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Abstract: In fringe projection profilometry (FPP), the resolution of fringe and phase data is constrained
by imaging hardware, while existing super-resolution methods remain limited in their ability to recover fine
details. To improve three-dimensional reconstruction accuracy, a diffusion-based wrapped-phase super-res-
olution method, termed Phase Diffusion Super-Resolution (PhaseDiffSR) , is proposed. A phase super-
resolution framework is constructed on the basis of the residual-shifting diffusion model, ResShift, in
which high-resolution phase components are recovered through a low-resolution-condition-guided reverse
denoising process. Furthermore, because the modulation map reflects fringe contrast and local phase reli-
ability, the low-resolution modulation map is introduced as an additional condition to jointly guide reverse
denoising with the low-resolution phase components. Experimental results demonstrate that PhaseDiffSR

achieves superior reconstruction performance across different super-resolution scales. For the X2 and X4
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tasks, the mean absolute errors of the reconstructed wrapped phase are 0. 0309 rad and 0. 0429 rad, re-

spectively, while the root-mean-square errors of the three-dimensional Euclidean distances of the point

clouds are 0. 189 mm and 0. 296 mm, respectively. These results outperform those of the compared meth-

ods, demonstrating that PhaseDiffSR effectively enhances the accuracy of wrapped-phase super-resolution

and transfers phase-level improvements to subsequent three-dimensional point-cloud reconstruction.

Key words: fringe projection profilometry; wrapped phase; super-resolution; diffusion model; 3D recon-

struction
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EDSR 2.32 1.81 4.11  34.08
PhaseDiffSR 2.17 1.28 3.43  35.69
Bicubic 5.05 10.22  9.97  26.18
SRPRNet 4.28 6.45 7.76  28.62
SRCNN 3.94 6.46 7.86  28.35
HAFGAN 3.68 5.28 6.99  29.59
EDSR 3.70 5.20 6.95 29.62
PhaseDiffSR 2.86 2.97 5.21 32.15

107, #H Lt 4% T 48 A5 b i kA 45 2R o SRR AR T
6.47%,29.28% M116.55% . Ml F1L G EH T
2 Bicubic, W EE % 2 Jr B3R 1 R4S R AICAHH A
B AR 2%, Hh HAFGAN #I EDSR & 6 3 i3
BT K 5 € 77, {2 PhaseDiffSR #F — 4 B 45 o
IR 22 FI = PSNR, Bd B 97 50 XK = A fig %
TG A4 b T A o PR R A 4

TE X AAE 55, i AR A3 B 3 AR b 2 i
PE—2 Ik, &5 ik iR 22 A B B, B
B R B . RS an ik, AR Oy IR AT AE BT TEANY
e bR AR AL, HE MAE . MSE #il RMSE 43 5
J92.86X10 %,2.97X10 *H5. 21X 10 *, 4 L %%
T 48 A5 o 0 kM 2 R A i IR T 22, 28%,
42.88% M1 25.04% . 5 X2ES ML, X415
1 PhaseDIiffSR AHXF T U 15 25 46 A 114 B3 AR i
T &, 10 AR AR S B R A AR A T T Y 1
B BT 4 7 16 8 A3 HER AR AL A B B AL
ke

T2 NETIEAEMA LR EER. 7]
LI 1, PhaseDiffSR 7E X 2 il X 4 4T 45 P A1 {5 £
T A% 25 A1 B 85 PSNR, 156 B H e M A2 o0 2 1
1) T L B 08 A AL 3 B AL AR B 45 AR
AH H 2 R A 45 77 15 Bicubic AN 4 # 4 {E 5 2, Xk LA
FE 50K A T ARURE 67 41T s EDSR SR VR B 24 2] 5 vk
ARG S AE — BB b AR A A 7 0 2%, (AL
LA RIS TR k. XA ES T,
PhaseDiffSR % 43 2 #H i MAE . MSE 1 RMSE
A3 3R 4.29X 10 * rad, 6. 70X 10 * rad F1 7. 80X
10 rad , A Lt 45 T 48 Bk v 0 0 A 45 SR 43 S BEAR T
15.72% ,37.38% 1 21. 45% , 3 B 1E 5 A% 8 4
1551, BT 4 J7 15 BE 6% AR 45 5 v i 119 6 2 R 02 1k
R

