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ITepiAndn

H yvewuetpuxn enelepyaoio edvwy, dnhadi 1 UeTaToOmON, N TEPoTEOPN ¥ 1 ahharyh) xAlpaxog evog avTi-
XEWEVOL OF Uit PuToYEApia, UE TUREAANAT BlaThENon TNS ERPAVIONS Tou Xt TNS YOpw OXNVAC, AmoTEAEL
Wiadtepa amoutnTind meoBAnua yuo diffusion-based yedddouc image editing. To avtixelyevo mpénel va
uetaoynuatio tel ywels va ydoel Ty tawtdétntd Tou. To FreeFine eivon pia training-free pédodog mou Aet-
ToupYel Mdvw oe frozen Stable Diffusion: tonodetel 1o yetaoynuatiopévo avtixeiyevo oe éva inpainted
background, oynuotiCel éva coarse composite xou otn cuvéyelo To tepvd and oTddlo refinement. Xto
GeoBench uneptepel évavtt tponyoluevwy petddwy yewuetpxng enelepyaoiac. H nopodoa Simhwpatixng
avanopdyet To FreeFine, evtonilel cuotnuatind mod xou yiotl amotuyydvel xou teotelvel BeATdoElC ywplc
emnAfov exnoldevon.

H avamapoaywyr| extehel Tov dnpocto xwdxa o OAeg Ti¢ 5.677 dlodldo tateg encéepyacieg Tou GeoBench-
2D. H mapaywyt elvor VIETEQUIVIGTIXY XL OL UETEIXES PEUMOMOU X0 CUVETELNS CUUPKVOUY UE TG ON-
pootevuévee Tiwée ye andxhon éwe 2%. M metric-driven Sudyvwon evtoniler to x0pio TEdBANUA 6TIC
0UOXOAEC TEQLOTEOPES XU OTIG DLOXOAEG oMAaYEC Alpaxag, ol onoleg amoteAoly mepimou To €va TéToe-
To tou benchmark xou cUYXEVTE®OVOUV TO PEYORDTEQO UEROC TNG OMWAELNG OE GUVETELL AVTLXEWEVOU
xon yewuetet| oxpifBeia. Xtn ouvéyela e€etdlovton €€ SlapopeTixés eEnynoelc TN amotuylac Yoo o-
7O €00l €Vol EAEYYOUEVA TELRGUATA UE XOWVO TEwTOX0ANo. Kapulo and Tic puduloeic mou doxiudo Tnxoy
X0 XOVEVOG OO TOUS UNYAVIOUOUE TopOoY G TauTOTNTAS 1 YewueTelog mou e&etdotnxay dev eEnyel Ty
amotuylor ta evpruata Setyvouv, avtideta, mpog tov TEéTO pe Tov omolo To refinement yewplleton ToO
coarse composite. O xatdAANAoC yelplopds eE0pTATOL OO TOV UETACYNUATIOUO: OTIS UETATOTICELS Xou
oToL non-severe resizes elvot TEOTWOTERO Vo dlatnee(ton To a€LOTIOTO E0KWTEPIXG TOL composite, oTig me-
ploTpoéc To apyxd refinement tou FreeFine mopopével n xohltepa utootneillouevn emhoy, Ve Ta
severe resizes ypeidlovton xadodnyoduevn avoaxataoxeutr. o Ty teleutala tepintwon avantdocetan T0
EPSREC, évag unyaviouog guidance rectification nou Bocileton oe projected guidance xou temporal
mMemory Ue opvnTixd momentum xou petdver to keypoint-position error xotd 14,7% otic dVoxokeg oh-
Aoyéc xhipoxac tou development subset xou xatd 0,34 pixels (1,8%) oto olvolo twv 759 severe resizes
Tou benchmark.

To evpruato ouvdudlovton oto SGR-EPSREC (Selective Geometric Refinement), wo training-free,
transform-aware tohtixy| mou emhéyel dlapopeTixd inference-time yeipioud pe Bdon wévo tov {nroduevo
HETOOYNUATIONO. XTo TAReeS cUVOho Twv 5.677 enelepyaciwy, To SGR-EPSREC Beltiwver aprdunti-
%d xon Ti¢ entd petpwég tou GeoBench-2D oe oyéon uye to avomapayuévo FreeFine, auw&dver t ou-
VETIELOL aVTIXELEVOL 070 H4% Tov enelepyaotdv eved Tn peudvel oto 18%, agrivel Ohec TiC TEPLO TPOPES
axpBng 6mwg Tig mapdyel to FreeFine xou 6ev umoBaduilel tov peoiopd. H epyaoio egetdlel eniong
TL UeTpOUV oTNY TEdEN ot Yetpéc tou benchmark (yio nopdderypo, to FreeFine gtdvelr hdn nepinou
oto 99% tne ouvénelag avTIXEWEVOU Tou coarse composite) xou Soyweilel To gains mou avtavaxAolv
ovoLao TiXd xoAUtepn enelepyaoion amd exelva Tou TEOXVONTTOUY €V UEpEL and TOV (Blo TOV OploHs TwV
petexwy. O xddxog, to exteleouéva notebooks xou to anoteAéopata Tne epyaociog etvon dnudota dSio-
Yéouua.

A€&eig-xAeLdd: povtéha didyvone, Stable Diffusion, yewuetown enelepyosia edvwy, training-free
image editing, image compositing, attention manipulation, classifier-free guidance, adaptive projected
guidance, FreeFine, GeoBench, petpuxéc alohdynong, avamapaywyhotnta







Abstract

Geometric image editing means moving, rotating or resizing an object in a photograph while keeping
its appearance and the surrounding scene. It is a demanding test for diffusion-based editors, because
the object must change its pose without changing its identity. FreeFine is a training-free method built
on a frozen Stable Diffusion model. It places the transformed object on an inpainted background
and then refines the resulting coarse composite. On the GeoBench benchmark it outperforms earlier
editing methods. This thesis reproduces FreeFine, diagnoses where and why it fails, and improves it
without training.

The reproduction runs the public code on all 5,677 two-dimensional edits of GeoBench-2D. It is
deterministic, and it matches the published realism and consistency metrics to within 2%. A metric-
driven diagnosis locates the failure in hard rotations and hard resizings, which make up a quarter
of the benchmark and carry most of the loss in subject consistency and geometric precision. Six
explanations of the failure are then tested in twenty-one controlled experiments under a common
protocol. None of the tested reconfigurations explains the failure, and neither does any of the tested
mechanisms that supply the object’s identity or the exact geometry of the edit through the entry points
of the frozen network. The evidence points instead to how refinement treats the coarse composite,
and the right treatment depends on the transformation. For translations and moderate resizings the
interior of the composite should be kept; for rotations the released refinement works best; and for
severe resizings the reconstruction has to be guided. For this last case the thesis develops EPSREC,
a projected guidance with recursive momentum. It lowers the keypoint error by 14.7% on the hard
resizings of the development subset, and by 0.34 pixels (1.8%) on all 759 severe resizings of the
benchmark.

These findings are combined into SGR-EPSREC (Selective Geometric Refinement), a training-free
policy that reads only the requested transformation and sends each edit to the treatment that suits it.
On all 5,677 edits, SGR-EPSREC improves all seven metrics of GeoBench-2D over FreeFine. It raises
subject consistency for 54% of the edits and lowers it for 18%, leaves every rotation exactly as FreeFine
produces it, and does not lower realism. The thesis also examines what the benchmark’s metrics can
and cannot measure. FreeFine already reaches 99% of the subject consistency of the composite, which
is a copy of the source at its target pose, and part of the measured gains follows from how the metrics are
built. On this basis, the thesis separates the improvements that reflect better editing from those that
do not. All code, executed notebooks and results are publicly available.

Keywords: diffusion models, Stable Diffusion, geometric image editing, training-free editing, image
composition, attention manipulation, classifier-free guidance, adaptive projected guidance, FreeFine,
GeoBench, evaluation metrics, reproducibility
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Chapter 1

Extetauevn IlepiAndn ota EAAnvixd

1.1 Ewaywy” xou ctoyol

H yewyetpwnr enclepyaoio eixdvmv anoutel and €va Tapaywyixd LOVTEAO VoL UETOUXIVACEL, Vo TEPLOTEEDEL 1)
VoL aAAGEEL TO PU€yEPOC EVOG AVTIXEWEVOL UEGO GE Lol PWTOY R0, ETOL WOTE TO avTiXeluevo va eppovileTton
ot véa {ntovuevr Yo, va Tapoével avary Voploldo To (Blo xat 1 UTOAOLTY oxnvY| Vo Slatnpeeiton 600 To
BLYVATOV UETABANTY.

To npéfhnuo cuvdudlel anATACEL TOU GUY VA cuyxpoLovTal YeTold Touc. To avtixelyevo mpénel va
OLATNENOEL TNV EUPAVION XAl TNV TAUTOTNTA TOU® 1) TEQLOYT) TOL APVEL TOW TOU TEEMEL Vo GUUTATNEWVEL
ue meloxd background: to avtixeipevo npénel vo evowpatwiel guoixd oty véa Tou Véon ywelc eppavelg
papég 1) artifacts: xau, oe oployéveg mepimtmoEl, TEENEL Vo Ttapay Vel onTixy| TAnpogopla Tou dev UTEYE
oty apywxy ewova. H anhnf avtiypoapr tov pixels mpootatedel TV TALTOTNTA TOU AVTIXEWEVOU, OAAA
BUOXOAEVETOL VL TO EVTAEEL QUOIXA OT) VEX oxnv). Avtideta, 1 TATeNS avamapaywYr) Tou omd To genera-
tive model umopel var 8choel To QUOKS anoTéleoua, ahAd awEdvel Tov x(ivduvo vo ahhowwdel 1 TavToTNTA
TOU.

To povtéha dudyuone (diffusion models) [2,8] éxouv Behtudoel onuovtind Ty ToldTnta Tne TopoywyYNS
EOVWY xou anoteholv Théov Baoxd epyaheio yio image editing. Mo onuavtixd xatnyopla training-
free pedodwyv oflonolel ) yvoorn mou elvan 1N amodnxeupévn ota frozen weights peydhwy pretrained
novtélwy, 6mws to Stable Diffusion, ywelc va exnoudelel véeg napapétpoug. Ou uédodol autég ouviduwg
epopuélouy inversion tne mpoyUaTixhc eévoc otov latent/noise space xat EAEYYOUV TNV ETAVOTOQRI-
Yoyh e Wéow attention manipulation, guidance 1 tomxol ehéyyou tou denoising. I'io yewuetpxée
enelepyaoiec, 1 woyvedtepn and g uedodouc tou atohoyoivtar oto GeoBench eivan to FreeFine [34].
To FreeFine anrocuvdéel to npdPAnua oe tplot 0TABIL: PETACY NUATIONO TOL avTixewévou, inpainting tng
TEPLOY S TTOL aUTO aPfivel Tiow Tou xou refinement tou coarse composite mou npoxdntel. H datripnon tng
EUPAVIONG TOU AVTIXELUEVOU ETUTUYYAVETOL UE UETUPOPS YAULAXTNEIO TIXWY Ao TNV TNYN uéow attention.
Ou dnprovpyotl tou FreeFine eworyayayv enlone to benchmark GeoBench, oto onolo n yédodoc uneptepet
EVAVTL OXTG TEONYOVUEVWY TREOCEYYIoEWY.

H dnupoaoieupévn aglohdynom tou FreeFine Baoileton xupine oe péooug dpoug ndvw 6to chvoro twy edits.
Or péool autol Bev BelVOLUY OE TOIEC TEQINTWOEL ATOTLY Y AVEL 1) WéYodog, Tota etvor 1) outlor Tng amoTuylog
Xol oY TO TROBANU UTOREL VoL AVTILETOTIOTEL Ywplc v eyxatoewpiel o training-free yopoxtripag tne. H
Tapovoa epyooia ueretd to FreeFine oe dhec tic 5.677 diodidotates encéepyaoiec tou GeoBench-2D xou
opYaVAOVETAL Y0Opw amd Telo EQELYNTIXG EPWTHUNTIL

1. Mnopoiv ta anoteréopata Tou FreeFine vo avamapoydoly motd and tov dnudolo xhoixd Tou xou o€
moleg xatnyopleg edits eugaviCovton ov peyohitepeg anotuyleg;
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2. Ilo0 ogelleton 1 anotuylo: oe suboptimal configuration tng undpyouoag pedddou, oe TAnpopopia
mou dev Swdétel to frozen model 1 otov TpéTO e Tov omolo Tto refinement yewiletor To coarse
composite;

3. Mrogel o FreeFine va Behtiwdel ywplc emmiéov exnaidevon, xo o oo Padud, 6tav dloywelotody
Ta gains mou AVTLOTOLYOUV GE 0UCLACTIXA XUAUTER eneéepyacio amd exelvol TOU TEOXUTTOUY ATd TOV
0ploUS TV DLWV TOV PETEIXWY;

O xOpleg ouveloopés g epyaoiog elvan €EL:

1. ITvoTth xo vreTeppivicoTixy, avanapaywyh Tou FreeFine oe dhec tic 5.677 enelepyoaoiee,
ue amdxhon €nc 2% oTIC ONUOCLEVUEVES UETEXES PEANOUOU XU CUVETELS, XA)DS XaL AvVIAUCT] TOoU
released code ¢)ote v amocapnVIGTEL TG Aettoupyoly oTny TEAET oL Baoixéc TaEdUETEOL TNG HEVOBOL.

2. Metric-driven didyvwom xal EAEYYOUEVO TELEAUATIXNO TEWTOXOAAO, mou evioni{ouy
70 %0pl0 TEOPBANUA O0TIC SUOXOAEC TEQLOTEOWES xa aAAaYES xhipaxag xan opillouv Ue caprvela Toug
6poug xdie petaryevéoTepng oUYXELONC.

3. LuoTNuatindg EAeY X 0g 8L BLAPOPETIXWY EENYACEWY TNg anoTuyiag, uéoa and eixoot
éva eheyyouevo mewpdpata. Koplo and tic puduiosic xan xavévog and toug Unyoviopols Topoyhc
TaVTOTNTOC X YEWpETlag oL Soxuudotnxay dev e€nyel Ty anotuyla: ta eupruata detyvouy, avtiveta,
TPOC TOV TEOTO Ye Tov omolo to refinement yewlleton to coarse composite, xon 6Tl 0 XATIAANAOC
XElplopoc e€opTdTon amd Tov (Blo TOV UETATY NUATIOUO.

4. To EPSREC, évag unyaviouog guidance rectification yio severe resizes, o omolog yeuwdver to
keypoint-position error xotd 14,7% otic dloxohec alhayéc xhpoxac tou development subset xau
xatd 0,34 pixels (1,8%) oto chvoho twv 759 severe resizes Tou benchmark.

5. To SGR-EPSREC, po training-free, transform-aware mokitixn refinement mou emiéyet diagpope-
X YeWLOoUO avd edit xou BEATIOVEL opriuNTXd Xo TIC EMTE YETEWES OTO TAHRES GUVOAO TwV 5.677
ENEEEQYUOLOV.

6. AvdAuorn Tou TL RETEOLY MEAYRATIXA Ol RETELXES ToL benchmark, dote vo Sioywet-
6700V oL BEATIOOELC TOU avTavaxhoLy ouclac Tixd xaAlTepo editing and exelveg mou TEOXUTTOUV €V
HEQEL A0 TNV XATACKELY| TOV UETOIXDV.

1.2 Oewpentind vnofadpo

1.2.1 Movtéla didyvong xot Stable Diffusion

‘Evo diffusion model yodoivel vor avtiotpégel pio dradixactio xotd tnv omolo tor BedoUEva AAAOLOVOVTOL
otadoxd pe Gaussian noise. Xt forward process npootiveton Y6pufog oe T' Briuata xan, o xAeloTY
Hop®Y), oy LeL:

2 =Vogz0+V1—age, e~ N(0,1), (1.1)
61OV 0 oLVTEAEOTAC Ay pewvetar and 1o 1 tpog to 0. 'Eva veupwvixd dixtuo q(zt, t, ¢) exmoudeletar va
TpofAénel Tov VopuPo €, und wo cUVIAXY ¢, Yio ToEddelypa éva text prompt. Amé tnv medPiedr Tou
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1.2 Oewpentiné unéBadeo

Yoplfou mpoxintel N avtioTtoryn extiunon tou clean sample:

t—V1—aueg

e .
O deterministic sampler DDIM [5] uyetofaivel and 10 2 010 2p cuvdudlovtag Ty npdBiedn tou clean
sample pe v mpdPhedn tou BoplPou, zp = ay D + /T —apeg. Enedd n dwdixooia elvon vte-
TEPUVIOTIXY, 1) (Bl Tpoytd umopel var oxolovdntel mpooeyyioTixd xou mpog TNy avtidetn xatebiuvon
uéow DDIM inversion: plo mporypotixy euxdva yoptoypage(ton o €va noisy latent xou otn ouvéyela
avoxataoxevdletan and autd.  H wbiotnta auth amotekel tn Bdon moAldv training-free editing pe-
YOdwWV.

D=2

(1.2)

To Stable Diffusion [8] eqpopuélet tn diffusion process oe latent space. ‘Evac autoencoder petatpénet yio
eova 512 x 512 oe latent avoamapdotaon 64 x 64 x 4, evéy éva U-Net pe self-attention xou cross-attention
Tpoc 1o xelpevo extehel to denoising. H classifier-free guidance (CFG) [19] evioylel tnv enidpoom tou
conditioning, xdvovtog extrapolation ané tnv unconditional npbéBAedn ez npog tnv conditional npdBiedn
Ep:

E=cgtw(ep—eg). (1.3)

1.2.2 H péYodog FreeFine

To FreeFine viomotel pla yewuetpwxt| eneepyaoio oe tplo otddia (Kepdhowo 5). Apyxd epapudleton o
{NTOVUEVOS UETACY NUATIOUOS OTO avTIXeluevo, YUpw and To xévipo Tou bounding box Tou, xou ntpoxinTel
1 Wdoxa otéyouv M;. 31n cuvéyela yivetow inpainting tng neployrc mou dgnoe xevy to avtixeipyevo. To
METACYNUATIOUEVO avTixelyevo Tomoletelton v oto inpainted background xa oynuatilel to coarse
composite I.. Téloc, to composite nepvd and refinement: yivetaw DDIM inversion xou partial denoising
uovo ota tereutalor 15 amd ta 50 Pryata, wote va datneeitan 1 Poowr] YeweTplo TN EL0OBOL EVE
dopUvovtan seams xou artifacts touv resampling.

To refinement ypnowonotel tpelg Bacixoie unyaviouols téve oto frozen Stable Diffusion 1.5. H Tem-
poral Contextual Attention (TCA) emtpénet oto queries tou edit branch va avtiolv keys xou values
ané to reference branch, ye Bdpoc mou pewdveton cTadlaxd xotd T Sudexeia Tou refinement: €tol Sio-
TneolvTaL M) Eupdvion xou o yopoxtneoTixd tne mnync. H Local Perturbation mpoociétel otoyactind
Y6pUB0 UOVO OE CUYXEXPWEVES TEQLOYES YURW IO TO AVTIXELUEVO XOU OTNV TEPLOYT| TOU €YEL ABELdOEL,
wote exel va umopel va maparydel véo nepieyoduevo. Téhog, n Content-specified Generation yenowwonoet
TO OVOUO TOU avTIXEWWEVOU w¢ prompt xa egopuolet local classifier-free guidance oe pio (v yOpw and
auto. Xtr released pOduion, duwe, To prompt elvon xevé, emopévne 1 guidance term dev €yel TEAXTIXN
enidpaom.

1.2.3 To GeoBench-2D xou ot petpixég agloAdynong

To GeoBench-2D nepthapfdver 5.677 edits mévew o 609 exdvec: 1.439 yetatonioeic, 1.603 nepiotpopé
€wg 39° xan 2.635 wootponeg ahhayég xAlpoxag ue scale factor and 0,40 éwg 2,88. T xdie edit mopéyo-
VTOL 1) WAOXA TOU OVTLXEWEVOL ot oL axpifelc mapduetpol Tou petaoynuatiopol. Ol entd UETEIXES TOU
benchmark (ITivaxag 1.1) xoAOntouv Teel; dEOVES: TOV PEAALOUS TWV TAPAYOUEVKY EXOVWV WS XATAVOUY,
TN ouvénela Tou edited amoteAéopaTOg YE TNV EXOVAL TINYNG XU TN YEWUETEWXT oxp(fBeia Tng extéleong
TOU UETACY NUATIOUOV.
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ITivaxag 1.1: Ouentd petpixée aglohdynong tov GeoBench-2D.

Metpun T yetpd Katetuvon

FID, FIDgino, KD  Ambotaon tne xotavopric twv edited exdvwy and tny {
XOTOVOUT| TWY TEayaTxmy exdvwy (distributional realism).

SUBC Ouoldtnra Tou edited avtixeiévou pe o apyixd, pe DINO T
features (subject consistency).

BGC Opotdétnta tou background €€ and Tic source/target 0
masks, pe CLIP features (background consistency).

WRAP_E Anébotoon e e€6dou and to coarse composite péoa ot {
udoxa otéyou (warping error).

MD Méom andotaon twv keypoints tou avTtixeyévou amd Tig i

Béoeic-otoy0ug Tou 0pllel o yetaoynuationds, o pixels.

ITivaxacg 1.2: Avanopoaywyr) tou FreeFine oe olOyxpion pe
TG ONUOCLEVUEVES TIES, OTO TATPEC cUVOAO Twv 5.677 edits.

MeTtpuh Anuooctevpévn T Avomopaywyr  Alopopd

FID] 34,72 35,04 +0,9%
FIDdinod 478,18 487,82 +2,0%
KDJ 0,144 0,142 -1.2%
SUBCYT 0,907 0911  +0,5%
BGCT 0,971 0,967 -0,4%
WRAP__E] 0,055 0,047 —13,9%
MDJ 9,25 8,50 -8,1%

1.3 Avanmapaywy”n xou dLdyvwon

Avanopaywy? (Ileipopa 1). O dnudotoc xddixac tou FreeFine exteléotnxe o dhec tc 5.677
ene€epyaoiec, ue Wovo T ahhayég Tou ATay amopolTnTES Yia To TepBdAAOY exTéNeang xou ywelc xauia
ahyopwuxt| tpomonoinoy. H mopoywyn elvon vietepuviotiny: enoavolouBoavouevo runs nopdyouv byte-
identical ewodvec, yeyovog mou emitpénel vo yivovtar ohec ol emdueveg ouyxploeg edit mpog edit. O
[Tivaxag 1.2 ouyxplver Ty avoamapaywyh HE Ta dnuoctevuéva anoteréopota. O YeTpnés pedAiopoU
X0l CUVETELIS OUUPOVOLY UE amdxhon éwe 2%, eV oL WRAP__E ot MD TpOoXUTTOUV XAAUTERES omd
Tic dnpootevpévee Twwée. Egoocov 1 autio authc g Sapopdc dev evtoniotnxe pe Befoudtnta, OAeg ot
uetayevéotepeg ouyxploelc tne epyaciog yivovtan amévavti oto reproduced baseline xou oyt aneudeiog
anévavtl otoug optduolc Tou paper. H MD amodelydnxe otoyaotin| Ueten: 1 €NovollOAOYNON TWV
Blov exodvwy petéfore v T e xatd 0,046, ondte oe dho tor emduevo TElpdota UTtohoyileton Ue
otadepo random seed.

Adyvoorn (Ileipopa 2). Ta edits ywplotnxoy avd TOTO PETUOYNUATIOUOY X0t OVE TELTNULOELO
ouoxohing. H SUBC pewwvetow ané 0,942 oto edxoho teitnuopo oe 0,865 6to dUOXOMO, EVG 1) MD
oxedov Tpimhaoidleton, and 4,86 oe 13,51 pixels. Avtideta, n BGC xou 1} WRAP__E mopopévouy oyeddyv
otadepéc. H Baowr aotoyio agopd emouévewe tn dour| xou T YEWUETELXY| CUVETELA TOU OVTIXEWEVOU, o)L
to background, xou cuYXEVTPWVETOL GTIC BUOXOAEC TEPLOTEOPES Xa 0TI BUOXOAES ohAAYES HAlpaxog:
1.480 edits, dniadn nepinou to 26% tou cuVOLOL, Ue oYEDdSY ditAdotlo keypoint error amd Ti¢ UTONOLTES
nepintooelg. H dudyvewon avédele enlong wiotnteg tou official metric code mou eivan xplowes yiow Ty
epunvelo TV anoteeoudtwv: ol distributional realism metrics efvar cuyxploweg pévo petadl uedddwy
mou agloloyolvton oTNY (Blot oudda, 1 MD unoloy(lel Tov 6ToY0 TwV keypoints pe dapopeTixy| cluBaon
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1.4 O urovéceic xou ta mewpduaTa

%x€vTpou and exelvn mou yenowonotel To transform implementation, xaw xdde uédodog agloroyeiton Tdve
ota keypoints mou aviyvebovton ot dixr| tng €€odo.

IMTewtoxorho. Kdle unddeon eréyydnxe oe éva stratified development subset 200 edits, icopponn-
HEVO C P0G TOV TUTIO UETACY NUATIoNOU Xat TN duoxohio. Eva disjoint held-out subset dAiwv 200 edits
yenotpormoiinxe wg debvtepo development check yio tor mpddtar combined models. Kdéie tpomonoinon
vhonoiinxe miow and Eeywplotod switch xou, mew and xdde perétn, emahndedTnxe 6TL Ue TOV Unyavioud
ATEVEQYOTONUEVO O XWOWOG avamopdyel Tic anoUnxeupéveg baseline exdveg ye péorn andluty Sopopd
0,0. Me autdv tov Tp6T0, Xdle YeTEOlUEYY Blapopd unopel vo anododel otny e€etalouevn ahhayn. g
mpaxTix6 threshold yia meaningful Beitiwon tng SUBC oe 80oxoAn urooudda opictnxe to 40,005, me-
elrou dimhdolo and ) ueyahitepn peToBoAY| Tou mapatneRdnxe wovo Yeow tuning tng apy g uevddou.

1.4 Ou unod€oeig xal TA TELERAURATA

H omotuyio mou avédelle 1 didyvwon unopel v e€nyeiton amd diapopetinoig unyoviopols. I tov Adyo
oawtéd Sortumddnxay €€ unoYéoeic xan xodepion eréyydnxe pe mopepPdoelc mou cToyeloLY dUECA OTN
ouyxexpwévn artio. Luvohixd mpaypatonoidnxay eixoot éva eheyydueva netpdpota (Hewpdpato 3-23),
6l oo development subset xau pe to xowé npwtdxohho tng Evotnrac 1.3. O Iivaxag 1.3 cuvodilel tig
€21 unovéoele, TIC aAAAYES TTOU EEETACTNXAY XU TO GUUTERACHA Xdde PeAéTng. Ot eMOUEVEC UTOEVOTNTES
ToEoLGLAloLY To TELPAUOTL UE TN GELRE TOU TEOY UATOTIOLAUNXAY.

1.4.1 Y1: pOO9uion tng pedoédou (Ilewpdpota 3—7)

H nptn unddeon eivan 611 to FreeFine dev ypeidleton véo unyaviopod, ohhd xahbtepo tuning twv umop-
youo®yv puiuicewy Tou. Ilévte newpduata yetofdhhouy, pla xdie gopd, Pacixés tapauétpoug Tou released
pipeline xou tnv mot6TNTA TOU coarse input.

o IMTeipapa 3: refinement strength. To start step s xodopilel oe nowo onuelo tou 50-step DDIM
schedule Eexwvd to denoising. Enopévwe ehéyyel méco and to coarse composite emtpéneton vo o
vaypaptel, tooa refinement steps exteholvton o yio téoa Briwato napauével evepyn n TCA. Aoxi-
uadotnray s = 25, 30, 40 xou 45 yOpw amd TN dNpoctELUEVN TIY| s = 35.

o IMTeipopa 4: TCA layer range. H moapductpog nou unotidetan éti 6pile to mpdto layer tng
TCA Bev elye npaxtixd enidpaor, enedr] o released code eiye hard-coded ta layers 10-15 oc névte
oapopeTd onueia. O %xwdxag dloptdinxe MOTE 1) TUPIUETEOS VO EAEYYEL TEUYUATIXG TO EVEOS %Ol
BOXAC TNV TEELS EVORNAXTIXEG apeTnpeleg, ota layers 4, 8 xan 12.

o Ileipapa 5: guidance we object-specific prompt. H guidance scale eniong dev elye enldpaon
ot released configuration, enedy| To prompt ¥tav xevé xan ol conditional xou unconditional predic-
tions cuvémntay. I'a va eheyydel av n ent TawtoéTTA TOL AVTIXEWEVOL Bondd, Yenolwomotfinxe wg
prompt to object label Tou GeoBench xou doxipdotnxav guidance scales w = 7,5 xou 10.

o Ileipapa 6: TCA floor. To Bdpoc tng TCA pewdveton otablomd Tpog €vo XATMTATO 6pLo, TO
omnolo otn dnuoocievuévn pliuon etvon 0. Aoxudotnxay floors 0,25 xou 0,5, dote 1 uetapopd and To
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ITivaxag 1.3: Ou €€ unodéoeig g epyaciog, ol napeuBdoeic Tou BOXWACTNXAY XUl TO CUUTEPUCHA
xdde perétne.

Trddeon T\ doxiudotnxe Suurépaopo
T1: xahUtepo tuning tne  refinement strength, TCA layer range, object-prompt AmnoppinteTton
undpyovoag uedddou guidance, TCA floor, anti-aliased coarse composite
(TTewp. 3-7)
T2: helnel 1 tawtdTNTA crop tou avixewwévou we IP-Adapter image tokens, ce  Anoppinteton
TOU QVTIXEWEVOU téooepa scales
(ITep. 8)
T3: helmel 1 yewpetpla HETUOY NUOTIOUEVY exdva xou edge representation péow  Anoppinteton
tou edit (Te. 9-11) IP-Adapter, Canny geometry péow ControlNet xou

téooeplc geometry-aware napepfdoelc yéoo oty TCA
T4: 7o refinement ydver  latent anchoring, coarse composite w¢ output, Trootnpileton
xerown mAnpogoplo tou  post-refinement interior restoration pe diapopetind ETAEX TN
coarse composite widths xou scope, npwta routed candidates
(TTewp. 12-17)
T5: ta severe resizes projected guidance oe e-space xou D-space, Trootneileton
yeetdlovton xohltepa frequency-decoupled guidance xat Siopopetind scopes Yla severe resizes
xardodnyoluevn EQUPUOYTC
OLVOXATOOXELY
(TTewp. 18-21)
T6: 1 doun Tou spectral feature fusion oe SlagpopeTinég frequency Aev
composite mpénel va bands, ye Swpopetind reference timing xou pe 1 ywele unootneileto
elooyVel yéoo oo guidance népa and TOo
avtixelyevo EPSREC
(TTewp. 22-23)

reference branch vo unv e€ogavileton nAfene, xoadde xou éva difficulty-aware floor nou av&dvetan pe
TN duoxoiia tou edit.

o Ileipopa 7: anti-aliased coarse composite. To opyx6 bilinear warp avtixatactddnxe and
pipeline mou mp®ta xdver 2x upsampling pe Lanczos, egapudlet tov affine transform otnyv udmidtepn
aVEALOT) X0 ETUOTEEPEL OTNV dEY XN UE area averaging. Xtdyog fjtay va neploplotoly aliasing artifacts,
xuplwe oto downscales. H ohhoryy) Soxpdotnxe wéovn tne xaw oe ouvovooud ue to TCA floor tou
[Tewpdparoc 6.

Kopio and avtéc tic ahhayéc dev adinoe 1 SUBC oe 80oxoAn unooudda neptocdtepo and 0,0023. Ano
auTt6 10 elpog peToBoldy mpoéxude To mpoxTtxd threshold 40,005 yia toug emduevoug unyaviouole.
H pévn évoeln nov &&iwle va petagepVel mopoxdte Ntav To object-specific prompt, to omnolo pelwoe
N MD ota d0oxola resizes xatd 1,73 pixels xou emaveletdotnxe apyotepa uéoa ot guidance family.

1.4.2 T2 xou Y3: nAnpogopia mtouv Aeinel and to poviélo (Ileipdpato 8-11)

To refinement dev AauPdvel ToT€ ENTd OUTE TNV TAUTOTNTA TOU AVTIXELIEVOU OUTE TIC TUPUUETEOUS TOV Ye-
wueTeoL petaoynuatiowol. Eva frozen U-Net urnopel va deydel mpdodetn nAnpogopia and tela Bacixd
entry points: yéow image tokens oto cross-attention, pyéow spatial feature maps oto skip connec-
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tions xou yéow mapeudoewy oto self-attention. Ta Ieipduotor 811 xahOTTOUY XU TIC TEELS BUVATOT-
TES.

o IMTeipopa 8: TavtdéTNnTR Uéow image tokens. To IP-Adapter xwodixomowel wa exdva ye
CLIP image encoder xau elodyel Tnv mhnpogoplo Tne oe xdie cross-attention layer yéow ave&dptntou
attention branch. ()¢ image prompt yenowonowjdnxe crop Tou aEyol AVTIXEWEVOU TEVW CE YXEL
background. H enldpaor nepropiotnxe ota edit branches xou péoa ot target mask, xou doxuudotnroy
téoocpa scales: A = 0,5, 0,8, 1,1 xou 1,4.

o Ileipapa 9: yewpetplo wéow image tokens. Me tov (8o unyovioud tou IP-Adapter, avti
YL TO QEYIXO CTOP YENOWOTOLAUNXE €(TE TO Crop PETACY NUATIOUEVO 0T VEON-0TOY0 lte CUVOUACUOS
Tou apPyLxoL crop ue éva edge representation tng yetaoynuatiopévng exdoyric, Bactouévo oto Sobel
gradient magnitude. Aoxwdotnxay Bden 0,5 xou 1.

o Ileipopa 10: yewupetpio wéow residual feature maps. To ControlNet ewodyel spatially
aligned feature maps ota skip connections tou frozen U-Net. (¢ condition yenowonotidnxav ot
Canny edges Tou coarse composite yOpw and trn target mask, ye scale 0,9 xau pévo ota edit branches.
Aoxudotnxe uévo tou, pall ue IP-Adapter xou pali ye IP-Adapter xau object-specific prompt.

o Ileipopa 11: yeowpetpioa peéoa oty TCA. H yvooty affine yewyetplo evowpatdinxe o-
nevdelog otov attention transplant ye téooepic dlapopetinolg tpdmoug: correspondence bias mpog
™ yewueTpxd avtiotoym Véon tne myhc (G2, oe dVo evtdoel), warped source keys/values ot
Véon-otéyo (G1), gating mou undevilet tn petagopd 6mou dev undpyel £yxuen avtotolyon (G3), xou
reference branch mou mpoxinteL and Ty #dN petacynuatiouévn exdva tne tnyhc (RE-TCA). Kotd
NV vAhomoinon SamotdUnxe enlong 6Tl o released code edpuole TN UAOXA TOU AVTIXELWEVOU UOVO
ot attention heads 0, 2, 4 xou 6 x&de branch* yio dixaun cOyxplon, 6hot oL unyaviouot agloloyhinxay
anévavTl o dlopdwuévo per-branch head layout.

Kavéva and to mapandve entry points oev Beitiwoe i subject consistency otic 80oxolec oudodeg.
Avtideta, 600 o dueca emyElROVOE O UNYAVIOUOS Vol ETYBAAEL T YEWUETEIO TOU AVTIXEWEVOL PECA GTO
denoising, 1600 TEQIOGOTERO ETEWVE VOL UELOVEL T1) CUVETELY TOU.

1.4.3 YT4: ayxVpwomn oto coarse composite (Ileipdpato 12—-17)

To coarse composite nepléyetl KON T0 AvTIXEUEVO 01N owa Ty ¥éom xou Ye Tov {nroduevo affine trans-
form. H emduyevn undleon eivan emopévwe 6tL To refinement xotacTEépel Yépog aUTAC NG XENOWNG
deterministic mhnpogopiog xon 6tL 1 TeEAx| €€000¢ mEETeL, dmou elvan ACPUAES, VO TTOROHUEVEL TILO XOVTA
OTO composite.

o Ileipopa 12: latent anchoring xatd to denoising. Metd and xde refinement step, to
edit latent avoperyvieton, otn Lovn yopw and o aviixelyevo, pe to latent tng avtiotoiyng coarse-
composite trajectory, pe Bdpoc w ané 0,3 €we 0,9.

o Ileipapa 13: To coarse composite wg telixn €€odog. To composite alloloyeiton aneudelac,
yowelc refinement, t6co oto development 660 xou oto held-out subset. O otdyoc¢ elvon vor anopovemdel
L tpoc¥étel xou TL agonpet To diffusion refinement oe oyéon e ) deterministic Abom.
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o Ileipopa 14: interior restoration xou mpdta routed candidates. Metd tnv ohoxAfpwon
Tou refinement, éva eroded eowtepind TUAUA TOU AVTIXEWWEVOL oavTixodloTaton ond To avtioToLya
pixels tou coarse composite, eve éva boundary band mopopével dnwe to napryaye to FreeFine. O
unyoavioudg cuvdudotnxe ue transform-specific emhoyn cuunepipopdc oe Tela medTa routed models,
Ta onolor aglohoyunxay xou oto held-out subset.

o IMTeipopa 15: mAdtog Tou refined boundary band. Ytic petatonicec Soxudotnxay widths
w = 4, 8, 16 xou 24 pixels, wote vo petpndel m6co yeydho pépog tou deterministic interior etvou
acparéc va datnendet.

o Ileipapa 16: yiati Asttovpeyel To interior restoration. O (Sio¢ post-refinement unyaviouoc
epopuoo e elte wovo ota moves eite global, xou To coarse composite twv yetatonicewy enavuno-
Aoylotnxe T600 ye exact integer shift 6co xou pe anti-aliased warp. Me autdv tov tpéT0 EAEYYUNXE
av TO gain mpogpyeTal amd To scope Tou preservation B amAcg and xahltepo interpolation.

o IMTeipopa 17: interior restoration avd transform. O unyoviopog agoroyrinxe yweiotd oe
moves (w = 4), rotations xou resizes (w = 8), pe To resizes vo avahOovion ETUTAEOV 6TO dUOXONO
TELTNUOPLO %o 6T UTOAOLTTAL 500.

To interior restoration Beitiwoe tn subject consistency otic uetatonioeic xou ota nmdTEQU Tesizes,
éBhahe Tic meploTEOPES Xou BEV TpOOPERE oUCLATTIXG 6Yelog oTa dUoxoha resizes. To anotéheouo autd
ATay T0 TEOTO xadupd oL OTL 1 CWOTH OTEATNYLXY TEENEL Vol e€apTdToL antd TOV TUTO XL TNV €VTUOT)
TOU UETACY NUATIOUOV.

1.4.4 Y5: guidance yua severe resizes (Ileipdpata 18-21)

Yto severe resizes To avVTIXELUEVO TRETEL VO AVUXATAOXEVACTEL OE XAUOXO TOU 1) TNYT) OEV ToUEEYEL QUETAL.
Méypl exeivo to onueio, n wovn ahloy?| Tmou elye BHOOEL YpRoWo OHUA OE QUTH TNV Xatrnyopla fToy TO
object-specific prompt. Ta Ileipdpata 18-21 eletdlouv moia yoppr guidance unopel vo oflonoloel
xaAOTERO AUTY TNV TANPoQopla.

o IMTeipopa 18: Adaptive Projected Guidance (APG) o7o c-space. H APG Buywpilel
guidance correction ce mopdAAnAn xan opBoywvia cuvlioTwoa we Teoc TNy conditional prediction,
epapudlel norm control xou yenoiwwonoiel negative momentum oote vo anooBével enovorouBovoue-
veg wifoelg otny Bl xatevuvon. O unyaviopds eqoapudéotnxe oTic noise predictions, t6co pe To
XAVOVIXO OGO oL UE GUVTOUOTERO, ao¥evéotepo refinement window.

o IMTeipopa 19: Frequency-Decoupled Guidance (FDG). H guidance update ywpiotnxe ye
5 x 5 low-pass @iktpo oe low- xou high-frequency cuvictwoa. Ou 800 Ldveg élafav BlapopeTind
guidance scales: w = 10 ylo Tic yauniég ouyvotntee xou 5 ¥ 15 yia Tic udmAée, wote va eheyydel av
1 Soun xou 1 AenTouépeta YpetdlovTon dlapopeTxy evioyuoT.

o Ileipapa 20: APG o7o clean-sample D-space xou Siopndppwon tou EPSREC. O (dieg
Baowxée mpdleig yetagépinxay otny predicted clean sample representation, 6mou oyedidotnxe apyLxd
n APG. Eleyyduevee naparlayéc anopdvwoay to norm threshold, to projection, tnv avadpouixn
momentum xot to nol anoUnxedeton 1 temporal state. Anéd autr T yehétn npoéxude 1o EPSREC,
TO OTO[O XPATA TN YPOVIXT] CUCCWEEUGCT) OTO £-Space Xal T1) UeTateénel oto D-space pévo pe tov scale
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factor tou Tpéyovtog timestep.

o IMTeipapa 21: scope tng guidance. A&oloyrinxay dlapopeTixéc TOMTIXES EQUPUOYTC O Oheg
Tic 200 development mepintdoelg: amhn object-prompt guidance global, EPSREC global, EPSREC
uéoa oe routed model, EPSREC pévo ota d0oxola resizes xou, w¢ control, EPSREC ywelc object-
specific prompt.

Y10 development subset, to EPSREC peiwoe tn MD twv dUoxohwy resizes and 19,47 oe 16,61 pixels.
Yta unoroina edit types, n (Bl guidance dev €dwoe otadepd d@erog xou ouyvd ftay emBapuvtixy. To
anotéleopa emBeBaLdvel OTL 0 Unyaviopog elvon specialist yio Tic évtoveg alhoryég xAloxag xon Oyl YEVIXY
avTixatdotaon tng guidance tou FreeFine.

1.4.5 Y6: Sowy, Touv composite péoa oto avtixeipevo (Ietpduota 22—23)

H local guidance tou FreeFine Spa o {ovn ylpw and to avtixelpevo xan oyt péoa 010 ecwtepxd tou. H
tehevtaio utddeon eetdlel av To refinement ypeidletar emmiéoyv structural information anéd to coarse
composite aneuieiog yéoo ota internal features tou avtixeiévou.

o Ileipapa 22: spectral feature fusion. e éva fixed decoder feature map tou U-Net, avdluong
32 x 32 pe 1.280 channels, o edit feature avoyeryvietonw péoa oto foreground pe to avtiotoiyo
reference/coarse feature pévo oe emheypévee spatial frequency bands. H injection strength pewdvetan
ota mpdTa refinement steps. Aoxwdotnxav high-frequency injection pe tpelg evtdoeic, full-band
injection, wxpdtepo temporal horizon xou e@apuoy?| oto rotation branch.

o IMTeipopa 23: generalized spectral search. EZetdotnxay névie spectral selectors (full, high,
mid, mid+high xo direction-aware high frequencies), xoddc xou same-step évavt fixed reference
timing. Ot nopadloyéc aflohoyriinxay t6co pe oo xan ywelc guidance xou oe cuvduacud ye EP-
SREC, mévew oe ohdxhnpo to development subset.

