6o nasite MQTT.

Crarrst [13] cucremaTu3ye MOTOYHMN CTAH JIOCII-
IDKeHb y chepi MepeTBOPEHHS MOHOJITHUX 3aCTOCYHKIB

Service

‘ Service

Service Vs

‘ Service

Ha MIKpOCEPBICHY apXiTeKTypy, BH3HAYa€ KIOYOBI M-
XOIM Ta IHCTPYMEHTH, a TAKOX OKpeciroe MaitOyTHI Ha-
MpsIMKH JUTs BAOCKOHAJICHHs 1[boro mpouecy. Cepen Ha-
BEJICHUX Yy CTAaTTi METPHK, SKi BUKOPUCTOBYIOTHCS JUIA
OIHKM TPOAYKTHBHOCTI TE€HEPOBAHMX MIKPOCEPBICIB ¥
MOPIBHSHHI 3 BUXITHAUM MOHOJITHUM 33aCTOCYHKOM, IS
ITOIATIBIIOTO JOCTI/DKCHHST BUJIUIMMO HACTYIIHI:

- yac BUKOHaHH# (execution time) — yac, HeoOXi-
HU U1 BUKOHAHHS IEBHUX OMepaliid abo 3aBIaHb;

- edextuBHicTs (efficiency) — mopiBHSHHA dYacy
BUKOHAHHS MOHOJITHOTO 3aCTOCYHKY Ta MIKpOCEpPBICHOT
Bepcii 1 OWIHKKA IPOAYKTMBHOCTI NEPETBOPEHOI CHC-
TEMH.

MikpocepBic € OKpEMHM CEPBICOM, CTBOPEHUM TSI
3a0e3neueHHs (PYHKIIOHAJBHOCTI 3aCTOCYHKY Ta BHKO-
HaHHA BIIOKPEMJICHHUX 3aBJaHb Y MIKpOCEpBICHIH apxi-
TekTypi. KoskeH MikpocepBic 0OMIHIOETBCS 0OUHCTIOBA-
JBHAM KOHTEKCTOM 3 iHIIUMHU CepBicaMU 4epe3 MpocCTi
iHTepdelicu 1 BUpimeHHs Oi3Hec-3amad. OCHOBHI Tie-
peBars MIiKpOCEpBICIB MOJITAIOTh Y TOMY, IO BOHH He-
3aJIe)KHO BCTAHOBIIIOBaHI, CIAOKO 3B'si3aHi, OpraHizoBaHi
HaBkoJlo Oi3Hec-3aBmaHb ((yHKUIH) Ta po3poOneHi Ta
MiITPUMYIOTECS. HEBEIMKOI OKPEeMOIO KOMAHIOK0 PO3-
po6uukis I13.

Ines BUKOpHCTAaHHA MIKPOCEPBICHOT apXiTeKTypH
BIIKpMBA€ MOJKJIMBOCTI MIirpariii U1 cio9aTKy MOHOJIT-
HOTO NPOTPaMHOTO 3a0€3MeUYeHHs 3a J0IIOMOTOIO IIad-
JIOHY IIPOEKTyBaHHS 3acTOCyHKy Strangler. IIpouec Ta-
Koi Mirpailii Ha3uBaeTbCsl «yIyILIEHHSM MOHOJITY». ['a-
Ty3b PO3POOKH IPOTPAMHOTO 3a0e3MeUeHHs MBUIKO PO-
3BUBAETHCS B HANPSIMKY BUKOPHCTAHHS TaKOTO IIIXOAY,
i icHye milla HM3Ka METPHUK Ta IHCTPYMEHTIB, HOB'I3aHAX
3 mieto Temoro [14].

[ ul )

service service service service
A

© I I
Micro—l Micro—l Micro- ‘ Micro—l

F/a@ F/aﬁa F}ﬁ Database

6)

Puc. 5. TlopiBHsHHS MOHOJITHOT (a) Ta MiKpocepBicHO1 (0) apxiTektyp moOynosu I13
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3. lekoMIO3ullisi Ta KOHTeiHe pi3ailis
SIK HACTYIIHUM KPOK 10 M00y10BU
Hajiiinoro doprosoro I13

Konteitnepusamist, 3riqao 3 xommaniero IBM [15],
sIKa € OJIHUM 3 TOJIOBHHX IHIIIATOPIB PO3POOKH KOHIIETI-
1ii Ta il BIpOBa/DKEHHS B IPOMHUCIIOBICTh, IOJIATAE B yIIa-
KyBaHHI IIEBHOTO (pYHKI[IOHAIBHOTO A0JaTKy 113 B okpe-
Muit paia — KOHTeHHep, KU CTAOUTBHO PO3rOPTAETHCS
Ta mparoe Ha Oyp-skii iHppactpykTypi [16]. Konreii-
HEpH € OUIbII MepEeHOCHUMU Ta ¢()EKTUBHHUMH 3 TOUKH
30py BUKOPHCTaHHS PECypCiB, HOK BIPpTyalbHI MalluHH
(BM), iBOoHHM cTaiu «ae (aKTo» roJJOBHUMH 0OUYHCITIOBA-
JBHUMU OJMHHUISIMU Cy4YaCHUX XMapHHX MPOrpam, ycili-
IIHO MEepPexXoaf4y ¥ Ha MEHII arapaTtHi mIaThopMu.

OcHOBHa mepeBara KOHTEHHepH3alii MOJATae B
TOMY, IO TaKHH MiAXiX JO03BOJIIE «HAMHCATH OJMH pa3
(Ha oJHIl TUTATdOpMi) 1 3amycTuTH Oy IB-1e». KoHTelHe -
pi3allis TaKoX MPOTIOHYE iHI MepeBard, Taki K i30Ji-
mist Ta cTidkicth a0 moMuiok [17], nmerke kepyBaHHS,
crpoieHa 6e3neka ToIo.

OckibKH 3HAYEHHSA BOYNOBAaHUX CHCTEM Ta BiIo-
BITHUX Oi3HEC-3aCTOCYHKIB 3pOCTa€, a MOTYXKHICTh ama-
paTypH 30UIBIIY€ThCS, PO3BUTOK MIKPOCEPBICHOI apXiTe-
KTypH Ta il ymakyBaHHS B KOHTCHHEpPH Ha BOYIOBaHHX
cucTeMax IpocyBaeTbes Brepea. Apropu crarri [18]
MIPOTOHYIOTh BUKOPUCTOBYBATH MiIXi KOHTeHHepu3awii
Ta PO3MOAUIATA THUIIOBI 3aBJaHHS OOPTOBOTrO Iporpam-
HOTO 3a0e3MedeHHs] HAaHOCYIIyTHIKA cepel KOHTeHHepiB
(puc. 6).

