Experiment: GTAS —> Cltyscapes
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O n ] e n C e e u a r] Z e e [ ] ra] n ] n Method Backbone _ Road SW Buwld Wall Fence Pole "ﬁ:g Terraun Sk:.' PR Rader Truck Bus Train Motor Bike miol]
Source DRN-I6 42.7 263 51.7 5.5 6.8 13.8 23.6 ﬁ.EI 7158.5 11.5 36.8 493 0.9 46.? 3.4 5.0 0.0 5.0 1.4 21.7
CyCADA [21] | 791 331 779 234 173 321 333 31.8 Hl1.5 26.7 690 628 147 745 209 256 6.9 18.8 20.4 _ 39.5
1 . . 2 . . 1 .. 1 . 3 Source DRN-105 64 142 674 16.4 120 20.1 8.7 0.7 69.8 13.3 56.9 37.0 0.4 53.6 10.6 1.2 0.2 0.9 0.0 22.2
MCD [51] Q0.3 31.0 T8RS 19.7 17.3 286 309 16.1 BR37 30.0 69.1 58.5 196 RI1.5 218 30.0 5.7 25.7 14.3 39.7
Yang Zou', Zhiding Yu®, Xiaofeng Liu’, B. V. K. Vijaya Kumar', Jinsong Wang Sowce {58 168 72 12§ 210 S H01 01 813 246 103 $H8 24 99 172 259 65 253 360 364
nVIDI A - AdaptSegNet [60] | P | B6.5 360 799 234 233 239 352 148 H34 333 756 585 276 737 325 354 3.9 30.1 28.1 | 42.4
® 1 o o o 2 3 AdvEnt [63] Deeplabv2 04 33,1 810 266 268 272 335 247 H3I9 36.7 TBE 587 305 B4B 3B5 445 1.7 311.6 32.4 | 45.5
Carnegie Mellon University NVIDIA General Motors Code I P B R
Source ' - T71.3 19.2 691 18.4 10.0 35.7 273 .5 T9.6 248 2.1 5§7.6 19.5 55.5 15.5 15.1 11.7 21.1 12.0 L EER.
CBST Q1.8 535 805 327 210 340 289 204 H39 342 BO9 53,1 240 827 303 359 16.0 259 42 .8 45,9
MREL2 D:::':pLah'l-'E 91.9 55.2 ®(.9 32.1 21.5 36,7 300 190 #4.8 34.9 ®.1 56.1 238 8310 28.0 20.4 20.5 24 .0 40.3 46.0)

MREENT 91.8 534 BO6 326 208 343 297 21.0 B840 34.1 80.6 539 246 B2EB 308 349 166 264 426 | 46.1

Unsupervised Domain Adaptation Preliminaries and Definitions LRENT 98 535 805 27 20 340 90 203 9 342 89 51 29 87 02 356 163 259 08 | 459

Source | 700 237 678 154 181 402 419 253 788 117 314 629 298 600 215 268 7.7 281 120 | 354
____________________________________________________ e e e CBST [69] 6.8 467 769 263 248 420 460 386 807 157 480 573 279 782 245 496 177 255 451 | 452
il 1 e —— o 1 l | MRL2 84.4 527 747 380 322 437 537 386 739 244 644 456 246 632 322 319 459 442 348 | 460
| I [ J [ J [ J [ J _
| | | | Flne'tunlng for SupeerSed AdaptatIOn I Class- Balanced Self- Tra]n]ng (CBST) | MRENT ResNel-38 | g46 405 739 358 251 462 533 433 752 242 638 482 338 657 289 326 392 500 347 | 464
| | Adaptation | I : MRKLD 84.5 477 7401 279 221 438 465 378 837 227 561 568 268 817 225 462 275 323 479 | 468
mage | | | : K . o p(k|x;; w) : LRENT | 803 408 658 246 305 431 495 403 821 260 546 594 321 680 319 300 219 448 467 459
l 'f'gt' | | h | | minLg(w) 2 2 y*) log p(k|xs; w )= > > yi" log p(k|x; w) ;| min Lop(w, Y1) = ZZW log p(k|xs; w Zzy log -0 : CBST-SP 856 551 769 268 234 389 471 469 834 255 687 456 157 797 217 503 382 334 446  48.]
classitication | | | ;W D wYr gy teT ke Ak : MRKLD-SP ResNet-38 | 90.8 460 799 274 233 423 462 409 835 192 590 635 308 835 368 520 280 368 464 | 492
| | | : SES k=1 teT k=1 | : 0 5 - : MRKLD-SP-MST 91.7 451 809 290 234 438 471 409 840 200 606 640 319 858 395 487 250 380 470 | 49.8
| I | . 1 - K =1 e , -
| . C L l s.t. €A J{0}, Vit |
: | | . where: x: input sample p: class predication vector y: label vector : : e = s 0i) {0}, |
| | | : w: network parameters s: source sample index r: target sample index o Ak >0 :
| I | I . , . .
Y Y [ . where: A: reweighting factor |
' | Adaptation ' - |
| I I ) L 000 H B o e o e e o e e e e e e e o e e e e o e e e e o mm e e mm e e e o e e mm mm o mm e mm e e mm e e e e = = e i i i [
Semantic | | | ! . e . . I ! |
| Car
segmentation | (& ; | Self-Tralmng for UnsuperVISed Adaptation | = |
' : ' | K Ly (k|xe;w) . | Py |
| | ' I E :E : k E :E : ~(k) . | 1. if b — P\FIXt; W)y 1 suiei.. . Pseudo-label Network |
: : : I mlﬂ [‘:U(w Y y( )lﬂgp k"}{s, B Yt lﬂgp(k‘xtﬂw) [ , (k)= Sl Mgéﬂax{ Ak J : generation retraining I
| ! | | WY s€S k=1 teT k=1 | : ST and p(k|xs;w) > A\ ! - — |
| I - _ | . I
R : | I s.t. ¥t € AR 1, vt | : 0, otherwise | Balanced softmax Pseudo-label §* Network output |
Source Domain (Labeled) Target Domain (Unlabeled) l I ! p(k|xs: w) after self-training |
' where: ¥: pseudo-label vector AX~1: probability simplex L | " :
| y | k |
[ |
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Proposed lterative Framework

