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JIOJIATOK B

[Ipe3enTtamniitnuit maTepian A0 kBamidikaiiiHoi podotu

OCBITH I HAYKHN YHIBEPCHTET

XAPKIICHX WA
‘ - MIHICTEPCTBO @ ‘ HALLIOHAN MW
YKPATHM NURE PAROENEKTPOHIM

[ocnigXeHHs ocobnunBocTen
BUKOPUCTaHHA HaTUBHUX AR
iHCTpyMeHTIB B iOS npu po3pobui

nporpamMHoro 3abesneyeHHA

MNepeeesa [.0., rp. INM3m-23-1
HaykoBuin KepiBHUK: A0LL. LUegquKo 0./

— . 18 yepBHsA 2025

[locnig>XeHHs

« AKTyanbHicTb:. 06paHHA CTeKy TeXHONOorih Ha noyaTky HoBoro AR-npoekTy Bu3Hayae BapTiCTb, CTPOKMU
noro po3pobku, NPoAYKTUBHICTb, CTabiNbHICTL po60oTHK, a iHOA| | PYHKLIOHANbHI MOX/IUBOCTI;

* MNMpo6nema: Bnbip AR-OpelMBOPKY MOXe 'PYHTYBaTUCA Ha AO0CBiAi po3pobHUKa Ta iHTYilii, @ MOXe 3agiaTu
dopManbHi MeToau Ta KpuTepir;

+ 06'eKT: HaTUBHI PpPENMBOPKHN, AKi BUKOPUCTOBYHOTHCA ANA po3pobku AR-poaaTtkiBHa gns iOS;

* MpeameT: NPOAYKTUBHICTb, apXiTeKTYpHi ocobnueocTi, @yHKUiOHaNbHI MOXNUBOCTI, OBMEXeHHA Ta
103abiniti pperMBOpKiB;

« Merta: Buginutu, popmanisyBaTtu Ta OUIHUTU KpUTepil, HeobXiagHi anA obpaHHA GpeinMBOpPKY, peneBaHTHOro

po3pobnioBaHOMY NPOEKTY, Ha OCHOBI 6araTokpuTepianbHOro aHaniay .
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Ornapg nitepatypu

* MNepeBaru ¢pperiMBOpKIB:
o ARKit — cTabinbHUI TPEKIHr | TOYHE NO3ULIOHYBaHHSA.
o SceneKit - poswmpeHa kacTomiszauisa, 3pyyHa pobota 3 3D-rpadikoto.
o RealityKit — npocToTa BUKOPUCTAHHA, CyYacHi peHAEePUHr-TEXHONOrI, XopoLua onTumisauia nig MobinbHi
nNpUCTpPOI.
+ O6MeXeHHs:
o SceneKit - MeHW epeKTUBHUIA y cknagHux AR-cueHax, HemMae NiATPUMKK CyYaCHUX Wenaepis.
o RealityKit — o6MeXeHa niaTpuMKa KaCTOMHUX epeKTiB i wenaepis.
o ARKit - BUMarae 30BHILHbLOro GpernMBOpPKY ANA PEHAESPUHTY.
* Mporanuum B focnig>KeHHAX:
o HepocTaTHbO eKCnepuMeHTanbHUX AaHUX WOoAo KiNbKiCHOI NPOAYKTUBHOCTI.
o BigcyTHi komnnekcHi nopiBHAHHA SceneKit i RealityKit y peanbHux AR-cueHapisx.
o He pocnigxeHo pecypcHe HaBaHTaxeHHs (CPU, GPU) npu pisHuX Tunax cueH.

— —
P

[locTaHOBKa 3apgaui

* MpoanxanizyBaTu cyyacHi nigxoam fo BukopuctaHHa gppermeopkis ARKit, SceneKit i RealityKit y po3po6uiAR-
popatkie Ha iOS Ta focBif iX 3aCTOCYBaHHS;

+ BusHaunTu Habip AKICHMX i KINbKICHUX KpUTEPIiB, 32 AKMMU MOXHa 3INCHIOBATU 06'€EKTUBHE NOPIBHAHHA
dpenMBOpKIB, pO3POBUTU LIKANM OLIHKOBAHHSA Ta OLIHUTU KOXEH 3 PperMBOPKIB 33 BU3HAYEHUMM AKICHUMMU
KpUTEpiaMu;

« Po3po6uTtu BnacHy nporpamy 3 iHTerpauieto SceneKit i RealityKit ona npoBefeHHA eKCNepUMEeHTIB Y TUMOBUX
cueHapiax AR-gopaTkis, Wo BigobpaxarTb peanbHi HaBaHTaXEHHS;

« PeanisyBaTu TECTOBI CLieHM 3 Pi3HUM PiBHEM CKNAAHOCTI: CTAaTUYHI, aHIMOBaHI, 3 di3uyHUMK edpekTamn Ta
B3aEMOJIEI0 B peXMMi peanbHoro yacy;

* MpoBecTH ekcnepuMeHTanbHe AOCNIAXEHHS 3 BUMIPIOBaHHAM NPOAYKTUBHOCTI | cTabinbHOCTI Bidyanisaujil
npu 3MiHi NapaMeTpiB CLLEHU Ta OLiIHUTU KOXEH 3 perMBOpPKIB 3a 06paHMMKN KpUTepiaMu;

« CdopmMyBaTH peKoMeHaaLii Ta 3anponoHyBaTH NigXxia ao (Ha ocHoBi 6araTokpuTepianbHOro aHanisy) suéopy

e

EMMBOPKY 3aNeXHO Bif TeXHIYHUX NOTpeb NPOoEKTY .
) ¢ op PKYy 11} p p y
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Onuc iIHCTPYMEHTIB
ARKit
* BUaBneHHA NNOWMWH, TPeKiHr pyxy, nigTpumMka LIDAR
* ARAnchors, ARWorldMap, iHTerpauis 3 ceHcopamu
* He Mae BnacHoro pyuwis ans peHaepuHry cueH
SceneKit
* PengepuHr 3D-rpadiku, aHimauin ta ¢isnku
« [Tpautoe 3 AR nuwe y 38'A3Li 3 ARKit
» [Hy4yKe HanawTyBaHHA, ane noTpebye 6inblwe pecypcis
RealityKit
» AR-ppeMBOPK HOBOro NOKOMIHHA, AN1A CTBOPEHHS NPOAYKTUBHOrO $OTOpPeaniCTUYHOro KOHTEHTY
« B6ypgoBaHa ¢isuka, npocToposuii 3ByK, niaTpumka LiDAR
« [TpocTuin API
06'eKT NOpPiBHAHHA
o — SceneKit Ta RealityKit: peHgepuHr cueHu y 38’'a3ui 3 ARKit
wemd S« ARKit Ak OCHOBa 4151 060X pilleHb (TPEKiHT, AKOpI, HaBiravis)

KntoyoBi KpuTtepii ouiHiOBaHHA GpenMBOpPKIB

OuiHIOBaHHA NPOAYKTUBHOCTI ppeiiMBOPKIB 3AINCHIOETLCA 32 TaKUMU KPUTEPIAMU:
« FPS (Frames Per Second): ouiHKa nnaBHOCTI aHiMaLii | CTabinbHOCTI CLEHH;

« 3aBaHTaxeHicTb CPU: 06pobka noriku, aHimauin, ¢iauku Ta CEHCOPHUX AaHUX;

* BukopuctaHHa GPU: peHAEepUHT CLieHU, OCBITNIEHHA, TEKCTYPU, BigbUTTS;

« CTabinbHICTb NPU HaBaHTaXEHHI: NepeBipkKa NPOAYKTMBHOCTI NPU BEUKIN KiNbKOCTI 06'eKTiB.
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[oaaTkoBi KpuTepii ouiHIOBaHHA GpenMBOpPKIB

Nigrpumka popmarie 3D-mogeneii: GLTF, OBJ, FBX, USDZ, USD

MpocroTa BUKOPUCTaHHA: AOKYMeHTaUis, API, iHTerpauji, nerkictb nobyaosu cueHn y Koai.
O6MeMmeHHA: CYMICHICTb, MaclwTaboBaHiCTb.