RINEIEE =L = LR ERR, H
T — 20 VT A AL A B R A R R A =Y
AN EE R sZ . v LA ), PhaseDIffSR 7E X 2
FXCAAT 55T 0 = 4 WK EG IR 85 18 25 F0 Z T ) 1 25
AT e 25 3, 3 108 B T 48 5 ok A A ALK B By
BOARAT WOKS 42 T BB 08 0F — 25 38 o AH 47 I R
S AR ARG 1 E Y S AT RR A B
BRI IR 2
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Tab.2 Error metrics of different methods on wrapped phase
Ui ik fr % MAE/(X10 %) MSE/(X10 %) RMSE/(X10 *) PSNR/dB
Bicubic 3.93 4.70 6.75 39.55
SRPRNet 4.11 5.05 6.88 39.57
SRCNN o 3.65 4.26 6.32 40. 28
HAFGAN 3.33 3.37 5.60 41. 40
EDSR 3.24 3.12 5.38 41.73
PhaseDiffSR 3.09 2.45 4.72 42.90
Bicubic 6.37 21.24 14. 31 33.03
SRPRNet 5.66 12.91 10.91 35.72
SRCNN ” 5.50 13.59 11.31 35.22
HAFGAN 5.16 11. 31 10.19 36. 34
EDSR 5.09 10.70 9.93 36.53
PhaseDiffSR 4.29 6.70 7.80 38.61
R3 ARAZFEZERZ EWIREER
Tab.3 Error metrics of different methods on 3D point clouds
y o . = HERR [CHE 251 2% /mm Z 77 M2 /mm
MAE/(X10")  RMSE/(X10') MAE/(X10') RMSE/(X10 ")
Bicubic 1.23 2.65 1.17 2.51
SRPRNet 1.28 2.63 1.22 2.49
SRCNN o 1.13 2.43 1.08 2.31
HAFGAN 1.03 2.13 0.98 2.03
EDSR 1.00 2.06 0.96 1.96
PhaseDiffSR 0.95 1.89 0.91 1.80
Bicubic 2.02 5.43 1.93 5.13
SRPRNet 1.78 4.16 1.69 3.94
SRCNN ” 1.73 4.20 1.64 3.98
HAFGAN 1.62 3.87 1.54 3.66
EDSR 1.59 3.74 1.52 3.54
PhaseDiffSR 1.33 2.96 1.27 2.80

B AR 5 78 X 24F %5, PhaseDiffSR Y =
2 BK GBS MAE #i1 RMSE 4351 4 0. 095 mm £
0.189 mm, Z J7 [t] MAE Fl RMSE 43 %l & 0. 091
mm F1 0. 18 mm, H ML T H A 77 ik . 7 X415 5%
W T R R s R 25 B I B R R R O AT
PR B R 22, L = 4ERR G IR 2% RMSE 1 Z J5 [
RMSE %3524 0. 296 mm #10. 28 mm. [ iR %4
T FER R AR B R 7 AT Re 68 3K A
HRA E Y = Y
4.1.2 R E T ¥

SRy i — 2L B AN ) Tk AE AR AL R T 25 AR

[R5 22 3 A5, AR SO X 2 F1 X 4AT 45 R AN TR 7 3 1
ot XA A 15 25 HEAT AT AL LA, 5 R An A 4 ]
S5HTR . AT LA W AN ) J5 325 06 46 X A 7 2 2% 2
T AR R T 2k DA B SRR AN DXk, 3 2 [X S
Xof A AL 4 ek O R N URR B A ) e R L R
T T B A I i ) 15 25 ) Y