Original Image Ground Truth Source Model CBST CRST (MRKLD)

T Label Regularized Self Training (R) el Regrized Sl Taiing ) Experiment: SYNTHIA —> Cityscapes

Label Regularlzed Self-Training (LR)

| | |
' : | : |
I [ I I
I I K I : - :
l ] : Method Backbone | Road SW Build Wall* Fence* Pole* TL TS Veg. Sky PR Rider Car Bus Motor Bike | mloU | mloU*
~(k p(k|xi; w) (K klx;:w | ! g |
: | min Lrr(w,Y7) = Z Zygk} log p(k|xs; W) — ) [> yi )lmg X — arﬂ(}'t)] : I min Lyr(w,Yr) = Z Zyﬁk} log p(k|xs; W Z [Zy*( ) log al |;’ ) _ arc(p(xt;w))} : Source DRN.l05 | 149 114 587 19 0.0 241 1.2 60 688 760 543 7.0 342 150 08 00 | 234 | 268
| wYr SES k=1 teT k=1 k I w,Yr pver et T k1 k MCD [51] 848 436 790 39 02 2901 72 55 838 831 510 117 799 272 62 00 | 373 | 435
I ' - - - | S 556 238 74.6 6.1 121 748 790 553 191 396 233 137 250 38.6
| ———— » (1) ~(K) K—1 | ~(1) ~(K) K—1 I ource i i s - - = h " ; / i ; : , ; - d
| ! Fsh = (975 8y77) € AT UL0}, Vi p b st =000 ) € AT U{0), Ve ! AdaptSegNet [60] | DePLAV2 | 43 407 715 - - -~ 47 70 779 825 543 210 723 322 189 323 | - | 467
l | : A >0 . A >0 ! AdvEnt [63] DeepLabv2 | 85.6 422 797 8.7 04 259 54 81 804 841 579 238 733 364 142 330 | 41.2 | 48.0
' : ! . : : b . : : : Source 326 21.5 465 4.8 0.1 265 148 131 708 603 566 3.5 741 204 89 131 | 292 | 336
: ' l _ﬁ'ﬁri'__{{'_r_e_gflfa_rl‘;ie_rﬁ?l_gp_t ________________________________________ : | _Eu_l'l_elr_e_.“f;r_._r_e_gl.lla_rlz_e_r_vj'?l_gp_t ________________________________________ : CBST [69] | ResNet-38 | 536 237 750 125 03 364 235 263 848 747 672 175 845 284 152 558 | 425 | 484
, : | K | | . | : Source 64.3 213 731 24 .1 314 7.0 277 63.1 67.6 422 199 731 153 105 389 | 349 | 403
, : L) =i Y 1o PIRIXEW) e (9) + [ Car . [ Car , CBST 680 299 763 108 14 339 228 295 776 783 60.6 283 816 235 188 398 | 426 | 489
| : : P Ak | Person| o os o . : | |Person| e o os l MRL2 Deenlabyy | 634 271 764 142 14 352 236 294 785 778 6l4 295 822 228 189 423 | 428 | 487
! : : : AT | | 1 « AT | | ! MRENT P 69.6 326 758 122 L8 353 233 205 777 789 60.0 285 815 259 196 418 | 434 | 49.6
! | | | Y] =argminC(y,) T Peeudo- abet ook "1 min — S5 6 logp(kixw) SARLEE seudo- abel etwork I MRKLD 677 322 739 107 1.6 374 222 312 80.8 805 608 29.1 828 250 194 453 | 438 | 50.1
| ! | ! ve ! I generatior etraining I Yo DS PR | I generation [Straining ! LRENT | 656 303 746 138 15 358 231 291 770 715 60.1 285 822 226 201 419 | 427 | 487
| ' | s.it. g € AFE-D ! ! - .
| . I : ; . : Balanced softmax Pseudo-label §~ : : — are(p(xe; w))] : Balanced softmax Pseudo-label §~ Network output :
: : : : Y = {j}tj if C(§e) <€(0) ; p(k|x¢; w) | : : p(k|x¢; w) after self-training | EXpe r] I I le n t V] S DA 1 7