To spectral feature fusion peiwoe ) MD ota 6Ooxola resizes udvo 6tay cuvdLdoTnxe Ye guidance: ywelg
guidance v al&noe. Ildvw oto EPSREC, 1 npbéoietn cuveiogopd tou dev Eeymplle amd T Sloxduavon
¢ MD. H T6, énwe Swtunainxe, dev utootnelletar enopéveg épa andé 1o EPSREC: nopatnehdnxe
uovo plor ahknAemidpaon we T guidance, xau To spectral feature fusion dev dwtnerinxe we aveldotnto
component tTng TeEAXAC peVOd0U.

1.4.6 To xowd pozifo

Ta melpdpata amoxahdntouy éva enavaiopBavouevo yotiBo. Ou unyavioyol mou entyelpoly vo emBdiouy
Gueca ) dour Tou avtixelévou péoa oto denoising tetvouv va to Bhdmtouv. Avtideta, Bondolv eite
UNYAVIOUOL TOU XATELVVVOUV TNV AVaXATAOXELY) YOpw omd TO OVTIXE(UEVO, OTwe 1) guidance ota severe
resizes, €lte unyavioyol mou diatneoly petd To refinement évo turAua tou coarse composite mou €yel
anodelyVel allémioto. E&icou onuoavtixd eivan 6L xdie nopéufoom mou Bondd plo xatnyopio edits uropet
vou BAddel xdmotor GAAT 6tay eapudleton global. Enouévee, n telnt| uédodog dev npénel va emhéget Evay
xodoAMxO unyoviond, ahhd vo xdvel transform-aware routing.

31



Extetauévn Hepidngn ota EAAnvixd

1.5 H npotewopevn nedodog

1.5.1 Anoxatdotaon Tou ECWTEPLXOU

Metd tnv ohoxAfipwon tou refinement, 1o ecwTepixd TOL AVTIXEWEVOL amoxadic TaTon and To coarse com-
posite, evé éva boundary band mAdtoug w pixels napopével 6Twe to napRyaye to FreeFine:

I =My © L+ (1 = Min) © Igp,  Miny = M; © Bayi1, (1.4)

6mou & dnhvel morphological erosion pe tetpdywvo structuring element Siaotdoewy (2w+1) x (2w+1).
Me autédv Tov TpdéTO, TO E0WTEPIXO XpaTd TN YEWUETEWT axpifeia tng deterministic ocOvieong, evd o
boundary nopopéver diadéoipo oto diffusion refinement wote va dlop¥wdodv seams xou vo yivel QU6
blending pe to background.

1.5.2 EPSREC

Ye xdde refinement step ¢, To object-specific prompt mapdyel guidance correction Ag; = g, — eg.
To EPSREC 6ev eqopuolel amhéde auth| T dlagopd pe otadepd scale. Avotneel wio temporal state u;
OTO €-space, T1) CUCCKPEVEL VUBROUIXA UE oEVNTIXO Momentum ot oTr CUVEYELX T1) UETATEETEL, UOVO
Yl o Tpéyov timestep, oto clean-sample D-space péow tou cuvteheoth ¢; = /(1 — ay,)/ay,. Exel n
correction anocuvtivetan w¢ mpog v conditional prediction D), xou agoupeiton 1 TopdhAnAn cuvloTHoA
Tpwv avaxataoxevaotel 1 guided prediction:

u; = Ag; + Hu;—1, d; = —c; u;, DY = Dp + (’U) - 1)(dz — PDpdi)a (15)

ue p = —0,75 xou guidance scale w = 10. To uétpo tnc temporal state meplopiletan 610 5 XU 7
dlopVwpévn D-space prediction petotpéneton Eavd oe noise prediction yéow e EE. (1.2). To apvn-
Tixé momentum omocfBével enavohauBavouevn xivnon meog Ty Bl xatebduvoT), Ve 1) agalpecT) NG
TOEAANANG cuvicThoag Teplopllel TNy unepevioyuon woc xatedduvone mou HorN undpyel otny condi-
tional prediction. ‘Onwe xou oto FreeFine, n guidance eqopuéletar uévo ot local nepioyt| yOpw and to
avtxeiyevo.

1.5.3 O xavovag routing xouw to SGR-EPSREC

O timog Ttou edit mpoxinter aneudelag and T {nrodueveg affine napauétpouc. T'a o resizes o router
xenowonotel tnv effective scale s = | /5,5,

éviovn(s) <= s>15 4 s<0,6, (1.6)

OTIOU T XATWPALL AVTLOTOLYOUY GTOV 0ploud Tou yenoulonololy ol dnuovpyol Tou GeoBench yio wa
dUoXOAN ahharyY) xhipacag xou dev emAéyUnxay pe Bdon xdmolo YETEIXY.

To SGR-EPSREC (Selective Geometric Refinement) xdvet routing xdde edit otov yeipioud touv uno-
otnpiletan and to avtioTorya mewpdupata tou Iivaxa 1.4. Aev exmoudeler xoplor vEa TopdUeETEO X0 OV
yenowwornolel learned router: diafdlel pévo to requested transform. ‘Otav ol npdoeteg napepPdoeig
anevepyomotoLvtal, To pipeline emotpégel oto reproduced FreeFine xou nopdyel byte-identical outputs.
Y10 development subset, xdde branch cuurepipépdnxe oclugwva ye to mechanistic signal mou elye
xadepwel ota tponyolueva netpdpara (Ilelpopa 25).
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ITivaxag 1.4: O téooepig branches tou SGR-EPSREC xou ta netpdpata mou otnpilouy xdde emhoyy.

Edit Inference-time yewplopde IMewpdpata

Merotomion FreeFine refinement + interior restoration, w = 4 15, 17

Iepiotpogt Original FreeFine, ywpic npdodetn napéufoon 8-11, 17, 21-23

Non-severe resize FreeFine refinement + interior restoration, w = 8 17

Severe resize Object-specific prompt + CFG 10 + EPSREC guidance 20, 21
rectification

ITivaxac 1.5: FreeFine xaw SGR-EPSREC o710
niApeec GeoBench-2D, og dhec Tic 5.677
eneepyaoiec.

MeTtpixn FreeFine SGR-EPSREC MetoBoin

FID| 35,04 34,78 ~0,26
FIDgine 487,82 487,36 —0,47
KD/ 0,1433 0,1417  —0,0016
SUBCT 0,9113 09144  +0,0031
BGCT 0,9670 0,9671  +0,0001
WRAP__E| 0,0474 0,0292 —38,4%
MDJ, 8,50 8,18 ~3,8%

1.6 AnoteAécpata 6TO0 TAYEES GUVOAO

To SGR-EPSREC a&iohoyRdnxe oe 6hec Tic 5.677 enelepyooiec Tou GeoBench-2D (Ilefpopo 26) amévar-
vt og éva fresh FreeFine baseline mou nopyydn oto {do evaluation pipeline xau elvon novopoldtuno pe
Vv mponyoluevn avanapaywyy. O Ilivaxag 1.5 cuvodilel to x0plo anotélecpa: oe aggregate eninedo,
%Ol OL EMTE UETEIXES volvTan optdunTixd Tpog TNy euvoixn xatebduvon oe oyéon pe to reproduced
baseline.

H avdhuorn avd branch emBeBaiivel to potiBo mou elye napatneniel oto development subset. Yt peto-
Tomloelc 1 SUBC av&dvetar xatd 0,0073, ue trade-off mepinou 0,19 pixel oty MD. Yto non-severe resizes 7
SUBC aw&dvetar xotd 0,0035, eved ota severe resizes 1 MD peidvetan xotd nepinou 0,34 pixel. Ot teplotpo-
péc mapapévouy axplBac Bieg pe to FreeFine, eneidy] o router emiéyel ouveldntd to untouched baseline
branch. Ilapd to yeyovég 6Tl 10 coarse composite enavelodyetar oe neplocdtepa and 3.300 edits uéow
interior restoration, ot distributional realism metrics 6ev vnoBaduilovrtou.

Enedr) to baseline xou n tedxy) yédodoc ollohoyolvton mdve ota (Bl edits, elvon Suvarth xon paired
avéhuon avd edit. H SUBC augdvetan xotd péoo dpo xotd 0,0031, pe 95% confidence interval amd
0,0029 éwc 0,0032. H Behtinon dev neplopiletar o Ayec pepovmpéves tepintdoels: mepinou to 54%
v edits Behtidvetan, 1o 18% yewpotepelel xou To UTONOLTO AVTIGTOLYEL xVPlWC OTIC aUETABANTES TEPL-
otpopéc. To anotéleoua mapopével Tpoxtixd (Blo dtav earpolvtan ta edits mou yenowonoiinxay oto
development.

Télog, n epyacia Eeywpllel molo Yépog Twv aggregate gains avtiotolyel oe ovolaoTixd xallTepo editing
%o Tolo P€pog euvoeltal and Tov (Blo Tov oploud Twv metrics. H pelwon tng WRAP__E elvon o yeydho
Bardud avouevouevn amd xotaoxevy|, enedr to interior restoration avtiypdgel axelBog pixels and to
coarse composite, onhady| and tnv Bl avapopd ue TNy onola cuyxplvel 1 uetewr|. Kdtu avédhoyo woydet
eV pépeL xat yia T SUBC. H moAd pixpr| dvodog tng BGC cuvdéetan pe Aentopépelo Tne implementation
NG MeTEWNS, 1 omola ueted we background éva Aemtéd 6pto pixels Tou avTixelévou, xoTd UHXoC Tou
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TEQPLYPAUUATOC TOU oTny exova mnyRg. AvtioTouya, 1 aggregate MD ennpedleton amd TO SLaPoRETIXd
madoc keypoints mou cuvelo@épel xdie edit type. To mo dueco yewueTtpxd anotéheopa elvon ETOUEVLS
1 pelowon e MD xatd nepinou 0,34 pixel ota severe resizes, pall pe 10 yvwoto trade-off nepinouv 40,19
pixel ot yetartonioeic.

1.7 Yvurnepdopota

H epyooia delyvel 611, 010 peyahbtepo uépog tou GeoBench-2D, to FreeFine Bpioxeton %N xovtd oe
autd mou emtpénel 1 deterministic TAnpogopia g eilwddou tou. To undhoino nepriwplo Beitiwong dev
xepdileton pe pla eviodar ahhary) oe ohdxAnpo to pipeline, ohhd UE BLAPOPETIG YELPIOUO OVEL UETOCY L0
TIOUO, avdAoYo PE TO TOoo aldmoTo elvar to coarse composite. ‘Otoav to deterministic interior etvou
o&LOmoTo, cupEpel va Slotnendel: 6tav to apyixd FreeFine diopddvel xahbtepa ta artifacts, to baseline
refinement mpénel va uelvel aUETIBANTO" Xal OTAY O UETACY NUATIOUOS EVOL APXETE EVTOVOS (OTE VAL AOUTEL
TEOYHATIXT] VOXOTUoXELT, Yeeldleton o ctoyeuuévn guidance. Ildve oe auty tn Sdxplon otneileton
10 SGR-EPSREC, 70 onolo BeAtichvel apriuntind xon g entd aggregate yetewéc tou benchmark ywelg
emmAéoy training.

Ta bpla g epyaoiog mapauévouy capr. Kaula and tic nopeuldoei nou e€etdotnxay dev EdwoE apxeTd
robust BeAtiwon oTic neplotpopéc “ote vo avtixataotrhoet to FreeFine. Ytic petatonioesic, 1o x€pdog
OTY CUVETIEL TOU OVTIXELWEVOU GUVOOEVETAL amd Wxped trade-off otn MD. Xta severe resizes, n yeilwon
Tou keypoint error elvou pixpy| oe améiutoug 6poug. Emmhéov, dha tor amoTeAéouaTo TEOERYOVTOL ATO
éva benchmark, ané éva random seed avd edit xou amé Tic diardéoiuec automatic metrics, ywpic human
evaluation.

Ov guowéc enextdoelc tng epyaociog Beloxovion mépa amd autd ta dpta.  Ou meplotpopéc miavov va
xeerdlovto moéufac oto (Blo To wovtého 1) éva wixpd trainable component ewdixd yio rotation. Mo
YEWUETELXY UETEIXY oL Vot elvon AyoTepo eualodnTn oTny appearance xou Yo €yl emxvpwie! ue avipmmi-
v aglohdynon Yo enétpene xadapdtepeg ouyxploeg. IlopdAinia, to out-of-plane edits tou GeoBench,
10 background/scene editing yUpw anéd éva otadepd foreground object xou 1 yetdPBaoct oe vedrepa dif-
fusion backbones Wétouv Eavd to (B0 Paoixd epdTnua: Tolo TAnpogopla meénel va datnendel xou Tola
Tpénel vo avorapoyVel and to generative model.
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Chapter 2

Introduction

2.1 Geometric image editing

Moving an object to another place in a photograph, turning it, or making it larger or smaller are
among the most natural edits a person can ask for, and among the hardest for a generative model to
perform. Geometric image editing asks for exactly this. Given a photograph, the mask of an object in
it and a transformation (a translation, a rotation or a change of scale), the result must show the object
at its new position, orientation or size, it must still be recognisably the same object, and the rest of
the scene must remain the same scene. Edits of this kind are central to photo retouching, product
imagery, layout design and visual content creation, wherever an image is almost right and one object
needs to be somewhere else.

The task combines four requirements that pull against each other. The object must appear at its
target pose with its appearance intact. The region it leaves behind must be filled with plausible
background. The object must fit into its new surroundings, with no visible seam and with lighting
and occlusions that agree with the scene. And parts that the source never showed must sometimes be
created: an enlarged object needs detail at a scale at which it was never photographed, and a rotated
one exposes outlines that were never visible. Copying the object’s pixels to the target satisfies the
first requirement and fails the third; generating the object anew satisfies the third and risks the first.
Every method for geometric editing is a way of balancing these two.

Diffusion models [2, 8] changed what this balance can achieve. They generate images of a quality
that earlier generative models did not reach, and their ability to complete, harmonise and regenerate
parts of an image made them the basis of modern image editing. Their generative strength is also the
difficulty: a model that redraws an object can redraw it differently, and a geometric edit is judged
precisely on whether the object stayed the same.

2.2 Training-free editing on frozen diffusion models

Large text-to-image diffusion models such as Stable Diffusion [8] encode, in their frozen weights,
a broad knowledge of how images look. A family of training-free methods exploits this knowledge
without changing a single weight: they invert a real image into the model’s noise space and steer
its regeneration, by manipulating the model’s attention, by guiding its predictions, or by controlling
which parts of the image are regenerated [7,15-17,19]. Such methods need no training data and no
fine-tuning, and they apply to any image the model can represent. For geometric editing they range
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from drag-based editors [23, 24, 26] to methods that operate on explicit object transformations [31,
32].

FreeFine [34] is the strongest of them on geometric edits. It decomposes a geometric edit into three
stages: it transforms the object, inpaints the region the object vacates, and then refines the coarse
composite in which the transformed object stands on the inpainted background. Both diffusion stages
run on a frozen Stable Diffusion 1.5, and refinement keeps the object faithful to its source by trans-
planting the source object’s features into the edited image through an attention mechanism, Temporal
Contextual Attention. Its authors also introduced GeoBench, a benchmark of geometric edits with
exact transformation parameters and seven metrics that measure realism, consistency and geometric
precision, and on it FreeFine outperforms eight earlier editing methods. It is the natural starting point
for any attempt to improve training-free geometric editing.

Its published evaluation, however, consists of averages over all edits. What these averages do not show
is where FreeFine fails, why it fails there, and whether the failure can be removed without the training
that the method was designed to avoid.

2.3 Problem statement and research questions

This thesis studies FreeFine on the 5,677 two-dimensional edits of GeoBench, GeoBench-2D, and sets
out to improve it without training, guided by an understanding of its failure rather than by trial and
error. Three research questions structure the work.

RQ1. Can FreeFine’s results be reproduced faithfully from its public code, and on which edits of
GeoBench-2D does it fail?

RQ2. What causes the failure: the configuration of the method, information that the frozen model
lacks, or the way refinement treats the coarse composite it receives?

RQ3. Can FreeFine be improved without training, and by how much, once the improvements that
reflect better editing are separated from those that the metrics grant by construction?

Answering them requires more than proposing a mechanism and reporting a better average. It requires
a baseline that can be trusted, a diagnosis that names the edits on which the method fails, explanations
that can be tested and rejected one at a time under controlled conditions, and an evaluation that knows
what its metrics measure. The thesis is built around these four elements.

2.4 Contributions

The thesis makes six contributions.

1. A faithful, deterministic reproduction of FreeFine. The public code was run on all 5,677
edits of GeoBench-2D. It reproduces the published realism and consistency to within 2%, scores
better on geometric precision, and regenerates bit-identical images across runs, which makes every
later comparison exact, image by image. The analysis of the released code also established how
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2.4 Contributions

its controls actually act: the start step sets the strength of refinement, guidance is inactive in the
released configuration because the prompt is empty, the attention layers it modulates are fixed in
the code, and the region in which guidance acts excludes the object itself (Chapters 5 and 9).

. A metric-driven diagnosis and a controlled protocol. The failure of FreeFine is concentrated
in hard rotations and hard resizings, a quarter of the benchmark, where subject consistency and
geometric precision fall while background consistency and the warping error do not move. The
diagnosis also identifies the properties of the official metric code that any comparison has to respect,
and the protocol under which every later experiment runs: a stratified development subset, a
disjoint held-out subset, a switch-off check that proves each modification exact when disabled,
paired generation and seeded stochastic metrics (Chapters 7 and 8).

. A systematic test of six explanations of the failure. Twenty-one controlled experiments
test, in turn, the configuration of the method, the identity of the object, the geometry of the edit
(supplied through every entry point of a frozen U-Net: image tokens, residual feature maps and
self-attention), anchoring to the coarse composite, guidance, and spectral feature fusion (Chapters 9
to 13). None of the tested reconfigurations and none of the tested identity- or geometry-conditioning
mechanisms explains the failure; the evidence points instead to how refinement treats the composite,
and shows that the right treatment depends on the transformation. The experiments also expose a
general pattern: mechanisms that constrain the object while it is denoised harm it, and mechanisms
that steer its surroundings, or keep what is reliable after refinement, help.

. EPSREC, a guidance for severe resizings. A reformulation of adaptive projected guidance
with a recursive momentum kept in noise space, together with an analysis of why it works: the gain
comes from the label and from a momentum that damps repeated pushes, not from the projection
or the threshold. On the hard resizings of the development subset it lowers the keypoint error from
19.47 to 16.61 pixels, by 14.7%, to within 0.17 pixels of the coarse composite itself (Chapter 12).
On all 759 severe resizings of the benchmark the reduction is 0.34 pixels, or 1.8% (Chapter 15).

. SGR-EPSREC, a training-free, transform-aware refinement policy. Selective Geometric
Refinement routes each edit, from its requested transformation alone, to the treatment that the
experiments established for it: interior restoration for translations and moderate resizings, FreeFine
unchanged for rotations, and EPSREC for severe resizings, whose threshold is the benchmark’s
own definition of a hard resizing (Chapter 14). On all 5,677 edits it improves all seven metrics
of GeoBench-2D over FreeFine, raises subject consistency for 54% of the edits while lowering it
for 18%, reduces the keypoint error of severe resizings, leaves every rotation exactly as FreeFine
produces it, and does not lower realism (Chapter 15).

. An account of what the benchmark’s metrics measure. Scoring the coarse composite, the
source object copied to its target pose, as an output shows that FreeFine already reaches 99% of
the composite’s subject consistency, so that most of the drop measured on hard edits belongs to
the transformation rather than to the method. The thesis further shows which gains any method
of this kind obtains by construction (the warping error, part of subject consistency, and, through
a property of the released code, background consistency) and why the whole-benchmark keypoint
error depends on how many keypoints each kind of edit contributes. On this basis it separates the
improvements that reflect better editing from those that do not (Chapters 15 and 16).
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Reproduction Six hypotheses SGR-EPSREC Full-scale Discussion and
and diagnosis Ch. 9-13, Ch. 14, evaluation conclusions
Ch. 7, Exp. 1-2 Exp. 3-23 Exp. 24-25 Ch. 15, Exp. 26 Ch. 16-17
components

H1 tuning the released controls rejected

H2 supplying the object’s identity rejected

H3 supplying the edit’s geometry rejected

H4 anchoring to the coarse composite holds selectively =~ — interior restoration

H5 guiding severe resizings holds — EPSREC

H6 the composite’s structure inside the object not supported

Figure 2.1: The structure of the thesis. The diagnosis of Chapter 7 defines the target; six hypotheses about
the cause of the failure are tested in Chapters 9 to 13; the two that hold supply the components
of SGR-EPSREC, which is evaluated on the whole benchmark.

All code, executed notebooks and results of the thesis are publicly available.'

2.5 Scope and non-goals

The thesis works with FreeFine’s pipeline on a frozen Stable Diffusion 1.5 and changes only how it
is run: no network is trained or fine-tuned, and every component it adds is computed at inference
time. It studies the in-plane edits of GeoBench-2D (translations, rotations and resizings) and leaves
the three-dimensional and structure-completion subsets of GeoBench aside. It measures with the
benchmark’s official metrics, which it analyses but does not replace. Its aim is not a new editing
paradigm but a precise understanding of the strongest existing one, and an improvement that follows
from that understanding.

2.6 Structure of the thesis

Figure 2.1 shows how the thesis is organised. Chapter 1 is an extended summary in Greek. Chapters 3
to 5 provide the background: diffusion models and Stable Diffusion, with the sampling, inversion and
guidance that the later chapters modify (Chapter 3); the work on training-free editing, geometric
editing, guidance and the evaluation of geometric edits among which the thesis is placed (Chapter 4);
and FreeFine and GeoBench-2D, including the seven metrics and the properties of their implementation
(Chapter 5).

Chapter 6 states the methodology of the thesis: the problem, the stages of the study, the six hypothe-
ses and how each is tested, the method to which the study leads, and the design of the evaluation.
Chapter 7 reproduces FreeFine and diagnoses its failure, and Chapter 8 sets out the protocol shared
by all later experiments. Chapters 9 to 13 test the six hypotheses: tuning the released pipeline (Chap-
ter 9), supplying information the model lacks (Chapter 10), anchoring the refinement to the coarse
composite (Chapter 11), guiding the reconstruction of severe resizings (Chapter 12), and supplying
the composite’s structure inside the object (Chapter 13). Chapter 14 combines the components that
hold into SGR-EPSREC, and Chapter 15 evaluates it on all 5,677 edits. Chapter 16 draws the results
together and states their limitations, and Chapter 17 concludes.

Thttps://github.com/giorgostzamouranis/Diploma-Thesis

38


https://github.com/giorgostzamouranis/Diploma-Thesis

2.6 Structure of the thesis

Every experiment, from the first to the twenty-sixth, is numbered once and reported in the same
way: what is changed and why, the results, and what they establish. Shared material (the met-
rics, the subsets and the controls) is defined once, in Chapters 5 and 8, and referred to there-

after.
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Chapter 3

Diffusion Models and Stable Diffusion

Every method studied in this thesis runs on the same frozen, pretrained network, Stable Diffusion 1.5,
and changes how that network is sampled rather than how it was trained. This chapter presents the
theory on which those changes rest: the diffusion process and its training objective (§3.1), determin-
istic sampling with DDIM (§3.2), the inversion that maps a real image back to noise (§3.3), partial
denoising, which turns a sampler into an editor (§3.4), the architecture of Stable Diffusion 1.5 (§3.5),
the attention operations inside it (§3.6), and classifier-free guidance (§3.7). The notation, collected in
Table 3.2 at the end of the chapter, is used throughout the thesis.

3.1 Denoising diffusion probabilistic models

Diffusion models [1-3] generate data by learning to reverse a process that gradually turns data into
noise.

The forward process. Starting from a data sample z¢ ~ g(xg), the forward process adds Gaussian
noise in 1" small steps,

q(ze | xe—1) = N (2 V1 = Brai—1, Bil), t=1,...,T, (3.1)

with a variance schedule 0 < 1 < -+ < Bp < 1. Writing oy = 1 — 5 and a; = szl ag, the
composition of these Gaussian steps is again Gaussian, so the noisy sample at any step can be drawn
directly from the clean one:

q(z¢ | m0) = N (215 Var o, (1 — an)l), that is, v =vVarrg+vV1—aze, e~N(0]I). (3.2)

The coefficient /oy weights the signal and /1 — a; the noise. Their squares sum to one, so a sample
of unit variance keeps unit variance at every step. The ratio

SNR(t) = — (3.3)

Cl-ay

is the signal-to-noise ratio of step t. It decreases monotonically, and the schedule is chosen so that
ar =~ 0 and x7 is close to pure noise.
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It 1|$t

@Cm

Y/ \ Tt 1
noise data

Figure 3.1: The forward process ¢ adds Gaussian noise step by step (lower arrows, right to left); the learned
reverse process pg removes it (upper arrows, left to right).

The reverse process. The reverse conditionals g(z;—1 | z;) depend on the unknown data distri-
bution. Once the clean sample is also given, however, the reverse step is Gaussian with closed-form
parameters:

Vou—1 B 0+\/Oét(1—5¢t—1) 51— Olt 1

1—Oét 1-6[,5 b IBt: 1-—

q(zi-1 | 26, 20) = N (13 fue, Bel), e = /Bt (3.4)
A diffusion model learns a Gaussian pg(ri—1 | 7t) = N (ua(wt,t),071) that approximates this step
without knowing xg. It generates by drawing z7 ~ N(0,I) and applying the learned step T times
(Figure 3.1).

1 8 .
vz (= it o)
the reverse mean is known as soon as the noise that produced z; is known. Ho et al. [2] therefore train
a network e¢(z,t) to predict that noise, and set

Predicting the noise. Solving Eq. (3.2) for ¢ and substituting into fi; gives iy =

1 B
Ty, t) = Ty — eo(xe, 1) ). 3.5
polasst) = = (21 = Zm=colan, ) (3.5)
The model is trained by maximising a variational lower bound on the log-likelihood of the data.
With this parameterisation every term of the bound is, up to a weight that depends on ¢, a squared
error between the true and the predicted noise. Dropping the weights gives the objective used in
practice,

£simple = Exo,a,t {HE - 59(\/57151'0 + mav t)HQ}? (36)

with ¢ drawn uniformly from {1,...,T}.

Two readings of the noise prediction. The noise prediction can be read in two further ways,
and the later chapters use both.

o A prediction of the clean sample. Inverting Eq. (3.2) with the predicted noise gives the
network’s current estimate of the final result,

dola) = 4= V1 — oy gg(ae, t)
Vay '
The minimiser of Eq. (3.6) is the conditional expectation E[e | z;], so &g is the posterior mean

of the clean sample: an average over all images consistent with x;. It is blurry at high noise and
becomes sharper as t decreases.

(3.7)

e A scaled score. The same minimiser equals, up to a factor, the gradient of the log-density of the
noisy data distribution ¢ [3,4]:

e*(x,t) = Ele | 2] = —V1 — &y Vi, log qi(z). (3.8)
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3.2 Deterministic sampling with DDIM

The noise prediction points away from regions of high probability. Guidance (§3.7) combines
the scores of different distributions, and Eq. (3.8) is what allows it to do so by combining noise
predictions.

3.2 Deterministic sampling with DDIM

Sampling with Eq. (3.5) requires all 7' = 1000 steps. Song et al. [5] observed that the objective of
Eq. (3.6) depends only on the marginals of Eq. (3.2), not on the Markov chain that produced them.
A whole family of non-Markovian processes shares those marginals, so a network trained once can be
sampled with any member of the family. The reverse step of the family is

Ti—1 = /-1 Zo(@e) + /1 — a1 — 0 epae, t) + 01 &, £~ N(0,1), (3.9)

11—y oy
P LS R 1
=Lt i 2 (3.10)

The three terms are the predicted clean sample brought to the signal level of step ¢ — 1, the predicted
noise brought to its noise level, and fresh noise. The parameter n selects the member of the family:
n = 1 recovers the ancestral sampler of §3.1, and n = 0 removes the fresh noise and makes sampling
deterministic. The deterministic sampler is known as DDIM, and 7 can be chosen at sampling time,
even differently in different regions of the image.

with

Skipping steps. Because only the marginals matter, Eq. (3.9) remains valid when ¢ — 1 is replaced
by any earlier timestep, so the sampler can run on a short increasing subsequence t; < t5 < --- < tg
of the T training timesteps. Stable Diffusion is usually sampled with S = 50. In the implementation
used in this thesis the grid is ¢ € {1,21,41,...,981}, twenty timesteps apart, and sampling runs from
t =981 down to ¢t = 1.

DDIM as an ODE solver. Dividing Eq. (3.9) with n = 0 by \/&;—1 reveals its structure. Define
the rescaled sample Z; = x¢/+/a; and the noise-to-signal ratio

1—ay

¢ = = SNR(#)~ /2. (3.11)

Qg
By Eq. (3.7), Zo = & — ct€p, and the deterministic step between neighbouring grid points be-
comes

Ty = Ty, + (Ctk—l - Ctk) ge(xtmtk)’ (3‘12)

an Euler step of the ordinary differential equation dz = ggdc [5]. Two consequences are used later.
First, DDIM defines a deterministic map between noise and images that can be run backwards
(§3.3). Second, ¢; is the exchange rate between the noise prediction and the predicted clean sam-
ple. By Eq. (3.7), a change Ae of the noise prediction changes the prediction of the final image
by

Azg = —c; Ae. (3.13)
Figure 3.2 shows how widely this rate varies over a sampling run. At the first step of the 50-step grid

cgg1 = 13.1, and a small change of the noise prediction moves the predicted image a great deal; at the
last step ¢; = 0.041, and the same change barely moves it.
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(a) signal and noise coefficients (b) ¢t =V (1 — a&;)/a; on the 50-step grid
1.0 A
10! 5
refined
0.8 A window
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0.4 1 — a; (noise)
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Figure 3.2: The noise schedule of Stable Diffusion 1.5 (scaled-linear §; from 0.00085 to 0.012, T' = 1000).
(a) The signal and noise coefficients of Eq. (3.2). (b) The noise-to-signal ratio ¢; of Eq. (3.11), on
a logarithmic scale; the dots are the fifty timesteps of the DDIM grid. The shaded region is the
window refined by the configuration of FreeFine studied in this thesis (§3.4).

3.3 DDIM inversion

Editing a real image requires the noise from which the sampler would produce that image. Running
Eq. (3.12) backwards would require the noise prediction at the unknown next point, so DDIM inversion
approximates it by the prediction at the current one:

J_:tk—&-l = J_:tk + (Ctk+1 - Ctk) Ee(xtkvtk)‘ (3‘14)

Starting from the clean sample, repeated application yields an inversion trajectory xi,,,,... that
ends in a noise-like latent, and running the sampler from that latent approximately reconstructs
the image. The approximation assumes that the noise prediction changes little between neighbour-
ing grid points. The error it introduces grows with the step size and is amplified by classifier-free
guidance, which is why guided editing methods invest in correcting it, for example by optimising
the unconditional text embedding at every step [6]. Without guidance the error is small in prac-
tice [5].

Two properties of inversion make it the basis of editing. The trajectory records the image at every
noise level of the sampler, so it can be stored and used as a reference while a modified version is
generated. And inversion need not run to the end of the grid: it can stop at any timestep, which is
what partial denoising does.

3.4 Partial denoising and editing strength

SDEdit [7] turns a sampler into an editor. A guide image (a rough painting, a collage, or a photograph
with an object inserted into it) is noised to an intermediate level ¢y with Eq. (3.2) and then denoised
from ¢y to the end. The noise destroys detail below a certain scale while the coarse layout survives,
and the sampler replaces the destroyed detail with content that is consistent with the model’s image
distribution. The entry level ¢ sets the editing strength.
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3.5 Latent diffusion and Stable Diffusion 1.5

o With a small ¢y only a few steps are run: the output stays close to the guide image, including its
artefacts.

e With a large tg the output is realistic but departs from the guide image, and eventually loses its
layout.

The entry level is therefore a trade-off between faithfulness to the input and realism of the output,
and no single value is best for all inputs.

The deterministic variant replaces the random noise by DDIM inversion to ty (§3.3). The same input
then always gives the same output, and when nothing is modified the sampler returns approximately
the input itself; every difference between input and output is caused by whatever the editing method
changes during the denoising steps. On the 50-step grid, choosing ty amounts to choosing how many
of the fifty steps are run.

The configuration of FreeFine studied in this thesis (Chapter 5) enters at ¢; = 281 and runs the
last fifteen steps of the grid, the shaded window of Figure 3.2. At that point \/ass; = 0.789 and
V1 — g1 = 0.615, a signal-to-noise ratio of 1.65: the latent is still dominated by its input, so the
layout of the image is fixed and refinement rewrites structure at the middle and fine scales. Across
the window ¢; falls from 0.779 to 0.041.

3.5 Latent diffusion and Stable Diffusion 1.5

Diffusion in pixel space is expensive at 512 x 512, because the denoising network must process 786,432
values at every step. Latent diffusion [8] moves the process into the latent space of a pretrained
autoencoder. Stable Diffusion 1.5 (SD-1.5) is such a model. It has three components, shown in
Figure 3.3.

The autoencoder. An encoder £ maps an image x € R512X512X3 ¢4 a latent z = () € R64*x64x4 5

spatial reduction by a factor of eight, and a decoder D maps latents back to images. The autoencoder
is trained with a reconstruction, a perceptual and a patch-based adversarial loss, together with a
slight Kullback-Leibler penalty towards a standard Gaussian [8,9], and its latents are multiplied by
0.18215 so that they have approximately unit variance. Every diffusion quantity of §3.1-§3.4 refers
to this latent, which in the rest of the thesis is written z;; the edited image is decoded only at the
end.

The text encoder. A prompt is split into 77 tokens and encoded by the frozen text transformer
of CLIP ViT-L/14 [10] into a sequence ¢ € R77*7%_ The empty prompt is not a zero vector: it is
tokenised into a start token, an end token and padding, and encodes to a fixed sequence cg, which
serves as the unconditional input of guidance (§3.7).

The denoising U-Net. The noise predictor ¢(z,t, c) is a U-Net [11] of about 860 million param-
eters [12] that works at four resolutions, 64 x 64, 32 x 32, 16 x 16 and 8 x 8, with 320, 640, 1280
and 1280 channels. The encoder applies two residual blocks per resolution, each followed at the three
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(a)
image =
512 x 512 x 3

(b)

VAE latent zg
encoder £ 64 x 64 x 4

inversion and denoising
with eg(2¢,t, ¢)

VAE edited
decoder D image

. 64 x 64, 320 channels skip 64 x 64, 320 channels .
— e > —>
K 2x (residual 4 transformer) 3x (residual + transformer) ¢
32 x 32, 640 channels 32 x 32, 640 channels
,,,,,,,,,,,,,,,,,,,,,,,,,,,, >
2x (residual 4 transformer) 3x (residual + transformer)
16 x 16, 1280 channels 16 x 16, 1280 channels
,,,,,,,,,,,,,,,,,,,,,,,,,,,, >
2x (residual 4 transformer) 3x (residual + transformer)

8 x 8, 1280 channels 8 x 8, 1280 channels
2x residual 3% residual

middle, 8 x 8
residual + transformer + residual

prompt — CLIP text encoder — ¢ € R77*7%®: read by every transformer block (cross-attention)
timestep ¢ — sinusoidal embedding: added in every residual block

S

Figure 3.3: Stable Diffusion 1.5. (a) Diffusion runs in the latent space of an autoencoder: the image is encoded
once, inverted and denoised as a latent, and decoded at the end. (b) The denoising U-Net e4. Each
box is one resolution level with its blocks; dashed arrows are the skip connections, which carry
encoder features to the decoder.

finest resolutions by a transformer block, and halves the resolution between levels with a strided con-
volution. The middle block applies a residual block, a transformer block and a second residual block
at 8 x 8. The decoder mirrors the encoder with three residual blocks per resolution, each followed at
16 x 16, 32 x 32 and 64 x 64 by a transformer block, and doubles the resolution between levels. Skip
connections carry twelve feature maps of the encoder to the decoder, where they are concatenated with
the decoder’s features at the same resolution. The timestep enters through a sinusoidal embedding,
passed through a small network and added inside every residual block. The U-Net contains sixteen
transformer blocks in total: six in the encoder, one in the middle block and nine in the decoder.
Table 3.1 lists them in the order in which they execute; later chapters address individual layers by
this index.

The transformer block. FEach transformer block turns its input feature map f, with C' channels,
into a sequence of tokens h, one per position, by group normalisation and a 1 x 1 convolution. It then
applies three residual updates,

h h+SALN(h), h+ h+CA(LN(h),c), h+ h+FF(LN(h)), (3.15)

and adds the result back to f after a second 1 x 1 convolution. Here SA is self-attention and CA
cross-attention (§3.6), LN is layer normalisation, and FF is a two-layer feed-forward network with a
gated GELU activation and an inner width of 4C [13].
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3.6 Attention in the U-Net

Table 3.1: The sixteen transformer blocks of the SD-1.5 U-Net,
in execution order.

Index Location Resolution Tokens Channels Head width

0-1 encoder 64 x 64 4096 320 40
2-3 encoder 32 x 32 1024 640 80
4-5 encoder 16 x 16 256 1280 160
6 middle 8 x 8 64 1280 160
7-9 decoder 16 x 16 256 1280 160
10-12 decoder 32 x 32 1024 640 80
13-15 decoder 64 x 64 4096 320 40

Every block has 8 attention heads, and every block cross-attends to
the 77 text tokens of width 768.

Training. SD-1.5 was trained on image-text pairs from the LAION collection and fine-tuned at
512 x 512 with the text condition dropped for ten per cent of the samples, so that the same network
provides both conditional and unconditional predictions for classifier-free guidance [12]. It is used
frozen throughout this thesis.

3.6 Attention in the U-Net

Scaled dot-product attention. For queries Q € RVN*? keys K € RM*? and values V € RM*dv,

attention [14] computes
-

Attn(Q, K,V; B) = softmax(QK

Nz

where the softmax acts on each row and B € R¥*M is an optional additive bias, zero unless stated

otherwise. Each output row is a convex combination of the values, weighted by the similarity of the

query to each key. In multi-head attention the channels are split into H groups that attend separately

and are concatenated afterwards. Every attention layer of SD-1.5 has H = 8 heads, with head widths
of 40, 80 and 160 at 320, 640 and 1280 channels (Table 3.1).

+ B)v, (3.16)

Self-attention and cross-attention. In self-attention, queries, keys and values all come from the
tokens of the same image, Q = hWg, K = hWk, V = hWy, so that every position gathers information
from every other position; at 64 x 64 this is an attention over 4096 tokens. In cross-attention the queries
come from the image and the keys and values from the conditioning, Q = hWg, K = cWk, V = cWy
with M = 77: every position reads from the prompt what is relevant to it.

Three properties that editing methods use.
1. Masking through the bias. Setting B;; = —oo removes key j from the softmax of query 7,

B;; = 0 leaves it untouched, and a finite negative value down-weights it. Restricting which keys a
query may see, or which it should prefer, is a choice of B.

2. No positional term. The transformer blocks of SD-1.5 add no positional encoding, so the logits
depend only on the features. Attention is therefore invariant to a joint permutation of the keys,
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the values and the corresponding columns of the bias: for every permutation matrix P,
Attn(Q, PK,PV; BP") = Attn(Q, K, V; B), (3.17)

because permuting the columns of the logit matrix and the rows of V' together permutes the terms
of each weighted sum without changing it. Where a token lies in the image enters only through its
features, which the convolutions of the residual blocks make position-dependent.

3. Keys and values can come from another image. Nothing requires @), K and V to be computed
from the same image. Using the queries of an image being generated with the keys and values of a
reference image, known as mutual self-attention, makes the generated image take on the appearance
of the reference wherever its queries match the reference’s keys [15]. Editing methods exploit this
and related manipulations of the attention layers [16,17], and the attention transplant of FreeFine
(Chapter 5) is of this kind.

3.7 Classifier-free guidance

Classifier guidance [18] steers sampling towards a condition by adding the gradient of a separately
trained, noise-aware classifier to the score. Classifier-free guidance [19] obtains the same effect from
the diffusion model alone. Because the network was trained both with and without the condition,
it provides a conditional prediction . = €y(z¢,t,¢) and an unconditional one e = £¢(2¢, ¢, cy), and
guidance extrapolates from the second towards the first:

E=cp+w(e.—eg). (3.18)

Through Eq. (3.8) and Bayes’ rule, log p(z; | ¢)—logp(z:) = logp(c | z¢:)—log p(c), the guided prediction
is the scaled score of a sharpened distribution:

E=—v1—ay V,[logp(z) + wlogp(c | z)]. (3.19)

With w = 1 the sampler draws from the conditional model. With w > 1 it favours images that the
implicit classifier p(c | z;) finds most typical of the condition, which improves the agreement with
the prompt at the cost of diversity and, at large scales, of over-saturated colours. SD-1.5 is usually
sampled with w = 7.5. Each guided step requires two predictions, which are computed together as a
batch of two.

Three properties of guidance are used in later chapters.

¢ Guidance needs a condition that differs from the unconditional input. If ¢ = ¢g, then
€. = €z and € = ey for every w. With an empty prompt the sampler is unguided, whatever
guidance scale is set.

¢ Guidance is the same in noise space and in clean-sample space. Since Z( is an affine
function of the noise prediction with the same coefficients for both predictions, Eq. (3.7) gives
20(&) = T0.z + w (%o, — Z0,0), and by Eq. (3.13) the guidance correction in clean-sample space
is —c; times the correction in noise space. The two spaces differ only when the correction is
transformed nonlinearly (normalised, projected or accumulated across steps), because ¢; changes
from one step to the next.
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3.7 Classifier-free guidance

¢ Guidance can be restricted to a region. Multiplying the correction by a spatial mask m
at latent resolution, &€ = eg + w (e. — £g) © m, guides inside the mask and leaves the prediction
unguided outside it.

Table 3.2: Notation introduced in this chapter and used throughout the thesis.