AHimaunin Ta poropeanism: AKICTb CLLEHKW, NPUPOAHICTL B3aEMOLII, aHiMauia, oTopeaniam.
®isuuHi cumynauii: npasgonogibHa nosegiHka 06'ekris.

HanawTyBaHHA Ta KacTomisawin: rHyuKe HanawTyBaHHA maTtepianis, CBiTNA, Weiaepis.

CryniHb iHTerpauii 3 AR onepauiamu: 3py4HiCTb BUKOPUCTaHHA B AR-NpoeKTax.

—=

dopmanizauia KpuTepiiB OLiHIOBaHHA

BeeaeHo wkany Big 0 Ao 10 ana AKiCHUX KpUTepiiB:

BisyanbHi moxausocri:
Aximayii Dorvopeaniam @iznyni cumynanii Niatpumea 3D- popmaris
82 82 72 10
L] 8 7
18 72 68 -
75 16 6,6
T4 74 64 2
72 72 62 a
7 7 6
68 62 58 2
65 66 56
64 64 54 o
RealityKit Scenekit RealityKit ScereKit Realityiit SceneKit Realiy 0t Sceneiit
HanawryBaHHA Ta KacTomisauia:
MownusocTi Kacromizauis
ontumisayii 10
NPOAYKTUBHOCTI s
10
8 6
& 4
3
2
; l
o o

RealityKit Scenei Realint Seanekit
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dopmaniszauia KpuTepiis OLiHIOBAHHSA

MpocToTa BUKOPUCTAHHA:

Ob6mexeHHn:
CninbHorTa, Nobyaosa cuexn B Heobxiguicte CymicHicTs MacwrabosaHicTb
L[OKyMeHTaLia Kogi onTumisayif 153 cueH
95 10 19 10 10
s J 2 2% :
5 6 94 &
85 % s 9'; 4
8 . 2 2 88 I 2
75 a Q :’i o
Realitykit Scenekit Realitykit Scenekit Realitykit Scenekit v Ayt Sianaiy RealltyKit ScenelGt
Cryniub inTerpayii AR-onepauii
10
8
| I
a
2
o
Realitykit Scenekit
banu BucTaBneHi 3 ypaxyBaHHAM eKCNepTHUX OLLIHOK 5 eKcnepTis. Y3roaKeHHA NpoBoAUNoCcA
metogom Delphi.
Hb R 9

[lpoBefeHHA eKCnepuMeHTy

 MpoToTun cepepoBuLa:
o AR-3acTocyHOK, peanizoBaHuin Ha Swift 3 BukopuctaHHaM SceneKit Ta RealityKit.
o EkcnepumeHTanbHe cepegoBuile 3anyuieHe Ha iPhone 15 3i0S 18, 8 'b O3Y.
+ CueHapii TecTyBaHHA:
o [lopaBaHHs Ao cueHun 100 BipTyanbHUX 06°€KTIB i3 Pi3HUMKU pO3MipaMu 11 KONbopaMu.
o 3anyck aHiMauil o6epTaHHA AN KOXHOro 3 06'eKTiB .
o [MocTynose BMaaneHHA 06'eKTiB ANA OUiHKW cTabinbHOCTI.
o [MOBTOpPEHHA KOXHOro TecTy Kinbka pasiB ANnA NepeBipkn HafitHOCTI pe3ynbTaTis.
« MapameTpu oLLiHKK:
o FPS (yacToTa KkagpiB) — y peanbHOMy 4aci.
o 3aBaHTaxeHHs CPU Tta GPU nig yac aHimauin i B3aeMogii.
o AHani3 peakuii CUCTEMU Ha 3MiHY KiNbKOCTi 06'eKTiB.
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Onuc nporpamMHoro 3abesneyvyeHHA

* Mpouec po3pobku
o CTBOpeHHsA TecToBoro AR-3acTocyHKy Ha Swift 3 gBoMa peaniszauismu cuenu: SceneKit Ta RealityKit;
o HanawTyBaHHA cueH 3 3D-o6'ekTamu, aHiMaUiaMu Ta ¢isuKoro;
o Po3pobka noriku ans 3anycky, BifobpaxeHHA Ta BUganeHHs 06'eKTis;

o

MNigroToeka MexaHiamis ¢ikcauii FPS, CPU Ta GPU-meTpuk;

]

MpoBefeHHs NOBTOPKBAHMUX EKCNEPUMEHTIB i3 diKcalliero faHux;

« Bu6paHi MoBM NporpamyBaHHA Ta GpeiiMBOpPKMU
o Swift gna peanisau,ii;
o ARKit, SceneKit ans Bisyanisauii cueHu;
o RealityKit ans anbTepHaTUBHOI peanisauii;
o Xcode Instruments ana 36opy napamMeTpiB HaBaHTaXEHHA Ta NPOAYKTUBHOCTI.

1

.............

I— |
1 [—1 1
Appication Business Prosentation
Layer Logle Layer Layer




MoKa3HMKM NPOAYKTUBHOCTI

| fomwe g | ome

CepepHe 3Ha4yeHHA FPS 0-60 Bu3aHauae nnaBHicTb pobotu goaaTka
EnisoauyHi npociganHa FPS 0-60 MagajiHHAa FPS, Wo HeraTMBHO BNAKBAE Ha
KOPUCTYBaLbKKUIA A0OCBIA
Mouatkose npocigaHHa FPS 0-60 MiHimanbHe 3HayeHHa FPS nig nikosum
HaBaHTAKEHHAM
MakcumansbHa vacrora CPU, My 1-3.2 HackinbKu cuNbHO NPOLLECOP «PO3raHAETLCAY Nif,

HaBaHTaXeHHAM; Nobi4HO BKasye Ha piBeHb
BUKOpUCTaHHA CPU

MakcumanbHe 3aBaHTaeHHs GPU, % 0-100 BiacoTok BukopucTaHHa GPU nig MakcMmanbHum

HaBaHTaXXeHHAM

85

13

BisyanbHi MOXNMBOCTI ¢ppenMBOpKIB

dopmatu 3D-daiinis (GLTF, 8
OBl, FBX, USDZ, USD)

8 7 SceneKit He niaTpumye aHimauilo B
peansHomy 4aci, RealityKit — iHBepcHy
KIHEMaTHKy Ta CTaHW aHimaLin
dotopeanizm 7 8 SceneKit notpebye py4Horo
HanawWTyBaHHA, RealityKit Mae
aBTOMATUYHE OCBITNEHHA

DianuHi cumynauii 7 6 SceneKit mae basosy ¢iaunKy, RealityKit

cepenpe suavenss X 725

— NpocTi TinecHi B3aemogii

...........