3aMiCTh MOHOJITHOT CHCTEMHOT apXITeKTypH, 3 BH-
KOPHUCTAaHHAM KOHTeiHepu3alil TmporpaMHe 3abe3Ie-
YeHHS MOJKHA peani3yBaTH Mo-iHmoMy. 3amicte Oara-
THOX PI3HUX MOHOJITHUX KOMIIOHEHTIB y CHCTEMi — O13-
HEC Ta KepyI0da JIOTIKa I[IX MOy B IIepEHOCATHCS B KO-
HreitHepu. KoxkeH koHTeliHep Oyle NMpencTaBIATH IIEB-
HUI KOMIIOHEHT CHCTEMH, 1 TAKIM YHHOM, CTPOTO PO30H-
BaTH (pYyHKIII MDK KOHTeHHepaMu (puc. 7).

VY oMy Mimxo[i 3acTOCYBaHHS LEHTPali30BaHUX
meToniB mooymoBu I13 «Event Hub» Ta «Event Busy, sxi
BUKOPHUCTOBYIOTHCS Il OOMIHY JAaHUMU Ta KOMaHAaMHU,
MOXe OyTH MOKpalleHO IUIIXOM BBEJCHHS IaTepHa
mpoekTyBaHHA «Bimkputuii Event Busy». Takmii matepH
Oy/ie BHKOPHUCTOBYBATUCH Y MOJYJI 3B'I3Ky IHIINX KOM-
noHeHTiB CubeSat. TakuM YnHOM, yIIPABIIHHS BCIEIO CH-
CTEMOI0 MOXeE OyTH CHHXPOHI30BaHO Ta OPKECTPOBAHO
3a gonomMoroto madsony «Cara» abo oMy moioHoro. Y
TOW K€ Yac TaKui Minxiq BUpilIye mpodiieMy CKIaIHUX
Ta HEY3TO/DKEHHX MDK c000r0 Garatopa3oBHX HOJATKiB
BOYZIOBAaHOTO MPOTPAMHOTO 3a0€3MeUeHHs Il PIi3HUX
MOJIyJIB i, OTXKe, 3MCHIIY€ 3arajbHy CKIQJHICTh TpOe-
KTY.

Jnst bOTO HepUIMM KpOKOM HEOoOXiIHO o0paTtH Ha-
JeKHE KOHTeHHEepHEe cepeloBUINe BHUKOHAHHA ((peiiM-
BopK). [licis mpoBeneHHS aHAN3y Ha CHCTEMHOMY DiBHI,
OyJo 3'sicOBaHO, MO OUIBIICT, KOHTEHHEPHHUX Cepelo-
BUII Oa3yeThes Ha mpuHIUIAaX WebAssembly, siki BHKO-
HYIOTh IHTEPIPETAIliI0 MPOTPAMHOTO KOy B pCALHOMY
yaci. WebAssembly ciouatky OyB po3po0JieHuii opraHi-
samier0 W3C sk miatdpopma it BeO-TCXHOJIOTIH Ta 3a-
ctocyHkiB. Ili3Hime, gepes Horo MomyIpHICTh, BiH CTaB
XopommM BHOOPOM I KPOCIIATOPMHOTO cepesio-
BHUIIIA BUKOHAHHS KOHTEHHEPIB 1T CHCTEMHHX Ta Oi3HeC
3aCTOCYHKIB. YaCTKOBO HOTO MOIYJIPHICTE 00yMOBIICHA
MIITPUMKOIO TUIIOBUX I BOYIOBaHUX CHCTEM MOBIIPO-
rpamyBanas C, C++ Tta Rust.

Ha croromni icuye monaxa 35 peani3aliii BUCOKOII-
poaykrmuBHEX MammH WebAssembly, mpu6misao noso-
BUHA 3 IKUX aKTHBHO HIATPHMYETHCS Ta MPOJOBXKYE CBIil
xwutreBnil muki. Ilin gac anamizy WebAssembly-peari-
3aIiii KOHTCHHEPHUX CepeJoBHUII BUKOHAHHS KOHTEWHe-
piB, BKa3aHUX BHIIE, OCHOBHA yBara Oylia 30cepeDKeHa
Ha JBOX acleKTax: MNpOCTOTI Mirpauii Ta CyMiCHOCTI 3
HaflOUTBII MOIIMPEHUMH amapaTHUMHU IaTGopMamu,
HAasBHOCTI BX€ TOTOBHX IOPTIB Ui JIETKO JOCTYITHHUX
amapataux miatpopm COTS, a takox Binkpurocti [13
cepeioBHIa, MO0 30eperTd KOHICHII0 KOMITOHEHTIB
COTS ma manocymyTHuKiB CubeSat.

RN ’4%\. /_ '\
Container 1 ‘ / Container 1 (Business Function 1) .
- X
E|| g . s _
B : uService SErTE
E & Container 2 "
2 o ~ S S
5| & @
2 2 =
g || £ 2
o g . —
Ol uService 3 - Database
N
Container n \ S _ _/-
S p. S _ )

Puc. 6. MikpocepBicH, siKi po3M0JIieHI Y KOHTCHHEPH BIMIOBITHO N0 Oi3HEC - yHKITIH
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Puc. 7. 3anporioHOBaHa KOHTEHHEPHA CTPYKTypa MPOrpaMHOTO 3a0e3edeHHS
6opToBoro porpaMmuoro 3abesneueHus CubeSat

Sk ocHOBY U1 peani3allii cepeloBUIa BUKOHAHHS
KOHTeHHepiB Ha THIMOBI amapaTHiil athopmi CubeSat
0yB 00panuit inTeprnperatopuuil meuryn WASM3 [19].
WASM3 noBHicTIO migTpuMye eHeproedeKTiBHE Ta HU-
3pkomnpoaykriBHe oOsamHanas BO CubeSat. BaxmmBum
apryMeHTOM Jyis BHOODY € Te, o WASM3 po3pobiieHo
Ta aKTHBHO MATPUMYETHCS B YKpaiHi, 110 JO3BOJIUTH aB-
TOpaM BCTAHOBHUTH MPSMHUH 3B'I30K 3 KOMAHIOK PO3PO-
6HnkiB WASM3 Ta 3a0e3nednTd mojansiry poboTy 3
BUKOPHUCTaHHS KOHTEeHHepiB 11 3acTtocyHkiB CubeSat.

INoennanHsA mepeBar MIKpOCEPBICiB i KOHTeHHEpH-
3amlil — e BUPINICHHS MPOOJEeMHU MOHOJITHOTO KOy,
IIUBIXOM PO3MOUTy MIKPOCEPBICIB y HaOip KOHTEeHHEPIB
BiMOBiIHO 10 Oi3Hec-QyHKUiH. BaxkmBumu nepesa-
raMu KOHTeiHepu3alil € MOXKIMBICTE PO3POOKH Ta Tec-
TyBaHHS KOHTEWHEpa Ha 3BHYATHOMY MEPCOHAJbHOMY
KOMIT'IOTepi, 30JIAIis Bi IHIMNX pO3pOOHUKIB I YHHU-
KHEHHS KOH(JIIKTIB Ta CIPOIIeHE MPOQ UTFOBAHHS POy -
KTUBHOCTI KOHTeiHepa. KoxxeH koHTeitHep Oyae ckiama-
THCSI 3 HabaraTo MEHIIIOTo MiAHA00PY MIKpOCEPBICiB, MO-
B'I3aHUX 13 BHCOKOPIBHEBHMMH THIIOBUMH 3aBIAHHSIMH
HaHocymyTHHKa CubeSat, HampukIaj, miICHCTEMa KO-
myHikarii — COM, abo miacucTeMu BU3HAUCHHS Ta Kepy-
BaHHA opieHTaniero — ADCS.