l : I | 0 , otherwise : N, . : " |
!_ I I [ ! _! I : _: Method Aero Bike Bus Horse Knife Motor Person Plant Skateboard Train Truck Mean
| [ Source [50] 55.1 53.3 61.9 59.1 80.6 17.9 79.7 31.2 81.0 26.5 735 8.5 52.4
Net | re-t ' pseudo-label : : . . MMD [33] 87.1 63.0 76.5 42.0 90.3 42.9 85.9 53.1 49.7 36.3 85.8 20.7 61.1
etwork re-training seudo-label generation — _ | Re U la rizer DeS-I N and TheOr DANN [15] 81.9 77.7 82.8 44.3 81.2 29.5 65.1 28.6 51.9 54.6 82.8 7.8 57.4
l Predictions (Cityscapes) | g g y ENT [18] 80.3 75.5 75.8 48.3 77.9 27.3 69.7 40.2 46.5 46.6 79.3 16.0 57.0
R R MCD [51] 87.0 60.9 83.7 64.0 88.9 79.6 84.7 76.9 88.6 40.3 83.0 25.8 71.9
___________________________________________________ e e e e e ADR [50] 87.8 79.5 83.7 65.3 92.3 61.8 88.9 73.2 87.8 60.0 85.5 32.3 74.8
: | : . . | SimNet-Res152 [44] | 943 82.3 73.5 472 87.9 49.2 75.1 79.7 85.3 68.5 81.1 50.3 72.9
. Confidence Regularizers u Theoretical Analysis | GTARes1S2[53] | - - : : : : : : : - : .| 7
Preve N t‘l N Ove rCO N f'l d e N Ce : _ : Source-Res101 68.7 36.7 61.3 70.4 67.9 5.9 82.6 25.5 75.6 29.4 83.8 10.9 51.6
N | T T T T T T T T T TS T T TS T s e T o _ _ o l CBST 87.2+2.4 788+1.0 565422 554436 85.1+14 79.2+103 83.8+04 77.7+4.0 82.8+2.8 888+3.2 69.042.9 72.0+3.8 | 76.4+09
| | LR-Entropy (LRENT) r(3)= 5 i®log 5") 1 1 MRKLDIV (MRKLD)  ru(p(xiiw)) = — 5 %logp(kbe) | | 1 Proposition 1. CRST can be modeled as a regularized maximum likelihood | MRL?2 87.042.9 795419 57.1432 547429 855+1.1 78.1+11.7 83.0+15 77.7+37 824+17 886427 69.1422 71.843.0 | 76.2+1.0
Network output before N Network output after | | e mm e m e s m e m— L | N R, : AT | MRKLD 87.3+2.5 79.4+19 60.5+24 59.7+2.5 87.6+14 82.4+44 86.5+1.1 784426 84.6+1.7 86.4+28 725424 69.8+2.5 | 77.940.5
zelf-training L e O training. . (plilxe) ) 2 i1 MR-Entropy (MRENT) 7c(p(xi;w)) = 2, p(kixe)logp(kix:) 11 expectation maximization. ! LRENT 87.742.4 787408 573433 545440 848417 7974103 842414 774437 831£1S5 883126 709421 726424 | 76.6+09
G e T (@ setfitraining without confidence regularization | : | Pseudo-label solver ;7T = A L B | : : : MRKLD+LRENT | 88.0+0.6 792422 61.0+3.1 60.0+1.0 87.5+12 814456 863+1.5 78.8+2.1 856409 866425 739413 688423  78.1+0.2
JE— seudo-labe | 1
LP eneration etwor ' p(klxe) )3 ' I MR-L2 (MRL2 Te\P(Xti W)) = k|x;)? I sa s . . . . .
e B for I retraining_ I | - &) o (WRL2) Praw)) = 2, plkix) . | | Proposition 2. Given pre-determined A,'s, CRST is convergent with gradient | .
"samsssmmmmEnn l ) HE Tl e e e e e e e e e e e e o o o o o o e e o wm omm mm e e e e e e e e e e e e e o e o o o . . . . o o —— . . . . .
: | i | | descent for network retraining optimization. | EXp : Off] ce- 3 1 Refe Frence