Symbol

Meaning

To, Tty 20, 2t
T

clean and noisy sample; in latent space
number of training timesteps (1000)

Bey g, Qv variance schedule, oy =1 — B4, &y =[], as

SNR(t), ¢ signal-to-noise ratio, Eq. (3.3); noise-to-signal ratio, Eq. (3.11)
€, €p Gaussian noise; the network’s noise prediction

Zo predicted clean sample, Eq. (3.7)

n stochasticity of the sampling step, Eq. (3.10)

<o <tg sampling grid; S =50, t € {1,21,...,981}

to entry timestep of partial denoising

¢, Cy text conditioning; conditioning of the empty prompt

w guidance scale, Eq. (3.18)

Q, K, V,B queries, keys, values and additive bias of attention, Eq. (3.16)
H number of attention heads (8 in SD-1.5)
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Chapter 4

Related Work

Geometric image editing asks a diffusion model to do something that most editing methods are built
to avoid: to change where an object is while keeping what it looks like exactly. This chapter places the
thesis among the work that addresses that task and the tools it draws on. It covers training-free editing
in general (§4.1), drag- and point-based editing (§4.2), geometric and object-level editing (§4.3), the
conditioning of frozen models (§4.4), guidance beyond classifier-free guidance (§4.5), the manipulation
of the network’s internal features (§4.6) and the evaluation of geometric editing (§4.7), and it ends
by stating what distinguishes this thesis (§4.8). Methods that the later experiments build on are only
introduced here; how they work and how they were integrated is explained in the experiment that
uses them.

4.1 Training-free editing with diffusion models

The first diffusion editors modified the sampling of a pretrained model rather than its weights.
SDEdit [7] noises a guide image to an intermediate level and denoises it (§3.4). DiffEdit [20] adds
a mask: it contrasts the noise predictions of the model under two prompts to locate the region that
an edit should change, and regenerates only that region after inverting the image. These meth-
ods decide how much of an image is regenerated, but not how its structure is carried into the re-
sult.

A second line of work carries the structure through the attention layers. Prompt-to-Prompt [16] edits
an image by changing its prompt while keeping the cross-attention maps of the original prompt, so that
the layout of the scene is preserved; for real images it relies on an accurate inversion, which null-text
inversion [6] provides by optimising the unconditional text embedding at every step. Plug-and-Play [17]
injects spatial features and self-attention maps of the source image into the generation of a new prompt.
MasaCtrl [15] turns self-attention into mutual self-attention, in which the image being generated
queries the keys and values of a source image, and uses masks derived from cross-attention to keep
foreground and background apart. Cross-image attention [21] combines the queries of a structure image
with the keys and values of an appearance image to transfer appearance without training. Trained
editors such as InstructPix2Pix [22], which learns to follow written instructions from a synthetic
dataset, form a separate family that this thesis does not pursue.

All of these methods keep the layout of the image and change its content or appearance; their attention
injections exist to hold the structure in place. Geometric editing inverts that assumption. The appear-
ance of the object must be kept exactly, and its position, orientation and size must change. Mutual
self-attention remains the central tool, because it is how a training-free editor copies appearance from
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the source; FreeFine’s attention transplant (Chapter 5) is of this kind.

4.2 Drag-based and point-based editing

Drag-based editing lets a user move points of an image to new positions. DragGAN [23] introduced
the interaction for generative adversarial networks: it optimises the latent code with a feature-based
motion loss and tracks the dragged points as they move, but it is confined to the domains on which a
GAN was trained.

DragDiffusion [24] brings the interaction to diffusion models. It optimises the diffusion latent at one
timestep with supervision from the U-Net’s features, fine-tunes a low-rank adaptation (LoRA) of the
model on each input image to preserve its identity, and uses a latent variant of mutual self-attention.
It also introduced DragBench, the first benchmark for point-based editing, with two metrics: an
image fidelity score, one minus the LPIPS distance between the input and the edited image, and a
mean distance that locates the dragged points in the edited image with DIF'T correspondence [25] and
measures how far they lie from their targets. The keypoint metric of GeoBench (§5.7) descends from
this measure.

DragonDiffusion [26] removes the fine-tuning. It builds a classifier-guidance signal from the correspon-
dence of intermediate diffusion features, applies it at several feature scales, and keeps the result consis-
tent with the source through cross-branch self-attention, which lets it move and resize objects, replace
their appearance and drag content without training. DiffEditor [27] extends it with image prompts,
whose encoder is the only trained component, with a sampler that mixes stochastic and deterministic
steps, and with regional score-based guidance and a time-travel strategy. RegionDrag [28] replaces
points by regions: it copies the latents under a handle region to the corresponding positions of a target
region at several timesteps and stabilises the result with mutual self-attention, completing an edit in
one pass and more than a hundred times faster than DragDiffusion.

These methods express the edit as a displacement of points or regions, not as an exact trans-
formation, and most of them realise it through optimisation or through gradient guidance at ev-
ery step. A large rotation or rescaling of a whole object is not natural to express as a set of
dragged points, and the guidance must discover the transformation that a geometric edit already
states.

4.3 Geometric and object-level editing

A third family edits whole objects by an explicit geometric operation.

Guidance-based. Self-guidance [29] reads properties of an object (its position, size, shape and
appearance) from the attention maps and activations of the model, and steers generation with gra-
dients on those properties, so that an object can be moved or resized without training. Motion
Guidance [30] lets the user specify a dense motion field and steers sampling with gradients through
an off-the-shelf optical-flow network, which requires back-propagation through that network at every
step.
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4.4 Conditioning a frozen model

Geometry inside the model. GeoDiffuser [31] treats an edit as a geometric transformation and
applies it inside the attention layers of the diffusion model, with a zero-shot optimisation that preserves
the style of the object and the photorealism of the scene; it handles translation and removal in two
dimensions and rotation in three. Diffusion Handles [32] lifts the activations of an object to three
dimensions with an estimated depth map, transforms depth and activations together, and projects
them back, so that the regenerated image shows plausible occlusion and lighting without fine-tuning.
DesignEdit [33] decomposes the latent into object layers and an incomplete background layer, fills
the background with a key-masking variant of self-attention, and fuses the layers on a new canvas
according to the instruction, again without training.

FreeFine. FreeFine [34] decouples geometric editing into three subtasks (transforming the object,
inpainting the region it vacates, and refining the object at its target) and solves the last two with
the same training-free diffusion procedure. Its authors attribute the difficulty of earlier methods
under large transformations to the competing demands of solving all subtasks in one optimisation,
for example preserving the background while generating newly exposed surfaces. They also introduce
GeoBench (§4.7), on which FreeFine outperforms Self-guidance, RegionDrag, DragonDiffusion, Motion
Guidance, DragDiffusion, Diffusion Handles, GeoDiffuser and DesignEdit. It is therefore the natural
starting point for this thesis, and it is described in detail in Chapter 5.

Out-of-plane edits. Rotations out of the image plane reveal surfaces that the source never showed.
They require a model of the object’s three-dimensional shape, obtained from a novel-view synthesis
model such as Zero-1-to-3 [35] or from lifting with estimated depth as in Diffusion Handles. GeoBench
contains such edits in a separate three-dimensional part. This thesis studies the two-dimensional part,
in which every edit is an in-plane affine transformation and the correct appearance of the object at its
target pose is, up to resampling, available by warping the source.

4.4 Conditioning a frozen model

Several methods add new conditions to a frozen text-to-image model by training a small module once
per kind of condition. ControlNet [36] trains a copy of the U-Net’s encoder that receives a spatial
map (edges, depth or a human pose) and adds its outputs to the skip connections of the frozen
network through zero-initialised convolutions. T2I-Adapter [37] achieves spatial and colour control
with lighter adapters that can be composed. IP-Adapter [38] adds image prompts through a decoupled
cross-attention with about 22 million trained parameters, and DiffEditor uses a trained image encoder
in the same role.

These modules are general-purpose: they supply information that the text prompt cannot, and
they are reused unchanged across tasks. The thesis uses IP-Adapter and ControlNet as instru-
ments rather than contributions. In Chapter 10 they supply the identity and the geometry of the
object to FreeFine’s refinement, which tests whether the refinement is missing either kind of informa-
tion.
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4.5 Guidance beyond classifier-free guidance

Classifier-free guidance (§3.7) improves the agreement with the prompt but, at high scales, over-
saturates colours and introduces artefacts, and a line of work modifies the guidance update to avoid
this. Imagen [39] introduced dynamic thresholding, which clips the predicted clean sample at each
step. Kynk&dnniemi et al. [40] show that guidance is harmful at high noise levels and unnecessary
at low ones, and apply it only in an intermediate interval. CFG++ [41] attributes the failures of
guidance to samples leaving the data manifold and reformulates guidance to stay on it, which also
improves invertibility. Adaptive projected guidance (APG) [42] decomposes the guidance update into
a component parallel to the conditional prediction and one orthogonal to it, identifies the parallel
component as the source of over-saturation and down-weights it, and adds rescaling and a negative
momentum across steps. Frequency-decoupled guidance (FDG) [43] splits the update into low and
high spatial frequencies: the low frequencies govern global structure and agreement with the condition,
the high frequencies visual detail, and the two receive separate scales.

These methods were developed to improve text-to-image generation over the whole image. In Free-
Fine guidance is restricted to a region around the edited object (§5.4.4), and it plays a different
role. Chapter 12 adapts APG and FDG to that setting and studies where the projection and the
momentum of APG should be computed, which leads to the guidance rectifier used by the final
method.

4.6 Feature-space and frequency-domain manipulation

The internal features of a diffusion U-Net are useful beyond generation. DIFT [25] shows that they
establish accurate semantic and geometric correspondence between images without any training, which
is why the keypoint metric of GeoBench uses them. Plug-and-Play, MasaCtrl and cross-image attention
(§4.1) edit by injecting features or keys and values from one generation into another. FreeU [44]
analyses the U-Net in frequency terms: the backbone contributes mostly to denoising, while the
skip connections carry mostly high-frequency content, and re-weighting the two at inference improves
generation quality without training.

This spectral view of the network’s features motivates the mechanism of Chapter 13, which transfers
only selected frequency bands of the reference features into the edited object instead of whole feature
maps.

4.7 Evaluating geometric editing

The evaluation of editing combines three kinds of measurement. The realism of the edited images as
a set is measured by distances between feature distributions: FID [45] on Inception features and the
kernel distance [46], an unbiased estimate of the maximum mean discrepancy. Stein et al. [47] show
that Inception-based metrics misjudge images produced by diffusion models and recommend DINOv2
features [48] instead. The consistency of the edit with its input is measured by the similarity of self-
supervised or language-supervised features [10,49] on the object and on the background. The precision
of a geometric edit is measured by where content ends up, as in the DIFT-based mean distance of
DragBench (§4.2).
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4.8 Positioning of this thesis

Table 4.1: Methods closest to this thesis. The last column marks the methods that FreeFine’s
authors compared on GeoBench.

Method Training How the edit geometry enters On GeoBench
DragDiffusion [24]  per-image latent optimisation towards dragged v
LoRA points

DragonDiffusion [26] none gradient guidance from feature v
correspondence

DiffEditor [27] image encoder  gradient guidance with regional scores
and image prompts

RegionDrag [28] none copying latents from handle to target v
regions

Self-guidance [29] none gradient guidance on attention-derived v
position and size

Motion none gradient guidance through an v

Guidance [30] optical-flow network

Diffusion none activations lifted to 3D with estimated v

Handles [32] depth

GeoDiffuser [31] none transformation inside attention, with v
optimisation

DesignEdit [33] none layered latents moved and fused v

FreeFine [34] none explicit warp, then inpainting and v

attention-controlled refinement

(\

This thesis none FreeFine with a behaviour selected by
the requested transformation

“Training” lists what must be trained or fine-tuned beyond the pretrained diffusion model; “none”
means the method runs on the frozen model.

GeoBench [34] applies all three to geometric editing. It combines real and synthetic images from two
existing collections into 811 source images and 5,988 editing instructions, of which 5,677 are two-
dimensional: moves, rotations and resizings of one object, each with a known transformation and one
of three intensity levels. Its seven metrics are defined in §5.7. Chapters 5 and 7 examine properties of
those metrics that matter for interpreting any result on the benchmark.

4.8 Positioning of this thesis

Table 4.1 compares the methods closest to this thesis.

The thesis does not propose a new editing paradigm. It takes the strongest training-free method on
GeoBench-2D, reproduces it, and asks why it falls short where it does. Four features distinguish it
from the work above.

1. It is led by a diagnosis. Before any change, the failure of the reproduced method is located by
transformation type and severity, and every later experiment is judged on the groups where the
failure lies (Chapter 7).

2. It tests explanations rather than accumulating mechanisms. Six hypotheses about the
cause of the failure are tested in turn, each with mechanisms drawn from the families of this
chapter (configuration, conditioning, attention-level geometry, preservation of the coarse result,
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guidance and feature manipulation), and the outcome of each experiment decides the next.

3. Its final method is transform-conditional. None of the methods in Table 4.1 changes its
behaviour according to the kind of transformation it is asked to perform. The method of this
thesis applies a different, experimentally supported behaviour to translations, rotations, moderate
resizings and severe resizings, and it decides among them using only the requested transformation.

4. Tt is evaluated at full scale against a reproduced baseline. The final method is fixed on
development subsets and then evaluated on all 5,677 two-dimensional edits with the official metric
code, against the reproduced FreeFine run under identical conditions (Chapter 15).
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Chapter 5

FreeFine and GeoBench-2D

This chapter describes the method that the thesis reproduces and extends, FreeFine [34], and the
benchmark on which it is measured. It is the single place where the pipeline, its released configuration,
the benchmark and the seven metrics are defined; every later chapter refers back to it. The presentation
follows the published description, and it adds the details of the released implementation that the later
experiments depend on.

5.1 Task and notation

Let I, € [0,1]7*W >3 he a source image and M, € {0, 1}7*W a mask selecting one object. A geometric
edit is specified by a parameter vector

0 = (dxadyadmracarwrmSwasyasz)v (5'1)

of which the two-dimensional benchmark uses the in-plane components: the translation (d,,d,) in
pixels, the rotation r, in degrees and the scale factors (s, sy). The goal is an image I in which the
object has undergone the requested transformation, the region it vacated has been filled plausibly,
and the rest of the scene is unchanged. The method is training-free: every learned weight belongs
to the frozen Stable Diffusion 1.5 model of §3.5, and the edit is obtained by manipulating how that
model is sampled. Table 5.1 lists the symbols of this chapter; the diffusion notation is that of Ta-
ble 3.2.

5.2 The decoupled pipeline

Earlier diffusion editors attempt the transformation of the object, the filling of the region it vacates and
the harmonisation of the result within one optimisation or one guided sampling run, which becomes
unreliable when the requested transformation is large (§4.3). FreeFine decouples the problem into
three sequential stages (Figure 5.2).

1. Object transformation. The requested transformation is applied to the object, producing the
object at its target pose and the target mask M;. This stage is a deterministic geometric operation;
no network is involved.

2. Source-region inpainting. The region vacated by the object is regenerated as background, giving
Iy
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Table 5.1: Notation for the editing pipeline, used throughout the thesis.

Symbol Meaning

I, M, 0 source image, source object mask, edit parameters

A 2 x 3 affine matrix realising 6, Eq. (5.2)

M target mask: the source mask warped by A

Iy, background with the source region inpainted (stage 2)

I. coarse composite that enters refinement (stage 3), Eq. (5.3)

I edited image

i, t; index of a step on the 50-step grid and its timestep,
t; = 981 — 201

s index of the first refined step; the refinement runs ¢ = s,...,49

Vi weight of the attention transplant at step ¢, Eq. (5.6)

My, Mg target and source masks at the token resolution of an attention
layer

Meyar; Mefg regions of local perturbation and of guidance, at latent resolution

(c) coarse composite (d) refined output

(a) source and mask

(b) inpainted background

Figure 5.1: One edit of GeoBench-2D, a translation by 135 pixels to the left, through FreeFine. (a) The
source image with the object mask. (b) The inpainted background, in which the region of the
object has been regenerated. (c) The coarse composite: the transformed object placed on the
inpainted background, with the target mask. (d) The output of refinement.

3. Target-region refinement. The transformed object is placed onto the inpainted background, and
the resulting coarse composite I. is refined: structures that the transformation could not supply
are completed and the seams it introduced are removed.

Stages 2 and 3 are carried out by the same training-free diffusion procedure on the same frozen
model. In the released benchmark code the inpainted background is produced once per object, with
its own random seed, and stored; every edit of that object reads the same background, since all
of them vacate the same region. Figure 5.1 follows one edit of GeoBench-2D through the three
stages.

5.3 Object transformation and the coarse composite

For a two-dimensional edit the transformation is an affine map. With (¢, ¢,) the centre of the bounding
box of the source mask, the implementation assembles

Ao sgcosp —sinp (1 —cosp)ey +sinpey+dy + (1 —sz)ce

sinp  sycosp —sinpcy + (1 —cosp)ey +dy + (1 — sy)cy




5.4 Refinement

deterministic warp — M;

1., M., 0 composite I, 3. target-region refinement i
frozen SD-1.5: TCA - LP - CG
7

2. source-region inpainting

1. object transformation

frozen SD-1.5 — I

stages 2 and 3 share one frozen model; no component is trained

Figure 5.2: The decoupled pipeline of FreeFine [34]. Only the object transformation is deterministic; the
inpainting of the source region and the refinement of the target region are both performed by the
same training-free diffusion procedure on a frozen Stable Diffusion model.

that is, a rotation about the object centre, a scaling about the same centre, and a translation. Every
benchmark edit activates exactly one kind of transformation, so the map reduces in each case to
the intended operation: a pure translation v — u + d, a pure scaling u — s(u — ¢) + ¢, or a pure
rotation about ¢. The image is resampled with bilinear interpolation and the mask with nearest-
neighbour interpolation, and the coarse composite takes the warped object inside the target mask and
the inpainted background outside it:

I = My ©Wa(ly) + (1 = My) © I, (5.3)

The composite already shows the object at its exact target pose. It also carries the artefacts of the
operation: bilinear resampling is not band-limited, so edges alias under reduction and rotation, and
the insertion leaves a visible seam along the boundary of M;.

5.4 Refinement

Refinement turns the coarse composite into a coherent image by partial denoising (§3.4), steered by
three modules: Temporal Contextual Attention, Local Perturbation and Content-specified Genera-
tion.

5.4.1 Inversion and the four branches

The composite and the source image are encoded and inverted together with DDIM (§3.3) under
the empty prompt, from the clean latent up to the entry step s of the 50-step grid. Refinement
then runs the remaining steps ¢ = s,...,49, at timesteps t; = 981 — 20:. It maintains two la-
tents:

o the edit latent, which starts from the inverted composite and becomes the output;

« the reference latent, which is replaced at every step by the inverted latent of the source image at
the same timestep, so that it reproduces the source exactly and supplies its features to the attention
layers.

Each step evaluates the network on a batch of four: an unconditional and a conditional predic-
tion for the edit latent and for the reference latent, in the order unconditional edit, unconditional
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reference, conditional edit, conditional reference. The conditional edit branch receives the object
label as its prompt and the conditional reference branch the empty prompt. After the last step
the edit latent is decoded, and the decoded image is the output [; no part of the source is copied
back.

5.4.2 Temporal Contextual Attention

Temporal Contextual Attention (TCA) transplants the appearance of the source object into the
edit through mutual self-attention (§3.6). In each modulated self-attention layer, the queries q,
of the edit branch attend to the keys k, and values v, of the reference branch, in two masked
forms:

So(p) = Zq:softélrlax(<qp\/’gq> + bg)vq, Sy(p) = Zq:soft(rlnaux(<O“"\/’gq> + bg) Vg, (5.4)

where b7 = 0 on the tokens of the source object and —oo elsewhere, and bg is the opposite: S, reads
only from the source object and Sy only from the source background. With S; the ordinary self-
attention of the edit branch and m; the target mask at the token resolution of the layer, the module
outputs

Hi=1-=7%)Si+7%[So0m+ S, ©(1—my)] : (5.5)

tokens inside the target region draw on the source object, tokens outside it on the source background,
and both are blended with the edit’s own self-attention. The weight 7; decreases linearly over the
refined steps, .
=1 (1—e) "

Yi N _g’
with V = 50 and a floor parameter e. With the released e = 0 and s = 35, the weight falls from 1 at
the first refined step to 1/15 at the last (Figure 5.3). Early steps therefore copy the structure of the
source object into the target region, and later steps release the edit to its own self-attention, so that
detail and boundaries can be harmonised with the scene.

i=s,...,49, (5.6)

TCA modulates the self-attention of the last six transformer blocks of the U-Net, blocks 10-15 of
Table 3.1, which work at 32 x 32 and 64 x 64. The reference branches compute their attention
without restriction, so that they keep reproducing the source image. Because the logits of Eq. (5.4)
contain no positional term, TCA selects the source tokens that a query draws on by feature simi-
larity alone (§3.6): the masks decide which part of the source a query may read from, not which
token corresponds to it. The affine map of the edit, although known, does not enter the computa-
tion.

5.4.3 Local Perturbation

Refinement must be free to invent content where the edit requires it while leaving the rest of the
image as it is. Local Perturbation makes the sampling step stochastic only in a region m.,, at latent
resolution, and deterministic elsewhere:

2t = \JO B0+ 1= Gry — 07 M €404, € O, €~ N(0,1), (5.7)

where ¢ is the guided noise prediction and oy, is the step noise of Eq. (3.10) with n = 1. Inside
Mmyar the update is the stochastic step of §3.2; outside it, the deterministic DDIM step. The in-
jected noise is the model’s licence to synthesise new content, and it is granted only inside the re-
gion.
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5.5 The released configuration
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Figure 5.3: The weight ~; of the attention transplant, Eq. (5.6), over the fifteen refined steps of the released
configuration: the transplanted structure dominates at the start and has almost vanished at the

last step.

Table 5.2: Settings of the released two-dimensional benchmark script of FreeFine (commit 4c9£db97).

Parameter Value Meaning

num_step 50 length of the DDIM grid, N

start_step 35 first refined step s; entry at ¢35 = 281, fifteen
steps refined

end_step 50 end of the TCA schedule, Eq. (5.6)

end_scale 0.0 floor e of the TCA schedule

TCA blocks 10-15 modulated self-attention blocks, Table 3.1

eta 1.0 7 of the stochastic step inside myay, Eq. (5.7)

guidance_scale 7.5 w in Eq. (5.8)

guidance_text " object label p

regions automatic  Myay and mers from Eq. (5.9)

seed 42 random seed of the refinement stage

precision fp32 single precision throughout

5.4.4 Content-specified Generation

Surfaces revealed by an edit have no counterpart in the source and must be generated. Content-
specified Generation steers them with the object label p as a text prompt: its cross-attention is re-
stricted to the target region, and classifier-free guidance (§3.7) is applied only in a region Mg,

E=cgt+w(ep—€x) O Mefg, (5.8)

so that newly generated content is consistent with what the object is.

5.5 The released configuration

Table 5.2 lists the settings of the released two-dimensional benchmark script, under which the published
results are produced and which this thesis reproduces.

In this configuration the two regions of Local Perturbation and Content-specified Generation are not
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Table 5.3: Composition of GeoBench-2D, computed from the exact edit parameters. Translations and
rotations take integer values; scale factors are isotropic, s, = s, in every case.

Edit type Active parameters and observed range Edits

Move dy € [~202,194], d, € [~203,184] pixels 1,439
Rotate r, € [—39,39] degrees 1,603
Resize s =5, = s, € [0.400,2.880] 2,635
Total 5,677

drawn by a user but computed from the masks. Writing Dj for dilation by a k x k square, both
are
Myar = Mecfg = (D30(Ms) U D15(Mt)) \Mta (59)

taken at latent resolution: a band around the transformed object together with the area that the
object vacated. The object itself lies outside both regions. Inside the target mask the refinement
is therefore deterministic and unguided, and the object is shaped by the attention transplant; the
stochastic, guided update acts on the boundary and on the vacated area, where new content has to
be generated.

One entry of Table 5.2 decides what the released configuration computes. The label is the empty
string, so the conditional prediction coincides with the unconditional one and the guidance term of
Eq. (5.8) is zero whatever the scale (Eq. (9.2)). Content-specified Generation is therefore inactive in
the released configuration. Experiment 5 verifies this on the outputs and switches the guidance on by
supplying the object label.

5.6 GeoBench-2D

GeoBench [34] accompanies the method and covers two- and three-dimensional editing. It com-
prises 811 source images and 5,988 editing instructions, labelled by its authors as 2,267 easy, 2,075
medium and 1,646 hard, and divided into three subsets: 5,677 general two-dimensional edits, 190
three-dimensional edits, and 121 structure-completion instructions. Every instruction provides the
object mask and the exact transformation parameters, so the target geometry is known for every
case.

This thesis works with the two-dimensional subset, GeoBench-2D, which spans 609 source images and
contains only in-plane transformations. Table 5.3 gives its composition, computed from the exact edit
parameters of the released annotation.

Two features of the resizings matter later. Scaling is isotropic, so a single scalar s = | /5,5, describes
the transformation exactly and is available from the requested parameters alone. And the distribution
is bimodal: no edit has s € (0.9,1.1), so the subset consists of genuine enlargements and reductions
rather than near-identity perturbations.
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5.7 The evaluation metrics

Seven metrics score an editing method along three dimensions [34]: the realism of the edited images as
a set, the consistency of each edit with its source, and the precision of the edit. Table 5.4 summarises
them.

Realism. FID compares Gaussians fitted to Inception-V3 features of the edited images and of a
collection of real images [45,50]. The DINOv2 distance, written FIDgj,,, computes the same distance on
features of a DINOv2 ViT-B/14 encoder [48], which judge images from diffusion models more faithfully
than Inception features [47]. The kernel distance KD uses the same DINOv2 features but replaces the
Fréchet distance by an unbiased polynomial-kernel estimate of the maximum mean discrepancy [46],
averaged over one hundred random subsets.

Consistency. Subject consistency compares the edited object with the source object. Both are cut
out with their masks, embedded with a self-supervised DINO ViT-B/16 encoder [49], and compared
by cosine similarity:

SUBC = Z max (0 cos(dpiNo (Lsn @ Msp), ¢DINO( o M; n))) (5.10)
Background consistency (BGC) applies the same construction to the region outside both masks, with a
CLIP ViT-B/32 image encoder [10]. Both are global descriptors of a masked image: they respond to
changes of shape, colour and layout, and are comparatively insensitive to fine texture.

Precision. The warping error measures how far the edited object has moved away from the coarse
composite inside the target region,

1 || cn_fn)QMtnul
WRAP_E = — : — 5.11
BN 511

and is minimised, by construction, when the output equals the coarse composite. Mean distance
(MD), which this thesis also calls the keypoint error, measures whether content ended up where the
transformation sends it. SIFT keypoints [51] of the source object that can be matched to the edited
image (ratio test at 0.75, at most thirty per edit) are located in the edited image with DIFT corre-
spondence [25] (features of Stable Diffusion 2.1 at timestep 261, averaged over eight noise samples and
compared by cosine similarity), and the Euclidean distance between each located point @(k) and its
analytic target T'(k) is averaged over all keypoints:

D n|,c s 3 1T — k)l (5.12)

n ke,

5.8 Properties of the metric implementation

Four properties of the released metric code determine what the seven numbers can and cannot
express. They are part of the measuring instrument, and the later chapters account for each of
them.
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Table 5.4: The seven metrics as implemented. “Deterministic” means that re-evaluating the same images
reproduces the value exactly.

Metric Features Compares Better Deterministic
FID Inception-V3 edited set vs. real collection d yes
FIDdino DINOv2 ViT-B/14 edited set vs. real collection 1 yes
KD DINOv2 ViT-B/14 edited set vs. real collection, 100 subsets | no
SUBC DINO ViT-B/16 source object vs. edited object T yes
BGC CLIP ViT-B/32 source vs. edited background T yes
WRAP_E pixel ¢; coarse composite vs. output, inside M; A yes
MD SIFT + SD-2.1 features located keypoints vs. analytic target d no

The reference collection is fixed. For the three realism metrics the real collection is the entire
content of a directory, not the set of sources paired with the edits being scored. When a subset of
the edits is evaluated, the edited set shrinks while the reference set does not, so the value reflects the
mismatch in size and content between the two collections as well as the quality of the edits. Values
on different subsets are therefore not comparable with each other, only values of different methods on
the same subset.

The keypoint target uses a different centre from the transformation. The analytic target
T(k) of Eq. (5.12) is obtained by rotating or scaling about the centre of mass of the object mask,
whereas the transformation of Eq. (5.2) is applied about the centre of the bounding box. Writing
¢ for the difference between the two centres, the two conventions disagree by the constant vector
(I— R,)0 under a rotation by p and (1 —s)d under a scaling by s. They agree for a translation, and for
any object whose mask is symmetric about its bounding box. For rotations and scalings the metric
therefore contains a case-dependent offset that is present even when the transformation is executed
exactly.

The keypoint set depends on the image being scored. Keypoints are selected by matching
the source against the edited image, so different methods are scored on different keypoints, in different
numbers. Values of two methods are therefore not paired observations of the same quantity, and the
value of a group is not a fixed-weight average of the values of its sub-groups, because the weights are
the keypoint counts of each method.

Two of the seven metrics are stochastic. Subject consistency, background consistency, the
warping error, FID and the DINOv2 distance are deterministic functions of the images. Mean distance
is not, because its diffusion features are averaged over random noise samples, and the kernel distance
is not, because it averages over random subsets.
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Chapter 6

Methodology

This chapter sets out how the thesis works, before any experiment is reported. It states the problem
and the questions that are asked (§6.1), the stages of the study (§6.2), the six hypotheses about the fail-
ure of FreeFine and the way each is tested (§6.3), the method to which the study leads (§6.4), the design
of the evaluation (§6.5) and the implementation (§6.6). No measurement is reported here; every section
closes with the places of the thesis where its subject is treated in full.

6.1 Problem statement and research questions

A geometric edit takes a source image I, a mask M, that selects one object, and the parameters 6 of a
transformation: a translation, an in-plane rotation or an isotropic resizing (§5.1). The transformation
maps the mask to a target mask M;. The requirements on the output I (§2.1) fall into three groups,
which have to be met at once.

e Geometry. The object stands where the transformation puts it: it fills My, and each of its points
lies at the transformed position of the corresponding point of the source.

e Identity. The object is recognisably the object of the source image, with its shape, its texture and
its detail.

e Scene. The region that the object vacated is filled plausibly, the rest of the image is unchanged,
and the result is a realistic image without visible seams.

The three groups pull against each other. Copying the pixels of the object to the target pose keeps
its identity and its geometry, but leaves seams and cannot supply what the transformation does not;
regenerating the object blends it into the scene, at the risk of changing it. The seven metrics of
GeoBench-2D measure the three groups separately: the warping error and mean distance measure
the geometry, subject consistency the identity, and background consistency together with the three
realism metrics the scene (§5.7).

The thesis studies this problem under fixed constraints. The generator is the frozen Stable Dif-
fusion 1.5 (§3.5): no network is trained or fine-tuned, and everything that is added is computed
while an edit is generated. The starting point is FreeFine as released (Chapter 5), the edits are the
5,677 in-plane edits of GeoBench-2D, and they are scored with the official metrics of the benchmark

(§2.5).
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Figure 6.1: The five stages of the study. Top row: the edits on which each stage works. Bottom row: what
each stage produces and hands to the next.

Within these constraints the thesis asks three questions (§2.3), and the rest of this chapter turns each
of them into a procedure.

¢ RQ1: can FreeFine be reproduced from its public code, and on which edits does it
fail? The released code is run on the whole benchmark and its results are dissected by kind of edit
(Stages 1 and 2 of §6.2).

« RQ2: what causes the failure? Six possible causes are stated as hypotheses, and each is tested
with controlled changes to the pipeline (Stage 3, §6.3).

¢ RQ3: can FreeFine be improved without training, and how much of the improvement
reflects better editing? The components that the tests support are assembled into one method
(Stage 4, §6.4), which is evaluated on the whole benchmark together with an analysis of what each
metric can show (Stage 5, §6.5).

Where to find the details. The task and its notation: §5.1 and Table 5.1. The three stages of FreeFine: §5.2.
The metrics: §5.7. The scope of the thesis: §2.5. FEarlier work on the problem: Chapter 4.

6.2 Overview of the study

The study proceeds in five stages, each of which produces what the next one needs (Figure 6.1,
Table 6.1).

1. Reproduction (Experiment 1). The released code of FreeFine is run on all 5,677 edits without
any change to what it computes, and the seven metrics are compared with the published values.
The stage also checks that generation is deterministic: the same inputs give the same image, pixel
for pixel. It produces a baseline whose values are known, and the guarantee on which every later
comparison rests: two results that differ in one setting can be compared image by image, and their
difference is caused by that setting.

2. Diagnosis (Experiment 2). The reproduced results are scored separately by the type of the edit
and by its severity, for which a severity score is defined from the requested edit alone (Eq. (7.2)).
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6.2 Overview of the study

Table 6.1: The stages of the study: the question each answers, the edits it uses, its experiments and the place
where it is reported.

Stage Question Edits Exp.  Reported in
1. Reproduction Does the released code return the all 5,677 1 §7.1
published results? (RQ1)
2. Diagnosis On which edits, and on which all 5,677 2 §7.2
metrics, does FreeFine fail? (RQ1)
3. Hypothesis What causes the failure? (RQ2) development 3-23 Chapters 9-13
testing (200), held-out
(200)
4. Assembly Can the supported components be development (200) 24-25 Chapter 14
combined into one method? (RQ3)
5. Full-scale Does the method improve FreeFine, all 5,677 26 Chapters 15, 16
evaluation and what do its gains mean? (RQ3)

The released metric code is examined at the same time, to establish what each of the seven numbers
can and cannot express. The stage produces the target of the study, the groups of edits on which
FreeFine fails (the hard rotations and the hard resizings), and the rules by which the metrics are
read.

3. Hypothesis testing (Experiments 3 to 23). Six explanations of the failure are stated as
hypotheses, and each is tested by changing the pipeline at the place that the hypothesis names
(§6.3). Every test runs on a development subset of 200 edits under one protocol (§6.5), and the
first combined models are checked on a second, disjoint subset. The stage produces, for every
mechanism, a verdict for each kind of edit: where it helps, where it harms and where it changes
nothing.

4. Assembly (Experiments 24 and 25). The mechanisms that the tests support are combined into
one method. Because each of them suits only some edits, the method chooses among them, and
the choice is made by a rule that reads nothing but the requested transformation (Experiment 24).
The assembled method is then run on the development subset, to check that each of its branches
behaves as it did in the experiment that established it (Experiment 25).

5. Full-scale evaluation (Experiment 26). The method and FreeFine are generated in the same
run on all 5,677 edits and scored on the whole benchmark and on each branch of the method. The
values of the two models are compared edit by edit, and the gains are examined one by one, to
separate those that reflect better editing from those that follow from how the method or a metric
is built.

The order of the stages is also the order of the claims: nothing is proposed before the baseline is
verified, no mechanism is tested before the failure is located, and the method is assembled only from
components that were tested in isolation.

Where to find the details. Reproduction and diagnosis: Chapter 7. The protocol of the experiments: Chap-
ter 8. The six hypotheses: Chapters 9 to 13. The assembly: Chapter 14. The full-scale evaluation: Chapter 15.
The synthesis of all results: Chapter 16. The chapters at a glance: Figure 2.1.
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Figure 6.2: The refinement of FreeFine as a sequence of operations (§5.4), and the place at which each hy-
pothesis changes it. The dashed frame encloses the operations that are repeated at every refined
step.

6.3 The six hypotheses and how each is tested

FreeFine’s refinement receives three things: the coarse composite, in which the object already stands
at its target pose; the source image, whose features the attention transplant copies; and an empty
prompt (§5.4). It turns them into the output by a fixed sequence of operations (Figure 6.2). A failure
on the hard groups can therefore originate in a small number of places, and each hypothesis names
one of them.

o The settings with which the sequence is run may be badly chosen (Hypothesis 1).

o The refinement may lack information that it is never given: what the object is (Hypothesis 2), or
how it was transformed (Hypothesis 3).

e The refinement may lose information that its input already contains, since the composite shows
the object at its exact target pose (Hypothesis 4).

e Where the transformation is severe and the object has to be reconstructed at a new scale, the
reconstruction may be badly steered: around the object, where guidance acts (Hypothesis 5), or
inside it, where no guidance reaches (Hypothesis 6).

The hypotheses are ordered from the least to the most invasive change, and each is examined before the
next mechanism is added: a setting is changed before anything is added to the pipeline, information is
supplied before the treatment of the composite is changed, and the general treatment is settled before
the special case of severe resizings is addressed. Table 6.2 lists what is changed for each hypothesis,
and Figure 6.2 shows where each change acts.

Hypothesis 1: tuning the released pipeline. Five experiments vary, one at a time, the settings
that the released pipeline exposes and the quality of its input: the refinement strength (Experi-
ment 3, §9.1), the attention layers that TCA modulates (Experiment 4, §9.2), guidance with the
object label (Experiment 5, §9.3), the floor of the TCA schedule (Experiment 6, §9.4) and the re-
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Table 6.2: The six hypotheses, what is changed to test each, where the change acts, and where it is reported.

Claim What is changed Acts on Exp.  Ch.
H1 A better setting of refinement strength, TCA layer settings of the 3-7 9
the released pipeline  range, guidance with the object label, pipeline
exists floor of the TCA schedule,
resampling of the composite
H2 The refinement lacks  a crop of the source object, given as cross-attention 8 10
the identity of the image tokens (IP-Adapter) at four
object scales
H3 The refinement lacks  the transformed object, or an edge cross-attention, 9-11 10
the geometry of the drawing of it, as image tokens; the skip connections,
edit edges of the composite through a self-attention
ControlNet; four changes that make
the attention transplant aware of the
transformation
H4 The refinement loses  anchoring of the latent to the latent in the 12-17 11
what the composite composite’s trajectory; the composite band around the
gets right scored as an output; interior object; output
restoration after refinement (width of image
the band, scope, kind of edit); first
routed models
H5 Severe resizings need  projected guidance on the noise guidance 18-21 12
a better-steered predictions and on the predictions of  combination, in
reconstruction the clean image, guidance split by the band around
spatial frequency, scope of the the object
guidance
H6 The structure of the  spectral fusion of decoder features: decoder features 22-23 13

composite must be
given inside the
object

frequency band, reference, with and
without guidance

inside the object

sampling that produces the composite (Experiment 7, §9.5). The hypothesis is supported if some
setting raises subject consistency on a hard group clearly above the baseline without a loss elsewhere.
Whatever the verdict, the experiments also measure how far the metrics move when nothing new
is added to the system, and this spread fixes the threshold that every later mechanism has to clear

(§9.6).

Hypotheses 2 and 3: supplying information the model lacks. A frozen U-Net can receive
information from outside at three places: the tokens read by cross-attention, the feature maps added
to the skip connections, and the keys and values of self-attention (Figure 10.1). The identity of the
object is supplied as image tokens computed from a crop of the source object (Experiment 8, §10.1).
The geometry of the edit is supplied through all three places: as image tokens of the transformed
object (Experiment 9, §10.2), as the edges of the composite through a ControlNet (Experiment 10,
§10.3), and inside the attention transplant itself, in four ways that make it aware of the transformation
(Experiment 11, §10.4). Each hypothesis is supported if its mechanism raises subject consistency on
a hard group by more than the threshold or, for the geometry, clearly lowers mean distance, without
a loss on translations or on the background.
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Hypothesis 4: anchoring the refinement to the composite. The composite is scored as if
it were an output (Experiment 13, §11.2), which measures how much it contains that refinement
could lose. Two ways of keeping the output closer to it are tested: during denoising, by pulling
the latent towards the composite’s own trajectory after every step (Experiment 12, §11.1); and after
refinement, by restoring the interior of the object from the composite while a band along its outline
keeps the refined result, in first models that choose the treatment by the type of the edit (interior
restoration, Experiment 14, §11.3). Three further experiments establish how wide the band should be
(Experiment 15, §11.4), whether the gain comes from where restoration is applied or from the quality
of the composite (Experiment 16, §11.5), and for which kinds of edit restoration helps (Experiment 17,
§11.6). The hypothesis is supported if keeping the output closer to the composite improves the edit
without lowering realism.

Hypothesis 5: guiding the reconstruction of severe resizings. A severe resizing asks refine-
ment to reconstruct the object at a scale at which the source never showed it. The experiments change
the form of the guidance that steers this reconstruction in the band around the object: adaptive pro-
jected guidance on the noise predictions (Experiment 18, §12.1), guidance split into low and high
spatial frequencies (Experiment 19, §12.2), projected guidance on the predictions of the clean image,
with controlled variants that isolate each of its operations and lead to the EPSREC formulation (Ex-
periment 20, §12.3), and the set of edits to which guidance is applied (Experiment 21, §12.4). They are
judged by mean distance on the hard resizings, where a change counts only if it exceeds the variation
that the metric shows between near-identical variants (Experiment 3).

Hypothesis 6: supplying the composite’s structure inside the object. Guidance does not
act inside the object (Eq. (5.9)). Spectral feature fusion mixes selected frequency bands of the U-
Net’s decoder features, inside the object, with the features that the same network computes from the
composite (Experiment 22, §13.1). A second experiment varies the band and the reference, and runs
every variant with and without guidance and in combination with EPSREC (Experiment 23, §13.2).
The criterion is that of Hypothesis 5.

The form of every experiment. The twenty-six experiments of the thesis are numbered once and
reported in the same three parts: what is changed and why, with the theory needed to understand
it; the measurements on the standard groups; and what they establish. Each experiment changes
one thing with respect to a stated reference model. A mechanism that does not help is reported as
completely as one that does, because a rejected explanation narrows the search as much as an accepted
one.

Where to find the details. The three entry points of a frozen U-Net: Figure 10.1. The two places where
the reconstruction is steered: Figure 12.1. The verdict on each hypothesis and the evidence for it: §16.1 and
Table 16.1.

6.4 The method in overview

The study leads to one method, SGR-EPSREC: Selective Geometric Refinement with EPSREC guid-
ance. Its components were not fixed in advance; each is kept because an experiment of Stage 3 estab-
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lished it for one kind of edit. The method is summarised here so that the reader knows where the experi-
ments lead. Its definition is Eq. (14.2), and Figure 14.1 shows it as a diagram.

The principle. FreeFine refines every coarse composite in the same way. SGR-EPSREC treats the
composite according to the transformation that produced it: it keeps the interior of the composite
where the composite can be trusted, leaves FreeFine’s refinement untouched where refinement repairs
the composite, and steers the reconstruction where the transformation is severe.

Interior restoration. For translations and moderate resizings the output of FreeFine is post-
processed. The interior of the object, obtained by eroding the target mask by w pixels, is taken from
the coarse composite, and the band of width w along the outline keeps the refined result (Eq. (11.2),
Figure 11.2). The interior then carries the source object as the transformation placed it, and the
band carries the blending with the scene that only refinement provides. The operation needs no
generation of its own. The width is w = 4 pixels for translations and w = 8 for moderate resiz-
ings.