4. IMocTaHoBKa 3aga4i
T'onoBHaA MmeTa OO0 Z[OCJ'IiIDKCHHH noJjerae 'y nmpak-

THYHOMY OOTPYHTYBaHHI JONUIBHOCTI 3aCTOCYBAaHHS ap-
XITEKTypH MIKpOCEPBICIB Ta METOAy KOHTeHHepu3alii y

0OpTOBOMY MpOrpaMHOMY 3a0e3leueHHi HaHOCYMyT-
Huka CubeSat. MikpocepBiCHHH MHinXil BiIKpHUBae IIH-
pIIi MOIJMBOCTI IjIi CaMOCTIHHOT PO3pOOKH OKpEeMUX
CTyICHTCBKUX MPOEKTIB Ta iXHHOTO IOJAIBIIOr0 00'en-
HaHHS B IUNCHY cHCTeMy. BTiM, rmoctae HarajpHa IOT-
peba oIIHUTH I0JATKOBE HaBAHTA)KCHHS HA 0OUYMCIIOBA-
JBHI pecypcH, CpuIuHeHe QyHKIIIOHYBaHHAM KOHTEH-
HepiB. ADKe HE3alepedyHHUM € TOW (akT, 10 MOHOJITHA
Iporpama, CKOMIiIbOBaHA Ta ONITUMI30BaHa IiJ KOHKpe-
THUH HPOLECOp, 3aBXK/M JIEMOHCTPYBAaTUME BHUIILY IIBH-
JKOJUI0 MOPIBHSIHO 3 MPOrPaMolo, sika BUKOHYETHCS Ye-
pe3 cepeloBHIIEe BUKOHAHHS KOHTEHHEPIB - IHTEpIpeTa-
TOD.

JocnimKkeHHs CTaBUTh i1 BUPILIEHHS HACTYIHI
3aBJIaHHS:

- O0OTpyHTYBaTH HEOOXIHICTh TMONIYKY IHHOBa-
OIHHUX apXITeKTypHUX IIIXOMB O PO3poOKH GopTo-
BOTO MPOTPaMHOrO 3a0e3MeveHHs HAHOCYIyTHHKA
CubeSat, 3mjiicHUTH TPYHTOBHUMN MOPIBHSUIBHUN aHaIi3
mepesar i HeJIOJKIB MOHOJITHOT Ta MIKpOCEPBICHOT ap-
XITeKTyp y KOHTekcTi OoprtoBoro II3, 3pobutu BuOip
IIPOTrPaMHOTO CEpEeIOBHUIIA BUKOHAHHS KOHTEHHEPIB i
peamizarii MeToJy KOHTCHHepHU3alii Ta OKPECIHUTH TH-
MIOBY CTPYKTypYy IporpaMHoro 3abesnedeHHs CubeSat;

- PpO3NBIHYTH TNpOLEC TIepeHeceHHA (TopTy-
BaHHS) KOHTCHHEPHOTO  CEpEJOBHINA  BHUKOHAHHS
WASM3  ming omepauiinHol
FreeRTOS, po3poOutu mmaH NpoOBEACHHS CKCIEPUMEH-

KepyBaHHS CUCTEMHU
TabHOTO JOCIIDKEHHS I MOPIBHSHHS POy KTUBHO-
CTi pI3HHUX amapaTHUX IATHOPM, BU3HAYUTH MOJCIb Ta
METOJT 00pOOKH EKCIIEPUM CHTATLHUX Pe3yJIbTaTIB;
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— MPEACTABUTH PE3yJbTATH JOCIIDKEHb Ta iX 00-
TOBOPCHHS;

— POBIISIHYTH MUTAHHS TEXHIYHOT MOKIMBOCTI Ta
MPAaKTUYHOI MOIUIBHOCTI BIPOBADKCHHS METOTy KOH-
TeiiHepu3alii y 60pTOBOMY MPOTpaMHOMY 3a0e3MeUeHHI
HaHocymyTHHKa CubeSat, 3armianyBaTd HaIpsIMU Maioy-
THIX JOCIIDKCHB.

5. MeToau 1ocaimkeHn

5.1. Crparerisi HOpTyBaHH S KOHTEiHEPHOTO
cepenoBuma Bukonanust WASM 3
0 Ke pyBaHHA onepauiiin o
cucremoro FreeRTOS

Konmeniis peamsanii koHTeliHepu3anii B BO
CubeSat (puc. 8) 6a3yeThcsi Ha HACTYITHUX MOJIOKEHHS X

- KOXeH KOHTeWHep mpenctaBise abo (yHKIO-
HanpHUH 050k CubeSat (cuctema opieHTalii Ta cTadini-
3aIlil, CHCTeMa eJIEKTPOIOCTayaHHs TOomO), abo/Ta OK-
pemMy ¢yHKIiF0O OOPTOBOTO KOMITHOTEpa UYMW KOPHUCHOTO
HaBaHTAXXCHHS,

- mig Jac po3poOku i mporieciB Bepudikarii i Ba-
Jijamii KOXKHOTO OKPEeMOTO KOHTeifHepa — OKpema KO-
MaHa ab0 4JieH KOMaHAu PO3po0JIsie KOKHUM OKpeMUid
KOHTEHHED;

- 3aBEIKH Kpoc-TAaTGOpMHIA miaTpuMImi
TelHepiB, po3poOKa Ta Bepudikaris Ko)KHOTO OKPEMOTO

KOH-

KOHTeWHepa Moxe 3nificHioBatics Ha [1K, a He 000B’s13-
KOBO Ha amapatHoMmy 3abe3nedenni CubeSat.