FE X AAE 55, i TR A B i AR fb e
HEE A5 TR B R 25 X R FE X 2 4T 45 B i B
i . M2 F, PhaseDiffSR 76 i M #4015 % F
Ay 2 TR L AR A A R 2 A0 A SR R A X sk e
F14) 1o 1% 25 31 B A 6T B /0 0 B T 42 7 7k RE 8 T R
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Phase error/rad
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Scene 3
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Fig.4 Absolute phase errors of different methods in different scenes for the X 2 task
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Fig. 5 Absolute phase errors of different methods in different scenes for the X 4 task
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W] PhaseDIffSR B89 A %0 #& & A ALK B AF L . MIE 6 FTE 7 0] LA i, Bicubic B F AL AK
PRI T NI G R P 0 B 2 S A e A7 (B 21K 20 S MR A I, A Jd 3 B R X S v

SR, A SR X 2 X 44T 55 R R [ 7 vk 1 IR A7 A T S R AR 22 W N 5 P T B4 97 8 0 LA 72

JiE 15 22 HEAT Al WAL L&, 45 F A0 18] 6 AR 7 TR . IR A5 T M 5% 04 T A A 43 40 Y s EDSR
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Fig. 6 Depth errors of different methods in different scenes for the X 2 task
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Fig. 7 Depth errors of different methods in different scenes for the X4 task
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o) 3 B A1 SR A R R R 2 A3 AT, Ry BB OK X sl rh
1Y) 1 1% 22 90 LA X B/ o JEHAE X AT %5 b L
Iy PR NIRRT, & R TR B R 5 R

{3, {0 PhaseDiffSR {7} 68 4% 47 %5 10 il &5 1% 2%
DX 5l o JA] P 9 DX 1, 106 T B T ik A R
R 1 T ATh 8 DR R AT 0 = 4 R R AR E
45 3¢ T PhaseDiffSR AW BE % $2 & 40 007 )2 1t
R VK 2OKG B , 3 R 05 44 A 57 8 43 ik S8 O I RS 32
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4.2 HELISIG
4.2.1 AR E SRR R

Shy 38 TR ARG 43 B 58 8 i R PR Sy A8 S5 1
A A R AR SCTE DR A5 99 285 25 7 )1 25 8080 A
WS —BUWAE LT il g 2 8 51 A 0
JEE 45 A R AT T AL S, IR AE X 2 X AT 55T 4 )
Geit T W B0 TR R YRR 7 43t A 2R A 67 1
WEEAR, AR E A TR S PR

x4 BLRAHELGREMLS EREBRNEN
Tab.4 Effect of modulation condition on error metrics of

phase components

N — M/\Ej MSFL/” RMSE/ PSNR/
(X107%) (X107") (X107 dB

JC I i B 2.38 1.44 3.64  35.15

A I o 2.17 1.28 3.43  35.69

JC I i B2 3.87 4.82 6.71  29.86

EERE ;3 a 2.86 2.97 5.21  32.15

x5 BRANELZGNERBEAMREERNZME
Tab.5 Effect of modulation condition on error metrics of

wrapped phase

N MAE{ MSE/Q RMSE9/ PSNR/
(X107%) (X107°) (X107°) dB

76 18 i 3.33 2.78 5.07  42.23
A I B . 3.09 2.45 4.72  42.90
JE V8 i) JEE 5.14  10.47  9.80  36.66
EERKD; S a 4.29 6.70 7.80  38.61

24T LUE 5T A &R S A4
R EEIRE X2 X AT S a8 kg, Xt
T X24E 5, m A il B2 J§ MAE, MSE 1 RMSE
Oy AR ZE 2.17X10 %, 1. 28X 10 * I 3.43X
1077, A b 7 A i B2 Y A B0 43 ) R T T
8.82% ,11.11% F 5. 77% o St T X445, il
BE S5 R Al ok 0y ek 0 i W] 2, MAE, MSE il
RMSE 4+ % B& X T 26.10%, 38.38% A
22.35%