EPSREC. For severe resizings refinement is run with the object label as its prompt, and the rule
that combines the unguided and the label-conditioned predictions in the band around the object is
replaced. EPSREC accumulates the label’s correction over the refined steps in a recursive memory with
a negative momentum, kept in the space of the noise predictions; it converts the memory to the space
of the predicted clean image, removes the part that is parallel to the conditional prediction, and applies
the result with a guidance scale of w = 10, in the band only (§12.3). The negative momentum damps
the push that guidance repeats at every step and keeps the part of the correction that changes from step
to step. EPSREC changes only how the two predictions that FreeFine already computes are combined:
the attention transplant, the regions and the sampler are untouched.

The routing rule. The branch of an edit is chosen from its requested parameters alone. The type
of the edit is read from 6, and a resizing with scale s = /s, is severe if s > 1.5 or s < 0.6, the range
that the authors of GeoBench define as a hard resizing (Eq. (14.1)); no metric of any method was
consulted to set the thresholds. Translations and moderate resizings receive interior restoration, severe
resizings are generated with EPSREC, and rotations, which no component of the study improves, are
left exactly as FreeFine produces them (Table 14.1).

Properties. The method trains no parameter and uses no learned router. It reads only what a
user of FreeFine already provides: the image, the mask and the transformation. With every switch
off it is FreeFine, bit for bit. One optional addition, spectral fusion in the branch of the severe
resizings, is carried as an ablation and evaluated beside the method (Experiment 25 and Chap-
ter 15).

Where to find the details. Interior restoration: §11.3 (definition), §11.4 (width of the band), §11.5 (what
makes it work), §11.6 (kinds of edit). EPSREC: §12.3 (derivation and the eight steps of the algorithm),
§12.4 (where it is applied); background on guidance: §3.7 and §4.5. The routing rule: §14.2. The method
and its check on the development subset: §14.3 and §14.4. Example edits of every branch: Figures 14.2
and 14.3.
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Table 6.3: The three sets of edits on which results are measured.

Edits Size Used for Defined in

GeoBench-2D 5,677 reproduction, diagnosis and final evaluation §5.6
(Experiments 1, 2 and 26)

Development subset 200 every hypothesis and the assembly (Experiments 3  §8.1
to 25)

Held-out subset 200  check of the composite and of the first combined §8.1
models (Experiments 13 and 14)

6.5 Evaluation design

Benchmark and metrics. All results are measured on GeoBench-2D: 5,677 edits of 609 images
(1,439 translations, 1,603 rotations and 2,635 resizings), each with its object mask and its exact
parameters (§5.6). An output is scored by the seven metrics of the benchmark, computed with the
authors’ code. FID, the DINOv2 distance and the kernel distance measure the realism of the edited
images as a set. Subject consistency and background consistency measure how well the object and
the scene are kept. The warping error and mean distance measure the precision of the edit: the
first as the distance of the output from the coarse composite inside the target mask, the second as
the distance of the object’s keypoints from the positions to which the transformation sends them
(Table 5.4).

Three scales. The edits on which a result is measured depend on its purpose (Table 6.3). The
whole benchmark is used where the published values are defined and where the realism metrics can
be read: for the reproduction, the diagnosis and the final evaluation. Testing a hypothesis, however,
means regenerating every edit for every variant, so the hypotheses are tested on a development subset
of 200 edits, drawn with a fixed seed so that the nine groups of edit type and severity are equally
represented. A held-out subset of 200 other edits, never used to develop a method, checks that a result
obtained on the development subset is not tied to its edits.

Groups. Every variant is reported on four groups of the development subset: the hard rotations and
the hard resizings, which are the target; all translations, which FreeFine already handles well and which
serve as a control against harm; and the whole subset, on which background consistency and realism
are computed (Table 8.2). From the assembly onward the groups are the branches of the method
itself: translations, rotations, moderate resizings and severe resizings.

Controls. Three controls accompany every study. Each modification sits behind a switch, and
before a study starts the modified code, with every switch off, must reproduce the stored baseline
images exactly (the switch-off check). Every variant is generated from the same inpainted backgrounds
and with the same seed as the baseline, so that two variants are paired image by image. And the
images of every variant are compared with those of the baseline, to confirm that the modification
has acted at all (liveness). The two metrics that draw random numbers, mean distance and the
kernel distance, are evaluated with a fixed seed, so that the same images always receive the same
value.
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6.6 Implementation and reproducibility

When a change counts. Every result is stated together with the group it holds on and the size of
that group. The stochastic metrics are compared only within one seeded evaluation, and the realism
metrics only between models scored on the same edits. A metric that a method improves by construc-
tion, for instance the warping error of any method that copies the composite into its output, is reported
but not used as evidence. The threshold for an improvement of subject consistency is not chosen in
advance; it is derived from Hypothesis 1. A mechanism must raise subject consistency on a hard group
by more than 0.005, about twice the largest change that re-configuring the released pipeline produces,
without a loss on translations or on the background (§9.6). Mean distance is judged against the
variation that it shows between near-identical variants (Experiment 3).

The full-scale evaluation. In the final evaluation FreeFine is generated again together with the
method, and its new images are checked to be identical to those of the reproduction. All seven metrics
are computed on the whole benchmark and on each branch. Because the two models produce every edit
from the same inputs, subject consistency is also compared edit by edit: the mean difference is reported
with a bootstrap confidence interval, together with the share of edits that improve and that get worse,
and with a signed-rank test where the difference is small. Each gain is then examined for what it means:
whether the method guarantees it by construction, whether it depends on how a metric weights the
edits, and whether it survives the removal of the development edits.

Where to find the details. The benchmark and its composition: §5.6 and Table 5.3. The definitions of the
metrics: §5.7; the properties of their implementation: §5.8. The complete protocol: Chapter 8 (subsets §8.1,
groups §8.2, controls §8.3, seeding §8.4, reporting rules §8.5). The severity score: §7.2.1. The setup and the
analysis of the final evaluation: §15.1 and §15.3.

6.6 Implementation and reproducibility

The thesis is built on the public code of FreeFine. Five changes were needed to run it outside its
authors’ environment, none of which alters what the model computes; generation and evaluation run
in two separate software environments, on NVIDIA T4 GPUs and in single precision (§7.1). Every
mechanism of the thesis is added to this code behind a switch of its own, so that one code base
produces the baseline and every variant, and the switch-off check of §6.5 ties each study to the same
baseline. Generation is deterministic: the random seed of the refinement is fixed, and the inpainted
backgrounds are computed once and stored. All scoring uses the authors’ evaluation code with the
two changes of Experiment 1. The code, the executed notebooks and the results of every experiment
are public.

Where to find the details. The environments, the changes to the released code and the check of determinism:
§7.1 and Tables 7.1 and 7.2. The released settings of FreeFine: Table 5.2. The provenance of the code and of
the scoring: §8.6.

"https://github.com/giorgostzamouranis/Diploma-Thesis
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Chapter 7
Reproduction and Diagnosis

Before FreeFine can be improved, two questions must be answered. Can the published system be run
outside its authors’ environment, and does it then return the published numbers? And where are its
errors concentrated: in which kind of edit, at which severity, on which metric? The first question
is a precondition for everything that follows, because a change to the method can only be credited
with an effect if the value it changes is known. The second decides which explanations are worth
testing. Experiment 1 reproduces FreeFine on all 5,677 edits of GeoBench-2D; Experiment 2 dissects
the reproduced results by edit type and severity.

7.1 Experiment 1: Reproducing FreeFine

7.1.1 What was done

Environment. All generation and evaluation ran on NVIDIA T4 GPUs with 15 GB of memory.
Generation and evaluation cannot share a software environment: the released inference code targets
version 0.18.0 of diffusers, whose interfaces changed in later releases, while the evaluation code needs
torch 2.6 and CLIP and dataset libraries that conflict with the generation pins. Two environments
were therefore built on the same Python version (Table 7.1). Both diffusion checkpoints are referenced
at locations that no longer resolve (SD-1.5 at an absolute path on the authors’ machine, and the SD-
2.1 model used by the keypoint metric at a withdrawn repository), so they were loaded from their
current official mirrors, which redistribute the same weights.

Changes needed to run the released code. The released two-dimensional scripts do not run
unmodified. Table 7.2 lists the five changes that were necessary. Two of them repair defects. In
the inference script the coarse composite is built by a call that reads the source mask one line be-
fore that mask is assigned, so the first edit raises an error and every later edit would be composed
with the previous edit’s mask; the two lines were reordered. In the evaluation entry point an ar-
gument is read as args.3d, which is not valid Python, so the module fails before any metric is
computed; it was replaced by getattr(args, "3d"). None of the five changes alters what the model
computes.

One further change touches the computation and therefore needs an argument. Masked attention
is evaluated over a tensor of shape (B - H) x N4 x N, which exceeds the memory of the GPU at
64 x 64. The implementation was modified to process the batch-times-heads axis in chunks of eight.
The softmax of attention is taken along the key axis for each query row separately, and chunking

75



Reproduction and Diagnosis

Table 7.1: The two software environments. The generation column follows the
authors’ requirements; the only addition is the setuptools ceiling, which
restores a module that pytorch-lightning 2.1.3 imports.

Generation Evaluation
Python 3.10.13 3.10.13
torch 2.1.1+cul21 2.6.0+cul24
diffusers 0.18.0 not used
xformers 0.0.23 not used
transformers 4.30.1 as required by the metric code
Additional pins pytorch-lightning 2.1.3, CLIP at commit dcba3cb,
setuptools<70 pyarrow<16, datasets<3
Diffusion weights SD-1.5, single precision SD-2.1, features for MD

Table 7.2: The five changes required to run the released two-dimensional
pipeline, and the memory change discussed in the text.

Change Component Reason
Source mask loaded inference script the mask is read one line before
before it is used it is assigned
args.3d replaced by metric entry point not a valid Python attribute
getattr reference
Two keyword background- not accepted by the method
arguments removed generation script they are passed to
Weight locations inference script and  the referenced locations no
rewritten MD feature longer resolve

extractor
Dataset paths and one all four batch absolute paths on the authors’
file name scripts machine; the annotation file

name differs by one character

Masked attention attention module peak memory exceeds 15 GB
computed in chunks®

# Leaves every value unchanged; see the text.

partitions the rows without reordering any reduction, so the result is numerically identical and only
the peak memory changes.

The inpainted backgrounds. The released benchmark code does not run the pipeline of §5.2 end
to end for each edit. One script inpaints the source region of each object and writes the result to
disk, and the editing script reads it back. The stored result depends only on the image and the
object, so all edits of the same object share one background, which turns the 5,677 edits into 668
background generations. The background script draws a fresh random seed for every object, while the
editing script fixes its seed at 42, and the benchmark distributes the source images, masks and coarse
composites but not the backgrounds. The 668 backgrounds were therefore generated once and then
held fixed: every generation run in this thesis uses the same set, exactly as the released code intends
(Figure 7.1).

Because the set is identical for every method compared in this thesis and generation downstream of it
is deterministic, the particular draw cancels from every comparison made here. It does not cancel from
the comparison with the published results, since the authors’ draw is not available.
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7.1 Experiment 1: Reproducing FreeFine

GeoBench-2D 668 inpainted 5.677 edited
609 sources, stage 2 backgrounds stages 1, 3 ’ images
5,677 edits, generated once, bi ducibl
masks, parameters then fixed it-reproducible
masks and
parameters
A4
. er-edit record
metric values evaluation group I; ]
s < definitions < edit type, severity
score, tertile

Figure 7.1: The artefacts of the reproduction. The inpainted backgrounds are generated once, with the random
seeds of the released code, and every later generation run reuses them; everything downstream is
deterministic.

Table 7.3: The reproduced baseline against the published
two-dimensional results of FreeFine [34], over all 5,677
edits. Deviations are relative to the published value.

Metric Published Reproduced A A (%)
FID | 34.72 35.0439 +0.32 +0.9
FIDdino + 478.18 487.8231 +9.64 +2.0
KD | 0.144 0.1423 —0.0017 —1.2
SUBC 1 0.907 0.9113 +40.0043 +0.5
BGC T 0.971 0.9670 —0.0040 —-0.4
WRAP_E | 0.055 0.0474 —0.0076 —13.9
MD | 9.25 8.4993 —0.75 —-8.1

Mean distance is the exact keypoint-pooled value of the first
evaluation; Table 7.4 gives four evaluations of the same im-
ages.

Determinism. With the backgrounds fixed, generation is deterministic: regenerating stored edits
with the same code reproduces the stored images exactly, with a mean absolute pixel difference of 0.0.
Two results generated with the same inputs and differing in one setting are therefore paired image by
image, and a difference between them is caused by that setting alone.

Evaluation. All scoring uses the authors’ evaluation script with its default reference directory for the
realism metrics and with the difficulty filter disabled, so that no edit is excluded. Of the nine metrics
that the script implements, the seven of Table 5.4 were computed; the other two, an instruction-
following score and a human-preference score, are not part of the published two-dimensional compar-
ison.

7.1.2 Results

Table 7.3 places the reproduction beside the published two-dimensional results, and Figure 7.2 shows
the relative deviations.

Five of the seven metrics agree with the published values to within two per cent. The two exceptions
are the metrics of geometric precision, and both lie on the favourable side: the warping error is 13.9%
and the keypoint error 8.1% below the published values. The largest unfavourable deviation is +2.0%,
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FID - +0.9%
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Figure 7.2: Deviation of the reproduction from the published value, per metric. Darker bars mark metrics on
which the reproduction is on the better side of the published value.

Table 7.4: Four evaluations of mean distance on the same 5,677
reproduced images.

Evaluation Aggregation MD
First run, two parts part means combined by edit count 8.4636
First run, keypoint dump exact pooling over keypoints 8.4993
Second run, keypoint dump exact pooling over keypoints 8.5455
Final run, seeded as computed by the script 8.5024

Both keypoint dumps contain exactly 120,155 keypoints over 5,673 edits; in
four edits no keypoint survives the ratio test.

on the DINOv2 distance.

The keypoint metric on repeated evaluations. The same 5,677 images were scored for mean
distance four times (Table 7.4). The images are bit-identical in all four rows; only the evaluation
differs.

7.1.3 Outcome

The reproduction is faithful. The reproduced system is close to the published one on realism and
consistency and better on geometric precision, so the rest of the thesis studies FreeFine itself and not a
degraded copy of it. The favourable deviations are not attributed to a cause. The weights, the inference
script and all its settings, the benchmark and the evaluation code were held fixed; the inpainted
backgrounds, the GPU and driver, and the exact binaries of the libraries could not be, since the
authors’ versions of them are not available. Separating these factors would require controlled full-scale
runs that vary one at a time, and none was carried out. For the same reason the reproduced results, not
the published ones, serve as the baseline: every comparison in this thesis is between results produced
by the same code, on the same hardware, from the same backgrounds.
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7.2 Experiment 2: Where FreeFine fails

Mean distance is a stochastic measurement. Table 7.4 shows two separate effects. The first two
rows come from the same execution and differ by 0.036 only because of how the result was aggregated:
the metric is a mean over keypoints, and combining the means of two parts by their number of edits
assumes that every edit contributes the same number of keypoints. The second effect is genuine
noise. The two keypoint dumps contain exactly the same 120,155 keypoints, so keypoint detection is
deterministic, but their localisation uses diffusion features averaged over random noise, and re-scoring
identical images moved the pooled value by 0.046, about half a per cent. Two consequences are carried
forward. A difference of the order of 0.05 on the full set carries no information unless both values
come from the same seeded evaluation; the random state of the metric is therefore fixed from the next
chapters on (Chapter 8). And because every method is scored on its own keypoints, the value of a
group cannot be predicted from the values of its parts.

With a faithful baseline in hand, the next question is where it fails.

7.2 Experiment 2: Where FreeFine fails

7.2.1 What was done

The reproduced results were scored separately by edit type and by severity. The benchmark carries its
own difficulty label, but a severity measure was defined here instead, for two reasons: it can be com-
puted for any subset from the requested edit alone, including the subsets built in later chapters, and
its definition is fixed by this work. The per-severity numbers of this thesis are therefore not comparable
with per-difficulty numbers reported elsewhere, including the benchmark’s own.

The severity score. For an edit with parameters 6 (Eq. (5.1)), source mask My and image size
H x W, four quantities are computed,

_ [(de, dy)ll2 _ _ _ M|
t—\/ﬁ, r=r., o = |Insg| + |In sy, 0= o (7.1)

the translation as a fraction of the image diagonal, the rotation angle, the logarithmic scale change
and the fraction of the image covered by the object. Each is min-max normalised over the 5,677 edits,
written *, and the severity score is their mean,

D=1L1t+r+6+a). (7.2)

The edits are split at the 1/3 and 2/3 quantiles of D into 1,892 easy, 1,892 medium and 1,893 hard
edits.

Every edit of GeoBench-2D activates exactly one kind of transformation, so only the term of that
kind and the object-size term are non-zero. The score is therefore not a like-for-like severity across
edit types, and the tertiles are not balanced across them (Table 7.5): 42.4% of the rotations fall
in the hard tertile, against 28.7% of the translations. For this reason every result by severity is
reported together with the edit type, and the score is used to locate failures, not to measure intrinsic
difficulty.
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Table 7.5: The severity tertiles of Eq. (7.2) against the edit type, over all 5,677 edits.

easy medium hard total

Move 484 542 413 1,439
Rotate 434 489 680 1,603
Resize 974 861 800 2,635

Total 1,892 1,892 1,893 5,677

Table 7.6: The reproduced baseline on the three edit types and on all

edits.
Group n SUBCT BGCT WRAP_E| MD| FID] FiDginod
Move 1,439 0.9592 0.9670 0.0489  3.84 47.40 580.83
Rotate 1,603 0.9008 0.9673 0.0433 10.47 47.55 588.75
Resize 2,635 0.8916 0.9669 0.0490  9.99 40.85 531.29
All 5,677 0.9113 0.9670 0.0474  8.55 35.04 487.82

Mean distance comes from the second evaluation of Table 7.4, the one whose
per-group values were recorded.
The realism columns are not comparable across rows (§5.8).

7.2.2 Results

By edit type. Table 7.6 and the left half of Figure 7.3 give the results for the three edit types.

By severity. Table 7.7 gives the results for the three severity tertiles. Figure 7.4 crosses sever-
ity with edit type on the keypoint metric, and Figure 7.5 shows the realism metrics across all

groups.

7.2.3 Outcome

Translation is close to solved; rotation and resizing are not. Subject consistency is 0.9592
on translations and 0.9008 and 0.8916 on rotations and resizings, a gap of 0.058 and 0.068. On the
keypoint metric the gap is larger still: 3.84 pixels against 10.47 and 9.99. The structure of the pipeline
explains this. Under a translation the coarse composite already contains an exact, undistorted copy of
the object, and refinement only has to harmonise its boundary. Under a rotation or a resizing the object
in the composite has been resampled, and refinement must restore detail that resampling degraded,
at a pose that the attention transplant does not know about (§5.4.2).

The failure is concentrated in hard rotations and hard resizings. Subject consistency falls
across the tertiles, 0.9417, 0.9274 and 0.8650, and the keypoint error rises from 4.86 to 6.98 and
13.51 pixels; most of the loss occurs in the last tertile. Severity alone does not explain it, how-
ever (Figure 7.4). From the easy to the hard tertile the keypoint error grows by a factor of 1.4 for
translations, from 3.29 to 4.75 pixels, but by 3.3 for rotations, from 4.73 to 15.84, and by 2.9 for
resizings, from 5.68 to 16.50: a hard translation is easier than an easy rotation. The two worst groups,
hard rotations and hard resizings, contain 1,480 edits, 26% of the benchmark, and their keypoint
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Figure 7.3: The reproduced baseline by edit type (first three bars of each panel) and by severity tertile (last
three). The dashed line is the value over all edits.

Table 7.7: The reproduced baseline on the three severity tertiles of Eq. (7.2).

Group n  SUBCT BGCT WRAP_E| MD| FID] FiDginod  KDJ
Easy 1,892 0.9417 0.9709 0.0462  4.86 57.59 772.07 0.191
Medium 1,892 0.9274 0.9661 0.0455  6.98 44.08 589.32 0.145
Hard 1,893 0.8650 0.9641 0.0503 13.51 42.17 533.77 0.167
All 5,677 0.9113 0.9670 0.0474 855 35.04 487.82 0.142

Mean distance as in Table 7.6. The realism columns are shown to support the argu-
ment of the text; they do not order the tertiles by quality.

error is roughly twice the value over all edits. These two groups are the target of the rest of the
thesis.

Background consistency carries almost no information. Across all groups background consis-
tency ranges over 0.007, and across the three edit types over 0.0004. The pipeline explains why. Out-
side the band of Eq. (5.9), refinement is a deterministic DDIM reconstruction of the composite, which
there nearly coincides with the source, and the background term of TCA draws on the source back-
ground (§5.4.2); the background is therefore reproduced closely by construction. The metric remains
useful as a guard against damage, but not as evidence of improvement.

The warping error and the keypoint error measure different things. Rotations have the
lowest warping error of the three edit types, 0.0433, and the highest keypoint error, 10.47. The warping
error measures agreement with the coarse composite, the keypoint error agreement with the analytic
target position, and an output that stays close to the composite scores well on the first whether or not
its geometry is where the second expects it. Across the severity tertiles the warping error moves only
between 0.0455 and 0.0503, without order, so on its own it cannot separate a better method from a
worse one.
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Figure 7.4: Mean distance, in pixels, in the nine groups of edit type by severity. The group sizes are given in
Table 7.5.

Part of the rotation and resizing error is instrumental. The keypoint target is computed
about the centre of mass of the mask, the transformation about the centre of its bounding box (§5.8).
For a centre offset §, an exactly executed rotation by p is charged a residual of

1T = Ry)dll2 = 2|sin(p/2)]1|3]l2, (7.3)

and an exactly executed scaling by s a residual of |1—s]| ||]|2. At the largest rotation in the benchmark,
39°, the factor is 0.67; at the largest enlargement, s = 2.88, it is 1.88. An object whose centroid lies
ten pixels from the centre of its bounding box, which is common for elongated or partly occluded
objects, is therefore charged about seven and about nineteen pixels respectively before any generative
error. The offset vanishes for translations and grows with the severity of the transformation, so
part of the severity trend of the keypoint metric is a property of the instrument. Mean distance
is therefore used to compare methods on the same group, never as an absolute measure of editing
erTor.

The realism metrics cannot compare groups. The easy tertile scores a worse FID than the
hard tertile, 57.59 against 42.17, at almost the same size, and the DINOv2 distance orders them in the
same way; every subset scores worse than the whole (Figure 7.5). This is the fixed reference collection
of §5.8 at work: each group repeats the 609 source images a different number of times and differs in
size from the reference set, and the resulting mismatch dominates the value. The realism metrics are
therefore used only to compare methods on the same group.

What the numbers look like. Figures 7.6 and 7.7 show FreeFine on four edits, from an easy
translation to a severe enlargement. In every case the object is placed correctly and the scene is
coherent; what changes is the fine structure of the object. The translated van keeps its shape, but
refinement redraws its lettering and number plate. The rotated plane is cleaned of the holes and
jagged edges of the rotated copy, and its details are redrawn. The severely reduced lynx loses the
detail of its face and fur, and the legs of the severely enlarged bird fade. These are the losses that
subject consistency and the keypoint error register, and they grow with the severity of the transfor-
mation.
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Figure 7.5: FID and the DINOv2 distance on the six groups and on all edits; the number above each bar is
the size of the scored set. Every subset scores worse than the whole, and the easy tertile scores
worst of all.

What comes next. The diagnosis fixes the target (hard rotations and hard resizings) and the terms
on which methods are compared. Improvements must be measured on subject consistency and mean
distance in those two groups, with translations as a control and the realism metrics compared within a
group. Testing explanations on all 5,677 edits every time would be impractical, so the experiments of
the following chapters run on a development subset built to represent these groups, under the protocol
of Chapter 8. The first explanation to test is the simplest: that the released configuration is merely a
poor setting of controls that FreeFine already exposes.
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{coarse composite, zoom
7 e A o

(b) Hard rotation: 32 degrees

source coarse composite FreeFine

source, zoom coarse composite, zoom FreeFine, zoom

Figure 7.6: FreeFine on (a) an easy translation and (b) a hard rotation. In each part, the top row shows the
source image (red: the object’s mask), the coarse composite that FreeFine refines, and FreeFine’s
output; the bottom row enlarges the same region of each, marked by the yellow boxes (for the
rotation, the whole frame).
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(d) Severe enlargement: to 1.95 of the original size (zoom on the legs)
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Figure 7.7: FreeFine on (c) a severe reduction and (d) a severe enlargement, laid out as in Figure 7.6. In the
source image the yellow box marks the region that the transformation maps onto the enlarged
region.
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Chapter 8
Experimental Protocol

Every experiment from Chapter 9 onward follows one protocol, described here once. It fixes the
edits on which methods are developed and checked, the groups on which they are judged, the
controls that accompany every study, the treatment of the two stochastic metrics, and the rules
by which results are read. The experiments of later chapters state only where they depart from
it.

8.1 Development and held-out subsets

Testing an explanation means regenerating every edit with a modified pipeline and scoring the re-
sult. So that many variants can be compared under identical conditions, the experiments run on
a development subset of 200 edits, and only the final method is evaluated on all 5,677 (Chap-
ter 15).

The development subset. The development subset is drawn with a fixed seed (42) from the nine
groups of edit type and severity tertile of Experiment 2 (Table 7.5): 22 edits are drawn uniformly from
each group, which gives 198, and two more uniformly from the remaining edits. Table 8.1 gives its
composition. Stratification gives the nine groups nearly equal weight and the three edit types equal
representation, whereas the full benchmark is dominated by resizings (46% of its edits); the easy and
medium groups, which serve as controls, are measured with the same precision as the two hard groups
that are the target. The same seeded procedure re-derives the same 200 edits in every study, and the
later studies also check the subset against its SHA-256 fingerprint (beginning 3d7c0172) before using
it.

The held-out subset. A second subset of 200 edits is drawn with a different seed (123) from the
edits that are not in the development subset. It contains 66 translations, 68 rotations and 66 resizings,
among them 24 hard rotations and 22 hard resizings. It is never used to develop a method; it serves
only to check that a result obtained on the development subset holds on edits that played no part in
obtaining it.
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Table 8.1: Composition of the development subset of 200 edits, by edit type and severity tertile.

easy medium hard total

Move 23 22 22 67
Rotate 22 22 22 66
Resize 22 22 23 67
Total 67 66 67 200

Table 8.2: The four standard groups of the development subset and the metrics computed on each.

Group n  Role Metrics

Hard rotations 22 target SUBC, BGC, WRAP__E, MD

Hard resizings 23  target SUBC, BGC, WRAP__E, MD

Translations 67 control SUBC, BGC, WRAP_E (and MD from Experiment 13)

Whole subset 200 realism SUBC, BGC, WRAP__E, FID, FIDgino, KD (and MD from Experiment 16)

8.2 Groups

Four groups of the development subset are reported for every variant, each for a different reason
(Table 8.2).

« Hard rotations (22 edits) and hard resizings (23 edits) are the two groups in which Experiment 2
located the failure. Every method is judged on them.

o All translations (67 edits) are a control. The baseline already handles translations well, so a
method that damages them harms editing in general, whatever it does elsewhere.

o The whole subset (200 edits) is where background consistency and the three realism metrics are
computed, since the realism metrics compare distributions and need every image.

Up to Experiment 12, mean distance is reported on the two hard groups only; from Experiment 13 on
it is also reported on translations, and from Experiment 16 on the whole subset. Later chapters add
groups where their question requires it (all resizings, for example, or resizings divided by the exact
scale of the edit) and define them where they are used.

8.3 Controls that accompany every study

The switch-off check. FEvery modification is implemented behind a switch in the released code.
Before any variant of a study is generated, three to five edits are regenerated with every switch off
and compared pixel by pixel with the stored baseline images. In every study of this thesis the mean
absolute difference was 0.0: the modified code reproduces the released computation exactly when its
modifications are disabled, so a difference measured with a switch on is caused by the modification
and not by the code that carries it.
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8.4 The stochastic metrics

Pairing. Every variant is generated from the same inpainted backgrounds and with the same seed
as the baseline, and generation is deterministic (Experiment 1). Two variants are therefore paired
image by image, and every difference between them is caused by the setting in which they dif-
fer.

Liveness. To confirm that a modification is active, the mean absolute difference between its images
and the baseline images is measured on the first edits generated, on the 0-255 grey-level scale. A
variant whose images equal the baseline, or whose metrics reproduce the baseline on every group to
the last reported decimal, has not acted at all; in a deterministic pipeline this identifies a control that
is exposed but ineffective, which Chapter 9 encounters twice.

8.4 The stochastic metrics

Mean distance. From Chapter 9 onward the random state of the keypoint metric is reset to a fixed
seed at the start of every evaluation, so the same images always give the same value; two independent
evaluations of the baseline agree to all four reported decimals. Seeding makes the metric repeatable,
not paired: each variant is still scored on its own keypoints (§5.8). How far the metric moves between
variants whose images barely differ is measured in Experiment 3 and used from then on to decide
which differences in mean distance count.

Kernel distance. The kernel distance becomes repeatable only when the global random state of the
evaluation is fixed as well, which was done in the later studies; every table states whether its kernel dis-
tance is seeded. Where it is not, repeated evaluations of the same baseline images give values between
0.1228 and 0.1285, so differences smaller than about 0.006 are not interpreted, and each table reports
the baseline’s kernel distance from the same evaluation as its variants.

The warping error. The earlier studies computed the warping error with a direct implementation
of Eq. (5.11), using the coarse composite and target mask stored with the benchmark; the later studies
use the official implementation. The two give the same values on the same images: 0.0488 for the
baseline on the development subset in both.

The realism metrics. FID, the DINOv2 distance and the kernel distance are computed against
the benchmark’s full directory of source images. On 200 edits they are much larger than on the
full benchmark (the baseline scores an FID of 132.28 on the development subset against 35.04 on all
edits) and, as Experiment 2 showed, they are comparable only between methods scored on the same

group.

8.5 Reading the results

Table layout. Every study reports its variants in one table with two blocks. The first gives subject
consistency, the warping error and mean distance on the two hard groups; the second gives subject
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Experimental Protocol

consistency and the warping error on translations, and subject consistency, background consistency,
the warping error and the three realism metrics on the whole subset. The released baseline is the first
row, arrows mark the direction in which each metric improves, and background consistency on the
hard groups, which rarely moves, is given in a note.

Reporting rules. Four rules, which follow from the properties of the metrics (§5.8) and from
Experiments 1 and 2, are applied throughout.

1. Every result is stated together with the group it holds on and the size of that group.

2. The two stochastic metrics are compared only between variants scored within the same seeded
evaluation, never against a value obtained elsewhere.

3. The realism metrics are compared only between variants scored on the same group.

4. A metric that a method improves by construction is reported but not used as evidence. This applies
in particular to the warping error, and in part to subject consistency, of any method that copies
the coarse composite into its output.

Differences and percentages quoted in the text are computed from the unrounded values. They can
therefore differ by one unit in the last digit from what the rounded entries of a table give.

The criterion for an improvement. What counts as an improvement is derived from data rather
than fixed in advance. The threshold for subject consistency is set at the end of Chapter 9 from
the spread that re-configuring the released pipeline produces, and each later experiment states the
criterion it is judged by.

8.6 Provenance

All generation uses the public FreeFine repository with the changes of Experiment 1; the later studies
pin it at commit 4c9£fdb97. In both cases the switch-off check reproduces the stored baseline exactly,
so every study in this thesis runs the same computation. All scoring uses the authors’ evaluation
code with the two changes of Experiment 1. The later evaluations also record, for each group, the
number of edits it should contain and whether all of them were scored; every such group is com-
plete.
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Chapter 9
Hypothesis 1: Tuning the Released Pipeline

The simplest explanation of the failure on hard rotations and resizings is that nothing is missing
from FreeFine at all: the released configuration is one setting of controls that the method already
exposes, and a better setting may exist. This chapter tests that explanation before any mechanism is
added.

Hypothesis 1. Some setting of the controls that the released pipeline exposes, or of the
quality of the input it refines, raises subject consistency on a hard group clearly above the
baseline without a loss elsewhere.

Five experiments vary one factor at a time around the released configuration (Table 9.1): the refine-
ment strength (Experiment 3), the attention layers modulated by TCA (Experiment 4), guidance with
the object label (Experiment 5), the floor of the TCA schedule (Experiment 6), and the resampling
that produces the coarse composite (Experiment 7). Together they also measure how far the metrics
move under changes that add no new information to the system, which fixes the threshold that the
mechanisms of the following chapters must clear.

9.1 Experiment 3: Refinement strength

9.1.1 Change

The start step s is the one documented control that acts in the released configuration, and it is easily
misread as the step at which the attention transplant begins. The refinement loop reads otherwise.
The composite is inverted up to step s of the 50-step grid, and only the last 50 — s steps are denoised
(§5.4.1), so refinement enters at the timestep

ty =981 — 20 s. (9.1)

The start step is therefore the strength of the partial denoising of §3.4. One parameter fixes three
quantities that cannot be varied independently: the noise level at which refinement starts, and with
it how much of the composite the model may rewrite; the number of denoising steps; and the win-
dow over which the TCA weight ~; falls from one (Eq. (5.6)). Table 9.2 lists them for the val-
ues tested. A small s lets refinement rewrite the composite heavily; a large s leaves it almost un-
touched.

91



Hypothesis 1: Tuning the Released Pipeline

Table 9.1: Settings varied in this chapter, one at a time around the released

configuration.
Setting Symbol Released Values tested Experiment
Refinement strength s 35 25,30,40,45 3
TCA layer range Ly 10 4,8,12 4
Guidance with the object — w none 7.5,10 5
label
Floor of the TCA e 0 0.25,0.5, by severity?® 6
schedule
Warp of the coarse bilinear  anti-aliased® 7
composite

e =0, 0.25 and 0.5 for the easy, medium and hard tertiles.
> Also combined with the severity-dependent floor.

Table 9.2: What the start step sets. Signal and noise coefficients are those of the SD-1.5 schedule at the
entry timestep.

s Refined steps ts  Voar, J1—ay,

25 25 481 0.550 0.835
30 20 381 0.675 0.738
35 15 281 0.789 0.615
40 10 181 0.885 0.466
45 5 81 0.958 0.288

9.1.2 Results

Table 9.3 and Figure 9.1 report the sweep.

Every consistency and pixel metric is monotone in s. As refinement weakens, subject consistency rises
in every group (from 0.8497 to 0.8529 on hard rotations, from 0.8319 to 0.8414 on hard resizings, from
0.9542 to 0.9612 on translations), and the warping error falls in every group, from 0.0540 to 0.0452 on
the whole subset. The realism metrics move the other way: the DINOv2 distance rises from 1636.08
to 1643.70, and background consistency falls from 0.9667 to 0.9641. Mean distance has no monotone
trend. On hard rotations it reads 15.25, 15.91, 14.01, 15.01 and 15.09, so the released value is lower
than both its neighbours, by 1.0 and 1.9 pixels; on hard resizings it reads 21.13, 20.70, 19.47, 20.16
and 18.09.

9.1.3 Outcome

Refinement strength is a trade-off, not a lever. As s approaches 50 the entry noise vanishes,
refinement has nothing left to rewrite, and the output approaches the coarse composite itself. The
consistency metrics compare the output with the source object and with that composite, so they
reward the approach; the realism metrics penalise the seams and the resampling of the composite,
so they punish it. The start step moves the output along a single axis between regenerating and
copying, and it trades one family of metrics against the other. The largest gain in subject consistency,
+0.0023 on hard resizings at s = 45, is bought with a DINOv2 distance 6.9 units higher; on hard
rotations the best gain is +0.0006. The released value is an interior compromise on this axis, not a
mistake.
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9.2 Experiment 4: The layer range of TCA

Table 9.3: The start-step sweep; the released value is s = 35.
All rows come from one evaluation.

Hard rotations (n = 22) Hard resizings (n = 23)

s SUBCT WRAP_E| MDJ] SUBCT WRAP_E| MDJ|

25 0.8497 0.0459 15.25 0.8319 0.06568 21.13
30 0.8519 0.0437 1591 0.8376 0.0619 20.70
35 0.8523 0.0416 14.01 0.8391 0.0585 19.47
40  0.8528 0.0398 15.01 0.8413 0.0555 20.16
45 0.8529 0.0384 15.09 0.8414 0.0535 18.09
Translations (n = 67) Whole subset (n = 200)
S SUBC WRAP_E SUBC BGC WRAP_E FID  FIDgino KD
25 0.9542 0.0534 0.9113 0.9667 0.0540 132.57 1636.08 0.1270
30 0.9571 0.0512 0.9139 0.9663 0.0513 132.73 1636.61 0.1264
35 0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1285
40  0.9605 0.0480 0.9166 0.9650 0.0468 133.09 1640.26 0.1347
45 0.9612 0.0468 0.9174 0.9641 0.0452 133.58 1643.70 0.1397

Background consistency on the hard groups: 0.9666-0.9681 (rotations) and 0.9618-0.9637
(resizings). Kernel distance is not seeded.

What mean distance can resolve. A monotone effect of refinement strength could not produce
the shapes of the mean-distance rows. With 22 and 23 edits, and each variant scored on its own
keypoints (§5.8), variants whose images differ only slightly already differ by one to two pixels on the
hard groups. From here on a change in mean distance of that size on a single variant is not treated as
an effect; a reduction counts when it is clearly larger, or when it grows consistently with the strength
of a mechanism.

Next. The start step is the only documented control that acts in the released configuration. The
other two are examined next.

9.2 Experiment 4: The layer range of TCA

9.2.1 Change

The released script exposes a first layer £y, and the attention controller is built to modulate the
transformer blocks £y, ...,15 of Table 3.1. Setting £y = 8 and £y = 12 reproduced the baseline on
every group to all four decimals (mean distance on hard resizings, for example, stayed at 19.4713),
which in a deterministic pipeline scored with a seeded metric means that the setting never reached
the computation. The model code confirms it: after the controller is built, it assigns the blocks
{10,...,15} at five separate places, so the configured value is discarded. Those five assignments were
replaced by the configured value, which made the control act.

With the control live, three ranges were tested. TCA acts only on decoder blocks, so £y = 4 extends
it to all nine decoder blocks, adding the three at 16 x 16; £y = 8 adds the last two blocks at 16 x 16;
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Hypothesis 1: Tuning the Released Pipeline

(a) subject consistency, hard groups (b) mean distance, hard groups
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Figure 9.1: The start-step sweep. Subject consistency rises and the warping error falls monotonically as
refinement weakens, while the DINOv2 distance rises; mean distance on the hard groups is not
monotone. The vertical line marks the released value.

and £o = 12 removes the first two blocks at 32 x 32. The released range, blocks 10-15, covers the six
decoder blocks at 32 x 32 and 64 x 64.

9.2.2 Results

Table 9.4 reports the three ranges. Subject consistency stays within 0.0006 of the baseline on every
group except hard resizings, where all three ranges lower it, by 0.0008 to 0.0013. Mean distance
on hard resizings worsens by 2.1 to 3.0 pixels for every range, and on hard rotations by 0.3 to 1.3
pixels.

9.2.3 Outcome

The control acts but does nothing useful: adding coarser decoder blocks and removing finer ones fail
alike. The result follows from what TCA is (§5.4.2). The layer range decides where in the network the
source object’s features are transplanted, not whether they correspond to the target pose, and that
correspondence is unaffected by including more or fewer layers. The released range is at least as good
as the alternatives and is kept.
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9.3 Experiment 5: Guidance with the object label

Table 9.4: The layer range of TCA, once the control acts. The released
range starts at block 10.

Hard rotations (n = 22) Hard resizings (n = 23)

Ly SUBCT WRAP_E| MD| SUBCT WRAP_E| MDJ
10 (released) 0.8523 0.0416 14.01 0.8391 0.0585 19.47
4 0.8524 0.0425 15.30 0.8378 0.0587 21.69
8 0.8522 0.0424 14.33 0.8382 0.0586 21.61
12 0.8517 0.0412 14.68 0.8383 0.0579 22.45
Translations (n = 67) Whole subset (n = 200)
Lo SUBC WRAP_E SUBC BGC WRAP_E FID  FIDgino KD
10 (released) 0.9590 0.0495 0.9154  0.9657 0.0488 132.28 1636.82 0.1285
4 0.9587 0.0497 0.9152 0.9658 0.0492 13241 1636.90 0.1264
8 0.9587 0.0496 0.9152 0.9658 0.0491 132.50 1637.17 0.1303
12 0.9590 0.0494 0.9152 0.9650 0.0486 132.82 1637.51 0.1276

Kernel distance is not seeded.

9.3 Experiment 5: Guidance with the object label

9.3.1 Change

The third documented control is the guidance scale w of Content-specified Generation. Scales of 5
and 10 also reproduced the baseline on every group to all four decimals. The cause is the prompt:
the released script sets the object label to the empty string, and the unconditional prediction is
computed from the empty string as well. Both predictions therefore receive the same condition-
ing and are equal, and by the first property of §3.7 the guidance term of Eq. (5.8) is identically
Zero:

E=cgtw(eg —€x) O Mefg = g for every w. (9.2)

Guidance becomes active as soon as it has something to guide towards. GeoBench provides a category
label for every object, and passing it as the prompt p restores the correction term: the prediction is
pushed along €, — €4, the direction in which the model’s prediction changes when it is told what the
object is. Two scales were tested, the released w = 7.5 and w = 10. Where the correction acts is fixed
by Eq. (5.9): the guided region is the band around the transformed object together with the area it
vacated, and it excludes the object itself. Guidance can therefore reach the object only indirectly,
through the context in which the object is refined.

9.3.2 Results

Table 9.5 reports the two scales. On hard resizings mean distance falls from 19.47 to 18.38 at w = 7.5
and to 17.75 at w = 10, a reduction of 1.73 pixels or 8.9% that grows with the scale. Nothing else
moves: subject consistency stays within 0.0006 of the baseline on every group, the warping error within
0.0002, and the DINOv2 distance rises by about one unit. On hard rotations mean distance rises, by
0.54 and 0.68 pixels.
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Hypothesis 1: Tuning the Released Pipeline

Table 9.5: Content-specified Generation with the object label as the prompt.

Hard rotations (n = 22) Hard resizings (n = 23)

SUBCT WRAP_E| MDJ] SUBCT WRAP_E| MDJ

Baseline (empty label) 0.8523 0.0416 14.01 0.8391 0.0585 19.47
Object label, w =7.5  0.8528 0.0416 14.55 0.8390 0.0586 18.38
Object label, w = 10 0.8529 0.0416 14.69 0.8391 0.0587 17.75
Translations (n = 67) Whole subset (n = 200)

SUBC WRAP_E SUBC BGC WRAP_E FID  FIDgino KD
Baseline  0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1285
w="75 0.9588 0.0496 0.9154 0.9656 0.0489 132.35 1637.84 0.1273
w=10  0.9587 0.0497 0.9154 0.9657 0.0490 132.51 1637.89 0.1326

Kernel distance is not seeded.