14




HanawTyBaHHA Ta KacTomi3auin

Onrumisauin SceneKit nigtpumye LOD Ta
NPOAYKTUBHOCTI npodiniosaHHa, RealityKit — ECS
niaxiz,
Kacromisauia g 5 SceneKit niarpumye wevigepu Ta
PBR, RealityKit - 6azose
HanawTyBaHHA

85 5

86

15

CymicHictb SceneKit - ans BCiX Bepcii
i0S/mac0OS/visionOS; RealityKit — 3 i0S 13+
/ macOS 10.15+

Macwrabosanicrs SceneKit notpebye ontumisauii; RealityKit —

CKNAHWX CUEeH edekTuBHUIA 3aBaaKKu Metal

CepeaHe 3HAYEHHA

...........

16
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[NpocTOTa BUKOPUCTAHHA

|
MoxasHMK SceneKit | RealityKit

06uasa

bpeiiMBOpKM  MalOTb  rapHy

[OKYMeHTaUiio
8 B obox ¢peitMmBOpKax cLeHa CTBOpiOBanach
BPY4HY Yepes Koj,
HeobxigHictb 9 SceneKit noTpebye py4HOro HanalTyBaHHA,
onTumisanit RealityKit — aBTomaT4Ha onTumisauia
=
software 17

[igcCyMKOBI pe3ynbTaTu eKCNepPUMEHTY

MokasHuK SceneKit RealityKit
CepeaHe 3HayeHHs FPS 58 54
EnisoauuHi npociganHa FPS 4 9
Moyvatkose npocigaHHa FPS 55 9
MakcumansHa vacrota CPU, My 1.68 2.13
MakcumanbHe 3aBaHTa)eHHa GPU, % 18 53

software 18
enginesrin "
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AHanis pesynbTaTiB

HopmanisoBaHi oLiHKu:

RES- MoKasHuK SceneKit RealityKit
SceneKit nigTpumye ctabinbHo BUCOKUIA FPS, 3 KOPOTKMMMU Chpenpeamaem F5 o 9
npocifaHHAMM Mif Yyac AoAaBaHHA 06'eKTiB. Enisopsmil npocinausa EPS 067 15
RealityKit Mae cunbHi NnagiHHA B MOMEHT iHiljianisauii cueHu, ane TlolaThose NDCASHHREES 917 15
3roA0M CTabinisyeTbeA. MakcumanbHa vacrora CPU, My, 3.09 5.14
3aBaHTa)eHHs pecypcis: MakcumansHe 3asaHTaxeHHa GPU, % 1.8 53

SceneKit AeMOHCTpYyEe HU3bKe 3aBaHTaXkeHHA GPU i nomipHe

BUKOpUCTaHHsA CPU. . .
3HaueHHs Oynu HOpMalli3oBaHi 10

RealityKit cTBOpIO€ BUCOKe HaBaHTa)eHHA AK Ha CPU, Tak i Ha GPU. nianasony [0-10] 3a popmysoro
BucHoBOK:
SceneKit — cTabinbHiwmit npu poboTi Ha obMexeHUxX pecypcax. X. — M * 10
) norm x —x
RealityKit — Kpawa rpadika i ¢piaunka, ane 3 UMM max min
S Eama)«eﬂunm.
software 19

engineerin ™

3BegeHa NopiBHANbHA OUiHKa PpenMBOpPKiIB

SceneKit 1 RealityKit

__ Npogyxmskicts 4.89 4.49
padiuni moxansocri 7.5 7.25
Iurerpauia 3 AR 6 9
as .
MNpocrora BUKOPUCTaHHA 75 83

os :

enainesring
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bBaratokputepianbHUM aHani3:
3acTocyHOK 1 - KaTanor mebnis

CueHapiii:

AR-popatok-Kkaranor mebneBoi NpoAayKLii 3 MOX/IMBICTIO CKaHYBaHHA PO3Mipy BilbHOTO
NpOCTOpY B KiMHaTi Ta po3mileHHA MebAiB 3 KaTanory, CTBOPIOETLCA HEBE/IMKOIO CTapTan-
KOMaHZAO10.

Bumoru:

doTopeaniam, AKiCHe BiACTEXKEHHA NOBEPXOHb, B3aemoais 3 LIDAR ans TouHoro (8o cm.)
CKaHyBaHHA pO3MipiB NpOCTOPY, BUCOKa NPOAYKTMBHICTb Ta ONTUMI3aLjs, poboTa 3

)KeCcTaMu, NpocToTa po3pobKM.

21

MopisHAHHA SceneKit + ARKit Ta RealityKit gna katanory mebnis

SceneKit + ARKit RealityKit
: K 1] C;
Kniouosi Barosi koediuieHTn puTep! o o 5
IHTerpauis 3 AR (0,25), NpoaykTueHicTs (0,25), *Wi

Mpocrota BukopuctauHa (0,2) MpoayKTHBHICTL 4.89 1.22 4.49 1.12

Pesynbraru: Ipadiuni
7.5 0.75 7.25 0.725
SceneKit + ARKit — 6.67 MOMAMBOCTI

RealityKit —7.2 InTerpauin 3 AR 6 1.5 9 2.25

BHCHOBOK: HanawrysaHHA Ta
L 8.5 0.85 5 0.5
RealityKit € kpawum sBubopom 3aBaAKu Kacromizauin
B6ynoBaHOMy poTopeanismy, AKOCTI BUMIPIOBaHHA Mpocrora
y Y o70P Y i 7.5 15 8.2 1.7
nNpocTopy, NPOAYKTUBHOCTI Ta NPOCTOTI pO3pobKKu BMKOPUCTAHHA
Ob6memeHHA 8.5 0.85 9 0.9

667 72
-
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bBaratokputepianbHUM aHani3:
3aCTOCYHOK 2 - ¢i3nyHa nabopatopis

CueHapii:

HaB4asibHa ¢i3uyHa naboparopis, AKa MOAENIOE BipPTyasbHi MeXaHi4YHi yCTaHOBKM, Wob aocniaxysaTv
Ta eKCNEePUMEHTYBATH 3 TOYHUMM Qi3UHHUMU B3AEMOLIAMMU, PErYNIO0UU Gi3UYHI XapaKTePUCTUKU
KOMMOHEHTIB, po3pobnseTbea AoCBiAYeHO0 Y chepi nporpamyBaHHA 3D-rpadikm KomaHZolo .
Bumoru:

TOYHICTb Ta PEaNiCTUYHICTb i3UUHMX CUMYNALLIK, MOXIMBICTb KacToMi3aui Gi3M4YHUX BNACTUBOCTEN
KOMMOHEHTIB, AeTanbHa He 060B’A3KOBO Bi3ya/IbHO peanicTU4Ha Bidyani3aLia MexaHiuHMX

KOMIMOHEHTIB .

—=

MNopisHaHHA SceneKit + ARKit Ta RealityKit aona TexHi4HOro 3acTocyHKy

SceneKit + ARKit | RealityKit |
Bara Ci
0,25

Kniouosi Barosi koediuieHtn:

Ci Ci*W; Ci

HanawryBaHHsa Ta Kactomisauis (0,3), lpadiuni *Wi

moxnusocTi (0,2), InTerpauia 3 AR (0,15) MpoayxkTueHicTL 4.89 1.22 4.49 112

Pesynbratu: Fpadiuni
0,2 75 1.5 7.25 2.18
SceneKit + ARKit — 6.88 MOMXAMBOCTI
RealityKit — 6.53 InTerpayin 3 AR 0,15 6 0.9 9 1.35
BucHoBoOK:
HanawrysaHHa 1a
: 0,3 8.5 1.7 5 1
SceneKit BuaBuBcA onTumanbHUM, 60 3agaua “ —
notpebye Kactomisauii GismuHux B3aemoaiii. Npocrora
0,05 6.7 0.38 8.5 0.43
BMKOPHCTAHHA
ObmemeHHA 0,05 8.5 0.43 9 0.45

S E 3aranbHa ouiHka 6.88 6.53
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PekomeHpaLlii Ta NnepcnexkTusmn

PekomeHgaluii 3a pesynbratamu:

- RealityKit pekomeHAOBaHO BUKOPUCTOBYBATU ANA NPOEKTIB, Y AKUX NPIOPUTETOM € TOYHICTb AR-
B33EMO/i, BUCOKA AKICTb i peanicTU4HicTb rpadiku, a TaKoXK WBUAKICTL | NpocToTa po3pobku;

- SceneKit Kpalue niaxoauTb ANA 33434 i3 BUCOKUMMU BUMOTaMM [0 THYYKOCTI KacTomi3auii rpadiku Ta
di3nyHMX B3aEMOLI .