IIpouec Tak 3BaHOrO «MOPTYBaHHS» — II€ MPOILEC
po3po6ku Ta ajanTamii oOpaHOI YaCTMHU HPOTPaMHOIO
3a0e3nedeHHs 10 KOHKPETHOI omepaliifHOT CHCTeMU pe-
aJbHOTO Yacy Ta TeBHOi amapatHoi miatgopmu. s

HAL (Hardware
Abstraction

Layer)
RTOS
OBC/CDHM
Hardware
Middleware
Container

Runtime Engine

3a0e3neueHHs ¢GyHKiionyBanHs WASM3 Ha BOyIOBa-
HUX CHCTEMaX PI3HUX THIIIB, HEOOXIHO aJamnTyBaTH Ha-
CTynHy 0a30BYy iHQpacTpyKTypy:

- (¢aioBy cucteMy o1 30epiraHHs KOHTEHHEPiB
Ta 3a0e3neueHHsT MOKIMBOCTI IX 3aBaHTAXKCHHS I I10-
JIABIIOTO BUKOHAHHS,

- xoMmanmuu#i iHTep¢eiic (CLI), skuit Hazae 3a-
coOu KepyBaHHs KOHTCHHEpaMHu, 30KpeMa ix 3aIyck, 3y-
MMUHKY Ta 3aBaHTAXKCHHS, a TAKOX JIO3BOJISIE KOPUCTYBa-
YyeBi BiACTE)KyBaTH CHCTEMHI MapaMeTpH 3aBaHTAKEHHUX
KOHTEHHEpiB B pEeKUMi peaJbHOTO 4Yacy;

- HTTP cepsep, sxuit 3abe3medye mpoctuii Ta
edekTMBHAN MexaHi3BM Oe3mpoToBoi mepemaui (Over-
The-Air) o6pasis konteitnepis 3 [IK Ha BOyI0BaHy ILia-
ThopMy. Jlns 3B'SI3Ky 3 36MHHMH CTaHLIIMH Tepeada-
YEHO BUKOPUCTAHHA NIpoTokody AX.25, iHKamncyipoBa-
Horo B HTTP.

KoMmnekcHa KOHTeHHEpHA apXiTeKTypa MpoTpaM-
HoTO 3a0e3medenHs BO, mo BpaxoBye B3a€MOJII0 3 Ha3ze-
MHOIO CTAHINI€I0 Ta BHKOPHUCTOBYE IMIHPOKO TOIIAPECHY
omepaliiiny cuctemMy peansHoro dacy FreeRTOS Bin
Amazon, npeacTaBieHa Ha PUCYHKY 9.

VY HamoMy BHIAAKY BXKe€ iCHye MOPTOBAaHHH KOJ
s BOYJIOBaHWX CHUCTEM, HaJaHWW CHUIBHOTOIO depe3
cxosume GitHub. HaiiOumemn akTyaasHEM iCHYIOUHM IIO-
pTOBaHUM KOJOM JjIsl HAIIMX 3aBJaHb BUsiBUBCA ESP32-
IDF, ToMy #ioro 00paHo sSIK OCHOBY ISl MOJAJIBIINX €KC-
MEepUMEHTAJbHUX poOIT y mift ctarr. Ilim wac mopty-
BaHHS OyJM 3p00JIeHI HACTYTHI MPUITY LLEHHS:

- KOXXCH KOHTEHHEep IPAaIIoe SIK OKpeMe 3aBIaHHS
FreeRTQS;

— KOHTeHHepH IPamoIOTh 3 IPIOPUTETOM i IIIaHY-
BaHHAM 32 MPHHIMIIOM KPYTOBOTO PO3IOJUTY dYacy
(round robin) — T06TO 3 OHAKOBMM HPIOPUTETOM

Containerl — ADCS
OBC/CDHM
Container2 ——
own tasks
Container X —— COMM

Puc. 8. 3aranpHa iepapxiuHa KoHTeliHepHa apxitektypa [13 BO nanocymyTHnka CubeSat
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Ground Station HTTP over AX.25 Transfer
(CLI, FTP, curl) WASM WASM
Container .. Container n
[ Hardware Abstraction Layer API ]
CubeSat
Puc. 9. KommnekcHa koHTeliHepHa apxitektypa I13 OBC
- aiuloBa cucteMa BHKOPUCTOBY€eThCs misi 30e-  HTTP/FTP cepsepa. CxeMaTH4HO nporec

piraHHsS KOHTEHHEpiB, i KOKEH KOHTEHHEp 3aBaHTAXY-
€TbCs Mepe]] H0ro BUKOPUCTAHHSM;;

~ 3arajbHe MOPTYBaHHS BUKOHYETHCS 3a JIOMOMO-
roto API, cenudiuaux s MikpokoHTposepa Ta OCPY
FreeRTOS.

Jns peanizauii ¢aitnosoi cucremu Oyno oOGpaHo
BOyIOBaHy (ailJloBy CCTEeMY 3 HU3BKHM piBHEM HaBaH-
taxxeHHs littleFS, sika mupoxko BUKOPHUCTOBYETHCS B iH-
JycTpil 1 € OCHOBHUM KaHJUIATOM /Ul BUKOPUCTAHHS y
CubeSat. Vci GiHapHi J0JaTKd KOHTEMHEPIB MOCTIHHO
30epiraroTecs B (haiiioBiil cUCTEMI, TOMY BOHH FOTOBI JI0
po6oTH Bimpa3y micis 3aBaHTaXKeHHS cucTeMu. st Bim-
JIATICHOTO 3aBaHTAKEHHsSI KOHTEHHEPIB 3 HA3eMHOI CTaH-
ii MOXHa PO3NIIHYTH BHKOPUCTAHHS CIIPOLICHOTO

3aBaHTaXeHHA KoHTeitHepa mo OBC/CDHM «bopusi-
Tep» mpejcTaBleHo Ha puc. 10, a mporec 3amycKy/3ymu-
sk 3aBmanb OCPY Ha puc. 11. UML nmiarpama mociino -
BHOCTe# (puc. 11) mepenbauae, o B OAMH MOMEHT 4acy
Mpalioe JUIE OJUH KOHTeHep. SKII0 KOHTEeHHep Bke
icHye B (hailyioBiii cucTeMi, HOTPIOHO JIMIIIE BUKOHATH KO-
manny «START». ¥V Bunanky peamsamii wa CubeSat
Taka KOMaH/a MOJKe HaJXOIUTH dYepe3 Oyap-sakuil 3 Ka-
HaJIB TeJIEeMEeTPUYHOTO 3B'A3Ky 200 BiJ] CHCTEMHOTO IIa-
HyBaJIbHUKA, a He JMIIe Yepes iHTepdeiic 3aBaHTaKeHHS
koHTeiiHepa (Hanpukinan, 4epe3 HTTP/FTP-cepsep Ha
Ha3eMHIH CTaHIlii).

i HTTR/FTP Server
1

Ground,Stattion '
i '
) '
H chp\oadRequest(cmNum'mt);

>
P

saveContainer(parameter:int)

Platform Container Container Data FreeRTOS
Storage Structures Facilities
! H '
i 1 1
i 1 ]
! ' :
' A A

Y

stop the task (if running)

Y

start the task (if not running)