9.3.3 Outcome

The first live lever. This is the first change that lowers mean distance on a hard group by clearly
more than the variation of the metric, and it does so with a dose response and without cost elsewhere.
That subject consistency and the warping error do not move is what Eq. (5.9) predicts: the object
lies outside the guided region, and only its surroundings are steered.

Why resizings and not rotations. The most likely explanation is the shape of the guided region.
A rotation about the bounding-box centre leaves the source and target masks largely overlapping, so
the band is mostly a thin ring around the object. A resizing leaves a wide ring between the object’s old
and new outlines, and in that ring structure at the original scale must be replaced by coherent content;
residual structure at the wrong scale is exactly the kind of content that a correspondence-based metric
can match to. Telling the model what the object is steers the content of that ring towards the object’s
category, and the keypoints located there move closer to their targets.

Next. The effect is specific to resizing and does not reach subject consistency, so it does not confirm
Hypothesis 1. It is nevertheless the one positive result of the chapter, and it returns in the combined
models of Chapter 11 and in the guidance studies of Chapter 12. The remaining two experiments
change the schedule of the transplant and the input to refinement.

9.4 Experiment 6: The floor of the TCA schedule

9.4.1 Change

The implementation ramps the TCA weight from one towards a floor e (Eq. (5.6)), which the released
configuration sets to zero. With e > 0 the transplant is never fully released: in the last refined steps the
edit branch still takes a fraction of about e of its attention output from the source object (Figure 9.2).
The idea behind raising the floor is that consistency is lost during the release phase, when the edit is
left to its own self-attention, and that keeping part of the transplant to the end preserves more of the
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9.4 Experiment 6: The floor of the TCA schedule

— released: floor =0
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Figure 9.2: The TCA weight ~; over the fifteen refined steps for the released floor ¢ = 0 and the two raised
floors.

Table 9.6: The floor of the TCA schedule. The severity-dependent floor
coincides with e = 0.5 on the hard groups.

Hard rotations (n = 22) Hard resizings (n = 23)

Floor SUBCT WRAP_E| MDJ] SUBCT WRAP_E| MDJ
e =0 (released) 0.8523 0.0416 14.01 0.8391 0.0585 19.47
e=0.25 0.8524 0.0423 14.74 0.8388 0.0591 22.06
e=0.5 0.8522 0.0434 14.96 0.8380 0.0600 24.45
By severity 0.8522 0.0434 14.96 0.8380 0.0600 24.45
Translations (n = 67) Whole subset (n = 200)
Floor SUBC WRAP__E SUBC BGC WRAP_E FID  FIDgino KD
e =0 (released) 0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1270
e =0.25 0.9588 0.0496 0.9155 0.9660 0.0492 132.31 1637.94 0.1250
e=0.5 0.9582 0.0500 0.9152 0.9666 0.0498 132.52 1638.50 0.1307
By severity 0.9583 0.0499 0.9151 0.9661 0.0494 132.55 1638.05 0.1247

Kernel distance is not seeded.

source object. Floors of 0.25 and 0.5 were tested, and a severity-dependent variant that sets e = 0, 0.25
and 0.5 for the easy, medium and hard tertiles, on the reasoning that only severe edits need the extra
anchoring. On the two hard groups this variant coincides with e = 0.5.

9.4.2 Results

Table 9.6 reports the floors. Subject consistency changes by between —0.0011 and +0.0001 on ev-
ery group. Mean distance on hard resizings worsens monotonically with the floor, from 19.47 to
22.06 and 24.45, an increase of 26% at e = 0.5; on hard rotations it worsens by 0.73 and 0.95 pix-
els. On the hard groups the severity-dependent floor reproduces e = 0.5 to every decimal, as it
should.

97



Hypothesis 1: Tuning the Released Pipeline

9.4.3 Outcome

The idea behind the floor is refuted: keeping the transplant to the end does not preserve more of the
object. The direction of the damage shows why. The reference branch of TCA reconstructs the source
image, in which the object is at its original size and orientation, and a raised floor keeps injecting
features of that object into the target region until the last step. Raising the floor strengthens the part of
the system that does not know the transformation, and the metric that measures the transformation
degrades, most of all under resizing. The released schedule, which releases the transplant almost
completely, is the better one. Every change so far acted on the refinement; the last experiment acts
on its input.

9.5 Experiment 7: An anti-aliased coarse composite

9.5.1 Change

The coarse composite is produced by an affine warp with bilinear interpolation (§5.3). If part of
the failure is inherited from resampling artefacts in the composite, a better warp should reduce
it.

Why a bilinear warp aliases. An affine warp computes each output pixel by evaluating an inter-
polated source at the pre-image of the pixel centre,

I'(u) => I(x)h(A" (u—b) —x), (9.3)

where (A4,b) is the affine map and h the interpolation kernel; for bilinear interpolation h(x,y) =
tri(z) tri(y) with tri(f) = max(0,1 — |¢|). The kernel is two source pixels wide whatever the trans-
formation [52]. Under a reduction by s < 1 the output samples the source at s samples per source
pixel, so source content above s/2 cycles per pixel must be removed before sampling. The fixed-width
kernel does not remove it, and it folds back into the output as spurious low-frequency structure; at
the strongest reduction of the benchmark, s = 0.4, everything between 0.2 and 0.5 cycles per pixel
is affected. Under enlargement and rotation there is no reduction, and the weakness of the bilinear
kernel is instead that it softens fine detail.

The anti-aliased warp. The replacement upsamples the source by a factor of two with a Lanczos
kernel [53], applies the same affine map in the doubled coordinate frame with Lanczos interpolation,
and reduces the result back by area averaging. If the map is u = Ax + b, doubling both coordinate
frames gives 2u = A(2x) + 2b, so only the translation is scaled:

My =[A|2b]. (9.4)

The area reduction averages the two-by-two samples inside each output pixel, a box filter of exactly one
output pixel. In source coordinates the doubled grid samples at rate 2s, so the construction removes
aliasing up to s cycles per pixel and attenuates the band between s/2 and s; below s = 0.5 some
aliasing remains. The mask is still warped with nearest-neighbour interpolation, so the geometry
of the composite is unchanged and only the texture inside the object differs. By this analysis the
replacement should matter most for strong reductions and least for rotations. It was tested alone and
combined with the severity-dependent floor of Experiment 6.
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9.5 Experiment 7: An anti-aliased coarse composite

Table 9.7: The anti-aliased warp, alone and combined with the severity-dependent
floor. The warping error is given against the composite the variant refined (own) and
against the benchmark’s stored composite (bench).

Hard rotations (n = 22) Hard resizings (n = 23)
SUBCT WRAP__E| MDJ)  SUBCT WRAP__E| MDJ
own  bench own  bench
Baseline 0.8523 n/a 0.0416 14.01 0.8391 n/a 0.0585 19.47
Anti-aliased 0.8537 0.0447 0.0433 14.54 0.8403 0.0573 0.0587 19.67

Anti-aliased + floor® 0.8536 0.0463 0.0450 15.02 0.8388 0.0590 0.0604 20.30

Translations (n = 67) Whole subset (n = 200)
SUBC WRAP_ E SUBC BGC WRAP E FID FIDdino KD
own  bench bench
Baseline 0.9590 n/a 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1270
Anti-aliased 0.9592 0.0454 0.0480 0.9156 0.9654 0.0490 132.36 1637.27 0.1297

Anti-aliased + floor® 0.9586 0.0459 0.0485 0.9153 0.9659 0.0496 132.63 1638.42 0.1255

# Combined with the severity-dependent floor of Experiment 6: every edit of the hard groups runs with
e = 0.5; in the translations and the whole subset the floor varies with the severity of each edit.
On the whole subset the warping error against the variant’s own composite is 0.0486 for the anti-aliased
warp and 0.0492 in combination with the floor. Kernel distance is not seeded.

9.5.2 Results

Because the variant refines a different composite, its warping error is given against both references:
the anti-aliased composite it was generated from (own) and the composite stored with the benchmark
(bench), which every other row of this chapter uses.

Table 9.7 reports the variants. The anti-aliased warp raises subject consistency by 0.0014 on hard
rotations and 0.0012 on hard resizings, the largest gains of the chapter, and worsens mean distance by
0.53 and 0.20 pixels. The warping error tells no single story. On translations the variant is closer to
either composite than the baseline is, 0.0454 and 0.0480 against 0.0495; on hard rotations it is further
from both, 0.0447 and 0.0433 against 0.0416; on hard resizings it is closer to its own composite and
level with the benchmark’s. Combined with the floor, it behaves mostly like the floor alone, except
that its mean distance on hard resizings, 20.30, is far below the 24.45 of the floor with the bilinear
composite.

9.5.3 Outcome

A Dbetter composite reaches the output only in small part. The reason lies in what refinement does to
the object: the composite is inverted to ¢ = 281 and denoised again, and during that denoising the
attention of the target region is taken, with a weight that starts at one, from the source object in the
reference branch (Eq. (5.5)). The texture of the refined object is therefore re-synthesised largely from
source features rather than copied from the composite, and the difference between the two composites
mostly does not survive. The anti-aliased warp is correct image processing, and it gives the largest
consistency gains of the chapter, but it does not change the failure; the released warp is kept for all
later experiments, so that they remain comparable with the reproduced baseline. The interaction with
the floor on hard resizings is recorded but not pursued, since neither component improves the target
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Figure 9.3: Every variant of Experiments 3-7 against the baseline on the two hard groups: change in subject
consistency against change in mean distance, where lower is better. The shaded band marks
changes of subject consistency within +0.005. Labels: s start step, £ first layer, p object label with
guidance scale, e floor, aa anti-aliased warp. The severity-dependent floor coincides with e = 0.5
on these groups and is not drawn separately.

metrics on its own.

9.6 The configuration space as a whole

Figure 9.3 places every variant of Experiments 3—7 relative to the baseline on the two hard groups,
and Table 9.8 summarises them by setting.

Across the fourteen active variants, subject consistency on the hard groups moves between —0.0026
and +0.0014 on rotations and between —0.0072 and +0.0023 on resizings. Hypothesis 1 is rejected:
no setting of the released controls, and no improvement of the composite’s resampling, raises subject
consistency on a hard group appreciably.

The same spread fixes the threshold for the rest of the thesis. Re-configuring the released pipeline
raises hard-group subject consistency by at most 0.0023; a mechanism counts as improving subject
consistency only if it raises it on a hard group by more than 0.005, about twice that amount, without
lowering it on translations or lowering background consistency. A mechanism that clears this threshold
does something that re-configuring the pipeline cannot. For mean distance, the rule of Experiment 3
applies.

The settings tested here therefore do not explain the failure. Two explanations remain. Either the
refinement lacks information that it would need (what the object is, or how it was transformed), which
Chapter 10 tests by supplying that information; or the information is present in its input, the coarse
composite, and is lost during refinement, which Chapter 11 examines.
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9.6 The configuration space as a whole

Table 9.8: The best change in hard-group subject consistency, and the range of changes
in hard-group mean distance, produced by each setting relative to the baseline.

Setting Acts as Best ASUBC  AMD, rotations ~ AMD, resizings
released

Guidance scale, empty no 0 0 0
label

Layer range no 0 0 0
Layer range, made live n/a +0.0001  +0.32 to +1.29 +2.14 to +2.98
Start step yes +0.0023 +1.00 to +1.90 —1.38 to +1.66
Guidance, object label n/a +0.0006 +0.54 to +0.68 —1.73 to —1.09
Floor of the TCA yes +0.0001  +0.73 to +0.95 +42.59 to +4.98
schedule

Anti-aliased warp® n/a +0.0014  +0.53 to +1.01  +0.20 to +0.33

“Acts as released” records whether the setting reaches the computation in the released config-
uration; “n/a” marks settings that are not part of it.
@ Including its combination with the severity-dependent floor.
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Hypothesis 1: Tuning the Released Pipeline
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Chapter 10

Hypotheses 2 and 3: Supplying Information
the Model Lacks

Chapter 9 showed that no setting of FreeFine’s controls repairs the failure on hard rotations and
resizings. This chapter asks whether the refinement stage lacks the information it needs. Refinement
receives the coarse composite, in which the object already stands at its target pose, the source image,
whose features TCA transplants, and an empty prompt (§5.4). Two things are never given to it:
an explicit description of what the object is, since the network knows the object only through the
features it copies; and how the object was transformed, since the affine map is used once to build
the composite and then discarded, and TCA chooses among source tokens by feature similarity alone
(§5.4.2).

Hypothesis 2 (identity). Supplying an explicit representation of the source object’s
identity at every refinement step raises subject consistency on a hard group by more than
0.005.

Hypothesis 3 (geometry). Supplying the exact geometry of the edit raises subject
consistency on a hard group by more than 0.005, or clearly lowers mean distance on a hard
group, without a loss on translations or on the background.

A frozen U-Net offers three places where information from outside can enter (Figure 10.1). Cross-
attention tokens can be added next to the text tokens; they carry whatever they encode, but every
image position reads the same tokens. Residual feature maps computed by an auxiliary network can
be added to the skip connections; they are aligned with the image and can carry shape and pose
directly. And the self-attention keys and values that a query reads can be replaced or restricted,
which is how TCA already works. The four experiments of this chapter use all three: identity
through image tokens (Experiment 8), geometry through image tokens (Experiment 9), geometry
through residual feature maps (Experiment 10), and geometry inside the attention transplant (Exper-
iment 11).

10.1 Experiment 8: Identity through image tokens

10.1.1 Change

The established way to tell a frozen diffusion model what an object looks like is to show it an image
of the object through an image-prompt adapter.
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Hypotheses 2 and 3: Supplying Information the Model Lacks

(C) self-attention: (A) cross-attention tokens,
TCA, Experiment 11 Experiments 8—9

reference branch: keys and image tokens Cimg
values of the source image (IP-Adapter)

from the N residual self- Cross- feed- to the
previous layer block attention attention forward next layer

skip features
from the encoder @

text tokens cixt

‘ControlNet on the edge map e| (B) residual feature maps: Experiment 10

Figure 10.1: One decoder layer of the Stable Diffusion U-Net (§3.5) and the three places where information
from outside can enter while the network stays frozen: (A) tokens read by cross-attention, (B) fea-
ture maps added to the skip connections, (C) the keys and values of self-attention, which TCA
draws from the reference branch.

IP-Adapter. IP-Adapter [38] encodes an image with a frozen CLIP image encoder [10] and projects
the embedding into a few tokens cimg of the same width as the text tokens. Appending them to the
text tokens would make the two compete within one softmax, so every cross-attention layer instead
receives a second, decoupled attention over the image tokens, with its own key and value projections,
whose output is added to that of the text attention:

7 = Attn(Q, Ctxtha Ctxth) + A AttH(Q, CimgW]é’ CimgW{;)y (101)

where @) are the queries of the layer, ¢t the text tokens with the frozen projections Wy and W, and
W, W the new projections. Only W/, W, and the projection of the embedding are trained: about 22
million parameters, on about ten million image-text pairs, with the U-Net frozen. The scale A sets the
strength of the image prompt; A = 0 recovers the original model. The checkpoint for SD-1.5 used here
encodes the image with CLIP ViT-H/14 and projects its pooled 1024-dimensional embedding linearly
to four tokens of width 768.

Integration into FreeFine. Three decisions fix how the adapter enters the four-branch refinement
of §5.4.1.

¢ Only the two edit branches receive the image term. The reference branches must keep
reproducing the source image, so they are left unchanged.

e The image term acts only on the object. It is multiplied by the target mask at the token
resolution of each layer, so it cannot alter the background.

« The adapter sees only the object. Its input is the bounding box of the source object enlarged
by ten per cent, with every pixel outside the object mask set to mid-grey, so that the embedding
describes the object rather than its surroundings.

One property of the released configuration decides how strongly the adapter acts. Guidance normally
amplifies a conditioning signal by the scale w, but in FreeFine guidance acts only in the region of
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10.1 Experiment 8: Identity through image tokens

Table 10.1: Identity conditioning with IP-Adapter at four scales A;
A = 0 is the baseline.

Hard rotations (n = 22) Hard resizings (n = 23)

A SUBCT WRAP_E| MDJ] SUBCT WRAP_E| MDJ|
0 (baseline) 0.8523 0.0416 14.01 0.8391 0.0585 19.47
0.5 0.8523 0.0416 14.68 0.8396 0.0584 21.49
0.8 0.8518 0.0416 14.86 0.8394 0.0584 18.75
1.1 0.8512 0.0417 15.47 0.8393 0.0585 19.43
1.4 0.8502 0.0417 15.23 0.8390 0.0586 21.54
Translations (n = 67) Whole subset (n = 200)
A SUBC WRAP__E SUBC BGC WRAP_E FID  FIDgino KD
0 (baseline) 0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1278
0.5 0.9590 0.0495 0.9154 0.9656 0.0488 132.08 1637.46 0.1321
0.8 0.9589 0.0496 0.9153 0.9656 0.0489 132.11 1637.46 0.1303
1.1 0.9587 0.0497 0.9150 0.9656 0.0490 132.15 1637.56 0.1279
1.4 0.9585 0.0498 0.9147 0.9655 0.0490 132.27 1637.74 0.1286

Background consistency on the hard groups: 0.9664-0.9669 (rotations) and 0.9624-0.9631 (resiz-
ings). Kernel distance is not seeded.

Eq. (5.9), which excludes the object; inside the target mask the prediction is the unconditional one.
Because the image term is added to both edit branches, the unconditional one included, it acts on the
object at its nominal scale A. In the usual use of the adapter the unconditional branch receives an
empty image and the image term is amplified by w; here the scales studied are the actual strengths
of the conditioning. Four scales were tested, A € {0.5,0.8,1.1,1.4}, which cover the range in which
image prompts are normally used and go beyond it.

10.1.2 Results

The adapter is active: its images differ from the baseline by 0.1 to 0.9 grey levels per pixel on average,
increasingly with the scale. Table 10.1 reports the four scales.

No scale raises subject consistency on any group by more than 0.0005, one tenth of the threshold. On
hard resizings every scale stays within 0.0005 of the baseline. On hard rotations subject consistency
falls steadily as the scale grows, from 0.8523 at A = 0.5 to 0.8518, 0.8512 and 0.8502, and on translations
and the whole subset it falls slightly as well. Mean distance on hard resizings reads 21.49, 18.75, 19.43
and 21.54 against 19.47, without order; on hard rotations every scale raises it, by 0.67 to 1.46 pixels.
The background, the warping error and the realism metrics hardly move.

10.1.3 Outcome

The refinement does not lack the object’s identity. On translations, where no correspondence
problem arises, the refinement already reproduces the object with a subject consistency of 0.959; an
explicit description of the object has nothing to add to that, and it adds nothing here. Hypothesis 2
is rejected.
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Hypotheses 2 and 3: Supplying Information the Model Lacks

Why stronger identity lowers consistency on rotations. A pooled CLIP embedding sum-
marises an object as a whole (its category, colours, materials and style), and the adapter was trained
to generate images that match such a summary, in the views in which objects are usually photographed.
For a resized object this pull agrees with the composite, since the object keeps its orientation. For
a rotated object it competes with the rotated pose that the composite and TCA impose, and the
more strongly the adapter is weighted, the further the output drifts from the specific, rotated source.
The loss appears on rotations and not on resizings, as this explanation predicts. The spread of mean
distance on hard resizings, almost three pixels without order, is the variation of the metric described
in Experiment 3.

A higher-capacity adapter. The adapter summarises the object in four tokens derived from one
pooled vector, which has no spatial layout. A variant released with it, IP-Adapter Plus, replaces
the linear projection by a perceiver resampler [54] that reads the 257 patch tokens of the encoder’s
penultimate layer and produces sixteen tokens that keep spatial structure. It was implemented and
verified to load the released checkpoint with no missing or unexpected parameters, but not evaluated:
the base adapter had already shown that strengthening the identity signal lowers consistency, and the
Plus variant supplies the same kind of information at a finer grain.

Next. Identity is not missing. The same channel can, however, carry more than identity if what the
adapter is shown depends on the edit.

10.2 Experiment 9: Geometry through image tokens

10.2.1 Change

Since the affine map of every edit is known, the adapter can be shown the object exactly as it should
look after the edit. The adapter was run at A = 0.6, in the low range of Experiment 8 where it left
every group within 0.0005 of the baseline, with three inputs.

¢ Source crop: the input of Experiment 8, as a control.

e Warped crop: the same crop warped with the affine map of the edit, so that the adapter sees the
object at its target pose.

e Crop with line drawing: the four tokens of the source crop, which describe the identity of the
object, concatenated with four tokens computed from a line drawing of the warped crop, which
describe its outline at the target pose, multiplied by a weight g € {0.5,1.0}. CLIP describes sketches
and line drawings meaningfully [10], and a drawing isolates shape from colour and texture.

The line drawing is the Sobel gradient magnitude of the warped crop, normalised and inverted so that
edges are dark on white. Gradient magnitude is the first stage of a histogram of oriented gradients
(HOG) [55]; the orientation histograms that complete a HOG descriptor are not computed, so the
drawing is a plain edge-strength map.
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10.2 Experiment 9: Geometry through image tokens

Table 10.2: Geometry through image tokens: IP-Adapter at A = 0.6 with three
inputs.

Hard rotations (n = 22) Hard resizings (n = 23)

SUBCT WRAP_E| MDJ] SUBCT WRAP_E| MDJ

Baseline 0.8523 0.0416 14.01 0.8391 0.0585 19.47
Source crop 0.8521 0.0416 14.72 0.8396 0.0584 18.71
Warped crop 0.8524 0.0416 14.67 0.8395 0.0584 19.62
Line drawing, g = 0.5 0.8524 0.0415 14.82 0.8396 0.0584 20.73
Line drawing, g = 1.0  0.8523 0.0415 14.70 0.8395 0.0584 19.86
Translations (n = 67) Whole subset (n = 200)

SUBC WRAP_E  SUBC BGC WRAP_E FID  FIDgino KD
Baseline 0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1283
Source crop 0.9590 0.0496 0.9154 0.9656 0.0488 132.09 1637.49 0.1304
Warped crop 0.9590 0.0496 0.9154 0.9656 0.0488 132.07 1637.60 0.1313
Line drawing, g = 0.5 0.9590 0.0495 0.9154 0.9655 0.0488 132.09 1637.22 0.1274
Line drawing, g = 1.0  0.9590 0.0495 0.9154 0.9656 0.0487 132.05 1637.45 0.1323

Background consistency of the four variants stays within 0.0008 of the baseline on every group. Kernel distance
is not seeded.

10.2.2 Results

Table 10.2 shows no effect. Subject consistency on the whole subset is 0.9154 in all five rows, every
variant stays within 0.0005 of the baseline on the hard groups, and the images change by less than half
a grey level per pixel. The warped crop and the source crop give indistinguishable results on every
metric, and adding the line drawing changes nothing. Mean distance on hard resizings spans 18.71 to
20.73 across the four variants, on either side of the baseline.

10.2.3 Outcome

The warped crop shows the adapter exactly the geometry that the edit requires, and the output does
not change. The reason lies in the encoder. CLIP is trained contrastively to match images with their
captions, and a caption names an object and its attributes but rarely its orientation or its size in the
frame. The embedding is therefore largely invariant to exactly the properties that a geometric edit
changes: a rotated or rescaled copy of the object is encoded into nearly the same four tokens. The
same holds for the line drawing, which tells the encoder that it sees an outline of the object, not where
the parts of that outline lie. The image-token channel cannot carry the geometry of the edit, whatever
it is shown; geometry has to be supplied through a channel that is aligned with the image, which is
what ControlNet provides.
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Hypotheses 2 and 3: Supplying Information the Model Lacks

10.3 Experiment 10: Geometry through residual feature maps

10.3.1 Change

ControlNet. ControlNet [36] conditions a frozen diffusion model on a spatial map such as an edge
map, a depth map or a body pose. It keeps the pretrained U-Net frozen and trains a copy of its
encoder, which receives the noisy latent together with the conditioning map, first reduced to latent
resolution by a small convolutional network. The copy is connected to the frozen network through
zero convolutions, 1 x 1 convolutions initialised to zero, so that training starts from the unmodified
model. At inference its outputs are added to the twelve skip connections and to the middle block of
the frozen U-Net,

he < he+ sre(z,t,c e), (10.2)

where hy is the feature map at connection ¢, ry the corresponding output of the copy, e the conditioning
map and s the conditioning scale. Because the residuals are aligned with the image, they can impose
the outline and internal structure of the object at an exact position and pose, which is precisely what
the image tokens could not do.

Conditioning map and integration. The coarse composite already shows the object at its exact
target pose, so its edges describe the geometry that the refinement should respect. The map e is the
Canny edge map [56] of the composite, with thresholds 100 and 200, restricted to the target mask
dilated by a 25 x 25 square; the restriction keeps the edges of the background, which FreeFine handles
itself, from competing with it. The released edge-conditioned ControlNet for SD-1.5 is used with
s = 0.9. The residuals are computed for the two edit branches only (the reference branches must
keep reproducing the source) and are not applied during inversion, which must reconstruct its inputs
faithfully. To fit in the memory of the GPU, the ControlNet weights are held in half precision and
their residuals converted to single precision before they are added; the rest of the pipeline stays in
single precision.

Three variants. ControlNet was run alone, which supplies structure only; with the adapter of Ex-
periment 8 at A = 0.6, so that the edge map fixes the structure and the image prompt the appearance;
and with the adapter and the object label as the prompt at w = 10, which runs ControlNet in the
regime it was trained for, always with a text prompt. The component responsible for an effect is iden-
tified by comparing the combinations with ControlNet alone and with the single components measured
earlier.

10.3.2 Results

ControlNet is by far the most active channel so far: it changes the images by 1.3 to 3.4 grey levels
per pixel on average (Table 10.3). It lowers subject consistency on hard rotations by 0.0058 to 0.0061,
more than the threshold, and on translations by 0.0041 to 0.0047. It raises the warping error on every
group, from 0.0416 to 0.0441 on hard rotations and from 0.0488 to about 0.0512 on the whole subset,
and it worsens FID by 0.9 to 1.0 and the DINOv2 distance by 1.9 to 2.5. On hard resizings subject
consistency rises by 0.0011 to 0.0014, well below the threshold. The one favourable number, a mean
distance of 17.91 on hard resizings, belongs to the variant that also uses the object label; guidance
alone gave 17.75 (Experiment 5) and ControlNet alone gives 19.28.
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10.4 Experiment 11: Geometry inside the attention transplant

Table 10.3: Geometry through residual feature maps: an edge-conditioned ControlNet at scale
s = 0.9, alone and in combination.

Hard rotations (n = 22) Hard resizings (n = 23)

SUBCT WRAP_E| MDJ| SUBCT WRAP_E| MDJ

Baseline 0.8523 0.0416 14.01 0.8391 0.0585 19.47
ControlNet 0.8465 0.0441 14.07 0.8403 0.0602 19.28
ControlNet + adapter 0.8465 0.0441 14.31 0.8405 0.0603 19.19
ControlNet + adapter + label, w =10 0.8462 0.0442 14.14 0.8402 0.0605 17.91
Translations (n = 67) Whole subset (n = 200)

SUBC WRAP__E SUBC BGC WRAP_E FID  FIDgino KD
Baseline 0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1237
ControlNet 0.9549 0.0521 0.9120 0.9659 0.0511 133.31 1639.06 0.1370
+ adapter 0.9547 0.0521 0.9119 0.9659 0.05612 133.23 1639.33 0.1447
+ adapter + label 0.9543 0.0523 0.9116 0.9658 0.05613 133.15 1638.71 0.1401

Background consistency on the hard groups: 0.9686-0.9689 (rotations, baseline 0.9664) and 0.9624-0.9627
(resizings, baseline 0.9631). Kernel distance is not seeded.

10.3.3 Outcome

Structure imposed from outside competes with the transplant. Two sources of structure
act on the object at once. ControlNet imposes the edges of the object at the target pose from the
first refined step. TCA, whose weight is one at that step (Eq. (5.6)), transplants the features of the
source object, and those features describe it at its source pose: the features of Stable Diffusion are not
equivariant to rotation, so a rotated object is not described by rotated features. The edge map adds
a disagreement of its own, because the edges of the composite include the artefacts of resampling:
jagged outlines, softened internal edges and the seam around the inserted object. The network settles
on a compromise that matches neither source: further from the composite, so the warping error rises,
and further from the source object, so subject consistency falls. The losses are largest on rotations,
where transplanted features and imposed edges differ in orientation, and absent on resizings, where
they differ only in scale. The only gain in mean distance comes from guidance, and ControlNet adds
nothing to it.

Next. The remaining entry point is the transplant itself, where the geometry of the edit should
matter most.

10.4 Experiment 11: Geometry inside the attention transplant

10.4.1 Change

How TCA retrieves the source object. In the object term of TCA, Eq. (5.4), each edit query q,
attends to the keys of the source object and receives a weighted average of their values. Two properties
of this computation decide what geometry can do inside it. Retrieval is by content: the weights depend
only on feature similarity, since the attention of SD-1.5 has no positional term, and rearranging
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Hypotheses 2 and 3: Supplying Information the Model Lacks
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Figure 10.2: Which heads of which branch receive TCA’s object and background masks (columns are the eight
heads of a layer). (a) Released: the per-branch masks are tiled over heads while the rows are
ordered by branch, so the even heads of every branch are masked and the odd heads are not. (b)
The layout implied by the per-branch construction and Eq. (5.5): every head of the edit branches
is masked and the reference branches are unrestricted.

the source tokens together with their mask entries would leave the output unchanged (Eq. (3.17)).
Retrieval aggregates: every query receives an average over the whole source object, dominated by the
tokens most similar to it. Both properties make TCA blind to the pose of the edit: nothing ensures
that the handle of a rotated cup draws on the handle of the source cup rather than on another part that
looks similar. That blindness is what the four mechanisms below address.

How TCA’s masks reach the attention heads. Every mechanism below changes TCA’s masks
or its logits, so the path by which the masks reach the attention computation had to be traced exactly,
and tracing it revealed a property of the released implementation. Each attention layer of SD-1.5 splits
its features into H = 8 heads. The four branches of a refinement step are processed together (§5.4.1),
and the implementation stacks branches and heads into one dimension of 4H = 32 rows, ordered
branch by branch: rows 0-7 are the heads of the first branch, rows 8-15 those of the second, and so
on. The masks are built per branch (the object mask and its complement for the two edit branches,
no restriction for the two reference branches) and then expanded to 32 rows by tiling the stack of four
masks eight times. Row k therefore receives the mask built for branch k& mod 4 while it belongs to
branch |k/H |. For head h of branch b,

(bH + h) mod 4 = h mod 4 (H =18), (10.3)

independently of the branch: heads 0, 2, 4 and 6 of every branch receive the edit-branch masks, and
heads 1, 3, 5 and 7 of every branch receive none (Figure 10.2). In the edit branches only half of the
heads separate object from background as Eq. (5.5) prescribes; the other half attend to the whole
reference image. In the reference branches, which should reproduce the source image’s own attention,
half of the heads are restricted as though they were edit queries. Running the released attention
code, unmodified, on random inputs of the shape of a 32 x 32 decoder layer confirms the analysis
(Table 10.4).

The reproduction of Chapter 7 ran the released code, so its results, which match the published ones,
were produced with this layout. The mechanisms of this experiment are built on the layout that
the per-branch construction implies, Figure 10.2(b), so that they act exactly where TCA is meant
to act, and the per-branch layout is also run on its own, which measures the effect of the property
itself.

Four places to add the geometry. The affine map M of every edit is known exactly, and the
attention path of TCA offers four points at which it can be used (Figure 10.3). It can change the image
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10.4 Experiment 11: Geometry inside the attention transplant

Table 10.4: Heads receiving the object mask, measured on the released attention
code. A head counts as masked when none of its attention falls outside the source

object.
Released  Per-branch layout
Edit-branch heads masked 8 of 16 16 of 16
Reference-branch heads masked 8 of 16 0 of 16
Reference output vs. its own self-attention, max. |A| 0.72 3x 1078

input representation selection gating

R2-TCA G1
resample k, v G2 G3
warp I_S by ].M and mask add —\d2,/20? ~i — i valid(p)
before inversion at M~(t,)

T T
| ! | |
i | I i
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source image DDIM inversion reference keys and Ll logits object term TCA output
I, (reference branch) values kg, vq (dp, kq)/Vd + b5 So(p) = >, apaVq (1 —%)S: +%l---]

query q, of the edit branch

Figure 10.3: The attention path of TCA’s object term (lower row) and the point at which each geometry-
aware mechanism acts on it (upper row). R2-TCA changes the image the reference is computed
from, G1 the reference features, G2 the logits that select among them, and G3 the weight of the
transplant in each token; d,, = ||t, — M(sy)]|-

from which the reference branch is computed (the input), the reference features that the queries read
(the representation), the logits that decide which of those features a query reads (the selection), or
the weight with which the transplant enters each token (the gating). One mechanism was designed for
each point. All four act in the six blocks that TCA modulates, at 32 x 32 and 64 x 64, in every refined
step, and the TCA weight 7; of Eq. (5.6) still applies on top of them.

They share one notation. Write ¢, for the centre of target token p and s, for the centre of source
token ¢, in the pixel coordinates of the 512 x 512 image and with the pixel convention of the warp
that builds the composite. Distances are measured in token cells, the spacing of the token grid: 8
pixels at 64 x 64 and 16 pixels at 32 x 32. The affine map M sends source coordinates to target
coordinates, so M(s,) is where the edit moves the content of source token g, and M~1(t,) is the
source position whose content belongs at target token p. These positions are computed once per edit
and per resolution.

G2: a correspondence bias on the logits

The most direct way to tell TCA which source token belongs to a query is to favour that to-
ken in the softmax. G2 adds to every logit of the object attention a penalty that grows with
the distance between the query’s position and the position to which M sends the key’s source to-

qp7kq o tp M Sq

Vd

with 0 = 1.5 cells and A € {4,8}. The penalty is zero for a source token that lands exactly on
the query and grows with the square of the distance (Figure 10.4). Relative to a token of equal

(10.4)
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Figure 10.4: The factor by which the correspondence bias of Eq. (10.4) multiplies the softmax weight of a
source token, as a function of the distance between the query and the position to which M sends
the token (o = 1.5 cells). One cell is 8 pixels at 64 x 64 and 16 pixels at 32 x 32.

similarity that lands on the query, a token that lands one cell away keeps 0.41 of its weight at
A =4 and 0.17 at A = 8, and a token two cells away keeps 0.03 and 0.0008. Feature similarity still
acts inside that neighbourhood, so a query chooses among the source tokens around its geometric
counterpart instead of among all the tokens of the object. The bias is applied to the two edit branches
only.

The strength A moves G2 between two extremes. At A = 0 it is TCA: retrieval by content over
the whole object. As A — oo the softmax concentrates on the source token nearest to the query’s
pre-image, ¢*(p) = argmingl[t, — M(sq)||, and So(p) — Vg(p): every query copies the value of its
geometric counterpart. That limit is a nearest-neighbour warp of the source features, that is, the
coarse composite carried out in feature space. G2 is the only one of the four mechanisms that makes
retrieval depend on position, and the two strengths test how far along this range the transplant should
be moved.

G1: warped keys and values

G2 changes which source tokens a query prefers; G1 changes the source tokens themselves. The refer-
ence branch computes its keys and values at the source pose, so the feature that describes a part of the
object sits where that part was before the edit. G1 moves every feature to where the edit puts it. For
each target token p it reads the key and value at the source position M *1(tp) by bilinear interpolation
of the reference feature map, which is zero outside the frame,

f{p = k(M_l(tp))7 Vp = V(M_l(tp))a (10.5)

and it warps the source object mask in the same way with nearest-neighbour sampling, so that token
p is an admissible key exactly when M _l(tp) lies on the source object. The object term of the edit
branches then reads the warped field, S$1(p) = > softmaxyy ((qp, kyr)/ Vd+ b%,) V; the background
term is unchanged.

Because retrieval is by content, moving keys and values together does not change how a query chooses:
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10.4 Experiment 11: Geometry inside the attention transplant

by Eq. (3.17), a pure rearrangement of the source tokens would leave TCA’s output exactly as it was.
What G1 changes is what there is to choose from. Its features are interpolated between neighbouring
source tokens; they are repeated where the object is enlarged, since an object scaled by s covers s?
times as many tokens; and they are thinned where it is reduced, since the source tokens between the
sample points are skipped. Even the translations of GeoBench, which are whole pixels but rarely
whole token cells, are interpolated. G1 therefore tests whether TCA benefits from reference features
that have already been brought to the target pose.

G3: a validity gate

Some target tokens have no counterpart on the source object: a part of the target region that the
warped object does not reach, the band around it, and the background beyond. G1 still gives these
tokens a transplant, read from wherever the warp happens to point. G3 withholds the transplant from
them. A target token is valid if some token of the source object is mapped to within r = 2 cells of it,
and for every other token the TCA weight is set to zero:

%i(p) = vi - valid(p),  valid(p) =¥ Lgl}{lolltp — M(sq)|| < T] (10.6)
Tbo=

An invalid token is generated by the edit branch’s own self-attention, as in the late steps of the schedule.
The two-cell tolerance keeps valid the tokens along the object’s outline, where the discretisation of the
token grid shifts the mapped positions by up to about a cell. Because the gate multiplies the whole
TCA output of a token, it also switches off the background term everywhere beyond two cells from
the object. It is used together with G1, so that the warped transplant acts only where the warp has
a source.

R2-TCA: a pose-aligned reference

G1 moves features after the network has computed them at the source pose. R>-TCA moves the image
instead, so that the network computes the features at the target pose. The source image is warped
by M with the same bilinear warp that builds the composite, and this warped image W4 (I;), not the
source, is inverted and reconstructed by the reference branch; the target mask replaces the source mask
as the reference’s object mask. TCA itself is unchanged: its queries still retrieve by content, now from
a reference in which the object already stands where the edit places it.

One identity makes the mechanism precise. By Eq. (5.3), the coarse composite equals W4 (1) inside the
target mask, so inside M; the reference of R?-TCA is, pixel for pixel, the object of the coarse composite.
R2-TCA therefore transplants into the object the network’s own features of the composite’s object,
resampling artefacts included, instead of the features of the undistorted source. Outside the object
the reference no longer matches the scene: the warp moves the whole source image, so the background
term reads a displaced background, and where the warp uncovers the frame it reads black borders.
R2-TCA tests whether the failure of TCA comes from the mismatch of pose between its reference and
the edit; if it does, removing the mismatch should help.

Table 10.5 summarises the four mechanisms.

Implementation and verification. The mechanisms are implemented in the released attention
code, behind switches, on four principles.
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Hypotheses 2 and 3: Supplying Information the Model Lacks

Table 10.5: The four mechanisms that give TCA the geometry of the edit.

Mechanism Level What it changes Retrieval Parameters

G2, bias selection the logits of the object content and X € {4, 8},
attention, Eq. (10.4) position c=15

G1, warp representation reference keys, values and content none
object mask, Eq. (10.5)

G3, gate gating the TCA weight of each unchanged r=2
token, Eq. (10.6)

R2-TCA input the image of the reference content none

branch and its object mask

1. The per-branch mask layout of Figure 10.2(b) is used, so that every head of the edit branches
performs TCA’s separation and the reference branches are unrestricted.

2. Only the edit branches are modified. The keys, values and masks of the reference branches
are left exactly as they are, so that the features TCA draws on are the source image’s own.

3. R2-TCA uses the target mask as its reference object mask, since in the warped reference the
object occupies the target region.

4. Token positions follow the pixel convention of the warp that builds the composite, so that
M applied to token centres is exactly the map applied to the image.

Six variants were run: the per-branch layout alone, which is the reference point of the mechanisms,
and the per-branch layout with G2 at A = 4 and A = 8, with G1, with G1 and G3, and with R?-
TCA. Each mechanism is thus compared with a pipeline that differs from it by the mechanism only.
Before any image was generated, the implementation was tested against the released source code on
the checks of Table 10.6; all of them pass. The study was scored with both stochastic metrics seeded,
so every value of Table 10.7, kernel distance included, is reproducible and comparable across rows.
The variants were generated in two groups of three, and the released baseline, scored with each group,
reproduced its earlier values on every deterministic metric of every group and gave the same seeded
kernel distance both times.

10.4.2 Results

Table 10.7 reports the study.

The per-branch layout on its own. Used without any mechanism, this layout changes almost
nothing. Subject consistency moves by +0.0002 on hard rotations, 0 on hard resizings, +0.0007 on
translations and 4-0.0002 on the whole subset; the warping error and background consistency move by
at most 0.0004, and the DINOv2 distance improves by about one unit. Mean distance moves by +0.79
and —1.35 pixels on the two hard groups, within the variation of the metric.

The mechanisms. Relative to the per-branch layout, every mechanism lowers subject consistency
on every group.
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10.4 Experiment 11: Geometry inside the attention transplant

Table 10.6: Checks of the implementation against the released code, run before any

image was generated.

Check

Result

All switches off: TCA output against the released
code

Per-branch layout: heads masked; reference output
against its own self-attention

G2, G1, G3: reference-branch output against the
per-branch layout

G2: position of the largest bias for each query

G1: token warp against the image warp that builds
the composite
G3: valid tokens

R2-TCA: reference image and object mask

Affine map passed to TCA against the map that

bit-identical
Table 10.4
bit-identical

the source token mapped onto
it

exact on every token
(translation, 90° rotation)
exactly those with an object
token mapped within r

the warped source; the target
mask

identical

builds the composite

e The correspondence bias does so most strongly, and more the stronger it is: by 0.0155 and 0.0189
on hard rotations, 0.0094 and 0.0111 on hard resizings, and 0.0152 and 0.0188 on translations, up
to four times the threshold. It raises the warping error, from 0.0416 to 0.0467 and 0.0474 on hard
rotations, and FID by 1.6 and 2.1. It lowers mean distance on hard resizings to 17.47 and 17.42,
against 18.12, a reduction smaller than the variation of the metric and paid for with 0.009 to 0.011
of subject consistency.

e« The warped keys and values cost 0.0063 on hard rotations, 0.0039 on hard resizings and 0.0025
on translations, and raise mean distance on hard resizings by 1.54 pixels. The validity gate adds
little to the loss of consistency, raises mean distance on hard resizings by a further 3.75, and
lowers background consistency on the whole subset from 0.9655 to 0.9618, since it switches off the
transplant of the background away from the object.

e The pose-aligned reference is the mildest: 0.0021 on hard rotations, 0.0039 on hard resizings
and 0.0003 on translations. It gives the lowest warping error on hard rotations, 0.0395, the best
FID and DINOv2 distance of the table, 131.94 and 1634.19, and lowers mean distance on hard
rotations by 0.32 pixels, within the variation of the metric. It lowers background consistency, most
on hard resizings, from 0.9627 to 0.9556: the background term of TCA now draws on a displaced
background with black borders.

Figure 10.5 places every mechanism relative to the per-branch layout on the two hard groups.