Ocobnusocti MCDA-aHani3sy:
Y BUnaaKy HasBHoCTi must have BnacTUBOCTEN Y anbTepHATUB, MidK AKMMU HeobxigHo 3pobutu BUbIp,
Taki BNacTMBOCTi HeobxiAHO nepeBipATH A0 NOYaTKy npoBegeHHA MCDA.

[y6nikayia pesynbTaTiB
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BUCHOBKM

¢ [poBeaeHe KOMMIEKCHe A0C/iAKeHHA GpeiMBOpPKIB 418 po3pobKu A0AaTKIB AONOBHEHOI peanbHOCTi Ha

nnatdopmi iOS;

* BugineHo, popmanizoBaHO Ta OUiHEHO KpuUTepii, 4ocTaTHI aAns 06paHHA GpeiiMBOPKY, peseBaHTHOro

po3pobntoBaHOMY NPOEKTY;

o [1nA OLiHKM NPOAYKTUBHOCTI NOPiBHIOBaHMUX GpeliMBOpKiB po3pobneHe nporpamHe 3abe3neyeHHs, ake

[O3BONAE OLHUTU PO60OTY GPEeMMBOPKIB Y Pi3HUX PEXKUMAX HAaBAHTAKEHHS;

* 3anNponoOHOBAHO Niaxia 3 BUKOPUCTAHHAM BaraToKpuTepianbHOro aHanisy ans obpaHHA GpeitMBOpKY,

peneBaHTHOro A0 po3pobaloBaHOIo NPOEKTY;

* HapaHo 3aranbHi peKomeHaaLji Woao BUKOPUCTaHHA 060x GppeitMBOpKiIB Ta ocobamnBoCTelt NpoBeaeHHA

6araTokpuTepianbHOro aHanisy

¢ Y MaitbyTHbOMY NepcneKkTMBHUM HanpAMOM JOCNiAKeHb € iHTerpauia Al-3acobis y poboty ¢ppeiimBopkis,
S Epema AeTanbHe NPOCTOpOBe PO3yMiHHSA, CEMaHTUYHA CErMEHTaLlifA CLieHU Ta po3ni3HaBaHHA 06’eKTiB.
software 28
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MNOPIBHAHHA XAPAKTEPHCTHK IHCTPYMEHTIB 414 POBOTH 3
AOMOBHEHOK PEAJIBHICTH) HA 108

A0, Aepaceaa’, ML [IHipokonemtoss?

1 mazicmpatm kagedpu lhwenepll npozpaMiozoe 2adesnevernd, XHVPE, Xapuls, Vepaliha
* emapwill ewieaday kagedpu npospassol isredepll, XHYPE, Xopris, Yipaina
diria koskkinai@nire uad

Unanyeanurs AR CT3E KpHTHYHOH HAEHMYKOH) ANA iHMEHepiE, aT#e HTepaETHBHHE
KOHTEHT CTaE HopMow. PozpofHiEn CTHRANTECA 3 BRhopoM cepes YHcneHHy hpedMeoprin
Ana AR, KoEeH @ AEHX NPONOHYE VHIiEAARHI MOosnHeocTi. Bubip onTHMANTEHOrD iHCTPYMEHTY
FAMEHHTE Bif] TAKHX HIHYOEHX KPHTEPIE, AE NPOAYKTHEHICTE, MIABHICTE PEHIEPHHTY T3
e THEHE BEHKOPHCTAHHA pecypcin, aoxpesa CPU i GPU.

MeTa ukoro QOCNiGHEHHA — AHANIZ Ta NOpiEHAHHA iHCTpyMeHTiE AREit, ScenekKit i
RealityKit 3 ToueH 30py NpogyETHEHOCT] PEHZEPHATY COEH, ONTHMIzanil pecypcie Ta snGopy
HAHGINBD MigXOIANOrD IHCTPYMEHTY AA8 PiZHHX THNIE npoekTie. JocaigseHHA JO0IE0IHTE
apozyMiTH, Ak GpeiMeoprn 3abeanedyi0Te Kpawy cTabilLHICTE | MIaBHICTE peHIEpHETY
npH EMEDpHCTaHH] cnagany 30-06'exTie Ta apiManii, a TaKo® I BILIHE HA BUKOPHCTAHHA
CPU Tta GPL MmobiasHOrD npecTPOHED.

Jaa gocArHeHHA il MeTH O¥00 NOCTAaENeHD TAKl JABaHHA:

- lpoeecTH aHANiz BQDMHEX iHCTPYMEHTIE Q1A poboTH 3 A0NOBHEHOH PEAABRHICTH HA
i05: ARKit, SceneKit i RealityKit;

- BuznausTi kpuTepil nopisrAaHs ¢peiiMBEopkiE Ta CTEOPHTH CLUEHAPIR TECTYEAHHA]

- Hanuecats aogaTok 3 peanizagicsn dyvHELIOHATY HA OCHOBL COeHapio;

- lpoeecTH excnepuMeHTH aaa 3bopy gaunx, a came F5P, CPU, GPU nig vac ENEOHAHHA
THnoeMx onepauii 2 30-06'ckTaMu B KoogHoMY 3 dpeiiMBopkie;

- HagaTn peroMeda il mogqo EMEORPHCTAHHA TOTD 98 iHMOrD iHCTPYMEHTY.

lpegumeTomM FoCALGHEHHA £ IHCTPYMEHTH giR pozpobkn AR-gogartwie na i0%: ARKit,
SceneKit i Realitylit. O6'exToM [OCATEEHHA BHCTYNEE NPOAVETHBHICTE 233H3YSHHX
GifnioTex i B 20aTHICTE ed@ETHEHO BHKOPHCTORYBATH PecyPCcH MobLibHMX npucTpois, Tak
ax CPU i GPU. Ocofnuey yeary Oyae npegineHo cTabiAbHOCTI peHgepHHCY, PIBHHY
EHKOPHCTAHHA PECYPCIE Mg 4ac OSHOYACHOND BHHOHAHHA aHiMauid Ta e3aesmogii 3 30-
of EXTasM .

ARKit - dpefimeopx gig Apple qns creopenns gonoexesol peansHocti [AR) va i08, mo
Fabeznedye BHAHASHHA NOBEPXOHbL, BHIHAYEHHA NO3IHUI OpECTpOHM T4 rAHGHHH O0A
iHTerpanil BipTyansHux 0f'EXTIE v pRANEHHIE npocTip.

SceneKit - reyMkHi imcTpysenT ana pedgepumary  AD-rpadixm, wo nigTpHMye
CTEOPEHHA CHAZAHHY TRHBHMIiPHHX CLEH, BEUTHYANYH MATEPIANH, CEITAD, KaMepH, aHiMani
Ta diamuni cuMyasuil. SceneKit me € ocHoBmmm gnAa AR, ane BHKOPHCTOBYETLCA A48
e@yanizayii 30-koHTenTy pazom =z ARKit.