I T T =

[ A N— )
y

Puc. 10. [liarpama mociigoBHOCTI 3aBaHTakeHHs KoHTelinepa WASM3 1o OBC/CDHM
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Platform Container Container Data FreeRTOS WASM interpreter
i HTTPIFTP Server Storage Structures Facilities engine
1
Ground,Stattion H H . ' :
' '
: : H : i i
' - ' : : :
1 Ll 1
eniCreateTaskReq() ¥ isContainerThere() H I I
» N '
1
i ! create WASM runtime
1 >
' 1sltUpAndRunning() ' P ———
: + »{ | parse & load WASM module
------------------ e T B e LR PR >
T ' areSysResourcesOk() | P ———
1
Ll T L »
: <-----------------------{ ------------------ :- ----------------- make functions binding
: getContainerParameters() ' »
| : > R LT T TR
' - mmmmmmccmmmememm—am— e e e memmmmmmm—=a
' ! start WASM module
! ' freeRTOSTaskStart() - >
' : T >
1 1
: : getContainerBinary()
! <
: N | SRR R R frmmmm e > H
Ll ) 1
' " storeRuntimeData() 1
1 Ll 1 1
' " ' < 1
: : N | > :
1 L 1 1l
1 Ll 1 1
Ll ) Ll 1l
1 L 1 1
1 Ll 1 1

Puc. 11. Jliarpama moCiI0OBHOCTI JTUCTAHIIHOTO KepyBaHHS
kouteitnepoM WASM3 na CDHM (START/STOP)

5.2. Ili1anyBaHH$I e KCIIEpUMEHTY

[Ilo6 mopiBHATH MPOIYKTUBHICTH PI3HUX amapat-

miathopM 1 OIIHWUTA  JOJATKOBI  BUTpaATH
MPOIIECOPHUX PECYPCIB IPH MEePEXoi Ha MIKPOCEPBICHY
apXITeKTypy Ha OCHOBI iHTeprperatopa WASM3, Oy
BUKOHAHI HACTYIHI KPOKH:

- Bl amapaTHi MIaTQOpMU: BIIKpUTA amapatHa
mwiarpopma, nomidbua no STEM — Cortex-M0+ RP2040
Bin Raspberry Ta HoBa yHiBepcampHa mmatdpopma BO
CubeSat — «bopusitep»/«Falco» [20], po3pobaeHa aBro-
pamucrarri Ha 6a3i ARM Cortex-M7 Microchip (Atmel)
ATSAM V71Q21 (puc. 12, a, 6, B, 1);

- 1Bl IporpamMHi apXiTeKTypH: HATUBHHUI 3acTo-

HHUX

cyHOK «bare metal», po3pobiieHnii 32 JOIOMOTOI0 MOBH
C 6e3 onepauiifHOI CUCTEMH, Ta 3aCTOCYHOK, po3pobiie-
Huii Ha MoBax C ta Ct++ y BUDIIAI MIKpOCEpBICY Ta
KPOCKOMIIUTbOBaHUH ISt
KUK BU3HAYa€ NMOPTATHBHUII (opmar ABifiKOBOTO Koy
Ta BIANOBIAHUN TEKCTOBUH (opMaT Wi BUKOHYBaHH X
nporpam;

~ YOTHPH AITOPUTMHU 3 PI3HOIO OOYUCIIOBAIBEHOIO

iHTepuperaTopy WASM3,

ckamHicTio (Tabmus 2), cepen sikux Tutbku FFT mae Be-
JIMKY KUTbKICTH oTieparliii 3 januMu y Gpopmari float;

- ICTh PI3HUX PO3MIPIB BXTHOTO MAaCHBY, SIKi
BU3HAYAIOTHCSA K psig N = 2 OCKUIbKHM aJrOPUTM IIBH-
nKoro nepetBopeHHst Dyp'e Mae came Take 0OMEXKESHHS:
N =64, 128, 256, 512, 1024, 2048.

Sk BiTOMO, KUTBKICTh OIeparii MOPIiBHSIHHSA Ta TIe-
PECTAHOBKM BH3HAYA€ CKIAIHICT AITOPUTMY COPTY-
BaHHs OynbOarikoro. KilbkicTh omepamniifi mopiBHSIHHS

Oyne 3anexaTH TUIBKM Big PO3MIpy BXITHHUX IaHHX; KO-
JKEH eJIEMEHT MOPIBHIOEThCA 3 yCiMa IHIIMMH:

(N-1)*N
—2 g

Nconparison = (1)

KinbkicTs omepariiii mepecTaHOBKH 3aJICKUTh Bif
BXITHAX JaHHUX. SIKIIO BXiTHMH MacHB BXKE NPaBIIHLHO
BIICOPTOBAaHUH, KUIBKICTh TepecTaHOBOK Oyze 0; sKIIo
BiH BiICOPTOBaHHUH y 3BOPOTHOMY HANpPSMKY, KUIBKICTb
MePECTAHOBOK JOPIBHIOBATUME KIIBKOCTI OTeparii mo-
piBHSHHSA. SIKIIO BXITHUH MacHB € BHITAJIKOBAM, M OKHA
JMIIe TapaHTyBaTH, IO KUTBKICTh NEpEecTaHOBOK OyIe B
JiarazoHi

(N-1)*N

Nperrmtation € [0: 2

I @

IIo6 OIIHUTH TOBTOPIOBAHICTh PE3YJHTATIB BHMi-
pIOBaHb Ta  OCHOBHI  CTATUCTHYHI
nposogutecsd 100 BUMIipIOBaHb I KOXKHOTO Habopy:

ITIOKa3HHUKH,

mmaThopMa, apXiTekTypa, aJrOpUTM i PO3MIp BXITHHX
JaHux. TakuM YMHOM, 3arajibHa KUIbKICTh BHMIpPIOBaHb
JIOPIBHIOE:

2 miathopMu X 2 apXITeKTypu X 4 aJrTOPUTMHU X
x 6 pizaux po3mipie N x 100 mosropens = 9600.

BimmoBinHO, MU pO3IIISIHEMO JBa BapiaHTH BXITHUX
JAHUX JUI1 allTOPUTMY OYJIE0AIIKOBOTO COPTYBaHHS: BXKe
MPaBUJIGHO BIICOPTOBAHUH MacHB i MacuB, BIICOPTOBA-
HUH Y 3BOPOTHOMY HAINIPSIMKY.
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Puc. 12. Anapatai miatdpopmu (a,0) Ta mporecopi (B, T), 0 OYJIM BUKOPUCTAHI W €KCIIEPUMECHTAIBHOI pOOOTH:
a) — Raspberry Pi Pico Dev. Kit, 6) — Falco SBC/CDHM 1.0, B) — RP2040, r) - ATSAM V71Q21

Tabmrgs 2
ATNTOpUTMY, SIKi BHKOPHUCTAHI B €KCIICPUM CHTI
Ne Kaac qacosfn Adropim YacoBa cma)lTCTb Mojess cKIatHocTi
CKJIATHOCTI B O-HoTamii
. CRC - o6uucieHHs
1 JliHiitHuit gac . O(N) u(N) =az0+ai1-N
KOHTPOJIbHOT CyMHU
JliniliHO-TOTApHU- FFT — mBuake
2 poorep S, O(N log N) t(N) = a2, + aza-N-log(N)
(GbMiuHuH yac nepetBopeHHs Dyp'e
BS(P) Bymsb6ammxoe
3 JliniliHuid gac COPTYBaHHS 3 BKE MPABHIILHO O(N) 3(N) =as,o+aszt- N
BIICOPTOBAaHUM MaCHBOM
BS(R) byms06amkose
Ksagpatnunuii COPTYBaHHS 3 MAaCHUBOM,
4 P | CoPTy ON?) w4(N) =a4,0 + as,1 - N?
gac BIICOPTOBAHUM Yy 3BOPOTHOMY
HATPSIMKY