10.4.3 Outcome

The released head layout is inconsequential. TCA performs as well with its separation on half
of the heads as on all of them. The reproduction, and every result obtained on the released layout,
stands.
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Hypotheses 2 and 3: Supplying Information the Model Lacks

Table 10.7: Geometry inside the attention transplant. The mechanisms are
built on the per-branch layout, which is therefore their reference point; the
released baseline is given for comparison.

Hard rotations (n = 22) Hard resizings (n = 23)

SUBCT WRAP_E| MDJ] SUBCT WRAP_E| MDJ

Released baseline  0.8523 0.0416 14.01 0.8391 0.0585 19.47
Per-branch layout 0.8525 0.0416 14.80 0.8391 0.0584 18.12
+ G2, \=14 0.8370 0.0467 14.80 0.8297 0.0607 17.47
+ G2, A =38 0.8336 0.0474 15.23 0.8280 0.0609 17.42
+ Gl 0.8462 0.0421 15.70 0.8352 0.0583 19.66
+ Gl + G3 0.8454 0.0417 15.19 0.8349 0.0580 23.42
+ R2-TCA 0.8504 0.0395 14.47 0.8352 0.0584 20.12
Translations (n = 67) Whole subset (n = 200)
SUBC WRAP__E SUBC BGC WRAP_E FID  FIDgino KD
Released baseline  0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1268
Per-branch layout  0.9597 0.0494 0.9156 0.9656 0.0487 132.37 1635.85 0.1263
+ G2, A=14 0.9445 0.0542 0.9043 0.9657 0.0527 134.00 1639.72 0.1352
+ G2, A=8 0.9409 0.0551 0.9017 0.9657 0.0533 134.45 1640.99 0.1362
+ G1 0.9572 0.0496 0.9119 0.9655 0.0490 132.57 1637.03 0.1252
+ G1 + G3 0.9571 0.0495 0.9116 0.9618 0.0488 132.78 1641.78 0.1343
+ R2-TCA 0.9594 0.0490 0.9146 0.9635 0.0478 131.94 1634.19 0.1269

Kernel distance is seeded. Background consistency on the hard groups: 0.9636-0.9668 (rotations) and
0.9556-0.9630 (resizings); the lowest values in both groups belong to R2-TCA.

The geometry does not help. Giving the attention transplant the exact geometry of the edit low-
ers subject consistency at every point of the attention path where it can enter. The two kinds of mech-
anism fail for different reasons, and the reasons explain what TCA is.

A pose-aligned reference gives TCA nothing it lacks. R2-TCA gives the transplant the most
faithful form of the geometry available: a reference in which the object already stands at its target pose,
with features computed by the network itself. Inside the target mask that reference is the composite’s
own object, so the transplant copies the composite’s appearance into the edit; this is why R%-TCA
has the lowest warping error of the table on hard rotations, 0.0395. Yet it scores slightly below its
reference point in subject consistency on every group. G1, which brings the reference to the target pose
in feature space, costs more, because its features are interpolated rather than computed. Removing
the mismatch of pose between reference and edit therefore does not help: retrieval by content already
finds the source features that match each query, wherever they lie, and replacing the undistorted source
by its resampled copy only imports the artefacts of the resampling.

Imposing correspondence removes aggregation. The correspondence bias lowers consistency
in proportion to its strength, and it lowers it on translations as much as on hard rotations, 0.0152
and 0.0188 against 0.0155 and 0.0189. For a translation the correspondence is exact (the checks of
Table 10.6 confirm that the bias peaks on the right source token), so the loss cannot come from wrong
geometry. It comes from the restriction itself. At A\ = 4 a query draws in effect only on the source
tokens within about two cells of its counterpart instead of on the whole object (Figure 10.4); the
average that TCA forms over many similar tokens is replaced by a local copy of a few, a noisier and
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10.5 The entry points as a whole
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Figure 10.5: Each geometry-aware mechanism relative to the per-branch layout on the two hard groups: change
in subject consistency against change in mean distance, where lower is better. The shaded band
marks changes of subject consistency within +0.005.

less complete description of the object. The larger A, the closer G2 comes to its limit, a nearest-
neighbour copy of the source features, and the larger the loss. The output drifts away from the source
object, so subject consistency falls; away from the composite, so the warping error rises; and away
from natural images, so FID rises.

Conclusion. TCA does not match the parts of the target to the parts of the source, and it does
not need to: its aggregation by content is what preserves the appearance of the object, independently
of the pose. Giving it the geometry of the edit either changes nothing, when the geometry only
moves the features it reads, or harms it, when the geometry restricts what it may read. Hypothe-
sis 3 is rejected through the attention transplant, in an implementation verified against the released
code.

10.5 The entry points as a whole

Table 10.8 collects, for every entry point of this chapter and for the text prompt of Experiment 5, where
the information acts and how far it moved subject consistency on the two hard groups.

The pattern is consistent. The only channel that produced a clear improvement on a hard group (the
text prompt, which lowered mean distance on hard resizings by 1.73 pixels, more the stronger the
guidance) is the only one that does not act on the object directly. The channels that act on the object
either leave it unchanged, as the image tokens do, or move it away from its source, as the feature maps
and the geometry-aware attention do, and they do so more strongly the more directly they constrain
its structure.

Hypotheses 2 and 3 are rejected for every mechanism tested, at each of the three entry points that a
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Hypotheses 2 and 3: Supplying Information the Model Lacks

Table 10.8: Where information supplied from outside acts in the refinement, and the range of the
change in subject consistency that its variants produced on the hard groups.

ASUBC

Entry point Information  Where it acts Hard rotations Hard resizings
Text prompt with object label  a band around the +0.0005 to +0.0006 —0.0001 to 0.0000
guidance (E5) object, not the object
(A) tokens, object crop  the object, both edit —0.0021 to 0.0000 —0.0001 to +0.0005
identity (ES8) branches
(A) tokens, warped the object, both edit 0.0000 to +0.0001  +0.0004 to +0.0005
geometry (E9) crop, line branches

drawing
(B) feature maps edges at the all features of the edit —0.0061 to —0.0058 +0.0011 to +0.0014
(E10) target pose  branches
(C) self-attention the affine the transplant of the —0.0189 to —0.0021 —0.0111 to —0.0039
(E11) map object

Changes relative to the released baseline, except for self-attention, where they are relative to the per-branch
layout. The threshold for an improvement is +0.005.

frozen U-Net offers. The refinement reproduces the identity of the object, and the exact geometry of
the edit is already present in its input: the coarse composite shows the object at its exact target pose.
The remaining explanation is that information present in the composite is lost during refinement.
Chapter 11 tests it by anchoring the refinement to the composite.
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Chapter 11

Hypothesis 4: Anchoring the Refinement to
the Coarse Composite

Chapters 9 and 10 tested two explanations of the failure on hard rotations and resizings and found
support for neither: no tested setting of the pipeline, and no tested way of supplying the identity of
the object or the geometry of the edit, improves the hard groups. One explanation remains. The
coarse composite already shows the object at its exact target pose, copied pixel for pixel from the
source (§5.3); if refinement degrades what the composite gets right, keeping more of the composite
should help.

Hypothesis 4. Information present in the coarse composite is lost during refinement, and
keeping the output closer to the composite improves the edit without a loss of realism.

Six experiments test it. Experiment 12 anchors the refinement to the composite while it denoises.
Experiment 13 scores the composite itself, which measures how much there is to keep. Experi-
ment 14 builds the first models that restore the composite’s interior after refinement, chosen by
edit type, and checks them on the held-out subset. Experiments 15 to 17 then establish how wide
the refined boundary should be, what makes interior restoration work, and for which edit types it
works.

11.1 Experiment 12: Anchoring during denoising

11.1.1 Change

The inversion of §5.4.1 computes, and stores, the latent of the coarse composite at every timestep of the
refined window: a trajectory z{ that the sampler would retrace if nothing were modified. Latent preser-
vation pulls the edit latent towards that trajectory after every refined step,

edit
tit1

edit

Zig & (L= wmyar) © 205 + WMy © 21, i=s,...,49, (11.1)

with a strength w € {0.3,0.5,0.7,0.9}; w = 0 is the baseline. The blend acts on the edit latent only,
and in the region where refinement departs from its input: my,, of Eq. (5.9), the band around the trans-
formed object together with the area it vacated, where Local Perturbation injects noise and guidance
acts. The object itself is refined deterministically and is not blended.

Because the blend is applied after every one of the fifteen refined steps, its effect compounds. Whatever
the region gains from one denoising step, a fraction w of it is replaced by the composite’s trajectory
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Hypothesis 4: Anchoring the Refinement to the Coarse Composite

Table 11.1: Latent preservation towards the composite’s inversion
trajectory, Eq. (11.1).

Hard rotations (n = 22) Hard resizings (n = 23)

w SUBCT WRAP_E| MDJ] SUBClT WRAP_E| MDJ
0 (baseline) 0.8523 0.0416 14.01 0.8391 0.0585 19.47
0.3 0.8536 0.0397 14.63 0.8409 0.0538 21.74
0.5 0.8535 0.0396 14.69 0.8404 0.0537 20.15
0.7 0.8535 0.0395 14.77 0.8400 0.0537 22.04
0.9 0.8535 0.0395 14.87 0.8399 0.0537 24.19
Translations (n = 67) Whole subset (n = 200)
w SUBC WRAP__E SUBC BGC WRAP_E FID  FIDgino KD
0 (baseline) 0.9590 0.0495 0.9154 0.9657 0.0488 132.28 1636.82 0.1228
0.3 0.9610 0.0468 0.9175 0.9631 0.0454 133.14 1641.78 0.1391
0.5 0.9612 0.0467 0.9174 0.9627 0.0453 133.38 1643.64 0.1462
0.7 0.9614 0.0467 0.9174 0.9625 0.0453 133.45 1644.17 0.1449
0.9 0.9614 0.0467 0.9174 0.9626 0.0453 133.51 1644.47 0.1420

Background consistency on the hard groups: 0.9661-0.9663 (rotations, baseline 0.9664) and 0.9593—
0.9607 (resizings, baseline 0.9631). Kernel distance is not seeded.

at the next, so the region cannot drift far from that trajectory for any of the strengths tested. The
four strengths are therefore not four independent doses.

11.1.2 Results

The mechanism is active: at w = 0.3 its images differ from the baseline by 1.1 to 4.7 grey levels
per pixel on the first edits compared, and at w = 0.9 by 1.3 to 5.3. Table 11.1 reports the four
strengths.

Latent preservation is the first change in this thesis that raises subject consistency on every group:
by 0.0013 on hard rotations, 0.0018 on hard resizings, 0.0020 on translations and 0.0021 on the whole
subset at w = 0.3. It lowers the warping error everywhere, by 5 to 8%. The gains do not grow with the
strength: subject consistency is the same to within 0.0010 for every w. The costs are clear. FID rises
by 0.9 to 1.2, the DINOv2 distance by 5.0 to 7.7 and the kernel distance by 0.016 to 0.023; background
consistency on the whole subset falls by 0.0026 to 0.0032; and mean distance worsens on both hard
groups, by 0.6 to 0.9 pixels on rotations and by 0.7 to 4.7 on resizings.

11.1.3 Outcome

A small gain that does not scale. Holding the object’s surroundings at the composite nudges the
object towards it as well (the warping error, measured inside the object, falls), and subject consistency
follows, by about 0.002. The flat dose response has a simple cause: pulled back at every step, the region
stays close to the composite’s trajectory for any w > 0.3, which is also why the images change little
more at w = 0.9 than at w = 0.3. The price is paid in realism, because the band around the object is
exactly where refinement blends the inserted object into the scene.
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11.2 Experiment 13: The composite as an output

Table 11.2: The refined baseline against the coarse composite scored as an output, on the
development and held-out subsets.

Development subset Held-out subset
SuBCT MDJ SUBCT MDJ
Group refined composite refined composite refined composite refined composite
Translations 0.9590 0.9712 341 4.47  0.9595 0.9697 3.62 5.58
Rotations 0.8962 0.9056 9.63 11.17  0.9084 0.9160 8.44 8.98
Hard rotations  0.8523 0.8608 14.01 17.86  0.8633 0.8721 11.70 13.30
Resizings 0.8906 0.8967 10.93 10.27  0.8871 0.8935 13.91 14.43
Hard resizings  0.8391 0.8408 19.47 16.44 0.8024 0.8110 29.64 28.08
Whole subset  0.9154 0.9246 n/a n/a  0.9182 0.9263 n/a n/a

Group sizes: development 67, 66, 22, 67, 23, 200; held-out 66, 68, 24, 66, 22, 200.

Whole subset, refined against composite: background consistency 0.9657 against 0.9854 (development) and
0.9667 against 0.9859 (held-out); FID 132.28 against 132.67 and 132.15 against 132.96; DINOv2 distance
1636.82 against 1654.71 and 1624.90 against 1631.99; kernel distance (not seeded) 0.1283 against 0.1360 and
0.1117 against 0.1163.

What this experiment cannot tell. The blend never touches the object itself, and its strengths
are not independent doses. The experiment therefore does not measure how much the edit would gain
if the object were kept as it is in the composite. That quantity can be measured directly, by scoring
the composite itself.

11.2 Experiment 13: The composite as an output

11.2.1 Change

No refinement at all: the coarse composite stored with the benchmark is scored with the same metric
code as the output of a method, on both the development and the held-out subsets. Its warping
error is zero by definition, since the composite is the reference of that metric. Comparing it with
the refined baseline shows, group by group, what refinement adds to the composite and what it takes
away.

11.2.2 Results

Table 11.2 and Figure 11.1 report the comparison. The composite scores a higher subject consistency
than the refined output on every group of both subsets, by 0.0017 to 0.0122, and a higher background
consistency, above 0.985 against about 0.966. It scores a worse realism: FID is 0.39 and 0.80 higher,
and the DINOv2 distance 17.9 and 7.1 higher. On mean distance the groups divide. The composite
is worse on translations and on rotations in both subsets, by 0.5 to 3.9 pixels, and better on hard
resizings in both, by 3.0 and 1.6 pixels.
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Figure 11.1: The coarse composite minus the refined baseline, per group and subset. (a) Subject consistency:
the composite is higher everywhere. (b) Mean distance: the composite is worse on translations
and rotations and better on hard resizings.

11.2.3 Outcome

The refined output is within one per cent of the composite on subject consistency. On
hard rotations the baseline reaches 0.8523/0.8608 = 99.0% of the composite’s subject consistency on
the development subset, and 0.8633/0.8721 = 99.0% on the held-out subset; on the whole subset it
reaches 99.0% and 99.1%. Subject consistency compares the edited object with the source object,
and the composite contains the source pixels themselves, resampled to the target pose; the refined
output falls short of that copy by about one per cent. This bounds what anchoring can achieve on
the metric: the room left between refinement and simply copying the composite is 0.0085 and 0.0088
on hard rotations and 0.0017 and 0.0086 on hard resizings.

Refinement pays for realism with consistency. The composite is worse on every realism metric,
because its object is inserted with a visible seam and carries the artefacts of resampling, and it is better
on both consistency metrics, because it is the source copied into place. Background consistency is
0.02 higher for the composite because refinement regenerates the band around the object and decodes
the whole image through the autoencoder, while the composite is neither regenerated nor decoded.
Refinement converts part of the composite’s consistency into realism; the question is whether some of
the composite can be kept without paying the realism back.

Mean distance mixes geometry with appearance. On translations the composite is geometri-
cally exact (every translation of GeoBench is a whole number of pixels, so the warp copies the object
without resampling), and yet its mean distance is worse than that of the refined output, 4.47 against
3.41 and 5.58 against 3.62. The keypoint metric locates keypoints with diffusion features (§5.7), and
it locates them more reliably in a refined, natural-looking image than in a composited one. A dif-
ference in mean distance between the composite and a refined image therefore mixes geometry with
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11.3 Experiment 14: Routed models with interior restoration

ring width w =4 ring width w =8 ring width w =16

v

target region

Figure 11.2: The construction of Eq. (11.2) for an object mask at three widths w: the dark interior is taken
from the coarse composite, the light band of width w inside the outline, and everything outside
the object, from the refined output.

appearance. With that caveat, one pattern holds on both subsets: on hard resizings the composite
is better, so there refinement moves resized content away from where the transformation put it, as
Experiment 5 found.

Next. The composite is worth keeping where it is reliable, that is, in the interior of the object, which
it copies from the source, while refinement handles the boundary, where the composite’s seam is visible.
The next experiment builds that combination and chooses it by edit type.

11.3 Experiment 14: Routed models with interior restoration

11.3.1 Change

Interior restoration. After refinement, the interior of the object is replaced by the composite, and
a band along the object’s outline is left as refined:

Ruw(I) = My © I + (1 — Miny) © 1, Mint = My © Boyy1, (11.2)

where I is the refined output, & is binary erosion and Bay,t1 a (2w 4 1) x (2w + 1) square, so
that the refined band is w pixels wide inside the outline (Figure 11.2). The composite supplies
the object’s interior, which it copies exactly from the source; the refined band blends the object
into the scene, which the composite cannot do. Interior restoration needs no new generation: it is
applied to images that refinement has already produced. An object narrower than 2w + 1 pixels has
no interior left after erosion, and its output is the refined image unchanged. This experiment uses
w = 12.

The letter w now stands for three quantities, which never meet in one formula: the guidance scale
(§3.7), the strength of latent preservation in Eq. (11.1), and, wherever interior restoration is concerned,
the width of the refined band in pixels. Every value of w is given together with the quantity it belongs
to.
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Hypothesis 4: Anchoring the Refinement to the Coarse Composite

Table 11.3: The first routed models on the development subset and,
unchanged, on the held-out subset.

Hard rotations Hard resizings Translations =~ Whole subset

suBct  MD] SuBctT MDJ) suBct wMD] suBct FIDJ|

Development subset

Baseline 0.8523 14.01 0.8391 19.47 0.9590 3.41 0.9154 132.28
R1 0.8523 14.01 0.8391 17.75 0.9610 3.52 0.9161 132.50
COMP  0.8570 17.36 0.8372 18.35 0.9652 3.68 0.9196 132.47
MAX1 0.8523 14.01 0.8375 17.76 0.9674 3.71 0.9191 132.50

Held-out subset

Baseline 0.8633 11.70 0.8024 29.64 0.9595 3.62 0.9182 132.15
R1 0.8633 11.70 0.8035 23.01 0.9617 3.68 0.9192 132.23
COMP 0.8668 13.62 0.8041 28.07 0.9639 3.94 0.9211 131.86
MAX1 0.8633 11.70 0.8050 23.50 0.9665 3.80 0.9212 131.49

Group sizes: development 22, 23, 67, 200; held-out 24, 22, 66, 200.

Whole subset: warping error 0.0488, 0.0480, 0.0249, 0.0308 (development) and
0.0455, 0.0445, 0.0227, 0.0290 (held-out) for the four rows; DINOv2 distance
1636.82, 1637.15, 1637.87, 1636.52 and 1624.90, 1626.22, 1625.28, 1624.89. Ker-
nel distance is not seeded.

Routing by edit type. Experiments 5, 12 and 13 point to different treatments for different ed-
its: guidance with the object label helps resizings, latent preservation helps translations, and on
rotations the composite’s mean distance is worse than refinement’s. The type of an edit is read
from its parameters (a rotation if ., # 0, a resizing if (s, sy) # (1,1), otherwise a translation),
so a model can act differently for each type without any other information. Three models were
built.

e R1 routes the refinement itself: translations receive latent preservation at w = 0.3 (Experiment 12),
resizings guidance with the object label at w = 10 (Experiment 5), and rotations the released
pipeline.

o« COMP applies interior restoration, Eq. (11.2), to the baseline output of every edit, with the
composite stored with the benchmark.

¢ MAXI1 applies interior restoration to the output of R1, with the composite that R1 itself refined,
and exempts rotations, which keep the baseline output.

All three were evaluated on the development subset and, without any change, on the held-out sub-
set.

11.3.2 Results

R1 changes the images of translations and resizings and leaves every rotation identical to the baseline,
as routing requires. Table 11.3 reports the three models on both subsets.

MAXT1 raises subject consistency on the whole subset by 0.0037 on the development subset and 0.0030
on the held-out subset, and on translations by 0.0084 and 0.0070. It lowers mean distance on hard
resizings by 1.71 and 6.14 pixels, as R1 alone does (1.73 and 6.63), and leaves rotations exactly as
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11.4 Experiment 15: The width of the refined band

they were. Its FID moves by +0.23 on the development subset and by —0.66 on the held-out subset.
On translations its mean distance is 0.30 and 0.18 pixels worse. COMP, which restores the interior
of rotations too, raises subject consistency on hard rotations by 0.0047 and 0.0035 but worsens their
mean distance by 3.35 and 1.92 pixels.

11.3.3 Outcome

The first improvement that holds on unseen edits. MAXI is the first model of the thesis that
improves on the baseline in the same direction on both subsets: higher subject consistency on the
whole subset and on translations, lower mean distance on hard resizings, and rotations unchanged by
construction. The held-out subset played no part in building it, so the improvement is not a product
of fitting the development subset. FID moves in opposite directions on the two subsets, so realism is
unchanged within the resolution of 200 edits.

What is gained by construction. Interior restoration copies the composite into the object, so
the warping error falls mechanically, and part of the gain in subject consistency does too, since that
metric compares the object with the source whose pixels the composite contains (rule 4 of §8.5).
The gains that are not mechanical are the ones that matter: realism does not fall although a re-
stored interior replaces refined content, and the refined band still harmonises the object with the
scene.

Rotations must be exempt. COMP shows what happens without the exemption. Restoring a
rotated object’s interior from the composite raises subject consistency by less than the threshold and
worsens mean distance on hard rotations by 3.35 and 1.92 pixels, several times the cost of interior
restoration on translations, 0.30 and 0.18 pixels for MAX1, where the restored interior is an exact copy.
The resampled, rotated interior is located much less accurately by the keypoint metric than the refined
one, and restoring it undoes what refinement achieves on rotations.

Next. Two properties of MAX1 were fixed without evidence: the width of the refined band, w = 12,
and the use of latent preservation for translations. The next experiments establish the width, test what
makes interior restoration work, and determine for which edit types it helps.

11.4 Experiment 15: The width of the refined band

11.4.1 Change

Interior restoration, Eq. (11.2), was applied to the baseline output of the translations with four widths,
w € {4,8,16,24}, using the composite stored with the benchmark. Translations are studied first
because there the composite is an exact copy of the source, so the width alone decides how much of
the object is exact source and how much is refined. A thin band keeps more of the composite; a wide
band leaves more to refinement.
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Hypothesis 4: Anchoring the Refinement to the Coarse Composite

Table 11.4: Interior restoration on translations for four widths of the refined band. The
other edit types are unchanged.

Translations (n = 67) Whole subset (n = 200)
Width suBct BGCcT WraAP_E| wMD| FIDJ kD]  FID| KDJ
Baseline 0.9590 0.9639 0.0495 3.41 200.04 0.0259 132.28 0.1268
w=4 0.9670 0.9644 0.0115 3.96 199.99 0.0213 132.24 0.1258
w =8 0.9661 0.9643 0.0181 3.89 200.33 0.0231 132.33 0.1260
w=16  0.9640 0.9643 0.0277 3.54 200.96 0.0213 132.47 0.1259
w =24 0.9628 0.9642 0.0346 3.42 201.20 0.0231 132.55 0.1260

Kernel distance is seeded. The DINOv2 distance on the whole subset stays within 1637.09-1637.64
(baseline 1636.82).

(a) subject consistency (b) mean distance (px) (c) FID, translations
201.25 +
0.966 A 3.9 ~ 201.00 4
3.8
0.964 - 200.75 A
3.7
5507 - 200.50 -
35 4 200.25 A
0.960 A baseline ’
200.00 A
1 1 1 1 34 B 1 1 1 1 I‘ 1 1 1
4 8 16 24 4 8 16 24 4 8 16 24
ring width w (pixels) ring width w (pixels) ring width w (pixels)

Figure 11.3: Interior restoration on translations as a function of the width w of the refined band; the dashed
line is the baseline.

11.4.2 Results

The width trades subject consistency against mean distance (Table 11.4, Figure 11.3). At w = 4
subject consistency on translations rises by 0.0080, the warping error falls by 77%, and mean distance
worsens by 0.55 pixels; as the band widens, the gain in subject consistency shrinks to 0.0038 at w = 24
and mean distance returns to the baseline value. FID on translations rises steadily with the width,
from 199.99 at w = 4, the only width below the baseline, to 201.20 at w = 24; the whole subset follows
the same order.

11.4.3 Outcome

The width decides how much of the object is exact source and how much is regenerated. The thinner the
band, the more of the object is the composite’s exact copy, which raises subject consistency and lowers
the warping error by construction, and the more of the composite’s keypoint behaviour appears in mean
distance (Experiment 13). Realism does not suffer from a thin band: the narrowest band gives the best
FID, so the part of the output that costs realism is the regenerated boundary, not the restored interior.
For translations the thin band w = 4 is the best choice, with a declared cost of about half a pixel in
mean distance. Whether interior restoration works because the composite is exact, and whether it can
be applied to every edit type, are the questions of the next experiment.
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11.5 Experiment 16: What makes interior restoration work

Table 11.5: Scope: latent preservation and interior restoration applied to translations only or to every edit.

Whole subset (n = 200) Rotations (n = 66) Resizings

suBct MD|  FID|] FIDginod KD]  MDJ FID| MDJ

Baseline 0.9154 7.60 132.28 1636.82 0.1268  9.63 205.96 10.93
Latent preservation, translations 0.9161 7.65 132,53 1636.51 0.1315  9.63 205.96 10.93
Latent preservation, all edits 0.9175 8.11 133.14 1641.78 0.1381 9.80 207.10 12.48
Restoration w = 8, translations 0.9177 7.56 132.33 1637.22 0.1260 9.63 205.96 10.93
Restoration w = 8, all edits 0.9207 8.68 132.46 1638.16 0.1264 11.30 206.55 10.90

Resizings: n = 67. Kernel distance is seeded. FID on resizings: 201.26 for the baseline, 201.99 with latent preservation
on all edits and 200.92 with interior restoration on all edits.

Table 11.6: Warp quality: the translation composite built by the released
bilinear warp, by an exact integer shift, or by the anti-aliased warp, followed
by interior restoration with w = 8.

Translations (n = 67)

Composite suBCcT WRAP_E| MD] FID] FIDginod KDJ
Bilinear (released) 0.9661 0.0181 3.889 200.33 2449.63 0.0231
Exact integer shift 0.9661 0.0181 3.889 200.33 2449.63 0.0231
Anti-aliased 0.9659 0.0211 3.805 200.51  2449.70 0.0235

Kernel distance is seeded.

11.5 Experiment 16: What makes interior restoration work

11.5.1 Change

Two controls isolate the two properties that could explain the gains.

e Scope. The same operation was applied either to translations only or to every edit: latent preser-
vation at w = 0.3 (Experiment 12), and interior restoration with w = 8. The global version of
latent preservation reproduces the numbers of Experiment 12 exactly on every deterministic metric,
which confirms the mechanism across two separate studies.

o Warp quality. The composite of every translation was rebuilt in two further ways (by an exact
integer shift, and with the anti-aliased warp of Experiment 7), the translations were regenerated
from it, and interior restoration with w = 8 was applied.

11.5.2 Results

Table 11.5 shows that the versions restricted to translations leave rotations and resizings exactly as
they were, while the global versions damage them. Latent preservation on all edits worsens mean
distance on resizings by 1.55 pixels and every realism metric of the whole subset, FID by 0.86 and
the kernel distance by 0.011. Interior restoration on all edits raises subject consistency on the whole
subset the most, by 0.0053, but worsens mean distance on rotations by 1.67 pixels and their FID by
0.59, while it slightly improves resizings. In Table 11.6 the exact integer shift reproduces the released
warp to every digit, and the anti-aliased composite is marginally worse on subject consistency, warping
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Hypothesis 4: Anchoring the Refinement to the Coarse Composite

Table 11.7: Interior restoration applied to each edit type: baseline against restored.

SUBCT WRAP__E| MDJ
Group n w baseline restored baseline restored baseline restored
Translations 67 4 0.9590 0.9670 0.0495 0.0115 3.41 3.96
Resizings, easy and medium 44 8 0.9176 0.9237 0.0523 0.0224 7.58 7.32
Resizings, hard 23 8 0.8391 0.8386 0.0585 0.0259 19.47 18.97
Rotations 66 8 0.8962 0.9012 0.0423 0.0176 9.63 11.30
Rotations, hard 22 8 0.8523 0.8574 0.0416 0.0112 14.01 17.92

FID within each group, baseline against restored: 200.04 against 199.99 (translations), 221.85 against 221.95
(easy and medium resizings), 274.34 against 273.55 (hard resizings), 205.96 against 206.55 (rotations).
Kernel distance is seeded.

error and FID and marginally better on mean distance.

11.5.3 Outcome

Scope decides. The same operation helps the edit types it suits and harms the others, so it has to
be applied selectively. Latent preservation belongs, if anywhere, to translations; interior restoration
harms rotations, as Experiment 14 found, and does not harm resizings.

Restoration works because the interior is exact. Every translation of GeoBench is a whole
number of pixels, so the bilinear warp already copies the object exactly, and an exact shift changes
nothing. The anti-aliased warp filters an already exact copy, which makes the restored interior slightly
less faithful. Better resampling cannot improve a composite that involves no resampling: restoration
gains because it keeps source pixels that are already correct.

Next. Interior restoration is useful where the composite’s interior is reliable, and that depends on
the edit type. The last experiment applies it to each type separately.

11.6 Experiment 17: Interior restoration for each edit type

11.6.1 Change

Interior restoration was applied to each edit type separately: to translations with the width of Ex-
periment 15, w = 4, and to rotations and resizings with w = 8, the width tested on every edit type
in Experiment 16. Resizings are divided by severity into the hard tertile and the easy and medium
tertiles together (§7.2.1), because a resized object is resampled more strongly the further its scale is
from one.
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11.6 Experiment 17: Interior restoration for each edit type

11.6.2 Results

Table 11.7 reports interior restoration for each type. On translations and on easy and medium resizings
it raises subject consistency, by 0.0080 and 0.0061, and lowers the warping error by 77% and 57%;
mean distance worsens by 0.55 pixels on translations and improves by 0.26 on the resizings. On hard
resizings subject consistency does not move (—0.0005) and mean distance falls by 0.50 pixels. On
rotations subject consistency rises by 0.0050 and 0.0051, and mean distance worsens by 1.67 and 3.91
pixels.

Figure 11.4 shows what restoration changes in the image. On a translated painting and on a resized
jar of cream, FreeFine redraws the fine detail of the object (the figures of the painting and the lettering
on the jar, which becomes illegible), while interior restoration keeps the composite’s copy of the source
and refines only the band along the outline.

11.6.3 Outcome

Three regimes. Interior restoration is worth applying where the composite’s interior is reliable:
translations, where it is an exact copy, and moderate resizings, where the resampled interior is still
close to the source and a wider band gives the boundary room to blend. It is harmful on rotations:
subject consistency rises only by what the copied pixels contribute, while mean distance worsens by
several times what restoration costs on translations, the same pattern as in Experiment 14. And
it gains nothing on hard resizings, whose interior is resampled so strongly that it offers little worth
keeping; there the edit has to be reconstructed rather than preserved.

What the chapter establishes. Hypothesis 4 holds selectively. Refinement does lose information
that the composite contains, but little of it on subject consistency (the refined output is within one per
cent of the composite), and keeping the composite pays only where its interior is reliable. There, a thin
refined band around a restored interior improves consistency on unseen edits without costing realism;
elsewhere it trades one metric for another or harms the edit. The choice must therefore depend on
the edit: on its type, and for resizings on how strongly the object is rescaled. Severe resizings remain
the one case that preservation cannot help, and the one case where guidance with the object label
already helps (Experiment 5). Chapter 12 develops that guidance into a reconstruction method for
severe resizings.
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Hypothesis 4: Anchoring the Refinement to the Coarse Composite

(a) Translation: 37 pixels to the left, w=4

interior restoration, detail

Figure 11.4: FreeFine against interior restoration on (a) a translation (w = 4) and (b) a moderate resizing
(w = 8). In each part, the top row shows the source image (red: the object’s mask) and the
whole outputs; the bottom row shows the coarse composite (green: the target mask) and the
region in the yellow box, enlarged.
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Chapter 12

Hypothesis 5: Guiding the Reconstruction of
Severe Resizings

Chapter 11 ended with one case that anchoring cannot help. On hard resizings the composite’s interior
is resampled so strongly that restoring it gains nothing (Experiment 17), and yet the composite places
the object’s keypoints better than the refined output, 16.44 against 19.47 pixels (Experiment 13):
refinement moves the resized content away from where the transformation put it. A severe resizing
asks refinement to reconstruct the object at a scale at which the source never showed it, and the only
change so far that has reduced the loss is guidance with the object label (Experiment 5), which lowers
mean distance on hard resizings by 1.73 pixels while acting only on the band around the object. This
chapter asks whether that reconstruction can be steered better.

Hypothesis 5. On severe resizings refinement must reconstruct the object’s structure at a
new scale, and it does so more accurately when the guidance that steers this reconstruction
is given the right form and applied where it is needed.

Target and criterion. The hypothesis speaks of severe resizings, those whose scale is far from
one. The term receives its exact definition only with the routing rule of Experiment 24 (Eq. (14.1));
until then the group on which it is measured is the hard tertile of the resizings (§8.2), the hard
resizings. Subject consistency on hard resizings is within 0.2% of the composite’s (0.8391 against
0.8408, Experiment 13), so there is almost nothing to gain on it. The chapter is judged by mean
distance on the 23 hard resizings of the development subset, against label guidance at w = 10 (17.75
pixels). A change counts if it lowers mean distance clearly more than the one to two pixels that separate
near-identical variants (Experiment 3), or if a sequence of related changes lowers it consistently,
without lowering subject consistency, background consistency or realism.

Where the change acts. One refined step of the edit branch offers two places to steer the re-
construction (Figure 12.1). This chapter uses the first, the guidance combination after the U-Net,
where the unguided and the label-conditioned noise predictions are combined inside the band mgg
around the object (Eq. (5.9)). Experiments 18 to 21 change the form of this combination: projected
guidance on the noise predictions, in e-space (Experiment 18), guidance split by spatial frequency
(Experiment 19), projected guidance on the denoised predictions, in D-space, which yields the EP-
SREC formulation (Experiment 20), and the scope over which guidance is applied (Experiment 21).
The second place, the decoder features inside the object, which no guidance reaches, is the subject of
Chapter 13.
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Hypothesis 5: Guiding the Reconstruction of Severe Resizings
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Figure 12.1: One refined step of the edit branch and the two points at which the reconstruction is steered.
Guidance, the subject of this chapter, changes how the unguided and the label-conditioned noise
predictions are combined, in the band m.s around the object. Spectral fusion, the subject of
Chapter 13, changes the decoder features ® inside the object, using the features ®¢ that the same
U-Net computes from the composite’s stored inversion latent. The reference branches are not
changed.

Subsets. Experiments 18 to 20 regenerate only the 67 resizings of the development subset, because
the mechanisms are switched on only for them; every other edit would be identical to the model it
is compared with. They report subject consistency, background consistency, the warping error and
mean distance on all resizings and on the hard resizings. Experiment 21 regenerates all 200 edits and
reports every metric, with the kernel distance seeded. The reference model is regenerated in every
study and reproduces the same values to all four decimals each time.

12.1 Experiment 18: Projected guidance in s-space

12.1.1 Change

The guidance correction. Write A; = €, — 5 for the correction that the object label adds to the
noise prediction at refined step 7. Inside mecgg, Eq. (5.8) replaces the prediction by

=g twhA;=cp+ (w—1)4A, (12.1)
so at w = 10 the prediction is extrapolated nine corrections beyond the conditional one. Large scales
are known to over-saturate colours and exaggerate contrast (§3.7), and Sadat et al. [42] traced these
artefacts to one component of the correction. Relative to a vector a, a correction d splits into a part
along a and a part orthogonal to it,

d=Pud+ (d—Psd), (12.2)
with inner products and norms taken over the whole latent of a branch. Taken relative to the con-
ditional prediction, the parallel part only rescales what the model already predicts; the orthogonal
part changes what it predicts. Adaptive Projected Guidance (APG) keeps the orthogonal part at full
weight, weights the parallel part by v < 1, limits the norm of the correction to a threshold r, and adds
a momentum term with a negative coefficient p that subtracts part of the previous correction, so that
the same push is not applied again and again.
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12.1 Experiment 18: Projected guidance in e-space

Table 12.1: Projected guidance in e-space, Eq. (12.3), against label guidance,
with fifteen (s = 35) and five (s = 45) refined steps.

All resizings (n = 67) Hard resizings (n = 23)
SUBCT WRAP_E| MD] SUBCT WRAP_E| MDJ|
Released (no guidance) 0.8906 0.0544 10.93 0.8391 0.0585 19.47
Label, CFG w = 10 0.8908 0.0547 11.28 0.8391 0.0587 17.75
Label, CFG, s = 45 0.8929 0.0502 11.22 0.8416 0.0536 18.08
Label, APG 0.8908 0.0545 11.11 0.8391 0.0585 17.30
Label, APG, s =45 0.8929 0.0501 11.27 0.8416 0.0536 18.41

Background consistency on hard resizings: 0.9623-0.9631.

The rule in e-space. FreeFine combines noise predictions, and the first question is whether APG’s
operations help when applied to them directly, in the space of the noise predictions, called e-space in
this chapter:

’
di= (A4 pA ) minfl, ————— ) A, =0,

( ) ( 1A +#Ai—1||) ' (12.3)
g9 =¢ep+ (w—1)[(di — Pe,d;) + v P, d;i], E=ceg+ (e9 —eg) © Mg

With © = 0, no threshold and v = 1 the rule reduces to Eq. (5.8). It replaces the single line of
the sampling loop that forms the guided prediction; the four-branch batch, the regions and the rest
of the step are unchanged, and the momentum is reset for every edit. The settings are w = 10,
r =25, u=—05and v =0 (n in [42]), which removes the parallel part entirely, as the APG paper
recommends.

Refinement strength. Experiment 3 found that starting refinement later, at s = 45 instead of 35,
lowers mean distance on hard resizings to 18.09 by keeping more of the composite. Label guidance
and APG were therefore also run at s = 45, with five refined steps instead of fifteen, to test whether
weaker refinement and guidance add up.

12.1.2 Results

Table 12.1 reports the four variants. APG lowers mean distance on hard resizings to 17.30, 0.45 pixels
below label guidance, and on all resizings to 11.11, while subject consistency and the warping error
stay where label guidance leaves them. At s = 45 subject consistency on hard resizings rises by 0.0025
and the warping error falls by 0.005 for both kinds of guidance, but mean distance is worse than with
fifteen steps: 18.08 with label guidance, practically the 18.09 of s = 45 without any guidance, and
18.41 with APG.

12.1.3 Outcome

The right direction, below resolution. Removing the parallel part and damping repeated pushes
keeps the geometric effect of guidance and adds a little to it. The 0.45 pixels are below what mean
distance resolves on 23 edits, so this experiment alone is not evidence that APG helps; it shows that
the form of the correction, not only its scale, can be changed without losing what the correction
does.
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Hypothesis 5: Guiding the Reconstruction of Severe Resizings

Guidance needs the refinement window. With five refined steps label guidance changes nothing
(18.08 against 18.09), and APG does not help either. The gains in subject consistency and warping
error at s = 45 are those of copying more of the composite, as in Experiment 3. Steering a recon-
struction requires steps in which to reconstruct, and weakening refinement cannot be combined with
steering it; the start step stays at 35.

Next. Before APG is examined in the space for which it was designed, the next experiment tests a dif-
ferent way of splitting the correction: by spatial frequency instead of by direction.

12.2 Experiment 19: Frequency-decoupled guidance

12.2.1 Change

From direction to frequency. FExperiment 18 split the guidance correction by direction, into a
part along the conditional prediction and a part orthogonal to it. This experiment splits the same
correction by spatial frequency, into its broad and its fine variations, and asks which of the two carries
the geometric effect that label guidance has on hard resizings.

The spatial frequencies of the correction. The correction 4A; is a map: four channels over the
64 x 64 latent grid, each latent pixel covering 8 x 8 image pixels. Like any image, it can be written as a
sum of periodic patterns. A pattern that repeats every A latent pixels has the frequency f = 1/ cycles
per latent pixel. The finest pattern the grid can hold alternates between neighbouring latent pixels,
f = 0.5, a wavelength of 16 image pixels; the broadest vary only once across the whole map. Low
frequencies therefore describe how the correction changes over large distances (which parts of the band
around the object are pushed towards the label, where regions and outlines lie), and high frequencies
how it changes between neighbouring positions: edges, texture and fine detail. Classifier-free guidance
multiplies every frequency of the correction by the same scale w.

What the two bands do. Sadat et al. [43] analysed classifier-free guidance in the frequency domain
and found that the two bands affect generation differently: low-frequency guidance governs the global
structure and the agreement with the condition, high-frequency guidance mainly the fidelity of detail,
and one scale for both leads to over-saturation and reduced diversity when the scale is high. Their
frequency-decoupled guidance (FDG) splits the correction into a low and a high band and gives each
band its own scale.

The rule. The split uses a 5 x 5 binomial low-pass filter, applied to each channel with reflected
borders: _
g=5:[14641]"[14641], AP =gxA;,  AM=A; - AP,

) 124
9 =g, + (wio — 1) AP + (wy; — 1) Al (124)

followed by the regional combination of Experiment 18, & = ez + (¢9 — £g) ® megy (Figure 12.2a).
The two bands add up to the correction, so the guided correction inside the region is €9 — ey =
wlOAio + whiA?i. Along either axis of the map the filter passes a pattern of frequency f with the
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12.2 Experiment 19: Frequency-decoupled guidance
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Figure 12.2: Frequency-decoupled guidance. (a) The label’s correction is split by a low-pass filter into a broad
and a fine band, each band is scaled separately, and their sum replaces the correction of label
guidance inside mcgg. (b) The share of each band in a pattern of spatial frequency f, along either
axis of the latent map; the top axis gives the corresponding wavelength in image pixels. (¢) The
resulting guidance scale per frequency, Eq. (12.5), for label guidance and the two settings tested,
with the mean distance each obtains on hard resizings.

factor H(f) = cos*(rf), and FDG is therefore classifier-free guidance whose scale depends on the

frequency:
w(f) = wio H(f) +wni [1 — H(f)]. (12.5)

The share H(f) of the low band falls from 1 for the broadest patterns to 0 for the finest, and the
two bands share a pattern equally at f = 0.18, a wavelength of about 5.5 latent or 44 image pixels
(Figure 12.2b). Broader patterns are guided mostly with w,, finer ones mostly with wy; (Figure 12.2¢).
With w), = wp; = w the scale is w at every frequency and the rule is Eq. (5.8).