RealityKit - sosiTHii dpefimaopx gna AR gig Apple, snoymenui y 2019 poui, nponosye
peanicTHMHHA pedgepuHr | $izMuHO KOpeKTHY BzacMogin oB'ExTie iz HaBxOAMOIHIM
cepegoermes. [ligTpumxa LiDAR pozsoase RealityHit creopioBate Tousi cueHd gnm
CYy4ACHHX NPHCT POIE.

Pozpofka cuenapiie AnA TECTYEAHHA NpogyETHBEHOCTI AR-goaaTea Ha i0% € easunHBHM
ETanoM, 0 JO3B0ARE OUIHHTH efeETHEHICTE EHEOPHCTAHHA pecypcie Ta cTabiasHicT:
ADOETHA Ni HAaBaHTameHHAM. MeTow € MOAEBNHBAHHA THODBHX YMOB BHKOPHCTAHHA
AOOATHA GAA BHABNEHHA ~BYIBKHX MiCUB" ¥ NPOSYETHEHOCTI, AKi MOMYTh EOJIMHYTH Ha
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KOPHCTYEANEKHA JocBi. Baxnues BpaxyEaTH HE JHINE CTAHAAPTHI onepaii, a # cneundiy
dpeiimaopxie ARKit, ScenekKit i RealityKit.

Aocnigwenna npogyveTuanocTi ARKit, SceneKit i RealityKit nposoguTeMeTsCR Yepea
CIOCTEPEXEHHA 33 EHKOHAHHAM onepanii 3 3D-o6 'exTaMn v cueni, enmipiowan FPS, CPU Ta
GPU. OcHosHi kpeTepil Bn4anT: FPS (448 iasHoro KopHcTYEausEoro goceigy) [1], CPU
[obpobka rpadiks, animauiin, Gizucn ob'exTie] [2] i GPU [(EmoqosMil ga8 peaticTHYHOrD
pengepuury] [3]. Aas Tecryeanna fyge sMEoprcToByEaTHck Xoode Instruments — noTysHEMH
IHCTPYMEHT JAA JIarHOCTHEH NPOIYETHEHOCTI, Mo aozeoaqre eumMmipmeaTy FPS, CPU 1 GPU
HABAHTAHEHHA E pEAnBHOMY Haci. Cneyndiyuni iIHCTpYMERTH EXIRMATHMYT: Lore Animation
FP5 [mosiTopsHr crabinesocti FPS), Time Profiler (eigcresennn napanTasenns va CP) Ta
GPU Profiler [ouinka edextanocti enxopucradis GPU, ocofimeo gne nopiesaasa 3D-
rpadixn SceneKit | doTopeanizmy RealityKit].

CueHapii TecTyEaHHA BEAKNNEE gogasaHHA 100 kyhHkie pianoro poamipy Ta E0ARDpY
AAA NEpERIPHEH IFMATHOCTI CHCTEMH PeHAepHTH Garatowaposy cueHy. Hacrynuui etan —
OHOMACHA aniManis obepTanna 06'EETIE N8 nepesipen obpobkn pyxy Ta crabiasaocti FPS
nig HapaHTIeHHAM. (OCTaHHIA KpoOE - NOETanHe EBHAAASHHA O0'EETIE AAR OUiHEH
EHEINBHEHHA pecypCis i BigHOENeHHA NPOAYETHEROCTL

le# cuenapid 3abezneqye 4iTHI JaHl ANA NOPIiEHAHHA NPOIYKTHEHOCTI, cTablisHOCTI
Ta edeKTHEHOCTI $PEHMBOPKIE, MOAETKENH PEAALHI YMOEH EHKODHCTAHHA E A0JaTEAX
Aaa yworo creopeno gogatox ARPerfTester, axkwi peasizye TecToemil CueHapiin gna
EHMIPHEIHHA NPOAYKTHEHOCTI peHAepHHry, BHRoOpHcTanad CPU ra GPU, a Takos 3aransHOl
edeETHEHOCT drpefimBopxie. Jocnipeenss npoayeTuesocti ARKit, SceneKit i RealityKit
HAaAaE pozpobHHMEAM peKoMeHganil mogo EHGOPY ONTHMANRHOrD IHCTPYMeHTY aaa AR-
aogateie Ha i05. ARKit zafeaneuye crabineHy 4acToTy Kagpis | eheKTHEHE BHEOPHCTAHHA
pecypcie, o poiHTE HOTD iE3aARHHM ONA MOGLIBEHHX iTOp, OHIAHH-WONIHCY Ta OCBITHIX
aogarkis. SceneKit nigxoauTs ana pesgepuury 30-rpadike Ta animanii, ccofaueo gia 30-
irop, ge BwEAMEa EizyaakHa cenagoea Gez cenagHol Gizned um iHTerpagil @ peaskHHM
caitom. RealityKit iz dorvopeasicTauson eizyanizagiesy Ta $iZMUHHMH EBEIaEMOZIEMH
noTpebye Glnblie pecypciB, ane HAHEPAWE MiAX0ARTE JOA NPOrPaM, e BadIHEd BHCOEA
AKICTE rpadiky, 8K ¥ BPTYAARHHX WOYVPYMAaX | IPOrpaMax 408 TYPHIMY.

Amaniz ymx GpedMBOPEKIE NigKPECIOs BaXIHBICTE ePEeETHEHOID YNPasJiHHA
pecypcamu GPU Ta CPU aas opogyeteeHocTi AR-poparkie. OoTemizanian  goIsonse
AAANTYBATH AGIITEM 0Oif cnenndiey OpUcTpor, zafeaneqdyioMd nnaesmid AR-gocein.
JocnigmeHHA NOKAIaAN0 Pi3Hl DiaxogH A0 BHKOpHCTAHHA pecypoie: ARKit migrpaeye
crabiapanil FPS Ta edeETHEHICTE, ONTHMANEHHA AA8 idTerpauii 3 peankHss ceiTOM;
SceneKit 3 HHzekHM  cnommeaddasm CPU migxogsts anA  3D-rpadiem; RealityKit =
JoToOpeanicCTHYHON Biayan@aniesn noTpedye IHAMHHE PECYPCIE | 4acTo MaE koAueaHHa FP5,
wo EdMarag onTHMizagil. [loganemi gocligseHHA BapTo F0CEPESHTH HA NOKPALLEHHI
pesgepuury B RealityKit, wombGinyeanui ARKit i SceneKit Ta emxopucranni LiDAR gna
NigBHINEHEA TOYHOCT] iHTerpayil of'EXTIE ¥ pEATLHOMY CEpegoBHli.

CoHCoE TiTepaTypm:
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- P. 6BA5. - DOI: https:  fdol.org 10.3390 /2231 56885

2. Hort, M., Kechagia, M., Sarro, F., Harman, M. A Survey of Performance Optimization for Mobile
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Engineering. - 2022. - Vol 48. - No. B. - P. 2879-2904. - DOl 1001109 ¢ TSE.2021.307 1193,
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Abstract—While defining the technology stack for
creating native AR apps for iOS, developers are faced
with the need to choose between two popular Apple
graphics frameworks: SceneKit and RealityKit. Most
available studies are dedicated to the analysis of their
internal architecture and most beneficial technical
capabilities. Whereas this study focuses on the
fundamental comparison of the frameworks using the
multi-criteria decision analysis method. For this, the
significant qualitative and quantitative comparison
criteria are highlighted, as well as a series of experiments
are conducted to compare frameworks in terms of scene
rendering performance (FPS) and mobile device resource
usage (CPU, GPU). Such a formal approach makes it
possible to evaluate the effectiveness of frameworks and
their suitability for different project types and
development teams. This allows developers to make
informed decisions during the design stage according to
their needs. Confirming the potential of the proposed
approach in practice, an example of its application to
select the most appropriate framework for two different
AR projects is presented. The specificity of applying this
approach in the context of the current task was
highlighted.