Ko —LH T BEMN N IRER .
AL LA 76 B A 7 4 B 2 A B AR AL S 18
BE S A SR B A5 Al R AR E MY R 2 BEAR . U

TE XAAE 55 A B2 S A 22 AR AL 1 MAE,
MSE #il RMSE 73 J F& {1k 2 4.29X10 7 rad,
6.70X10 " rad F1 7.80X 10 * rad., | ik &% R %
K 43 9 5 08 ) EE P BE 08 Sk AH A7 88 43 B R AT
55 B AL A R JR B A B0 L B A B, AR A
I 53 B R AR AL 25 48 25 1 22 A0 i — 20 AT R R
k25 5, DN 42 T 5 43 B SR A6 40 it R A0 2 AR
I RS
4.2.2 SwinBlock % 7§ g% 5 36

k5 A SwinBlock X A v Wk &2 25 5 1) 52 i
Ak — 20 IF R T A I SwinBlock B Y Bl SZ 5
1E J& SwinBlock % B 5, ¥ 2% M B 4% # f) Swin-
Block #:# & ResBlock , H: 4% I’ 2% 25 ¥4 Y1 2k B P
M S H R FF— 3, Ll g Rk 6 Mk 7
FIi7R o

&6 B SwinBlock X 18 5> B iR Z 5 4R Y % M

Tab.6 Effect of SwinBlock on error metrics of phase

components

. MAE/ MSE/ RMSE/ PSNR

ik 5% i ~ .
(X107%) (X107%) (X107*) /dB

7t SwinBlock 2.61 1.56 3.84  34.57
X2

£ SwinBlock 2.17 1.28 3.43 35.69

Jt SwinBlock 3.03 3.46 5.62  31.52
X4

# SwinBlock 2.86 2.97 5.21 32.15

&7 HX SwinBlock 3 & B iR Z S EREY #T
Tab.7 Effect of SwinBlock on error metrics of wrapped

phase

MAE/ MSE/ RMSE/ PSNR
VIRES 5% B _ .,
(X107%) (X107%) (X107%) /dB

T SwinBlock 3.33 2,75  5.04 42.27
A SwinBlock s 3.09 2.45  4.72 42.90
J& SwinBlock 4.56  7.85  8.45 37.96
4 SwinBlock o 4.29  6.70 7.80 38.61

LA L 51 A SwinBlock J& , #5551 75 Af {37 43
2 ) AH 57 R U2 1 R 22 4 bR 24 4 3 B3
FE X 2 F X AT 55 v, & SwinBlock #4582 B 5
B K i MAE, MSE, RMSE H1 5 & () PSNR, i}
W] SwinBlock A Bl T $& 5 51 43 HE 25 M 467 43 1 19 1k
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R . AH HJE SwinBlock (1 4l ResBlock 45 #
T A SwinBlock Ji B AR #8478 45 5 £ %6 48 0 R AT:
G5 P AT DR ARE B R 1 T O R A ) R 3
AT 5T 2 A 25 R B BT — E AR .
4.3 MHEREELRTNELE

Ry it — 25 B E R [ D5 1 A 55 bR L AR] RS il
IR, AR SCTE XA A BERAT % T SR BB
o P HEAT ROSF DU o S0 . HLAART A S S By
BHE — G 558 =R E M Z R IR
HARUER 2] 10 mm VE N 2% 1H AR 6] J5 vk B it
A5z R B R A K iR 2 RIRE R 3R 22, &5 SR
F8PIR,

i % S Al LA 1, PhaseDiffSR i il & 5 25 4
9. 645 mm, i 30T 10 mm A5 fE B B, H 248 %1% 2%
FURE X 15 22 43 9] 2 0. 355 mm #1 3. 55% , ¥4 h &
Tk AR, AR R AR SRR A 5
T TR Tk B8 AR A B R A o RS Y 4
= H R, I — L 5 0E T PhaseDiffSR Xt 52 fr
S RS DR B A A

R X4EZFTABAENMBRAORTUNELER
Tab.8 Dimension measurement results of step block by

different methods under the X 4 task

ik PRuERE RS xR MR
B/mm  #/mm  Z/mm  E/%

Bicubic 9.633 0. 367 3.67
SRPRNet 9.630 0. 370 3.70
SRCNN 9.638 0. 362 3.62
HAFGAN 10 9.629 0.371 3.71
EDSR 9.636 0. 364 3. 64
PhaseDiffSR 9. 645 0. 355 3.55
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