Two settings and what they can show. The low band keeps the scale at which label guidance
helps, w), = 10 (Experiment 5), and only the high band is changed: halved to wy; = 5, or raised by half
to wp; = 15. The two settings separate three possible roles of the high band.

o If the geometric effect of guidance lies in the low band, neither setting moves mean distance on
hard resizings away from the 17.75 of label guidance.

o If high-frequency detail helps the keypoints find the object, wy; = 15 lowers mean distance and
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Hypothesis 5: Guiding the Reconstruction of Severe Resizings

Table 12.2: Frequency-decoupled guidance, Eq. (12.4), with the low band at the scale of
label guidance.

All resizings (n = 67) Hard resizings (n = 23)
SUBCT WRAP_E| MDJ] SUBCT WRAP_E| MDJ
Released (no guidance) 0.8906 0.0544 10.93 0.8391 0.0585 19.47
Label guidance, wj, = wp; = 10 0.8908 0.0547 11.28 0.8391 0.0587 17.75
FDG, wy, = 10, wp; =5 0.8908 0.0545 11.35 0.8392 0.0585 17.90
FDG, wy, = 10, wp; = 15 0.8909 0.0549 11.96 0.8393 0.0589 19.67

Background consistency on hard resizings: 0.9625-0.9631.

wy; = D raises it.
o If high-frequency guidance adds artefacts that mislead the keypoints, wy; = 5 lowers mean distance.

The rule replaces the same line of the sampling loop as Experiment 18 (Figure 12.1) and is ap-
plied to the 67 resizings; everything else is unchanged, and wj, = wp; = 10 reproduces label guid-
ance.

12.2.2 Results

Table 12.2 and Figure 12.2¢ report the two settings, and the result matches the first of the three
possibilities. Halving the high band leaves mean distance on hard resizings at 17.90, within res-
olution of the 17.75 of label guidance, and on all resizings at 11.35 against 11.28. Raising it by
half removes the entire gain of guidance: mean distance on hard resizings rises to 19.67, above the
19.47 of the released pipeline, and on all resizings to 11.96, 0.69 pixels worse than with label guid-
ance. Subject consistency, background consistency and the warping error do not move in either
setting.

12.2.3 Outcome

The effect of guidance lives in the low band. Guidance at the full scale on the patterns broader
than about 44 pixels, and at half the scale on the finer ones, does what label guidance does. The
part of the correction that moves resized content towards its place is its low-frequency part: the broad
push that rebuilds the band around the object as the surroundings of the labelled object. This agrees
with the observation of Sadat et al. that low-frequency guidance governs structure and the agreement
with the condition.

Fine detail in the wrong place hurts. Raising the high band does not merely fail to help; it
cancels the benefit of guidance completely. At wy; = 15 the finest patterns of the correction are applied
at one and a half times the scale, which adds edges and texture to the band around the object, along
its new outline and over the area it vacated. Residual structure of this kind is what a correspondence-
based metric can match to (Experiment 5): the keypoint matcher finds features of the object in its
surroundings instead of on the object. The object itself is left as it was (subject consistency and the
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12.3 Experiment 20: APG in D-space and the EPSREC formulation

warping error, both measured inside it, do not change), so what worsens mean distance lies in the
surroundings, where the guidance acts.

Why frequency decoupling is not pursued. Beyond classifier-free guidance the split adds one
free choice, the scale of the high band, and neither direction helps: lowering it changes nothing and
raising it undoes the gain. The low band carries the effect and is already at the scale that works;
lowering it would weaken that effect, as the dose response of label guidance indicates (18.38 at w = 7.5
against 17.75 at w = 10, Experiment 5). Which frequencies of the correction are applied is therefore
not where guidance can be improved. What remains open is how the correction is applied across
the refined steps, that is, the momentum that Experiment 18 introduced, and the next experiment
examines it in the space for which APG was designed. The frequency view returns in Chapter 13,
applied to the object’s features instead of the guidance.

12.3 Experiment 20: APG in D-space and the EPSREC formulation

12.3.1 Change

Experiment 18 applied the three operations of APG (projection, norm threshold and momentum) to
the noise predictions. APG was designed, however, for a different quantity: the network’s prediction
of the clean image. This experiment moves APG to that quantity and answers two questions. Does it
matter which of the two quantities APG operates on? And which of its three operations produces the
gain? The answer is a formulation called EPSREC, which is the guidance used for severe resizings in
the rest of the thesis. The change is explained in six steps: the two spaces (1), why plain guidance
does not depend on the space (2), the three operations of APG one at a time (3-5), and the variants
that were run together with EPSREC itself (6).

1. Two spaces for the same prediction

At refined step 4, with timestep ¢;, the U-Net returns two noise predictions for the edit branch: the
unguided 4 and the label-conditioned ¢,. The space of these noise predictions is called e-space; it is
the noise space of §3.7.

Every noise prediction can be turned into a prediction of the clean latent: the latent the sampler
would reach if it removed all the predicted noise at once (Eq. (3.7)). Following Sadat et al. [42], this
denoised prediction is written D:

D_Zti_‘/l_&tig

o,

k3

, giving Dg from €5 and D, from €. (12.6)

The space of the denoised predictions is called D-space; it is the clean-sample space of §3.7. Unlike a
noise prediction, D is itself an image, in latent form, and statements such as “raise the contrast” have
a meaning for it.

The label’s correction exists in both spaces:

Ag; =€p — €5, AD; = D, — Dg. (12.7)
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(a) factor ¢; (e-space — D-space) (b) weights of past corrections, last step
0.8 ~ 0.78 @ one-step, u= —0.5
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Figure 12.3: (a) The factor ¢; that converts an e-space correction into a D-space correction, Eq. (12.8), at the
fifteen refined steps (¢ = 281 to ¢t = 1). (b) The weight with which the correction made k steps
earlier enters the momentum at the last refined step, for one-step momentum (u = —0.5) and for
recursive momentum (g = —0.75) with the memory stored in e-space or in D-space.

Ag; is the correction A; of Experiment 18. Writing Eq. (12.6) for D, and for Dy and subtracting, the
latent z;, cancels and

T—ay, 1 —ay,
ADZ‘ = —\/? AEZ‘ = —C; Aai, C; = — at,’ (12'8)
ati ati

where ¢; is the factor ¢; of Eq. (3.11) at the timestep of step i. The two corrections point in opposite
directions of the same line and differ in size by the factor ¢;. That factor depends strongly on the step
(Figure 12.3a): ¢; = 0.78 at the first refined step (t = 281) and ¢; = 0.04 at the last (¢ = 1), about nine-
teen times smaller. The same correction of the noise prediction therefore changes the predicted image
nineteen times more at the beginning of refinement than at the end.

2. Plain guidance is the same in both spaces

Classifier-free guidance in e-space extrapolates the conditional prediction by the correction, Eq. (12.1):
e =¢ep+ (w—1)Ae;.

The same rule in D-space is D9 = D, + (w — 1) AD;. To be used by the sampler, DY has to be
converted back into a noise prediction by inverting Eq. (12.6):

— /oy, D9
g9 = Pt T VO P (12.9)
V1= Qg
Substituting DY = Dy, + (w —1)AD; and AD; = —c¢;Ag;, the first part returns ¢, and the second part

returns (w — 1)Ag;:

2, — /oy, D N
‘2j?f%%fg ;ﬁfg%f i Ay = ep + (w— 1) Ag. (12.10)
\_v_l/ \—,1_/

=¢ep =1

e = +(w—1)
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12.3 Experiment 20: APG in D-space and the EPSREC formulation

Both routes give the same prediction. Plain guidance only scales the correction, and scaling commutes
with the factor ¢;. APG does more than scale: it projects, caps and accumulates the correction,
and each of these operations is affected by ¢; differently. The next three steps take them one at a
time.

3. Operation one: the projection

APG splits the correction into a part along the conditional prediction and a part orthogonal to it,
Eq. (12.2), and removes the parallel part (v = 0). The conditional prediction is different in the two
spaces:

e in e-space (Experiment 18) the parallel part is taken along ep;
e in D-space it is taken along D,,.

By Eq. (12.6), D, is a mixture of the current latent and the noise prediction, not a multiple of ¢),: at
the first refined step D, = 1.27 z;, — 0.78 ¢, and at the last D, =~ z;,. The two projections therefore
remove different parts of the correction.

Only in D-space does the parallel part have a clear meaning. A correction along D, changes the
predicted image by a multiple of itself: it makes the image stronger or weaker, in contrast and
saturation, without changing what the image shows. Sadat et al. identified this part as the cause of
over-saturation at high guidance scales, and APG removes it.

4. Operation two: the norm threshold

APG caps the size of the correction at a threshold r, d <— d - min(1, r/||d||), where the norm is taken
over the whole latent of the branch. By Eq. (12.8), [|AD;|| = ¢; ||Ag;]|, so a threshold means different
things in the two spaces.

o A fized D-space threshold rp is the e-space threshold rp/¢;, which changes from step to step. For
rp = 7.5 it is 9.6 at the first refined step and 182 at the last.

e To keep the e-space threshold of Experiment 18, r = 5, at every step, the D-space threshold has to
follow ¢;: rp(i) = 5¢;, from 3.89 at the first step to 0.21 at the last. This is called the e-equivalent
threshold.

5. Operation three: the momentum

The momentum has two separate aspects: the rule by which past corrections are combined, and the
space in which they are stored.
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The rule: one-step or recursive. The one-step rule of Experiment 18 adds a fraction of the
previous correction only:
d; = Ae; + nAe;_q, u=—0.5.

The recursive rule keeps a running memory u; of all past corrections, starting from zero at the first
refined step s:

u; = Ag; + pui—1, us—1 =0 — wi = Aej+ pAei_1 + pl Aei_o+ ... (12.11)

The correction made k steps earlier enters with the weight x*. With u = —0.75 the weights are 1,
—0.75, 0.56, —0.42, 0.32, and so on: each step subtracts part of the previous correction and adds back
part of the one before.

What a negative o does is clearest in two extreme cases.

o If the correction is the same at every step, Ag; = A, the memory settles at A/(1 —pu) =0.57A. A
push that guidance keeps repeating is damped.

o If the correction flips sign at every step, the memory settles at A/(1+p) = 4 A in size. A correction
that changes is passed on, even amplified.

Recursive momentum with p < 0 therefore weakens the part of the correction that persists from step
to step and keeps the part that changes.

The space: where the memory is stored. The recursion can be run on either correction of
Eq. (12.7).

« Memory in D-space: u” = AD;+puP ;. Substituting AD = —c A¢ at every step and unrolling,

Cit
u? = *(CZ' Ag; + neci—1 Agi_1 + ,U,2 Ci—o Ag;_o + .. ) = —¢; Z /,Lk ! Ag;_y. (1212)

k>0 Ci

Relative to the current step, the correction made k steps earlier has the weight ¥ ¢;_j, /c;i. Since ¢
decreases along the window, ¢;_j/c; > 1: older corrections are inflated, and the more so the later
the step.

e Memory in e-space: u; = Ag; + pu;—1, Eq. (12.11), converted to D-space only once, with the
current factor: d; = —c¢; u;. The weights are ,uk at every step.

Table 12.3 gives the weights at three points of the window, and Figure 12.3b shows them at the last

step. Storing the memory in D-space mixes corrections measured on different scales; storing it in
e-space and converting once keeps a single scale.

6. The variants and EPSREC

The variants. Five variants were run, all with w = 10 and v = 0. Table 12.4 lists their settings
next to those of Experiment 18.

Each comparison isolates one question.
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12.3 Experiment 20: APG in D-space and the EPSREC formulation

Table 12.3: Weight of the correction made k steps earlier in the recursive
memory, g = —0.75.

0
Memory in e-space, any step 1 —-0.75 0.56 —0.42
Memory in D-space, 3rd refined step (¢ = 241) 1 —-0.81 0.65 n/a
1
1

Memory in D-space, 8th refined step (¢ = 141) —0.83 0.68 —0.56
Memory in D-space, last refined step (t = 1) —2.57 275 —259

D-space weights are relative to the current step’s scale, u* ¢;_/ci, Eq. (12.12). At
the 3rd refined step only two earlier corrections exist.

Table 12.4: Settings of the APG variants. All use w = 10 and v = 0.

Variant Projection along  Threshold Momentum rule g Memory stored in
Experiment 18 ¢, 5 in e-space one-step —0.5 none

(a) D, 5(:z (e-equivalent) one-step —0.5  none

(b) D,, inside my ¢; (e-equivalent) one-step —0.5  none

(c) D, 561 (e-equivalent) recursive —0.75  D-space

(d) D, 5 (fixed) recursive —0.75 D-space

(e) EPSREC D, 5cZ (e-equivalent) recursive —0.75 e-space

o (a) against Experiment 18: the projection. With one-step momentum, the D-space correction
of (a) is the correction of Experiment 18 multiplied by —c¢;, and the e-equivalent threshold caps it
exactly as before. Only the vector along which the parallel part is removed differs: D), instead of
Ep-

o (b) against (a): where the projection statistics are computed. The correction is applied
only inside the band mefs, so in (b) the inner products of the projection and the norm of the
threshold are computed inside the band only. The norm is divided by the square root of the band’s
area fraction, so that the threshold keeps its meaning.

e (c) against (a): the momentum rule. Recursive instead of one-step, with the coefficient
@ = —0.75 used with the recursive rule instead of —0.5. These two settings change together, and
their joint effect is measured.

o (d) against (c): the threshold. A fixed D-space threshold of 7.5 instead of the e-equivalent 5¢;.

o (e) against (c): where the memory is stored. In e-space instead of D-space; nothing else
differs.

EPSREC. Variant (e) is called EPSREC: APG with a recursive memory stored in e-space. At every
refined step ¢ it computes the guided noise prediction in eight steps:

1. the label’s correction in e-space, Ag; =€) — €g;
2. the memory in e-space, u; = Ae; + pu;—1, with us_1 =0 and u = —0.75;

3. one conversion to D-space with the current factor, d; = —c; u;;
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Table 12.5: Mean distance on the resizings for the APG variants of Table 12.4.

Mean distance]

Variant All (n =67) Easy, medium (n =44) Hard (n = 23)
Released (no guidance) 10.93 7.58 19.47
Label guidance, CFG w = 10 11.28 7.80 17.75
Experiment 18: APG in e-space 11.11 n/a 17.30
(a) projection along D, 11.10 7.81 17.39
(b) statistics inside Mg 11.15 7.88 17.31
(¢) recursive, memory in D-space 11.00 7.87 16.77
(d) as (c), fixed threshold 7.5 11.00 7.87 16.77
(e) EPSREC: memory in e-space 10.92 7.78 16.61
EPSREC on hard resizings only 10.81 7.58 16.61

On hard resizings all variants (a)—(e) give subject consistency 0.8390-0.8391, background con-
sistency 0.9625-0.9627 and warping error 0.0585. The study of Experiment 18 did not score the
easy and medium resizings separately.

4. the e-equivalent threshold, d; < d; - min(1, 5¢;/||d;||), which is the same as capping ||lu;|| at 5;

5. the projection along D, d” =Pp,d; and d| =d; — d”, keeping dpyoq = d + VdH =d, since v = 0;
6. the guided denoised prediction, D9 = D, + (w — 1) dmod, With w = 10;

7. the conversion back to e-space by Eq. (12.9), €9 = (2, — /&, D9)/\/T — au;

8. the guided prediction applied only in the band, é =¢eg + (€9 — eg) © Mefg.

With p = 0, no threshold and v = 1, steps 2 to 5 leave d; = AD;, and by Eq. (12.10) the result is
plain label guidance, Eq. (5.8); a numerical test of this identity on random inputs agrees to 4 x 1076
in single precision. Like the other variants, EPSREC replaces only the line of the sampling loop that
forms the guided prediction, the line that Experiment 18 replaced; the four branches, the regions, TCA
and Local Perturbation are unchanged. Every variant regenerates the 67 resizings of the development
subset.

12.3.2 Results

Table 12.5 reports the variants, and Figure 12.4 places them next to the other guidance formulations
of the chapter. Taken comparison by comparison, on hard resizings:

o Projection. (a) against Experiment 18: 17.39 against 17.30, no difference within resolution.
o Statistics. (b) against (a): 17.31 against 17.39, no difference.

e Momentum rule. (c) against (a): 16.77 against 17.39, a reduction of 0.62 pixels, the largest
single change.

o Threshold. (d) against (c): identical to every decimal on every group.
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released (no guidance) 19.47
label, CFG w =10 (Exp. 5)
label, CFG, s=45 18.08
APG in e-space 17.30
APG in e-space, s =45 18.41
FDG, wj, =10, wp;j=5 17.90
FDG, wj, =10, wp; =15 19.67
(a) D-space, one-step 17.39
(b) (a), statistics inside mczy 17.31 B Exp. 18
(c) D-space, recursive, memory in D 16.77 B Exp. 19
I Exp. 20

16.61

(e) EPSREC, memory in ¢ -[mm—— 16.61 composite (Exp. 13)

1
15 16 17 18 19 20
mean distance on hard resizings (pixels, n =23)

Figure 12.4: Mean distance on the 23 hard resizings for every guidance formulation of Experiments 18 to 20.
The dotted line is the coarse composite scored as an output (Experiment 13).

o Memory space. (e) against (c¢): 16.61 against 16.77, a further 0.16 pixels.

EPSREC ends 1.14 pixels below label guidance and 2.87 pixels, or 14.7%, below the released pipeline.
On all resizings it reaches 10.92, where label guidance had raised mean distance to 11.28. On the easy
and medium resizings every form of guidance is worse than none, by 0.20 to 0.30 pixels; applied to the
hard resizings only, EPSREC lowers mean distance on all resizings to 10.81. Subject consistency, back-
ground consistency and the warping error are the same for all variants.

12.3.3 Outcome

The threshold never acts. Had either threshold clipped the correction at any step of any edit,
(¢) and (d) would differ. They do not, so the correction stays below 5¢; at every step, below 0.21 at
the last one. The threshold is APG’s safeguard for scales far higher than w = 10; here it plays no
role.

The projection does not matter. Removing the part along the predicted image, which changes
contrast and saturation, does not move the object’s geometry, and removing it along ¢, or along D,,
with image-wide or regional statistics, gives the same result.

The recursive momentum is what helps. Of the five changes, the recursive rule is the one that
lowers mean distance most. A plausible reading follows from its two extreme cases: guidance that
damps the push it has been repeating, and keeps its strength for what is new in the correction, steers
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the reconstruction of the band around the object step by step instead of pushing it ever further in one
direction.

Why the memory is stored in e-space. With the memory in D-space, old corrections dominate
late in refinement (Table 12.3); in e-space every step uses the same weights. The 0.16 pixels between
the two are within resolution. EPSREC is chosen because it is the consistent form and gives the lowest
value, not because this last step is established on its own.

Guidance belongs to hard resizings. On easy and medium resizings the refined object is al-
ready close to its target and the band around it is narrow; guidance has little to reconstruct there
and costs a fifth of a pixel or more. Restricted to hard resizings, EPSREC improves all resiz-
ings.

How strong the evidence is. FEach change on its own is smaller than what mean distance resolves
on 23 edits. The evidence for EPSREC is the size of its total effect, 2.87 pixels below the released
pipeline and 1.14 below label guidance, the consistent decrease along the sequence of variants, and
the absence of any cost on the other metrics. On the development subset its value on hard resizings,
16.61, is within 0.17 pixels of the composite itself. These are estimates from 23 edits, for a formulation
chosen on the same edits; how much of the reduction holds on all severe resizings is measured in
Chapter 15. EPSREC, with w = 10, v =0, u = —0.75 and r = 5, is the guidance used from here on.
Where it should be applied is the question of the next experiment.

12.4 Experiment 21: Where the guidance should act

12.4.1 Change

Experiments 18 to 20 guided resizings only. This experiment regenerates all 200 edits with guidance
at five scopes:

label and CFG at w = 10 on every edit;
e label and EPSREC on every edit;

o the routed model R1 of Experiment 14, with EPSREC in place of CFG on the resizings (latent
preservation on translations, the released pipeline on rotations);

e label and EPSREC on hard resizings only, the released pipeline elsewhere, assembled from the
images already generated;

« EPSREC on every edit without the label, that is, with the released empty prompt, at the settings
of Experiment 20 and with 4 = —0.5, u = 0 and v = 0.25.

The last group tests what the algebra predicts. Without the label e, = €5 (Eq. (9.2)), so the correction
Ag; is zero at every step. In the eight steps of EPSREC (Experiment 20) the memory w; and the
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Table 12.6: Guidance applied at different scopes, all 200 edits regenerated.

Hard rotations Hard resizings FEasy, medium Translations

SUBC?T MDJ SUBCT  MDJ res. MD| SUBCT MDJ
Released 0.8523 14.01 0.8391 19.47 7.58 0.9590 3.41
Label + CFG, all edits 0.8529 14.69 0.8391 17.75 7.80 0.9587 3.29
Label + EPSREC, all edits 0.8528 14.48 0.8391 16.61 7.78 0.9588 3.35
R1 with EPSREC 0.8523 14.01 0.8391 16.61 7.78 0.9610 3.52
Label + EPSREC, hard res. only 0.8523 14.01 0.8391 16.61 7.58 0.9590 3.41
EPSREC, no label, all edits 0.8523 14.01 0.8391 19.47 7.58 0.9590 3.41

Whole subset (n = 200)

SsuBCctT BGCT MD) FID| FIDginod KDJ

Released 0.9154 0.9657 7.60 132.28 1636.82 0.1268
Label + CFG, all edits 0.9154 0.9657 7.72 132.51 1637.89 0.1254
Label + EPSREC, all edits 0.9154 0.9655 7.56 132.30 1637.65 0.1259
R1 with EPSREC 0.9161 0.9650 7.62 132.42 1637.13 0.1313
Label + EPSREC, hard res. only 0.9154 0.9656 7.52 132.14 1637.17 0.1266
EPSREC, no label, all edits 0.9154 0.9656 7.60 132.28 1636.82 0.1268

Group sizes: hard rotations 22, hard resizings 23, easy and medium resizings 44, trans-
lations 67. Kernel distance is seeded. The four variants without the label are identical
to one another on every group and metric, and differ from the released pipeline by at
most 0.002 pixels in mean distance, 0.004 in FID, 0.005 in the DINOv2 distance and
0.0001 in background consistency.

correction d; then stay zero, DY = D), and the conversion back gives €9 = ¢, = 5. EPSREC reduces
to the unguided prediction for every value of u, v and r: momentum, projection and threshold act on
the correction, and without the label there is no correction to act on.

12.4.2 Results

Table 12.6 reports the five scopes. On hard rotations the label worsens mean distance by 0.68 pixels
with CFG and by 0.47 with EPSREC, and on all rotations by 0.16 with either (9.79 against 9.63). On
translations it lowers mean distance by 0.06 to 0.12 pixels and subject consistency by 0.0002 to 0.0003.
On easy and medium resizings every guided variant costs 0.20 to 0.22 pixels. EPSREC restricted to
the hard resizings gives the lowest mean distance on the whole subset, 7.52, and the lowest FID,
132.14, and leaves every other edit exactly as the released pipeline makes it. The R1 variant carries
the higher kernel distance of latent preservation on translations (0.1313), as in Experiment 16. The
four variants without the label coincide with one another and reproduce the released pipeline to within
floating-point rounding, which enters because the guided prediction is formed through the round trip
to D-space and back (steps 3 to 7 of EPSREC).

12.4.3 Outcome

Guidance belongs to hard resizings. FEvery other edit type either loses or gains nothing measur-
able. On rotations the label steers the thin band around the object without supplying its orientation
(Experiment 5), on translations its effects are far below what either metric resolves, and on milder
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resizings it costs a fifth of a pixel. Restricted to hard resizings, EPSREC is the one scope that improves
mean distance on the whole subset while leaving every other edit untouched. Its FID is the lowest in
the table, but differences of this size in realism are within the variation of 200 edits (Experiment 14);
what the table shows is that restricting the guidance costs no realism.

The label carries the guidance. Without the label EPSREC is inert, for every setting of the
momentum and of the parallel weight, as the algebra requires. Every effect of EPSREC therefore
passes through the correction that the label creates, and its settings can be compared only in the
label’s presence, which Experiment 20 did for the momentum. The parallel weight stays at v = 0, the
value recommended by Sadat et al.

What the chapter establishes. Hypothesis 5 holds for severe resizings, and only for them. Guid-
ance in the form of EPSREC lowers mean distance on the hard resizings of the development subset
from 19.47 to 16.61 pixels, by 14.7% and to within 0.17 pixels of the composite itself, while subject
consistency, the warping error and realism stay where they were and background consistency changes
by less than 0.001. The gain comes from the label and from a momentum that damps repeated pushes,
not from the projection or the threshold of APG, and it belongs to hard resizings: on rotations the
label is harmful, on translations it does nothing measurable, and milder resizings are better served by
the interior restoration of Chapter 11. EPSREC on severe resizings is the reconstruction component
carried forward; on all 759 severe resizings of the benchmark it lowers mean distance by 0.34 pixels,
or 1.8% (Chapter 15). Guidance acts, however, only on the band around the object; the object itself
lies outside every guided region (Eq. (5.9)), and inside it refinement is left to TCA, which transplants
source features at the source scale. Chapter 13 asks whether the composite’s structure can be supplied
there.
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Chapter 13

Hypothesis 6: Supplying the Composite’s
Structure inside the Object

Chapter 12 steered the reconstruction of severe resizings through guidance, and EPSREC lowered
mean distance on hard resizings from 19.47 to 16.61 pixels. Guidance, however, acts only on the
band around the object: the object itself lies outside every guided region (Eq. (5.9)). Inside the
object refinement is left to TCA, which retrieves source features by content and at the source scale
(Chapter 10). For a severe resizing the coarse composite already shows the object at its target scale and
position: resampled, with detail lost under enlargement and aliased under reduction (Experiment 7),
but with its structure where the edit puts it. This chapter asks whether that structure can be given
to the refinement inside the object.

Hypothesis 6. Supplying the structure of the coarse composite inside the object, as
selected frequency bands of the U-Net’s own decoder features, improves the reconstruction
of severe resizings beyond what guidance achieves.

Target and criterion. The target and the criterion are those of Chapter 12: mean distance on
the 23 hard resizings of the development subset, where a change counts if it lowers mean distance
clearly more than the one to two pixels that separate near-identical variants (Experiment 3), or
consistently across related variants, without lowering subject consistency, background consistency or
realism. Fusion added to guidance is compared with label guidance (17.75 pixels) and with EPSREC
(16.61); fusion on its own is compared with the released pipeline (19.47).

Where the change acts. Figure 12.1 shows one refined step with both points at which the recon-
struction can be steered. Guidance, the subject of Chapter 12, combines the two noise predictions in
the band around the object. Spectral fusion, the subject of this chapter, corrects the U-Net’s decoder
features inside the object. Experiment 22 introduces the mechanism and a first sweep of its strength
and band; Experiment 23 generalises it to more bands, a different reference, every edit type, with and
without label guidance, and in combination with EPSREC.

Subsets. Experiment 22 regenerates only the 67 resizings of the development subset, on top of
label guidance, and the 66 rotations for one variant; it reports subject consistency, background con-
sistency, the warping error and mean distance on all resizings, on the hard resizings and on the
rotations. Experiment 23 regenerates all 200 edits and reports every metric, with the kernel distance
seeded.
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Hypothesis 6: Supplying the Composite’s Structure inside the Object

13.1 Experiment 22: Spectral feature fusion

13.1.1 Change

Spectral fusion changes one intermediate feature map of the U-Net’s decoder, inside the object. The
change is explained in five steps: which features are changed (1), where the reference comes from (2),
what a frequency band of a feature map is (3), the fusion rule (4) and when it acts (5). The bands
and the variants of this experiment follow.

1. The features that are changed

The decoder of the U-Net rebuilds the image at increasing resolution (Table 3.1). After its second
level it holds a feature map ® with 1280 channels on a 32 x 32 grid; each grid position covers 16 x 16
image pixels. Channel by channel it is written ®¢(z,y), with £ = 1,...,1280 and z,y = 0,...,31.
This map is the input of the two decoder levels that TCA modulates (blocks 10 to 15), so a change
here reaches every transplanted layer. It is also the depth at which DIFT extracts its correspondence
features [25]: diffusion features at this depth are known to encode where the parts of an object are.
The keypoint metric uses a different network, SD-2.1, so fusion does not optimise the metric. Fusion
changes ® in the two edit rows of the batch, the unguided and the label-conditioned one; the reference
branches are never touched.

2. The reference features

The inversion of §5.4.1 stores the composite’s latent 2f at every refined timestep. At refined step i the
same U-Net is run on 2, at the same timestep and with the same prompts, and stopped after the sec-
ond decoder level. This partial pass, written U, gives the reference map

O = U(25, 1), (13.1)

with the same shape as ®. It runs transformer blocks 0 to 9 only, none of which TCA modu-
lates, so ®f describes the composite as the network sees it: the object at its target scale and po-
sition.

3. Frequency bands of a feature map

Every channel of a feature map is a 32 x 32 image, and like any image it can be written as a sum of
waves, by the two-dimensional discrete Fourier transform:

15 15
(I)k(xu y) - Z Z q)k(u7 ’l)) 62m (u:(:+vy)/327 Q) = ‘F((I)k) (132)
u=—16 v=—16

The coefficient ®(u,v) is the amount of the wave with frequency (u,v) in channel k. That wave
repeats p = Vu? + v? times across the map, so its wavelength is 32/p grid positions, or 512/p image
pixels.
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13.1 Experiment 22: Spectral feature fusion

o The frequency (0,0) is the mean of the channel.

e Small p are variations that extend over large parts of the image: the broad layout. At p = 3 the
wavelength is 171 pixels.

o Large p are variations over a few grid positions: parts, contours and texture. The finest, p = 16,
have a wavelength of 32 pixels.

A band is chosen by a weight w(u,v) € [0, 1] for every frequency. The band filter keeps each frequency
of each channel in proportion to its weight:

B, (®) = F Hwo F()]. (13.3)

With w =1 the filter returns ® unchanged; with w = 0 it returns zero.

4. The fusion rule

At refined step i the edit features are corrected inside the object by
D — D+ K My © (Bu(®5) — B (D)), (13.4)

where M; is the target mask resized to 32 x 32 (bilinearly, so it takes values between 0 and 1 along
the outline) and k; > 0 is the strength at step i.

What the rule does is clearest without the mask (M; = 1). The filter is linear, so in the Fourier
domain the rule acts on every frequency separately:

D(u,v) — (1—riw(u,v)) (u,v) + K w(u, v) D5 (u, v). (13.5)

Each frequency is blended between the edit’s features and the composite’s, with its own weight
kiw(u,v). A frequency with w = 0 stays the edit’s; a frequency with w = 1 moves a fraction k;
of the way towards the composite’s. The mask then confines the change to positions inside the object;
outside the object ® is left as it is.

5. When it acts

The strength is a smooth pulse at the beginning of the refined window. With the progress p; =
(1 —s)/(49 — s) € [0, 1] through the fifteen refined steps,

Ki = Ko - 3[1 + cos(mp;/h)] for p; < h, k; = 0 otherwise. (13.6)

k; starts at kg at the first refined step and falls to zero at the fraction h of the window. For kg = 0.30
and h = 0.55 its values at the fifteen refined steps are 0.30, 0.29, 0.25, 0.20, 0.14, 0.08, 0.03, 0.01 and
then zero: fusion acts in the first eight steps, t = 281 to t = 141, while the layout of the image is
formed, and leaves the last seven steps to refinement alone.
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Hypothesis 6: Supplying the Composite’s Structure inside the Object

Table 13.1: Spectral feature fusion, Eq. (13.4): resizings on top of label guidance,
rotations on top of the released pipeline.

All resizings (n =67)  Hard resizings (n = 23)

MD| SUBCT WRAP_E| MDJ

Label guidance only 11.28 0.8391 0.0587 17.75
High band, ko = 0.15 11.28  0.8392 0.0587 17.80
High band, kg = 0.30 11.27  0.8392 0.0587 17.03
High band, kg = 0.50 11.49 0.8392 0.0586 18.01
Full band, kg = 0.30 11.26  0.8393 0.0587 17.27
High band, x¢o = 0.30, h = 0.35 11.28  0.8392 0.0587 17.35

All rotations (n = 66) Hard rotations (n = 22)

SUBC?T MDJ  SUBC?T MDJ,
Released 0.8962 9.63 0.8523 14.01
High band, ko = 0.30, h =0.45 0.8962 9.60 0.8524 13.96

Background consistency on hard resizings: 0.9625-0.9627; on rotations background con-
sistency and the warping error are unchanged.

The two bands. Experiment 22 uses two weights.

» High band: w(u,v) =1 if p > 3 and 0 otherwise. It leaves the 29 lowest of the 1024 frequencies
(the mean of each channel and every variation longer than 171 pixels) to the edit, and blends
everything finer: parts, contours and texture.

o Full band: w = 1. Every frequency is blended, and Eq. (13.4) becomes a plain blend towards the
composite’s features, ® < (1 — ;M) © @ + x; My © S

The high band is expected to work better. The composite’s lowest frequencies include the overall
appearance of the inserted object and of its seam, which refinement is meant to change. The high band
transfers the structure and leaves refinement free to harmonise the appearance.

Variants. On the 67 resizings, on top of label guidance at w = 10: the high band with ¢ €
{0.15,0.30,0.50} and h = 0.55; the full band with ko = 0.30; and the high band with k9 = 0.30 and the
shorter horizon h = 0.35, which acts in the first five steps. On the 66 rotations, on top of the released
pipeline: the high band with kg = 0.30 and h = 0.45, seven steps.

13.1.2 Results

At kg = 0.30 the high band lowers mean distance on hard resizings to 17.03, 0.72 pixels below label
guidance, and the full band to 17.27 (Table 13.1). Half the strength does nothing (17.80) and a higher
one worsens the result (18.01); the shorter horizon keeps about half of the reduction (17.35). Subject
consistency and the warping error stay within 0.0002 of label guidance. On rotations mean distance
falls by 0.05 pixels on hard rotations and 0.03 on all rotations.
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13.2 Experiment 23: The spectral search

13.1.3 Outcome

A narrow effect in the expected direction. The high band helps more than the full band,
as the choice of band predicted, and fusion acts only where the composite has something to give:
on rotations, whose composite is itself a rotated resampling (Experiment 17), it changes nothing.
Its effect on the object’s pixels is small (subject consistency and the warping error, both measured
inside the object, do not move), and its effect on geometry appears at one strength only and re-
verses at a higher one. The best reduction, 0.72 pixels, is below what mean distance resolves on 23
edits.

Next. The experiment motivates fusion but does not establish it. The next experiment tests it
broadly: more bands, a different reference, every edit type, with and without label guidance, on all
200 edits.

13.2 Experiment 23: The spectral search

13.2.1 Change

Bands. Experiment 23 compares five weights w(u,v). The first two are those of Experiment 22 and
the other three are new. Writing p = vu? + v? for the frequency and ¢ for the direction of the vector
(u,v):

e Full: w =1 for every frequency.
e High: w =1 for p > 3, and 0 otherwise.

e Mid: w =1 for 1 < p <3, and 0 otherwise. Only 24 frequencies, with wavelengths between 171
and 512 pixels, are blended: the broad layout of the object at the scale of its whole extent, without
the mean and without any finer detail.

e Mid + high: w=1for 1 < p <3 and w = 0.65 for p > 3. The layout is blended at full weight
and the detail at a reduced weight.

o Directional high: w = 0.35 4+ 0.65|cos(¢ — 0)| for p > 3, and 0 otherwise, where § = r, is
the rotation angle of the edit. A wave whose frequency points along 6 gets the weight 1 and one
perpendicular to it 0.35. For translations and resizings 6 = 0.

Every band except the full one leaves the mean of each channel to the edit.

Reference timing. In Experiment 22 the reference at step i is ®f = U(zf,,1;), Eq. (13.1): it has
the same noise level as the features it corrects. A fized reference uses one map at every step at which
fusion acts,
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Hypothesis 6: Supplying the Composite’s Structure inside the Object

Table 13.2: Spectral fusion with and without label guidance, all 200 edits.

Hard resizings Easy, medium resizings Hard
rotations

Band with without with without
none (reference) 17.75 19.47 7.80 7.58 14.01
high 17.03 19.91 7.76 7.59 13.91
full 17.27 22.54 7.73 7.59 14.08
mid 17.44 19.62 7.85 7.50 14.00
mid + high 16.84 22.08 7.82 7.53 13.88
directional high 17.37 20.11 7.80 7.60 13.96
high, fixed ref. 17.06 19.77 7.82 7.58 14.00
mid + high, fixed ref. 17.38 22.04 7.76 7.61 14.11

All values are mean distance in pixels. “With” and “without”: on top of R1 (label guidance
on resizings) or of the released pipeline. Hard rotations are the same in both, since R1
leaves rotations to the released pipeline. For every configuration, subject consistency is
0.8391-0.8393 on hard resizings and 0.8523-0.8524 on hard rotations, and mean distance
on translations without the label is 3.40-3.42 (released 3.41). On the whole subset FID
is 132.49-132.51 with the label (R1 alone 132.50) and 132.26-132.28 without (released
132.28); the kernel distance is 0.1311-0.1312 with the label (R1 alone 0.1312) and 0.1268
without (released 0.1268). Group sizes: hard resizings 23, easy and medium resizings 44,
hard rotations 22. Kernel distance is seeded.

computed at the timestep ¢t = 181, 35% of the way through the refined window. It tests whether the
reference must share the noise level of the features it corrects.

With and without label guidance. Every configuration was run on top of R1 (Experiment 14),
which applies label guidance at w = 10 to resizings, latent preservation to translations and the released
pipeline to rotations, and on top of the released pipeline alone. Fusion acts on every edit type, with
ko = 0.30 and h = 0.55.

With EPSREC. The high and mid + high bands were also combined with EPSREC (Experi-
ment 20): with the label and EPSREC on every edit, the high band within R1 with EPSREC on
resizings, and both bands with EPSREC but without the label.

13.2.2 Results

With label guidance every band lowers mean distance on hard resizings below label guidance alone,
to between 16.84 (mid + high) and 17.44 (mid); without it every band raises it above the released
pipeline, to between 19.62 (mid) and 22.54 (full) (Table 13.2, Figure 13.1). The bands that transfer the
mid and the high frequencies together, full and mid + high, are the most harmful without guidance,
by 2.6 to 3.1 pixels, while either band alone costs at most 0.6. On the easy and medium resizings,
on the translations and on the hard rotations no band moves mean distance by more than 0.13
pixels, and FID and the kernel distance stay those of the model that fusion is added to. Combined
with EPSREC (Table 13.3), the mid + high band gives the lowest mean distance on hard resizings
measured on the development subset, 16.43, 0.18 pixels below EPSREC alone, while the high band
gives 17.65, 1.04 above it. Without the label, EPSREC adds nothing to either band, as Experiment 21
predicts.
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13.2 Experiment 23: The spectral search

Table 13.3: Spectral fusion combined with EPSREC, all 200 edits.

Hard resizings Hard rotations Whole subset (n = 200)

MDJ MD) wMDJ)  FIDJ KDJ

Label + EPSREC, all edits 16.61 14.48 7.56 132.30 0.1259
+ high band 17.65 14.76  7.71 132.28 0.1260
+ mid + high band 16.43 14.58 7.58 132.29 0.1259
R1 with EPSREC 16.61 14.01 7.62 132.42 0.1313
+ high band 17.65 13.91 7.78 13241 0.1314
EPSREC, no label, + high band 19.94 13.91 7.78 132.28 0.1268
EPSREC, no label, + mid + high band 22.08 13.88 7.78 132.27 0.1268

Hard resizings n = 23, hard rotations n = 22. Kernel distance is seeded.

13.2.3 Outcome

Fusion works only together with guidance. The same transfer of the composite’s structure im-
proves hard resizings when the label steers the band around the object and worsens them when it does
not; transferring the object’s layout and its detail together is the most harmful without the label, and
mid + high the most useful with it. The two mechanisms act on complementary regions (Figure 12.1):
guidance reconstructs the band outside the object towards what the object is, and fusion imposes
the composite’s structure at the new scale inside it. The most likely explanation is that imposing
the object’s structure at the new scale inside, while the band around it is regenerated from the scene
alone, produces an object whose interior and surroundings disagree, and that the label removes the
disagreement by reconstructing the band consistently with the object.

The choice of band matters less than the guidance. With the label, the seven configurations
lie within 0.6 pixels of one another, within what mean distance resolves, and neither the fixed reference
nor the directional weighting is distinguishable from the plain bands. Mid + high gives the lowest
values, with CFG and with EPSREC.

Fusion does not reliably add to EPSREC. Added to EPSREC, one band lowers mean distance
by 0.18 pixels and the other raises it by 1.04: effects of opposite sign, both within resolution. Once guid-
ance takes the form of EPSREC, the contribution of fusion cannot be separated from the variation of
the metric, and on rotations fusion leaves the cost of the label unchanged.

What the chapter establishes. Hypothesis 6 is not supported. It claims an improvement beyond
what guidance achieves, and on top of EPSREC, the guidance established in Chapter 12, the contri-
bution of fusion cannot be separated from the variation of the metric: the mid + high band gives 16.43
pixels against 16.61 for EPSREC alone, and the high band gives 17.65. What the experiments show
instead is an interaction with guidance. Supplying the composite’s structure inside the object lowers
mean distance on hard resizings when label guidance steers the band around the object, from 17.75
pixels to between 16.84 and 17.44 depending on the band, and raises it when it does not, to as much as
22.54. Which band is transferred matters less than whether guidance is present. Fusion does not help
rotations, and it moves neither subject consistency, the warping error nor realism. Spectral fusion is
therefore not a component in its own right: EPSREC remains the reconstruction for severe resizings,

153



Hypothesis 6: Supplying the Composite’s Structure inside the Object

(a) hard resizings (n = 23) (b) hard rotations (n =22)
high A [ 0] . °
full [ O . °
mid [ O . (1]
mid + high 97 : @ O . [ ]
directional high - ® O . {
high, fixed ref. ® O . ®
mid + high, fixed ref. @ O - o
I I I I I I I I I I
17 18 19 20 21 22 23 13.5 14.0 14.5
mean distance (px) mean distance (px)
o fusion with label guidance released EPSREC (Exp. 20)
O fusion without label guidance label guidance only

Figure 13.1: Mean distance for every band of spectral fusion. (a) Hard resizings, with label guidance (filled)
and without it (open); the vertical lines mark the released pipeline, label guidance alone and
EPSREC. (b) Hard rotations, against the released pipeline.

and mid + high fusion is carried forward only as an optional addition, evaluated as an ablation of the
final model. Chapter 14 assembles the components of Chapters 11 and 12 into one model that chooses
among them from the parameters of each edit.
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Chapter 14
Selective Geometric Refinement

Chapters 11 to 13 produced components that each help one kind of edit. Restoring the object’s interior
from the composite after refinement helps translations and moderate resizings and harms rotations
(Chapter 11). Guidance with the object label in the form of EPSREC helps severe resizings, harms
rotations and costs the milder resizings (Chapter 12). Spectral fusion adds nothing reliable on top of
EPSREC (Chapter 13). And no component improves rotations. Applied to every edit, each component
damages the edits it does not suit (Experiments 16 and 21). The components are therefore combined
by routing: every edit is sent to the one branch that suits it, and edits that no component helps are
left to FreeFine unchanged.