Keywords— Augmented Reality, graphics scenes, iOS,
multi-criteria decision analysis.

I. INTRODUCTION
Augmented reality (AR) technologies are becoming
an integral part of everyday life, with applications
spanning various fields. From mobile gaming to pre-
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project visualisation and interactive learning, AR
enhances the user experience by integrating virtual
elements into the real world [1], [2], [3]. According to
ARTillary Intelligence [4] in 2024, the number of AR-
ready Apple devices surpassed the number of similar
devices from Google.

With interactive content becoming a norm,
understanding AR frameworks is a crucial skill for
software engineers mastering AR. However,
integrating AR into 108 applications poses a challenge
due to the variety of available frameworks, each with
distinct advantages.

Choosing a technology stack when starting a new
project is crucial for its development cost, set of
features, further updates potential, future success in
general and resulting profit. Developers can decide
based on their experience and intuition or utilize any
suitable formal method. Employing formal analysis can
provide a defensible, evidence-based justification of the
choice, ensuring that the decision is robust and
balanced.

For Apple devices, there are three most commonly
used native frameworks that could be utilized to
implement high-performance AR applications: ARKit,
ScenekKit (SK), and RealityKit (RK).

The primary function of ARKit is environmental
scanning and real-world integration [5], [6]: detect
surfaces, track device position in space, and determine
depth for placing virtual objects within the real|
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nvironment. ARKit can work with LIDAR scanners
available on newer 108 devices, allowing the use of
three-dimensional spatial data for real-time depth
mapping [7]. There is no way to get access to all this
functionality without ARKit for Apple devices. ARKit
relies on SK, RK, or other graphics engines to render a
graphical scene in an AR application [8].

SK is the oldest Apple implementation of rendering
technologies. It was introduced in 2012 and was
conceived for VR [9]. It is a flexible and powerful 3D

rendering engine that enables developers to easily
create 3D objects, apply materials, and set up lighting,
cameras, animations, and physics simulations, as
highlighted in [8], [10].

RK is a modern framework introduced by Apple in
2019 [11]. It enhances 3D object rendering realism in
real-world, physics simulations, and spatial audio “out
of the box™, supports asyne loading and provides a

networking layer to implement state synchronization,
etc., as discussed in [10], [12].

If developers want to use only native tools to ensure
productivity, they need to choose between SK and RK.

II. MATERIALS AND METHODS

A. Aim and tasks of the study

Despite numerous studies on SK, and RK, most
focus is made on analysing their technical capabilities,
performance, and integration. However, there are no
clear recommendations on selecting the appropriate
framework based on project requirements, particularly
considering mobile device limitations, performance
demands, and rendering specifics. This lack of

guidance makes it challenging for developers working
on AR applications, highlighting the need for this
research.

The aim of this study is to investigate the impact of
SK and RK frameworks on the performance and
functionality of developed scenes in AR applications
for i0S. The research objectives are:

a) Highlight the criteria that can influence the
choice of a framework by the software architect, define
types of criteria (qualitative or quantitative),
measurement  scales, ranges, and their possible
aggregation groups; the grouping of some criteria is
used to reduce their quantity in case it doesn’t confuse
experts during the criteria groups’ weights adjustment.

b) Conduct an experiment to measure criteria values
for every alternative (SK and RK frameworks in the
current case).

¢) Give an example of selected criteria usage to

choose SK or RK for specific project and analyse the
results.

B. Selecting a formal method for framework scoring

Among the suitable formal methods of alternative
selection, there are, for example, neural networks [13],
the classical method of multicriteria analysis

(MCDA) [14], or its modification based on fuzzy
logic [15]. On the one hand, neural networks require a
large amount of historical data. This is unlikely to be
available to an ordinary software development
company. On the other hand, the use of fuzzy logic
makes sense when there is partial uncertainty about the
values of the selected criteria, or when several experts
disagree in their assessments. For such a task as
choosing one of two frameworks according to the needs
of a particular project, in case all the parameters
(criteria) can be measured in terms of certain numerical
values and there are no major differences in the way
they are interpreted by experts, a classic MCDA is
faster and more transparent. This approach also helps to

better analyse the pros and cons of the alternatives and
to come up with confidence-aware decisions.

For this research classical additive MCDA has been
chosen.

C. Criteria identification and definition

There are several aspects that should be considered
while making a choice among different graphical
frameworks for AR  applications. They are
performance, supported features (graphics, physics),
integration level of AR operations, fine-tuning abilities,
simplicity of use, and limitations. Fine-tuning (or
customization) ability is the ability to implement such a

feature that is not supported in the framework by
default.

The values of all indicators are scaled to the selected
universal interval scale [0-10], where 0 means not
supported or absence of feature and 10 means the best
possible level of support. For such parameters as, for

example, “Necessity of Performance Tuning,” the
values are inverted to conform to a unified logic “the
bigger - the better”.

The performance of AR applications is measured
using several key metrics [16]. They are listed in
Table 1. All the metric ranges in Table I are given non-
normalized because it's easier for a person to perceive
them in such a format.

The primary performance metric is Frames Per
Second (FPS). A high FPS ensures a seamless user
experience, whereas a low FPS can cause animation
stuttering and degrade wusability. For AR\WR
applications, the optimal FPS is a stable 60 FPS.
Measuring FPS helps assess how well frameworks
handle scene rendering while maintaining high
performance during animations [17].

CPU usage 1s crtical for overall application
performance. It is responsible for loading assets,
managing and positioning 3D objects, transferring data
to GPU, processing physical interactions and
application logic, integrating data from sensors, etc.

Efficient CPU usage is necessary to maintain a
balance between animation smoothness and minimal
resource consumption [18].
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TABLE 1. PERFORMANCE INDICATORS

Indicator Range Description
Frames Per Second, indicate the
Average FPS, o e
FPS 0-60 smoothness of the application
performance
Oecasional
FPS drops cause a poor user
FPS Drops, | 0-60 P
FPS experience
Initial FPS
. Min observed FPS drops on pick
Drops, 0-60 loads
FPS
To what max frequency the
Max CPU processor was ‘overclocked” at
Frequency, 1-3.2 peak loads; this indirectly indicates
GHz how much the CPU has been
utilized
Max GPU 0100 Shows how much GPU was utilized
Usage, % ] at pick loads

The lower boundary for CPU Frequency is set to 1
GHz since that’s the value for its ‘idle’ mode. The
upper boundary for CPU Frequency is set to 3.2 GHz
since for most iPhones (the device on which the
experiment was performed) with an AX chip, the
maximum frequency of ‘large’ cores can be
approximately in the range of 2.3-3.2 GHz.

GPU utilization plays a key role in achieving high-
quality graphics and real-time interaction in AR/VR
applications. The GPU is specialized for rendering
computations, making it responsible for displaying 3D
objects, textures, shadows, reflections, and lighting. In
AR applications, the GPU enables virtual objects to
blend seamlessly with the real-world camera feed.
High computational loads can cause FPS drops and a
poor user experience, especially in complex scenes
with many objects. To maintain 60 FPS or higher, GPU
performance must be optimized to prevent frame rate
delays, interface lag, and excessive Dbattery
consumption. Overloading the GPU can lead to
overheating and rapid battery depletion, making
balanced resource management essential for efficient
AR application performance [19].