——————————————————————————— I 1 1 |
EI :_ * label  (b)Label regularized self-training | ' | LRNET : MRL2 I I Method AW D—W W—D A—D D—A W—A | Mean . Zou et al., Unsupervised domain adaptation for semantic segmentation via
Netvork | resuiegRen Network | | | | 10 10 — ' I Proposition 3. If 1,,'s are equal for all &, the soft pseudo-label of LRENT ! ResNet-50 [21] | 684+02 96.740.1 993+0.1 68.9+02 62.5403 60.7+£03 | 76.1 class-balanced self-training, ECCV 2018. (CBST)
o ampte from BDIOK — . -  retraining I ! 2 | 2 2 8 g 8 —az0s|| 1 1 . ’ . l DAN [33] 80.5+0.4 97.1+0.2 99.6+0.1 78.6+0.2 63.6+03 628+02 | 804 . Tsai et al., Learning to adapt structured output space for semantic seg-
' ' | I ~ , I | ! C2} ! S S 4 i | is exactly the same as softmax with temperature. | RTN [35] 845402 96.8+0.1 99.4+0.1 77.5403 662402 64.8403 | 81.6 mentation, CVPR 2078. (AdaptSegNet)
o ! ' I I I N4 N4 Il : DANN [15] 82.0+£04 969+02 99.1:0.1 79.7+04 68.2+04 674105 | 82.2 . Saito et al., Maximum classifier discrepancy for unsupervised domain adap-
-====Z=- it iui il . I S : S S, s, I 1 l ADDA [61] 86.2+05 96.2+0.3 984403 77.8403 69.5+04 689405 | 829 tation, CVPR 2018. (MCD)
: (c) Model regularize Nseetwo:ljmmg | : @’U | | | | ﬂi'f & 0 o— & 0 — : : Proposition 4. Self-Traini ng with MRKLD is equiva[ent to self-traini ng : g}rri [[:,ﬁ]] g;;igg igigg gg.zig.i gg;igg gggigg ;tllﬁig.: gz.g . (C CéBéAC)ycle-consistent adversarial domain adaptation, ICML 2018
_ retrainin I - - = = - * * : : : : : : : : - : . y
) . I training I: | 0 0.25 03}5 075 1 : "0 025 0p5 0.75 1 0 0.25 055 075 1 0 025 0,55 0.75 1 : I with pseudo-label umformly smoothed by E = (Ka—a)/(](+]{a), : CBST 87.8+0.8 98.5+0.1 100£0.0 86.5+1.0 71.2404 70.9+0.7 | 85.8 . Sankaranarayanan et al., Generate to adapt: aligning domains using gener-
— | g | | | ! : : : MRL2 884402 98.6+0.1 100400 877409 71.8+02 721402 | 864 tive adversarial networks, CVPR 2018. (GTA)
SDA17 (With label “Car” image label: “Car odel regularization | where a is the regularizer weight. ative adve w
>amples from VISDA-T7 (With label "Car®) S Aid‘l‘ S | : Pseudo-label generation loss : Regularized retraining loss : : g g : MRENT 88.0+04 98.6+0.1 100+0.0 87.4+0.8 72.7+0.2 71.0+04 | 86.4 . Grandvalet et al., Semi-supervised learning by entropy minimization,
| v.s. probability | v.s. probability . | MRKLD 88.4+09 98.7+0.1 100+0.0 88.0+09 71.7+0.8 70.9+04 | 86.3 NeuriPS 2007. (ENT)
: : LRENT §8.6+04 98.7x0.1 100:+0.0  89.0£0.8 72.0+0.6 71.0£03 | 86.6 | Adversarial discriminative domain adaptation, CVPR 2017 (ADDA)
L Por ! MRKLD+LRENT | 89.4+0.7 98.9+0.4 100+£0.0 88.7+0.8 72.640.7 70.940.5 @ 86.8