This chapter turns that principle into a method that can be applied to any edit. Section 14.1 sets
out the four branches and where each comes from. Experiment 24 replaces the severity tertiles used
during development by a rule computed from the requested transformation alone. Section 14.3 de-
fines the resulting method, SGR-EPSREC (Selective Geometric Refinement with EPSREC guidance).
Experiment 25 assembles it on the development subset and checks that each branch behaves on the
router’s own groups as it did in the experiment that produced it. Chapter 15 evaluates the method
on the whole benchmark.

14.1 The four branches

Table 14.1 lists the branches. Each is the component that the earlier experiments established for one
kind of edit; no setting was changed for the router.

Two principles decided the choice. A branch is chosen by the metrics that measure the failure it
addresses (subject consistency and mean distance) and not by the realism metrics, whose differences
on 200 edits are within their variation (Experiment 14). And between components that the metrics
cannot separate, the simpler one is kept: this is why spectral fusion is not part of the severe branch
(Chapter 13).
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Selective Geometric Refinement

Table 14.1: The four branches of the router and the experiments that established them.

Edit Branch Established in

Translation FreeFine refinement with interior Experiments 15 and 17
restoration, Eq. (11.2): the object’s
interior is restored from the composite,
and a band of w = 4 pixels along the
outline keeps the refined result

Rotation FreeFine, unchanged no component helps:
Experiments 8-11, 17, 21,
22-23

Resizing, FreeFine refinement with interior Experiment 17

moderate restoration, w = 8

Resizing, severe  refinement guided by the object label Experiments 20 and 21

with EPSREC (w = 10, p = —0.75,
v =0, r = 5); no interior restoration

14.2 Experiment 24: A routing rule from the requested
transformation

14.2.1 Change

Why the development grouping cannot route. The experiments of Chapters 9 to 13 grouped
edits by the severity tertiles of Experiment 2, Eq. (7.2). That score cannot route a new edit, for
two reasons. It is normalised and cut at quantiles computed over all 5,677 edits of the benchmark,
so the tertile of a single edit is not defined without the whole population. And it includes the
fraction of the image covered by the object, so it measures more than the transformation. A router
has to decide from what a user provides: the source image, the object mask and the requested
transformation.

The edit type. The type is read from the parameters as in Experiment 14: a rotation if r, # 0, a
resizing if (s, s,) # (1,1), and a translation otherwise. Every edit of GeoBench-2D activates exactly
one kind of transformation (Table 5.3), so this reading is exact.

The severity of a resizing. A resizing is described by the single scale s = /5,5, (§5.6). The
authors of GeoBench define the difficulty of a resizing instruction directly by its scale (Table 14.2) [34].
The rule adopts their hard ranges:

severe(s) <= s>1.5 or s<0.6. (14.1)

The thresholds are fixed by the benchmark’s own definition; no metric of any method was consulted
to choose them.

The audit. The rule was applied to the transformation parameters of all 5,677 edits, read from the
annotation that the pipeline itself uses (a fixed manifest, SHA-256 beginning 17d97110). Two proper-
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14.2 Experiment 24: A routing rule from the requested transformation

Table 14.2: Scale ranges of resizing
instructions at each difficulty level, as
defined by the authors of GeoBench [34].

Difficulty Enlargement, s Reduction, s

Easy 1.1-1.3 0.8-0.9
Medium 1.3-1.5 0.6-0.8
Hard 1.5-3.0 0.4-0.6

Table 14.3: The 2,635 resizings of
GeoBench-2D divided by the routing rule,
Eq. (14.1).

Edits Scale range
Enlargement, moderate 831 1.1001-1.4985

Enlargement, severe 236  1.5005-2.8804
Reduction, moderate 1,045 0.6001-0.9000
Reduction, severe 523  0.4001-0.5985
Moderate 1,876
Severe 759

ties were checked first: every resizing is isotropic, s, = s, exactly, and every translation and rotation
has s, = s,y = 1 exactly. The rule is therefore defined for every edit.

14.2.2 Results

The rule classifies 759 resizings, 28.8%, as severe: 236 enlargements and 523 reductions (Table 14.3).
No edit lies exactly on a threshold, so it does not matter to which side a boundary belongs. Against
the severity tertiles (Table 14.4), 627 of the 800 resizings in the hard tertile are severe (78%), and 627
of the 759 severe resizings are in the hard tertile (83%); the others are 130 medium and 2 easy. On
the development subset the rule gives 20 severe and 47 moderate resizings, and it classifies 9 of the 67
resizings (13%) differently from the tertile: 6 resizings of the hard tertile are moderate by scale, and
3 severe ones are not in the hard tertile.

14.2.3 Outcome

A rule that can be applied to any edit. The rule reads only the requested scale, is fixed before
any result, and coincides with the benchmark authors’ definition of a hard resizing.

Related to the development grouping, but not the same. Most severe resizings are in the
hard tertile and most of the hard tertile is severe, but the two groupings differ, because the tertile also
counts the object’s area: a moderately rescaled large object can fall in the hard tertile, and a severely
rescaled small one outside it. EPSREC was developed on the hard tertile, and the router applies it to
a different group. Its effect has to be measured on the router’s own groups before the full evaluation;
Experiment 25 does so.
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Selective Geometric Refinement

Table 14.4: Resizings classified by the routing rule against the
severity tertile of Experiment 2, on the whole benchmark and on the
development subset.

Severity tertile Moderate Severe
All resizings (n = 2,635) easy 972 2
medium 731 130
hard 173 627
Development subset (n = 67) easy and medium 41 3
hard 6 17
. FreeFine refinement,
translation——> . . . —
interior restoration, w = 4
. FreeFine,
rotation——> h d —
source image I, - CIEENIES
ek VI edit type F _)
. read from 6
parameters ¢ no( FreeFine refinement, L
5 = \/525y; | interior restoration, w = 8
resizing severe if
{ s> 150rs <06 yei refinement with the ]
| object label and EPSREC

Figure 14.1: The SGR-EPSREC router. The edit type is read from the requested parameters, and a resizing
is classified as severe by its scale alone, Eq. (14.1). Three branches use FreeFine’s refinement, two
of them followed by interior restoration, Eq. (11.2); severe resizings are refined with the object
label and EPSREC guidance.

14.3 SGR-EPSREC

Given a source image I, an object mask Mg and the requested parameters 6, let Ivr be the output of
FreeFine as released (Chapter 5), R,, interior restoration, Eq. (11.2), with a refined band of width w,
and Igps the output of refinement with the object label as prompt and EPSREC guidance, the eight
steps of §12.3. SGR-EPSREC returns

A

Ra(Ipp) for a translation,

Irp for a rotation,

~>
I

) (14.2)
Rs(Ipp) for a resizing that is not severe,

Ieps for a severe resizing, Eq. (14.1).

Figure 14.1 shows the router.

Figures 14.2 and 14.3 show one edit sent to each branch. On the translation and the moderate resizing
interior restoration keeps the source’s detail inside the object (the lettering on the bottle stays legible
where FreeFine redraws it), and the rotation is FreeFine’s own output. On the severe enlargement the
two outputs differ only slightly: EPSREC acts on where the object’s parts are placed rather than on
how they look.

The method has five properties.
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14.3 SGR-EPSREC

(a) Translation: 87 pixels upwards

coarse composite

B 7o

Spnag

Figure 14.2: FreeFine against SGR-EPSREC on the two branches that restore the object’s interior: (a) a
translation and (b) a moderate resizing. In each part, the top row shows the source image (red:
the object’s mask) and the whole outputs; the bottom row shows the coarse composite (green:
the target mask) and the region in the yellow box, enlarged.

159



Selective Geometric Refinement

(c) Rotation: 16 degrees

™
source ';L * 1

FreeFine ;4 X '{ SGR-EPSREC * ¥ "

(d) Severe resizing: to 2.33 of the original size

Figure 14.3: FreeFine against SGR-EPSREC on (c) a rotation, which is left to FreeFine and is identical, and
(d) a severe resizing, refined with EPSREC. Laid out as in Figure 14.2.
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14.4 Experiment 25: The router on the development subset

e Training-free. No parameter is learned. The U-Net, the autoencoder and every setting of FreeFine
are unchanged.

e It uses only the request. The router reads the source image, the object mask and the transfor-
mation parameters. The benchmark’s difficulty labels and the severity tertiles are never read.

o Exact fallback. With routing disabled, every edit goes through FreeFine and the output repro-
duces it byte for byte (the switch-off check of §8.3). Rotations are always identical to FreeFine’s
output.

e Mostly post-processing. Three of the four branches take FreeFine’s output and at most restore
the object’s interior in it; only severe resizings are generated differently.

o Partly improved by construction. Interior restoration takes the object’s interior from the coarse
composite distributed with the benchmark, which is also the reference of the warping error. On
the restored branches the warping error, and part of subject consistency, improve by construction
(rule 4 of §8.5).

14.4 Experiment 25: The router on the development subset

14.4.1 Change

SGR-EPSREC was assembled on the 200 edits of the development subset from images that had
already been generated: FreeFine’s outputs, with interior restoration applied to translations (w = 4)
and moderate resizings (w = 8), and, for the severe resizings, the outputs of the label and EPSREC
run of Experiment 21. Generation is deterministic, so these are exactly the images the router produces
for these edits. A second version, SGR-MIDHF-EPSREC, adds mid + high spectral fusion (kg = 0.30,
h = 0.55) to the severe branch, the combination that gave the lowest mean distance on the hard tertile
in Chapter 13, and is kept as the ablation of the method.

Both versions were scored with all seven metrics, with mean distance and the kernel distance seeded,
on the whole subset, on the three edit types and on the router’s own groups of resizings: 20 severe and
47 moderate. Before any variant was scored, FreeFine’s outputs were scored again and reproduced

the values of every earlier study (subject consistency 0.9154, background consistency 0.9657, warping
error 0.0488, mean distance 7.6023).

14.4.2 Results

Tables 14.5 to 14.7 report the router. Group by group:

o Translations: subject consistency +0.0080, warping error —77%, mean distance +0.55 pixels, the
values of Experiment 15, since the images are the same.

« Rotations: identical on every metric.
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Table 14.5: SGR-EPSREC against FreeFine on the development subset, by
edit type and by the router’s groups of resizings.

SUBCT WRAP__EJ MDJ.
Group n  FreeFine SGR  FreeFine SGR  FreeFine SGR
Translations 67 0.9590 0.9670 0.0495 0.0115 3.41 3.96
Rotations 66 0.8962 0.8962 0.0423 0.0423 9.63 9.63
Resizings 67 0.8906  0.8946 0.0544 0.0312 10.93 10.11
moderate 47 0.9214  0.9270 0.0532 0.0201 7.70  7.30
severe 20 0.8185 0.8184 0.0573 0.0573 22.08 20.80
Whole subset 200 0.9154 0.9194 0.0488 0.0283 7.60  7.52

Background consistency, FreeFine against SGR: 0.9639 against 0.9644 on transla-
tions, 0.9661 against 0.9664 on severe resizings, 0.9657 against 0.9659 on the whole
subset, and unchanged on the other groups. Mean distance is averaged over key-
points, so the value of a group is not the edit-weighted average of its sub-groups

(§5.9).

Table 14.6: Realism of SGR-EPSREC against FreeFine on the
development subset.

FIDJ FIDdinod KDJ
Group FreeFine SGR  FreeFine SGR  FreeFine SGR
Translations 200.04 199.99  2444.54 2449.76 0.0259 0.0213
Rotations 205.96 205.96  2502.44 2502.44 0.1344 0.1344
Resizings 201.26 201.65  2465.28 2466.72 0.1156  0.1133

Whole subset 132.28 132.46 1636.82 1637.12 0.1268  0.1256

Kernel distance is seeded.

e Moderate resizings: subject consistency +0.0056, warping error —62%, mean distance —0.40
pixels.

e Severe resizings: mean distance 22.08 — 20.80, —1.28 pixels or 5.8%; subject consistency and
the warping error do not move.

o« Whole subset: subject consistency +0.0040, warping error —42%, mean distance —0.08 pixels;
FID +40.18, the DINOv2 distance +0.30 and the kernel distance —0.0012.

e Ablation: spectral fusion changes only the severe resizings, where mean distance is 20.98 against
20.80.

14.4.3 Outcome

Each branch behaves as in the experiment that produced it. On the router’s own groups
interior restoration gives moderate resizings 4+0.0056 in subject consistency, —62% in warping error
and —0.40 pixels in mean distance, close to what Experiment 17 found on the easy and medium tertiles
(4+0.0061, —57%, —0.26). Translations carry their declared cost in mean distance, and rotations are
untouched. The router has not changed what its components do.

162
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Table 14.7: SGR-EPSREC against its ablation with mid + high spectral fusion in
the severe branch.

MDJ FID|

Severe resizings Resizings Whole subset ~Whole subset

FreeFine 22.08 10.93 7.60 132.28
SGR-EPSREC 20.80 10.11 7.52 132.46
SGR-MIDHF-EPSREC 20.98 10.17 7.54 132.45

The two versions are identical on every edit except the severe resizings, where their subject
consistency (0.8184, 0.8185) and warping error (0.0573) are also the same.

The severe branch keeps its direction with a smaller gain. On the router’s 20 severe resizings
EPSREC lowers mean distance by 1.28 pixels, against 2.87 on the 23 edits of the hard tertile, from a
higher starting value (22.08 against 19.47). The two groups share 17 edits, and groups of 20 and 23
edits cannot separate a real difference in the size of the gain from the variation of the metric. What
holds on both is the direction.

The whole subset moves little on mean distance. The translations’ cost, +0.55 pixels on 67
edits, nearly offsets the resizings’ gain, and the value over the whole subset is weighted by keypoint
counts, so it falls by only 0.08 pixels. The realism metrics move in opposite directions (FID up by
0.18, the kernel distance down by 0.0012), and both differences are within the variation of 200 edits
(Experiment 14).

Spectral fusion is left out. On the router’s severe group fusion makes mean distance worse (20.98
against 20.80), whereas on the hard tertile it made it better (16.43 against 16.61). The sign of its
contribution changes with the grouping, which confirms Chapter 13: its effect is within the variation
of the metric. The simpler SGR-EPSREC is the method; SGR-MIDHF-EPSREC is carried forward

as its ablation.

What this experiment is. The images were assembled on the edits on which every branch was
chosen. The experiment checks that the pieces fit together and that the router does not change what
they do; it is not evidence that the method generalises.

What the chapter establishes. SGR-EPSREC is a training-free router over the frozen FreeFine
pipeline with four branches: interior restoration for translations and moderate resizings, FreeFine
unchanged for rotations, and label guidance with EPSREC for severe resizings. It reads only the
requested transformation, and its one threshold is the benchmark authors’ definition of a hard resizing.
On the development subset every branch reproduces, on the router’s own groups, the behaviour of the
experiment that produced it: consistency gains on translations and moderate resizings, with a declared
cost in mean distance on translations, a geometric gain on severe resizings, rotations untouched and
realism within its variation. Chapter 15 evaluates the method and its ablation on all 5,677 edits of
the benchmark, of which the development subset is 3.5%.
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Chapter 15

Full-Scale Evaluation

Chapter 14 assembled SGR-EPSREC on the 200 edits of the development subset, the edits on which
its branches were chosen. This chapter evaluates it on all 5,677 edits of GeoBench-2D (Experiment 26),
the scale at which the benchmark reports its results and at which the realism metrics can be read. It
shows what the method changes, on which edits, and how much of the improvement reflects better
editing.

15.1 Evaluation setup

Three models were generated in the same run: FreeFine as released, SGR-EPSREC (Eq. (14.2)),
and its ablation SGR-MIDHF-EPSREC, which adds mid + high spectral fusion to the severe branch
(Experiment 25). FreeFine was regenerated rather than taken from Chapter 7, and the switch-off check
of §8.3 confirmed that the new images are bit-identical to those of the reproduction. The branches
of the router were then computed from these images: rotations are copied unchanged, translations
and moderate resizings receive interior restoration (Eq. (11.2), w =4 and w = 8), and the 759 severe
resizings are generated with the object label and EPSREC. Before scoring, the rotations were checked
to be byte-identical in all three models.

All seven metrics were computed with the authors’ evaluation code, with mean distance and the kernel

distance seeded (§8.4), on the whole benchmark and on each branch of the router: 1,439 translations,
1,603 rotations, 1,876 moderate and 759 severe resizings.

15.2 Results

On all 5,677 edits SGR-EPSREC is better than FreeFine on all seven metrics of the benchmark
(Table 15.1). Divided by branch (Table 15.2), the change has the pattern that the development subset
predicted (Experiment 25).

o Translations: subject consistency +0.0073 and warping error —75%, paid for with +0.19 pixels
(+5%) of mean distance.

¢ Rotations: identical to FreeFine on every metric.

165



Full-Scale Evaluation

Table 15.1: FreeFine, SGR-EPSREC and its ablation on all 5,677 edits of
GeoBench-2D.

Metric FreeFine SGR-EPSREC SGR-MIDHF-EPSREC Change Relative
FIDJ 35.0439 34.7793 34.7788 —0.2646 —0.8%
FIDdinod 487.8231 487.3580 487.3660 —0.4651 —0.1%
KDJ 0.1433 0.1417 0.1417 —0.0016 -1.1%
SUBCT 0.9113 0.9144 0.9144 40.0031 +0.3%
BGCT 0.9670 0.9671 0.9671 40.0001 +0.0%
WRAP__E/ 0.0474 0.0292 0.0292 -0.0182 —38.4%
MDJ, 8.5024 8.1779 8.1825 —0.3245 —3.8%

Change and relative change are SGR-EPSREC against FreeFine. Mean distance and the
kernel distance are seeded.

Table 15.2: FreeFine against SGR-EPSREC on each branch of the router.

SUBCT WRAP__E| MDJ
Branch n  FreeFine SGR  FreeFine SGR  FreeFine SGR
Translations 1,439 0.9592  0.9665 0.0489 0.0121 3.80 3.99
Rotations 1,603 0.9008 0.9008 0.0433 0.0433 1047 10.47
Moderate resizings 1,876 0.9290 0.9325 0.0453 0.0187 724 7.20
Severe resizings 759 0.7991 0.7995 0.0581 0.0581 19.04 18.70

Background consistency changes by at most 0.0002 on any branch.

e Moderate resizings: subject consistency +0.0035, warping error —59%, mean distance essentially
unchanged (—0.04 pixels).

o Severe resizings: mean distance —0.34 pixels (—1.8%), subject consistency +0.0004.

The gain on severe resizings is smaller than on the development subset, where it was 1.28 pixels on
20 edits. This is expected: EPSREC was chosen as the best of several guidance formulations on a few
edits (Chapter 12), and a value selected that way overstates the effect; on 759 edits the measurement
is far more reliable.

Realism is not lowered. FID, the DINOv2 distance and the kernel distance are all lower than FreeFine’s
on the whole benchmark, although interior restoration inserts the composite’s interior into more than
3,300 edits and the composite alone scored a worse realism than refinement (Experiment 13). The
differences are small, smaller than the difference between the reproduced and the published FreeFine
(Table 7.3), so they show that realism is preserved rather than improved.

Figures 15.1 and 15.2 show FreeFine and SGR-EPSREC on edits of the full benchmark: typical edits
of the two branches that restore the interior, whose change in subject consistency is the median of
their branch, and the edits on which subject consistency fell the most among moderate and severe
resizings. On typical edits the two outputs are nearly indistinguishable and differ in fine detail. Even
the largest losses are not visible failures: the outputs differ in texture and sharpness, not in shape or
placement.
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15.2 Results

(a) Translation: 59 pixels upwards

source

FreeFine SGR-EPSREC
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Figure 15.1:

SGR-EPSREC, zoom
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FreeFine against SGR-EPSREC on typical edits of the full benchmark, whose change in subject
consistency is the median of their branch: (a) a translation and (b) a moderate resizing. In each
part, the top row shows the source image (red: the object’s mask) and the whole outputs; the
bottom row shows the coarse composite (green: the target mask) and the region in the yellow
box, enlarged. The edits are chosen among those outside the development subset whose object
covers 6 to 30% of the image.
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Full-Scale Evaluation

(a) Moderate resizing: to 0.66 of the original size

source FreeFine

SGR-EPSREC

SGR-EPSREC, zoom

(b) Severe resizing: to 0.46 of the original size
lource 20 . = " S T O R SR psic R

Figure 15.2: The edits with the largest loss in subject consistency on (a) moderate resizings (—0.050) and (b)
severe resizings (—0.035), chosen as in Figure 15.1 and laid out in the same way.
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15.3 How much of the improvement is real

(a) mean change, 95% interval (b) share of edits
whole benchmark | @ +3.06
(n=5,677) 28%
translations
. +7.33
(n=1,439) *- .
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moderate resizings | +3.48
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Figure 15.3: Change in subject consistency edit by edit, SGR-EPSREC minus FreeFine, by branch. (a)
Average change with its 95% interval. (b) Share of edits whose subject consistency is higher,
unchanged or lower.

15.3 How much of the improvement is real

Seven better numbers do not all carry the same weight. Four questions separate what the method
achieves from what follows from how it, or the metrics, are built.

Is the gain in subject consistency more than noise? Yes. Subject consistency is computed for
every edit, and each edit is generated by both models from the same inputs, so the two values of an
edit can be subtracted and the difference shows the effect of the method on that edit alone. Figure 15.3
summarises these differences. Over the whole benchmark the average rise is 0.0031, and a bootstrap
over the edits places it between 0.0029 and 0.0032 with 95% confidence, far from zero. The rise is not
the work of a few edits: 54% of the edits improve, 18% get worse, and the rest are the rotations, which
do not change. It is strongest on translations (92% of them improve) and moderate resizings (71%).
On severe resizings it is real but small: 54% improve and 46% get worse, and a Wilcoxon signed-rank
test gives p = 0.043, just below the usual 0.05 threshold.

Which gains are guaranteed by the method? The warping error measures how far the output is
from the coarse composite, and interior restoration copies the composite into the object’s interior. The
38% reduction is therefore guaranteed on the restored branches, and it is absent on severe resizings,
which are generated anew; it is reported but not counted as evidence. For the same reason part of
the gain in subject consistency on the restored branches is expected, since the restored interior is the
source object itself; on severe resizings nothing is copied, and there the gain is the small one above.
The rise of 0.0001 in background consistency is also a side effect: the released metric code counts
a thin line of object pixels along the source outline as background, and restoration changes some of
them.
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Full-Scale Evaluation

What does the —3.8% in mean distance mean? Mean distance is averaged over keypoints, not
over edits, and each model is scored on the keypoints it produces (§5.8). SGR-EPSREC changes how
many keypoints each kind of edit contributes: the values of Table 15.2 imply that in its resizings the
severe ones supply 20.5% of the keypoints, against 23.1% in FreeFine’s. Because severe resizings have
a large mean distance, giving them less weight lowers the average even where no edit has improved.
Held at FreeFine’s weights, the whole-benchmark change would lie between —0.01 and +0.01 pixels:
the cost on translations and the gain on severe resizings cancel. The —3.8% is the official value of
the metric and is reported as such, but the geometric result of the method is the change within each
branch: —0.34 pixels on severe resizings and +0.19 on translations.

Does the result depend on the development edits or on the ablation? No. The branches
were chosen on the 200 edits of the development subset, which belong to the benchmark; without them,
the per-edit gain in subject consistency is 0.0030 instead of 0.0031, and every branch keeps its value to
within 0.0001. The ablation, SGR-MIDHF-EPSREC, differs only on severe resizings, where spectral
fusion makes mean distance worse (18.78 against 18.70 pixels) and changes nothing else appreciably.
SGR-EPSREC, the simpler of the two, remains the method.

15.4 A gallery of edits

Figures 15.4 to 15.6 show six more edits of the full benchmark, four translations and two moderate
resizings, chosen because the effect of interior restoration can be seen with the eye. They are not
a random sample: their gains in subject consistency range from +0.0027 to 4+0.0164, while typical
edits are those of Figure 15.1. All six show the same pattern. FreeFine’s refinement smooths or
rewrites the fine structure inside the object: the painted flowers of the vase, the screen of the toy,
the woven surface of the mat, the lettering on the bottle, the flowers of the headdress and the con-
tents of the case. SGR-EPSREC keeps that structure as it is in the source, because the interior
of its output is the source object, placed by the transformation; around the object the two outputs
coincide.

15.5 Summary

On the whole benchmark SGR-EPSREC improves all seven metrics of GeoBench-2D over FreeFine,
leaves rotations exactly as FreeFine produces them, and does not lower realism. The improvement
in subject consistency is solid, comes from most edits, and is largest where interior restoration acts.
The geometric gain is concentrated on severe resizings (—0.34 pixels), and translations pay 0.19 pixels
of mean distance for their gain in consistency. The warping error, background consistency and the
whole-benchmark mean distance improve partly or wholly because of how the method and the metrics
are built, and are not counted as evidence. Chapter 16 relates these results to the hypotheses of the
thesis.
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15.5 Summary

(a) Translation: 40 pixels upwards

FreeFine 'SGR-EPSREC

FreeFine, zoom

5

SGR-EPSREC, zoom

Figure 15.4: Two translations of the full benchmark on which interior restoration is visible. Change in subject
consistency, SGR-EPSREC against FreeFine: (a) +0.0164, (b) +0.0058. Layout as in Figure 15.1.
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(c) Translation: 76 pixels upwards

source FreeFine SGR-EPSREC

SGR-EPSREC, zoom

(d) Translation: 143 pixels to the left

FreeFine, zoom »
: P

Figure 15.5: Two more translations, chosen and laid out as in Figure 15.4. Change in subject consistency: (c)
+0.0120, (d) +0.0027.
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15.5 Summary

(e) Moderate resizing: to 0.87 of the original size

{
source l

FreeFine

|

(f) Moderate resizing: to 0.64 of the original size

source

SGR-EPSREC

FreeFine, zoom

——

-

Figure 15.6: Two moderate resizings, chosen and laid out as in Figure 15.4. Change in subject consistency:

(e) +0.0081, (f) +0.0028.
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Chapter 16
Discussion and Limitations

The experimental chapters each answered one question. This chapter puts the answers together: what
the six hypotheses establish as a whole, how much room for improvement FreeFine left, what the
metrics can and cannot show, and where the results stop.

16.1 What the six hypotheses establish

Table 16.1 lists the six hypotheses. Read together, they locate the failure found in Chapter 7 and
explain the shape of the final method.

Tuning and added information do not explain the failure. The first three hypotheses located
the failure outside refinement itself: in its configuration (H1), or in information it is never given: what
the object is (H2) and how it was transformed (H3). All three were rejected in the forms that were
tested, H2 and H3 through every entry point that a frozen U-Net offers. These experiments cannot
exclude every possible setting or every possible way of supplying information, but a likely reason for
their outcome is at hand: the coarse composite already shows the object, copied from the source, at
its exact target pose, so refinement is not short of information. The evidence points instead to how
refinement treats that composite, and the last three hypotheses show that the answer depends on the
transformation.

o Translations and moderate resizings. The composite’s interior is exact or nearly so, and
refinement degrades it slightly. Keeping the interior and refining only a thin band along the outline
improves consistency (H4).

¢ Rotations. Refinement repairs the composite: on hard rotations it lowers mean distance from
17.86 to 14.01 pixels (Experiment 13), because keypoints are located more reliably in a refined,
natural-looking image than in the resampled copy. Keeping the composite undoes that repair, and
nothing tested improves on refinement as released.

e Severe resizings. The composite’s interior is resampled so strongly that it offers little worth
keeping (Experiment 17), but its geometry is better than the refined output’s (16.44 against 19.47
pixels on hard resizings): refinement moves the rescaled content away from where the transformation
put it. Here the reconstruction has to be steered, and guidance with the object label in the form
of EPSREC does so (H5).
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Table 16.1: The six hypotheses of the thesis and their outcomes.

Hypothesis Exp. Outcome Decisive evidence

H1: a better setting of the 3-7 rejected no setting raises subject consistency on a

released controls hard group by more than 0.0023

H2: the model lacks the 8 rejected identity tokens change hard-group

object’s identity subject consistency by between —0.0021
and +0.0005

H3: the model lacks the 9-11 rejected no channel raises hard-group subject

geometry of the edit consistency by more than 0.0014;
geometry inside the attention lowers it by
up to 0.019

H4: refinement loses what 12-17 holds the output is within 1% of the

the composite contains selectively composite’s subject consistency; restoring

the interior helps translations and
moderate resizings and harms rotations

H5: severe resizings need a 18-21 holds for EPSREC lowers mean distance on hard
better-steered severe resizings from 19.47 to 16.61 pixels on
reconstruction resizings the development subset, and by 0.34

pixels on all 759 severe resizings

H6: the composite’s 22-23 not supported adds nothing separable to EPSREC;

structure should be supplied beyond lowers mean distance only together with

inside the object EPSREC label guidance, an interaction with
guidance

Steer the surroundings, not the object. One pattern runs through Chapters 10 to 13. The
mechanisms that constrain the object’s structure directly while it is denoised (feature maps at the
target pose, geometry inside the attention transplant, spectral fusion without guidance) harm it, and
the more directly they constrain it, the more they harm. The mechanisms that help act elsewhere:
guidance steers the band around the object, and interior restoration keeps the reliable part of the
composite after refinement is complete. Spectral fusion shows both sides at once: the same transfer
of structure into the object helps when guidance reconstructs the surroundings consistently with it,
and harms when it does not (H6). A plausible reading is that the frozen model produces a coherent
object only when the object and its surroundings agree, and that forcing the object’s interior against
the model’s own denoising creates disagreements that it cannot resolve.

No treatment suits every edit. Every component that helped one kind of edit harmed another
when applied to all of them (Experiments 16 and 21): interior restoration raises subject consis-
tency on rotations while worsening their mean distance by 1.7 to 3.9 pixels, and label guidance helps
severe resizings while costing rotations and mild resizings. An average over all edits hides these
opposite effects. This is why the final method is a router, and it is a finding in its own right: a
training-free change to geometric editing has to be evaluated, and chosen, per kind of transforma-
tion.
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16.2 How much room there was

16.2 How much room there was

The coarse composite, scored as if it were an output (Experiment 13), measures how much of the
failure could be recovered at all. It contains nothing but the source object moved to its target pose, so
whatever it loses on a metric is lost to the transformation, not to editing.

Subject consistency. On translations the composite scores 0.97; on hard rotations, 0.86. Since
the composite is a copy of the source, most of that drop is the response of the metric to the trans-
formation itself: a global descriptor of a rotated or rescaled object differs from that of the original,
however faithfully it is copied. The low subject consistency that Chapter 7 measured on hard edits
is therefore largely a property of the measurement. FreeFine reaches 99% of the composite’s value on
hard rotations, which left 0.0085 to 0.0088 to gain on them and 0.0017 to 0.0086 on hard resizings.
The threshold of 0.005 set in Chapter 9 lay close to the whole of that room. The only change that
reached it was copying the composite’s interior into hard rotations (4+0.0051, Experiment 17), at a
cost of 3.9 pixels in mean distance; on the 800 hard resizings of the whole benchmark the final method
raises subject consistency by 0.0010, a value computed from the per-edit differences of §15.3. Mean
distance contains a similar share of measurement: the target of each keypoint is computed about a
different centre from the one the transformation uses, which charges exactly executed rotations and
rescalings a residual that grows with severity (§7.2).

Where the room was. The clearest room was in mean distance on hard resizings, where refinement
degrades what the composite gets right, by 3.0 and 1.6 pixels on the two subsets of Experiment 13. It
is also the one place where the thesis produced a gain by generating differently rather than by keeping
the composite: EPSREC brought hard resizings on the development subset to within 0.17 pixels of
the composite, and at full scale it lowers mean distance on severe resizings by 0.34 pixels. The gains
of SGR-EPSREC are small in absolute terms, but they should be read against this room: FreeFine is
close to what its own input allows on most of the benchmark, and the method improves it where it is
not.

16.3 What the metrics can show

Much of the analysis in this thesis went into the metrics, because the seven numbers of GeoBench do not
all measure what their names suggest. Three properties shaped the conclusions.

Consistency and realism pull in opposite directions. The composite has the best consistency
and the worst realism of any output; refinement converts part of its consistency into realism (Exper-
iment 13). Every method sits somewhere on this trade-off, and the warping error, which is zero for
the composite, rewards copying by definition. A method can therefore improve some metrics simply
by moving along the trade-off. The components of SGR-EPSREC were chosen by the metric that
measures the failure each addresses (§14.1), and the gains that follow from construction were reported
but not counted as evidence (§15.3).
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Mean distance mixes geometry with appearance. Keypoints are located with diffusion fea-
tures, which locate them more reliably in a natural-looking image than in a composited one: the
composite of a translation is geometrically exact and still scores a worse mean distance than the re-
fined output (Experiment 13). Each method is also scored on its own keypoints, so the value of a group
depends on how many keypoints each kind of edit contributes, which is why the whole-benchmark
change of SGR-EPSREC is a weighting effect (§15.3). Mean distance was therefore compared only
within a group and between methods, and its geometric meaning is clearest where appearance changes
little between the methods compared.

Small differences need many edits. On 200 edits the difference in FID between the same two
models changes sign between the development and the held-out subset (Experiment 14), and mean
distance varies by one to two pixels between near-identical variants (Experiment 3). The devel-
opment studies could establish directions; the size of an effect was established only on the full
benchmark, where the severe-resizing gain turned out smaller than on the edits it was developed
on.

16.4 Limitations

Of the method.

¢« Rotations are not improved. No component tested helped them, and SGR-EPSREC leaves
them exactly as FreeFine produces them. Hard rotations remain one of the two groups where
FreeFine is weakest.

o Translations pay in mean distance. Interior restoration raises their consistency at a cost of
5% in mean distance.

e The geometric gain is small. On severe resizings mean distance falls by 1.8% at full scale, and
the gain in subject consistency is only just significant.

¢ EPSREC needs the object’s label. The benchmark provides it; in an editing tool it would
have to come from the user or from a captioning model, which was not tested. Without a label the
guidance is inert (Experiment 21).

o Interior restoration uses the benchmark’s composite. The final run took the interior from
the composite distributed with GeoBench, whereas a deployed method would use the composite
that FreeFine builds for the edit. The two differ in the background, which each fills with its own
inpainting. Inside the object they were identical, pixel for pixel, on all 47 edits compared for the
figures of this thesis, but they were not compared on every edit of the benchmark.

e The routing needs the parameters of the edit. The router reads the type and scale of the
transformation. This holds for any edit specified by parameters, as in GeoBench, but not for edits
given in another form, such as a dragged point or a text instruction.

Figure 16.1 shows two edits on which the first and third of these limitations can be seen. On the
rotation the output is FreeFine’s; the transformation turns everything inside the mask, so the falling
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water now leaves the spout at an angle, while the ripples it made remain where the stream used to
land. On the severe reduction the two outputs are almost identical: both keep the pale silhouette
of the original chair that the inpainting stage leaves on the wall and the floor, and both deform the
chair’s legs.

Of the study.

¢ One benchmark. All results concern the two-dimensional, in-plane edits of GeoBench-2D.

¢ One seed per edit. As in the published evaluation of FreeFine, every edit was generated once,
with a fixed seed; how much a result varies across seeds was not measured.

¢ Development on 200 edits. Components were selected among many variants on the development
subset, which favours the variant whose measured gain was helped by chance. The full evaluation
shows that the result does not depend on those edits, but also that the gain of the selected guidance
is smaller at scale.

¢ No perceptual evaluation. The conclusions rest on the benchmark’s metrics; no human study
compared the outputs.

¢ No paired test for mean distance. Mean distance was not recorded per edit in the final
evaluation, so its changes have no confidence interval.

¢ Unexplained deviations of the reproduction. The reproduced FreeFine scores better than
published on the warping error and mean distance (Experiment 1). The cause was not identi-
fied; every comparison in the thesis is therefore made against the reproduction, never against the
published values.

16.5 Generality

The findings concern one method, FreeFine on Stable Diffusion 1.5, and one benchmark. Two of
them are likely to hold more widely, because they depend on the structure of the problem rather than
on FreeFine’s details. Any editor that builds a coarse composite and then refines it faces the same
question of what to keep and what to regenerate, and the answer found here (keep the composite
where it is exact, regenerate where it is resampled or rotated, and steer the reconstruction where the
transformation is severe) depends on the transformation, not on the network. And the lesson of the
metrics, that consistency, precision and realism reward different outputs and must be read per kind
of edit, applies to any method evaluated on GeoBench. Whether the specific components transfer (to
other backbones, to the three-dimensional edits of GeoBench-3D, or to edits specified by drag or text)
was not tested; Chapter 17 returns to these directions.
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(a) Hard rotation: 35 degrees (routed to FreeFine unchanged)

(b) Severe resizing: to 0.49 of the original size

source FreeFine SGR-EPSREC

coarse composite FreeFine, zoom SGR-EPSREC, zoom

Figure 16.1: Two edits that SGR-EPSREC does not improve. (a) A hard rotation, which the router passes to
FreeFine unchanged, laid out as in Figure 7.6: source, coarse composite and output, whole and
zoomed. (b) A severe reduction, laid out as in Figure 15.1; its change in subject consistency is
—0.0002.
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Chapter 17

Conclusions and Future Work

17.1 Conclusions

This thesis set out to understand where FreeFine, a training-free method for geometric image editing,
fails, and to improve it without training. It reached six conclusions.

1. FreeFine can be reproduced faithfully. Run from its public code on GeoBench-2D, it matches
the published realism and consistency to within 2% and scores better on the warping error and
mean distance (Chapter 7). Generation is deterministic, so every later comparison could be made
image by image against the same reproduced baseline.

2. The failure is concentrated in hard rotations and hard resizings. These edits, 26% of the
benchmark, carry most of the loss in subject consistency and geometric precision, while background
consistency and the warping error are flat across edits (Chapter 7). Part of this failure belongs to
the metrics rather than to the method: the coarse composite, a copy of the source at its target
pose, already loses most of the subject consistency that hard edits lose, and FreeFine reaches 99%
of the composite’s value (Chapter 16).

3. None of the tested reconfigurations or identity- and geometry-conditioning mecha-
nisms explains the failure. No tested setting of the released controls, and no tested representa-
tion of the object’s identity or of the edit’s geometry, supplied through each entry point of the frozen
U-Net, raised subject consistency on a hard group appreciably (Hypotheses 1 to 3, Experiments 3
to 11). These experiments do not exclude every possible configuration or conditioning mechanism;
they show that the tested ones do not help. The evidence points instead to how refinement treats
the composite, which already shows the object at its target pose.

4. How refinement should treat the composite depends on the transformation. Keeping
the composite’s interior improves translations and moderate resizings; refinement as released is
best for rotations, which it repairs; and severe resizings need their reconstruction steered, which
guidance with the object label achieves in the form of EPSREC, a projected guidance with recursive
momentum developed in this thesis (Hypotheses 4 and 5, Experiments 12 to 21). Supplying the
composite’s structure inside the object lowers mean distance only together with that guidance and
adds nothing separable to EPSREC, so Hypothesis 6 is not supported. Mechanisms that constrain
the object directly while it is denoised harm it; those that steer its surroundings, or keep what is
reliable after refinement, help.

181



Conclusions and Future Work

5. SGR-EPSREC improves FreeFine on the whole benchmark. The router sends each edit
to the branch that suits it, using only the requested transformation, and changes nothing that the
earlier experiments did not establish (Chapter 14). On all 5,677 edits it improves all seven metrics
of GeoBench-2D, raises subject consistency for 54% of the edits and lowers it for 18%, lowers mean
distance on severe resizings by 0.34 pixels, leaves rotations exactly as FreeFine produces them, and
does not lower realism (Chapter 15).

6. The metrics of the benchmark must be read with care. Consistency and realism reward
opposite outputs; the warping error rewards copying the composite by definition; mean distance
mixes geometry with appearance and depends on how many keypoints each edit contributes; and
the realism metrics can compare methods only on the same group of edits. Several of the seven
improvements of the final method follow partly from these properties, and the thesis separates them
from the improvements that reflect better editing (Chapters 15 and 16).

Taken together, the thesis shows that FreeFine is close to what its own input allows on most of
GeoBench-2D, and that the remaining room is recovered not by one global change but by treating
each transformation according to what its coarse composite gets right: keep it, leave refinement alone,
or steer the reconstruction.

17.2 Future work

The thesis worked within deliberate limits: a frozen model, changes that need no training, and the
in-plane edits of GeoBench-2D. The directions below lie beyond those limits, and each follows from
one of its findings.

Rotations beyond the training-free setting. FEvery training-free change tested on rotations
(more information about the object, its exact geometry, anchoring to the composite, guidance) ei-
ther left them unchanged or made them worse on one of the two metrics that measure the failure.
The evidence points to a limit of the frozen model itself: it reconstructs a rotated object as well as
its own features allow, and supplying more information does not change those features. Improving
rotations is therefore likely to require changing the model, for example by training a small compo-
nent dedicated to in-plane rotation while keeping the rest of the pipeline frozen. This leaves the
training-free setting, and it is the natural next step for the one kind of edit this thesis could not
improve.

A metric for geometric editing. A recurring finding was that the benchmark’s metrics do not
measure only what their names suggest: subject consistency responds to the transformation itself,
the warping error rewards copying, and mean distance mixes geometry with appearance and with
the weighting of keypoints. A metric that measures where content ends up independently of how
it looks, that does not penalise a correctly executed transformation, and that is validated against
human judgement would let methods for geometric editing be compared on what they are meant to
do. Designing and validating such a metric is a contribution to the field independent of any one
method.
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Out-of-plane edits. GeoBench also contains three-dimensional edits that rotate objects out of the
image plane. There the composite cannot show the object at its target pose, because parts of it
never appeared in the source, so the central question of this thesis changes: what to keep of the
composite is no longer enough, and the missing content must come from a prior about the object’s
three-dimensional shape. How such a prior should be combined with what the composite does get
right is open.

Editing the scene instead of the object. Replacing the background around an object raises the
question of this thesis from the other side (the object must be kept exactly and the scene regenerated)
and adds problems that geometric editing on GeoBench does not pose: the object’s lighting and
shadows must agree with the new scene, and there is no ground truth for the result. Datasets for image
harmonisation, which pair composited images with real photographs, could provide the evaluation that
such a task needs.

Newer generative models. All results were obtained on Stable Diffusion 1.5. Newer models,
including transformer-based ones trained with flow matching, reconstruct fine structure better and
parameterise denoising differently: EPSREC was derived for a model that predicts noise, and its form
would have to be derived again for one that predicts velocity. Whether the failure on hard edits, and the
room for improvement measured here, survive on such models is open.
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