Ensuring framework adaptability allows developers
to optimize resource usage while considering device
limitations. Effective CPU and GPU management
prevents excessive performance degradation and
enhances the overall user experience [20].

All the indicators listed in Table 1 are estimated

during the experiment that is described in section I1.D
as well as the values themselves.

The important functional graphics features are listed
in Table II. In addition to the primary criteria, the
analysis also considers additional graphies functional
aspects [9], [10], [11] that might be crucial to the
quality of AR application being developed. They are
3D file formats support (for assets), different animation
types (action based, key frame, skeletal, morph target,
inverse kinematics, animation blending, etc.),
photorealistic quality of the scene (PBR, basic lighting
and shadowing, environmental lighting, ray tracing),

physical simulations support (collisions, gravity,
forces, physical properties of the objects, etc.).

TABLE Il. GRAPHICAL FEATURES INDICATORS

Indicator SK RK Description

3D File
Formats
(GLTF, OBJ, | 8 8
FBX, USDZ,
UsD)

SK doesn’t support the USD

format; RK doesn’t support the
FBX format

Among all animations, SK doesn’t
support  Real-Time AR-Driven
animation only while RE doesn’t
support Inverse Kinematics and
Animation State Machines at all
of has limited support for Custom
Animation Curves, ete.

Animations 8 7

For SK is possible and achieves
good  results with  enough
tweaking, but it requires more
manual work. For RK automatic
environmental lighting  and
reflection systems help deliver a
realistic blend with the real world
“out of the box™.

Photorealism | 7 8

SK  supports common highly
customizable physics interactions
(rigid bodies, fields, constraints)
but iz not aimed at advanced
fluid/soft-body out of the box. RK
is streamlined for typical AR
collisions and simple rigid body
dynamics but has fewer advanced
features or deep customization.

Physical
Simulations

Average | oo | 728

SCore

Since the target type of applications considered in
this paper are AR-oriented applications, the level of AR
operations integration into the frameworks being
evaluated impacts crucially their development process
and, thus, their comparison. For example, handling
collision with real-world objects, occlusion (hiding
partly or completely virtual objects behind real-world
objects), and external real-world light consideration.

According to this indicator, SK has got 6 points
while RK has got 9 points. This is due to the fact that
SK supports only basic AR Anchoring and
Environmental Lighting out of the box. Other
functionalities like Real-Time Plane Detection, Real-
Time Occlusion, Physics-Based Real-World
Interaction, Motion Capture Support, etc. are supported
via manual setup with ARKit or not supported at
all [10].

RK points are also not maximum because object
recognition works based on pre-scanned 3D object
models, it also relies heavily on ARKit's spatial
awareness capabilities (e.g., tracking, plane detection,
and occlusion) [11]. That’s why this functionality in RK
is significantly weaker than the same functionality in
Al-powered frameworks, such as WVuforia and
Unity [21]. Manual implementation of such Al-based
algorithms is possible with the use of different object
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boundary segmentation algorithms, for example, those
described in [22].

If the desired feature is not supported by default in
the frameworks, it could be possible to implement it
manually. Differences between SK and RK in the
abilities of feature customization and performance
tuning are listed in Table IIL

TABLE III. FINE-TUNING INDICATORS

Limitations for rated frameworks are shown in
Table V.

TABLE V. LIMITATIONS INDICATORS

Indicator SK REK Description

SK is available for all versions of
i05/mac0S/vision0S;
RK is available for i08 13+/

macOs 10.15+/visionO5 all
versions

Compatibility | 10 9

Indicator SK | RK Description

SK supports Level of
Detail (LOD) management,
profiling and reducing draw
calls, and simplifying node
hierarchies using Xeode
Instruments;

RK allows to structure “entity-
component-system™ (ECS) data
efficiently

Performance
Tuning

SK handles moderately complex
scenes, but can struggle without

Scene . ) reliPi

c lexit T 9 fine performance optimizations,

R exily RK is generally efficient for

Scalability
complex scenes due to Metal
utilization

Average

B3 9

SCore

SK supports custom shaders,
PBR materials, lighting, and
advanced posiprocessing,
e.g. [23], etc.

REK supports only simple custom
materials, reflections, and
lighting adjustments

Custo-
mization

Average

Score BS5 5
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The indicators collected in Table IV [24] are useful

because in case other aspects are equal, a product that
is easier to use is likely to be preferred.

TABLE IV. USAGE SIMPLICITY INDICATORS

Indicator SK RK Description
Community SK was introduced in 2012 and
Ducs ' 9 8 RK - in 201_9. Both have de_tailed
Samplés documentation and a lot of code
samples.
SK has an advanced scene editor
in  Xcode good for deep
customization and control over
Graphical every aspect of a 3D.scene I.ﬂ.l[
X 2 7 lacks AR-elements integration
Scene Editor
out of the box;
RK uses an external Reality
Composer for quick protolyping
of AR apps
SK uses an old-style node-based
Scene hierarchy, pood for 3D scenes;
Organization B 10 REK provides a modern and easy-
approach to-start ECS approach, but fewer
“classic™ 30 scene graph control
SK is capable to Thandle
moderately complex scenes with
Necessity of adva.nced graphical eﬂ'.ecrs b.m
Performance 5 g requires manu;.al  tuning for
Tuning perlanna_nce optimization )
RK provides a generally efficient
graphical engine based on Metal
API
Average
e 7.5 | 85

Platform compatibility influences the potential
number of application clients, and Scene scalability
affects the classes of AR applications, that could be

developed with the corresponding framework.

D. Experiment

To measure the performance indicators of the SK
and RK in terms of parameters listed in Table I the
experiment was conducted. The ARPerfTester 108
application was developed. The application allows a
user to create a three-dimensional scene, add and
remove objects, perform animations and analyse
system behaviour under varying loads.

Several test scenarios are offered to evaluate the
performance of SK, and RK frameworks. The main
goal of the testing is to determine how these tools
handle rendering a large number of objects, processing
animations, user interactions, and utilizing the device's
hardware resources.

Test scenario 1: evaluates performance with an
increasing number of objects (up to 100, up to 10000
faces in total). The aim is to determine how object count
affects rendering performance.

Test scenario 2: test the impact of animations on the
performance. The goal is to determine how the
framework processes the simultaneous animation of
multiple objects. Using a scene with objects (up to 100,
up to 10000 faces in total), a simultaneous rotation
animation was executed.

Test scenario 3: stability afier object removal. The
goal is to check system performance as well as memory
management efficiency and resource deallocation.

For the experiment, Xcode Instruments [20] were
used as the primary tool for performance analysis and
debugging of 108 applications. Instruments allow real-
time monitoring of device resource usage, including
CPU, GPU, FPS, memory, and power consumption,
providing precise data on AR application performance.
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Before running the tests, the following tools were
configured in Xcode Instruments:

* Time Profiler — to analyse CPU load and
identify peak processing moments during
scene rendering.

* GPU Profiler - to monitor GPU usage while
processing 3D objects and animations.

e (Core Animation — to track frame rate (FPS) in
real-time and assess the stability of the
frameworks.

The experiment was conducted on a physical device
(iPhone 8 Plus running i0S 16.7.10). During each test
scenario, Xcode Instruments recorded all performance
metrics, allowing for both real-time analysis and post-
test review. The collected data was exported in .trace
format, enabling a detailed further analysis of the
indicators. The results of the experiment are presented
in Table VI below.