5.3. MoaeJb Ta MeTOX apaMe TPHMYHOT
ime HTupikanii

Mozenp BUTpaT 4acy Ha BUKOHAHHS alTOPUTMIB 3
PI3HOIO YacOBOIO CKIAJHICTIO, SIKa JO3BOJIIE 3 JOCTAT-
HBOIO TOYHICTIO OI[IHUTU JOJATKOBI BUTPATH OOYHUCIIO-
BaIbHUX PECypCiB IPHU MEePeXoai A0 MOJeN MIKpOocepBi-
CiB, SIKi po3raly’keHi B KOHTCHHEPH BHUKOHAHHSI, MOXE

OyTH OTpUMaHa, K0 Oy/e BpaxoBaHO MOYATKOBY CKJa-
JHICTb aIrOPUTMY Ta 0OCST MepeaHuX BXIMHUX Ta BHUXi-
IHUX JaHUX:

Ti(N) = bo +b1 -i(N) + b2 -N+ bz -Niout, ©)]

ze Ti(N) — yac BHKOHAHHSA i-TO aXTOPUIMY IIPH PO3MIpi
BXITHUX JaHUX N,



98

ABIAIIAHO-KOCMIYHA TEXHIKA 1TEXHOJIOTIA, 2024,Ne 4(196)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

Ti(N) — cKIaIHICT i-r0 aJropUIMYy,
N — po3mip BXITHHX JaHUX,
Ni,out— 06'eM BUXITHUX IaHHX i-TO aITOPUTMY:

N1out=N2out=1, (4)
N3,0ut =Nz out =N, (5)

ne koedimient bo ... b3 € HeBinoMi mapamertpu.

Meton mapameTpuyuHOi imeHTHdiKamii Oa3yeTbes
Ha TIPUINYIIEHH, 10 y BUMAJKy JHiifHOT ab0 miIockoi
MOJeni mam'sTi HeHTpaIbHUN TpoIiecop Moxe mpsamo (i
JIHIHO) ajgpecyBaTd BCi JOCTYIHI MiCI maM'aTi 6e3 BU-
KOPHUCTaHHsI TePEKIFOUCHHS OaHKIB, CErMEHTAIlIl maM'sTi
200 cXeM IigKauYKH.

V BumiesasnadyeHoMy Bunaaky dopmymu (3) ... (5)
MOXYTb OyTH CHpOINEHi, OCKUIbKH JaHi NeperaroThCs
yepes 3B'I3KH, SKi He BUMAraloTh JIOJaTKOBOIO 4acy Juis
KOMIIOBaHHs iX 3 OJHOTrO aJpecHOro MPOCTOpPYy JO iH-
IIOTO:

Ti(N) = bo + b1 - i(N), (6)
ne koediientn Do , b1 € HeBinomi mapamerpu.
Inermndixamis mapameTpiB MozeNi BUKOHYETHCS B
HACTYTTHUX KpPOKax.
1. Insa xoxxHOTO HabOpYy:

{mnatdopma, apxiTektypa, anroputm, N}

00UYnCIIOETRCS cepeHe apupMeTndHe (T) Ta CTAaHAApTHE
BimxwiteHHA (SD) BUMIprOBaHB:

1 N
N £—j=1

1 N
[ t___Z’
N—lzj:1(] )

Je tj — pe3ynbTar BHUMIiproBaHHs (4ac, HEOOXHHMN Jyist

(7

SD =

OJIHOPA30BOTO BUKOHAHHS aJTOPHUTMY ).
2. Pesynbrar BEMIpIOBaHHS {j BBAXKAETHCS MOMUII-
KOIO 1 BIIKHJIAETHCS, SKIIO:

t & [t—3-SD,T+3-SD]. ®)

3. Bu3HaueHHS HEBITIOMHX MapaMeTpiB aj 3 Tab-
JHII 2 BAKOHY€ETHCS METOJIOM HAalMEHIINX KBaJPaTiB.

4. BusHauycHHsA HeEBiIOMHX KoedimieHTtiB bo,...b3
piBasHHEs (3) y BUMaaKy BukopuctanHs WASM3 Buko-
HY€ThCS TAKOXK METOJIOM HalWMEHINUX KBaJpaTiB 3 Bilo-
MHMHU IapaMeTpaMu ai, OTPUMAaHUMU B ITyHKTI 3.

6. Pe3yabTaTn ekcnepuMeHTy

ExcniepyMeHTabHO OTpUMaHi 3aJIC)KHOCTI cepel-
HBOTO YacCy BUKOHAHHS YOTHPHOX aNTOPUTMIB Ha JBOX
miathopmax i IBOX apXiTeKTypax MpOrpaMHOro 3abdes-
[EYEHHS PH PI3HUX pO3Mipax BXimHUX HaHux (puc. 13)
BIIMIOBIAAIOTH MOJEJSAM, MPEACTABICHUM Yy TaOiumi 2.
B log-log koopauHaTax — 1e JiHIAHI 3a7€KHOCTI, HAXUIT
AKAX CIIBIAJa€e 3 TCOPETHYHO BU3HAYCHOIO YaCOBOIO
CKJIAJIHICTIO aJTOPHUTMIB.

3acTocyBaHHS METOJy HaWMEHIINX KBaJpaTiB It
00pOOKHU EKCTIEpUM CHTANIbHUX JaHUX MIATBEPPKY€E Timo-
Te3y, 10 BUTPATH Yacy Ha Nepeaady JaHUX MDK pi3HUMH
00UYHNCIIOBAILBHUMHU KOHTEKCTAMU 1 3aIlyCK MiAIPOTPaMHU
YU CEPBICY B MOJEII IIIOCKOT ITaM'aTi MOXyTh OyTH MOB-
HIiCTIO TIpoirHopoBaHi. lle MOSCHIOETHCS THM, IO TaKi
BUTpaT! He Tepepuytots 3*106 Mc, mo ¢ menme 3a
PO3MIUTbHY 37aTHICT CHCTEMHOTO TaliMepa (koedilieHTH
aj,0 B Ta0mmi 3).