TABLE VI SUMMARY OF THE PERFORMANCE RESULTS

Metric SceneKit RealityKit
Average FPS, FP§ 58 54
Occasional FP'S Drops, FPS 4 9
Initial FPS Drops, FPS 55 9
Max CPU Frequency, GHz 1.68 2.13
Max GPU Usgee, %9 15 53

Throughout most of the testing, SK indicates high
performance. However, short-term drops were
observed while adding a large number of objects. These
drops occurred mainly in the initial step of changing
stages when the system processed a large number of
new objects or started to execute simultaneous
animations.

RK exhibited more pronounced FPS fluctuations
initially (when the stage was still empty) — frame rates
dropped to 9 FPS, likely due to the high computational
requirements for processing initial physics effects and

rendering. Subsequently, FPS stabilized at 57-60 FPS,
but periodic performance drops were still recorded.

These drops were not as low as for SK, but RK was
stabilizing longer than SK. This effect confirms higher
system resource demands.

The GPU load in the SK remained relatively low.
This suggests efficient computation optimization,
where the load is evenly distributed among processes.

RK showed significantly higher GPU usage. The

highest peak values were observed during active object
interactions when complex lighting, physics effects,

and animations were being rendered.

High CPU frequency on SK was observed during

the addition of new objects and animation execution,
but performance remained stable after object removal.

RK indicates significantly higher computational
requirements compared to SK. This is due to RK's

extensive use of physics simulations and lighting
rendering, which increases the overall processor load.

In order to utilize the obtained values for analysis
using additive convolution [14], the parameters were
normalized to the selected range [0-10] according
to (1)

X=X, -
Xporm = x—‘—m‘ﬂ—mu_xmm x 10 (1)

The results of the calculations are presented in
Table VII.

TABLE VII. NORMALIZED SUMMARY OF THE PERFORMANCE

RESULTS
Metric SceneKit Reality Kit
Average FPS, FPS 9.7 9
Occasional FPS Drops, FPS 0.67 1.5
Initial FPS Drops, FPS 9.17 1.5
Max CPU Frequency, GHz 309 5.14
Max GPU Usage, % 1.8 5.3
Avergoe score 4,89 449

E. Application of MCDA to determine the feasibility of

frameworks " usage for different applications

Let’s describe two typical applications under
development that can be used to assess the feasibility of
frameworks’ usage for their implementation.

Application] is being developed by a small startup

team. Application] is a product catalogue of furniture
and the utility for placing 3D models in space.

Application2 is being developed by a team with
experience in 3D graphics or game development
Application2 is the Educational Physics Lab that allows
students to place virtual setups (pendulums, mechanical
models, etc.) into the real-world environment to
investigate and experiment with precise physical
interactions, adjusting physical characteristics of the
setup components (e.g. motor torque, friction at joints,
gear ratios, angular constraints, mass distribution,
damping, joint strength, etc.).

Through the analysis of application functionality,
weight values for each group of indicators have been
proposed for each of the applications. The results of
additive convolution [14] for Applicationl for both

frameworks are given in Table VIII, and for
Application 2 are given in Table IX.

TABLE VIII. RESULTS FOR APPLICATION]

Criterion Weight 2 S“MK::’ W, CIRE nli[y:l: W,
Performance 025 4. 80 1.22 4.49 1.12
Graphical 0,1 75 0.75 7.25 0.73
Features
AR Intepratiog 025 (] 1.5 9 2.25
Fine-Tuning 0,1 8.5 0.85 5 0.5
Simplicity 0.2 7.5 1.5 B.5 1.7
Limitations 0,1 B.5 (.85 9 09
Lotal 867 12
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TABLE IX. RESULTS FOR APPLICATION2
Scenekit RealityKit
Criterion Weight - W, - oW,
Performance 0,25 4.89 1.22 4.49 1.12
Graphical
03 7.5 2.25 7.25 218
| Features .
AR . 0,15 & 0.9 9 1.35
Integration
Fine-Tuning 0,2 B.5 1.7 5 1
Simplicity 0,03 7.5 (.38 8.5 .43
Limitations 0,05 8.5 0.43 9 0.45
Lotal 0,88 £.53

The experiment demonstrates that RK is more
suitable for Applicationl, whereas SK is preferable for
Application2.

This is because for Application] basic photorealism
and support for various AR interactions, such as
gestures to move and rotate objects, are fundamental,
while Application2 is impossible without accurate
modeling of complex physical interactions and careful
performance tuning for complex graphical objects.

III. RESULTS AND DISCUSSION

The obtained results demonstrate that the SK is
more stable in maintaining frame rates and efficiently
utilizes hardware resources, particularly the GPU, thus
is suitable for projects where performance and energy
optimization are critical. Conversely, with the same
scene project in code RK provides more photorealistic
rendering and complex physics interaction, but this

comes at the cost of significantly higher CPU and GPU
load, which leads to FPS instability and increased
power consumption. This, in general, confirms the
developers' observations obtained in [10], but Apple is
constantly improving RK and Metal that is used in its

background (instead of OpenGL, which is used by
default in SK) and, in perspective, RK should

outperform the SK.

According to the features and capabilities

comparison, both frameworks cover the same set of
them, but there are differences in specific features and

how many of them are built-in versus needed manual

work. In general, SK is more powerful, mature and
flexible in graphical, physical and audio features, but it
needs more manual work and professional knowledge
to develop them. RK turns on, by default, simple
variants of these features but is not able to implement

extended versions of them at all For example,
specialized shader effects (non-realistic “Cel” or
“toon”-rendering with discrete colour bands, sharp
lightning transitions and outlined edges) are not
possible in RK at all. They could be useful in
educational AR applications, artistic visualization or
interactive guides, where it is necessary to help users
easily distinguish virtual AR content from real-world
scenes.

The same situation is in physical simulations.
Powered by Bullet [25], SK allows to set up advanced
physical properties of graphical objects, as for
Application2. Such interactions are very hard to

implement in RK which lacks the granularity needed to

provide educationally accurate, highly customizable
demonstrations of complex mechanical principles.

On the other side, as the study showed, RK
outperforms SK in AR features support. RK was built
for AR, so it has AR conveniences that SK alone
doesn’t (e.g. automatic gesture handling). A crucial

weakness of SK is that under visionOS it runs only in
2D mode, lacking visionOS immersive integration at

all.

As a more modern development tool, RK is simpler
(though less customizable) than SK for less
experienced developers. SK suites developers teams
who are professionals in 3D graphies.

In general, RK emerges as the recommended choice
for new AR-specific projects. Developers should also
consider RK to prototype and future-proof their
applications, especially in the context of Apple’s spatial
computing initiatives, including visionOS.
Nevertheless, SK continues to serve as a reliable
general-purpose 3D graphics framework, particularly
useful when AR capabilities are secondary, or there are
some features that are much harder or not possible to
implement in RK than in SK.

IV. ConcLUSIONS

This study conducted a comprehensive analysis of
the performance and capabilities of the SK and RK
frameworks in the context of developing AR
applications for i0S. Key evaluation criteria were
identified and assessed. A method of MCDA was
offered to rigorously select a framework that better
meets the requirements of a specific project. It is
necessary to pay attention to the peculiarity of the
MCDA application in the case when there are
mandatory ("must-have") features, e.g. vertex-shaders
control or custom graphical post-processing effects.
Such mandatory crteria should be excluded from
MCDA and checked first. The following MCDA
should be made among the alternatives that have passed
the mandatory criteria test.

Regarding the future perspective, it is necessary to
focus on the research of Al-driven methods in AR, such
as detailed spatial understanding, semantic scene
segmentation, and mesh classification [26],[27], which
could greatly enhance AR functionality for native i0S
applications.
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