IlopiBHsieMO uyac, BUTpaueHMH Ha PoOOTy pi3HUX
¢ yHKOiN y pi3HUX apXiTeKTypax Ta Ha Pi3HUX mIaThop-
Max. Pi3Hung y QyHKIiAX nossrae y pisHii amroputMid-
Hilt ckmamaocTi (O(N) mmr CRC i O(N log N) mm FFT)
Ta PI3HUX TUNAX JAHWX, 3 SKUMHU I QYHKIi MPaIooTh
(e 1imi st CRC i gidicHi uncna mist FFT). 3 naBene-
HUX QJITOPUTMIB TUIBKM anroput™ mnepetBopeHHs FFT
JI03BOJISIE OIIHUTH e()eKTUBHICTh OIepalii 3 4ucIaMu 3
IJ1aBal0Y 010 KOMOIO, TOMY HEOOXITHO BITOKPEMHTH aHa-
73 muX o09HCIeHs Bim poOoTH 3 mimmMH uyuciaMiu. Lle
BaXXJIMBO JUII PO3YMIHHS PI3HUII Y 4Yaci, BUTPAaYCHOMY
OOpTOBMM KOMITIOTEPOM Ha OTepallii 3 MUIMMH YUCIaMHU
Ta 3 YUCJAMHU 3 [UIABAI0Y0I0 KOMOIO.

ChiBBiZHOIIEHHS BHTpAT Yacy B PI3HUX apXITEKTy -
pax (puc. 14) € IPUHIUIOBIM IMOKa3HUKOM, OCKUIBKH
BiH XapakTepH3ye HaKJIaIHi BUTPATH Ha IIEPExXiT Bix HO-
MepeIHFO0 CKOMIIUTFOBAHOI MPOTpaMH JI0 il iHTepIpeTa-
uii B cepenopurri WASMS3.

IIpu po6oTi 3 UncIaMH 3 IIIABaIOY0I0 KOMOIO (TIepe-
mBopenHs FFT) RP2040 moka3ye Halikpalui MOKa3HUKU
CHIBBIHOMIEHHSI, a /I HOBOI IUATQOpMHU Iie HaHTipIIa
MOXJIMBA IpobJiieMa, IO TOSCHUTH IOCTaTHBO BaXKO.
MO>XITMBEM TIOSICHEHHSIM € Te, IO ICHyloYa peai3amis
meuryna WASM3 Hee(eKTHBHO BHKOPUCTOBYE M OXKIIH-
BOCTI MOJyJIs omepaiiii 3 miaBatodoio komor (FPU) B
cxkiaagi ATSAMVT7L.

Bucnosku

B po6oTi HamaHO eKkcriepUMeHTallbHY OLIHKY Hakia-
JHUX BUTpAT HpPU HEepexoii Bi HATHBHOI apXITEKTypH
MIPOTPaMHOTO 3a0€3IMeYeHHS JI0 MIKPOCEPBICHOT apXiTe K-
Typu Ha 6a3i koHTeitHepiB WA SM3, noGynoBaHo mMaTe-
MAaTHYHY MO/JIEJIb, SIKa JI03BOJISIE BU3HAYHUTH BITHOCHI Ha-
KJIaJiHI BUTPATH 4Yacy MPU BUKOPUCTAHHI KOHTeHHepi3a-
i
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Puc. 13. ExcieprMeHTanbHI pe3ysbTaTH Ta MOJEN 3aJeXKHOCTI CePEeIHBOTO Hacy
BUKOHAHHS aJTOPUTMIB Bif pO3MIpy BXITHOTO MAaCHUBY':

a) — 009HCIIeHHSI KOHTPOJIBHOT CyMH, 0) — mBHKe nepetBopeHHs Dyp'e, B) — OyapdamKoBe copTyBaHHS
HOIepPeIHbO BiICOPTOBAHOTO MAaCHUBY, I') — OyJIbOANIKOBE COPTYBAaHHSA MAacCHBY, IIOIEPEAHBO BiICOPTOBAHOTO
B 3BOPOTHOMY HaIIpSIMKY,

ne= = RP2040, — ATSAMV/1, B WASM3, @ Native

Tabmms 3
ExcnieprMeHTAbHO BH3HAYCHI MapaMeTpH MOJCIi

@j,0 a1
ATSAMV71 RP2040 ATSAMV71 RP2040
Native WASM 3 Native WASM 3 Native WASM 3 Native WASM 3

CRC, j=1 3.22E-08 | 874E-07 | 1.37E-07 | 3.72E-06 | 2.56E-07 | 6.93E-06 | 1.08E-06 | 2.95E-05
FFT,j=2 3.19E-08 | 1.60E-06 | 8.24E-07 | 5.37E-06 | 3.61E-07 | 1.54E-05 | 8.03E-06 | 5.23E-05
BS — macus,
BUICODTOBAHMI | 4 53p 10 | 2 03E-07 | 3.83E-09 | 2.71E-07 | 6.09E-05 | 1.84E-03 | 2.92E-04 | 6.04E-03
B 3BOP OTHBOMY
HaMp SIMKY , j=3

BS — BincopTo-
BaHHI MacHB, 1.22E-09 2.89E-06 | 4.51E-09 | 3.50E-07 3.09E-05 | 1.20E-03 1.44E-04 | 4.67E-03
=4

MikpocepBicHa apxXiTeKTypa CHpPOIIY€ IPOLECH pO-  MPHUHLUIOBHM 3ayBa)KeHHSM, OCKUIBKH 3 paHilie omyo-
3p0o0KH Ta iHTerpalii, ajxe cyTreBo 30iIblIy€e yac 00YnCc-  JIKOBaHUX POOIT BIOMO, IO B JEIKAX MPOMHUCIOBHX 3a-
JICHb TIPW BUKOpPUCTaHHI KoHTeiHepiB WASMS3. B ymo-  crocyHkax [HTepHETYy pedeil BUTpaTH Ha poOOTY MIKpO-
Bax CKCIUTyaTtalii Ii¢ MPU3BOJUTH HE JHMIIE O MOpYy- KOHIpoJiepa MOXYTh jocsratd 50% Bim 3arajipHOTrO
HICHHS 00MEKEeHb PEalIbHOTO Yacy, ayie i 70 30UIbIIEHHS ~ €HePrOCHOXXHBAaHHS IPUCTPOIO.

EHEeProCHOKMBaHHI OOPTOBOTO KOMIT OTEpa, 10 € JyKe
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Puc. 14. ChiBBigHOIIIEHHS BHUTPAT 4Yacy MPHU BUKOHAHHI
3aIJJaHOBAaHHUX €KCHEPUMEHTOM 3aBJiaHb — «IIpsiMa
peaizariis» 10 «KOHTCHHEPHOI peami3amii»

(K — 6e3po3mipHi BigHOCHI HakiagHi BUTpatH (pasu))
IUISL TBOX TIaThOpM:

a) — RP2040, 6) - ATSAMVTL,

J¢ A — 3aBJaHHS — «OOYHUCICHHS KOHTPOJIBHOT CyMM»,

€ — 3aBJaHHA «UIBUIKE mepeTBopeHHI Dyp'ey,

M — 3aBnanHsA «OyiIpOamIKOBE COPTYBAaHHS IONEPEIHBO
BIZICOPTOBAHOTO MacHBY», X — 3aBJaHHS;
«Oynb0amKoBe COPTYBaHHS MAaCHUBY, IIOIIEPEIHBO
BIZICOPTOBAHOTO B 3BOPOTHOMY HAIIPSIMKY»

Henmonikom po6oTtu € Te, M0 HE AOCHMHKEHO IH-
TaHHS OpraHi3alii cyMiCHOI Ta mapaneipHOi poOOTH OK-
PEeMHUX He3aJICKHUX MPOTPaMHUX MOJYJIB i MIKpOCEpBi-
ciB y 6arato3amauHiii cuctemi. CTaTmsi oOMexye po3ris-
HYTI MUTAHHS JIMIIE POOOTOI0 OJJHOTO KOHTEeiHepa Tif
KepiBHULTBOM OaraTo3asauHoi omnepauniiHoi cucteMH 3 i
IUIaHY BAJILHUKOM 1 aucnietiepoM. OTpuMani pe3yJibTaTH
CJiA CpUAMATH K ONITUMICTUYHY OIIHKY MiHIMaIbHOTO
qacy, AKui Oyzae BHTpaueHO Ha poOOTy TOTO UM IHIIOTO
IIPOTPaMHOTO 3aCTOCYHKY/KOHTEHHEPY .

OTpuMaHi pe3yJbTaTH € HEBTIMHUMU I TTPUXAITH -
HUKIB BrpoBamkeHHs WASM3 sk miatdhopMu, 110 1Mo-
jermye po3poOKy OGopToBOro mporpamHoro 3abesme-

YeHHs HAHOCYMyTHHKiB. OmHaK, Hamli pe3yJbTaTd J0-
3BOJIIOTH INYKAaTH KOMITPOMIC MDK €()EKTHBHICTIO MPO-
LIeCiB po3pOOKM Ta 0OUYHUCIIIOBAIBLHOIO €()EKTUBHICTIO, a
OTXe, eHepPTroe(PeKTUBHICTIO 200 €HePIreTHYHIMH BUTpa-
TaMH Ha po60Ty 60PTOBOTO 0OUMCITIOBAYA.

Tomampimuit po3BUTOK 11iE€T poOOTH Oy ie oJIATaTH B
HaNmpsIMKY aHaJi3y BIIMOBITHOCTI BHMOTaM JBOX KJACiB
CUCTEM PEaJIbHOTO Yacy Ta X 0OMEKeHb:

- KOPCTKI 0OMEXEHHS pPeabHOTO Yacy, KOJM KO-
JKHE TEPEBULICHHS 3a3/aJIeTilb BU3HAYCHOTO Yacy € I0-
MHUIKORO,

- M'sKi OOMEXXCHHS, KOJIM HeoOxiaHo 3abesre-
YHUTH JIIE CePEIHE 3HAUCHHS 4acy, BUTPAUYSHOTO Ha BH-
KOHAHHS BCIX aJITOPHUTMIB.

TakoK 3aIIAHOBAHO JOCITUTH MOYKIIHMBICTH IMOALTY
3a]a4 MPOTPaMHOro 3a0e3neueHHs 3 KPUTHYHUM Ta He-
KPUTHYHHM YacOM BHKOHAHHS Ha JBa OKPEMHUX HpOIe-
COpH, TAKMM YHHOM BBOJIYH «TiOpHIHY» 00YHCITIOBA-
JpHY TIATGOpPMY, IO MOXKE OyTH MEpCHEKTHBHUM Ha-
[PSIMOM I10/IaJIbIIOTO PO3BHUTKY .

BHecok aBTOpIB: po3po0OuB amapaTHe Ta Mmporpa-
MHe 3a0e3MeucHHs, BUKOHAB JaociimkeHHs — Ouek-
canap JIo0iMoB; 3anpONOHYBaB KOHIETIIIIO, IEPEBIPHUB
OTpHMaHi JaHi, BinpenmaryBaB — Irop Typkin; BukoHaB
MOTIYK pecypciB, 3p0OUB Bi3yai3allifo Ta MPOBIB BepH-
¢ikarito Tekcty — BsiuecaaB BankoBmit Ta OJiekcanap
JlemeHko.

KondguikT inTepecis
ABTOPH 3a5BISIIOTH, II0 HEMAE KOHQJIIKTY iHTepeciB
OJI0 OTO JOCHIKeHHS, (HIHAHCOBOTO, 0OCOOUCTOTO,
ABTOPCHKOTO YH IHIIOTO, SKUH MIr O BIUIMHYTH Ha JOC-
JMDKEHHST Ta HOro pesynpTaTd, NpEICTaBleHi B Il
CTATTL

@DiHaHCYBaHHA
JochipkeHHT TpPOBEICHO B paMKaX MPOEKTY
2023.04/0143 «Excnepumenmainvie 8i0npayiosanis 60-
Ppmoeozo obuuciosaya 6e3niiomHo2o I1imanbHo20 and-
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EXPERIMENTAL EVALUATION OF THE EFFICIENCY OF CONTAINERIZATION TECHNOLOGY
IN THE ONBOARD SOFTWARE OF A NANOSATELLITE CUBESAT

Oleksandr Liubimov, Ihor Turkin, Oleksandr Leshchenko,
Viacheslav Valkovyi

The objective of this research is to investigate the computational efficiency of various systemarchitectures of
onboard software for the onboard computers of CubeSat nanosatellites. The subject of this study is the computing
overhead associated with using the containerization method in the construction of the onboard software for CubeSat
nanosatellites. Purpose: To experimentally investigate the possibility and feasibility of using the containerization
method in the onboard software of CubeSat nanosatellites. Objectives: to define the need to find new architectural
solutions in the onboard software of the CubeSat nanosatellite; to perform a comparative analysis of the advantages
and disadvantages of using monolithic (classical) and microservice architecture in the onboard software ofthe CubeSat
nanosatellite; to justify the choice of the system software environment for executing containers; to determine the
typical structure of CubeSat software and the strategy for adapting the WASM3 container environment to the Fre-
eRTOS operating system; to develop aplan; and to conduct an expert evaluation based on the results of the evaluation
to formulate conclusions about the possibility and feasibility of using container architecture in the onboard software
of the CubeSat nanosatellite. Conclusions. This study demonstrates the relevance of developing software for satellites
based on microservices and containers. The experimental results allow us to compare the performance of the onboard
computer when executing various algorithms implemented using the C programming language (“Bare-Metal” ap-
proach) and the architecture based on the microservices approach, branched between containers of the WASM3 envi-
ronment running under the FreeRTOS, and developed in C and C++ programming languages. The main conclusion
of this work is the potential of using the Falco SBC/CDHM hardware platform as an affordable and powerful compu-
ting platform for CubeSat nanosatellites.

Keywords: CubeSat; nanosatellite; COTS; onboard computer; containerization; microservices architecture;
Software; WASMS3; Boryviter/Falco; computation efficiency; computing overhead.
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