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Abstract: Quantum image sensor (QIS) has ultra-high single-photon sensitivity and spatial resolution, making it a
promising alternative to CMOS image sensor (CIS) as the next-generation image sensor. However, image reconstruction of
QIS differs from traditional image reconstruction methods, it aims to recover the original scene from binary measurements.
The existing methods include model-based QIS image reconstruction and deep learning-based QIS image reconstruction.
Model-based methods are largely based on optimization and are highly sensitive to the selection of hyperparameters. While
deep learning-based methods require designing and training separate models for QIS image reconstruction tasks with slight
variations in detail, which is inflexible and limits its usefulness to a large extent. In order to tackle the problems in QIS im-
age reconstruction, a tuning-free plug-and-play alternating direction method of multiplier (TFPnP-ADMM) QIS image re-
construction method is proposed in this paper, which can adaptively select appropriate parameters dynamically for different

input images with various oversampling factors, so as to achieve better image reconstruction performance. Specifically, in
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this paper, the parameters that need to be manually tuned in the QIS image reconstruction process under the plug-and-play

(PnP) framework are modeled as a sequential decision problem, and a mixed model-free and model-based reinforcement

learning algorithm is introduced to learn an optimal strategy, which could determine optimal hyperparameters at each itera-

tion for different input images. The experimental results on synthetic dataset and real dataset demonstrate that, compared

with existing state-of-the-art methods, the proposed method improves the peak signal-to-noise ratio by approximately 0.44~

0.60 dB under oversampling rates of 4, 6, and 8. Furthermore, the visual results demonstrate the superiority of the proposed

method in retaining more texture details. Real extremely low light QIS image data is available at https://github.com/ying-fu/

Real-SPAD-Dataset.
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WP . O T AR RE AR IR i, AR SCTE AR UE
B MCS B T A dn R B U R AT RER , 8

SIH AR SCATS P y=0.99. 7EES 4.4 75 A SCEESN
PRV T AEST 7 R PR 1 (A () 15 8 6 i P RE 1Y
RN

H IRy R B R R PR B S, H A
St o] — AR S 7 (als): S A, (A NE 7
JIT g AR A5 0 1 2R 1] 4 (R AAD B RS & 3B 12 R
FEA B T AT BB L R A3 R ek Ak

(2) A B SHECE PR ARG 2 > N 2%

FER MG 2 S HEZR IS I A SCRAIS 54 -
P (Actor-Critic) AELE . S % 7,(a s, ) 5150k
S Y FRIRA T BAT IR SR 4 v 7 (s,) st
Z 5 F AT RHETIPAL . o SEm I 2% L I 2% 3
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1) ResNet-18 5 HHAT SR IRCAS , L 6 43 452 2 A
SO BRBCHE BRI 24 . FEL T 11 32 MO 6 1 S Wi
% K 8 24 2 P g T ) 4 97

TR I T A ENE (a,.a, ), T S0 S WS
DM R SRS N o, OB G2 PSS 7, PRI AE A T L0
I8 244 2 J 6 L4 5 B 2 40 S22 TR 1
1 e W 9 /A5 51 2 B . B BB AE o, A L 5
711 ) PR RET AR (LS. 50, =0, R G HEA T —
O, 75 M2 11 SR AR I DOMR 25 HE A B 1y
TS S L T N o, T b I B A B
ay=my(s). S T AEHE N 10 4 T LT 4> T b 00 5]

HAT 55 BT Ak BPIRZS B T 40 A S BOIRES (xp v my ) A1
WK QIS BLAR R S8 1Y B iy — (BRI x,, 25 [R5 R AR R K
DA BCTR 25 1) 24 15 26 AR OB kB S 5 A1 388 3 A P 285
X T AE R 2 B S FPIR S IAT — kA7 3 5 45 3 B9 R
B (X Ve o ) VA (0 K OB . T BT
J 1PN GRS AT, AT % SRS ] A AR DG , A
SCRFH 230 11 HHL AR, B A S 1 190 265 (IR A bR
G v DX P BEHLRAE B S BIR AR A . SR s AR {7 19
25 LIS 7 ES TN e, Horh , SR ) 45 HH SR s et
JE 89 I7 AFEAT I L, A (6 9 45 55 7 I SR FH 25O o
B AR R DI 5

)
AERE Sie1s (Cpers 2o U, %o, Ko 11 (0 e
¥ L PnP-ADMM h
2208 [ i it
SR M 2%
NXS( I:> 77.'1(-|S)
> 0
0> m(s)
Witf% | TDerror
> O(s, a)
N % (s,.a,) ¢
3 0> 0'(s, a)

4 SR 2 RN I 26 A

4 SRIGHER

FEARTT T, B e AR S B B 8 s 4 S IR Y
ELORYATT X H ik M HAR B ARG SRR IR LT
Tk S IAT Y QIS BIMG H & A SRR R T
B R R S TR SR . 205 R A S 6 LA UE B AR S
FrH O s A R . B PR AT T AT S
e 2F 3 B SR ME AT R LA R R e o e 2 i A 45 R W
Al
4.1 KERE
4.1.1 HIE&E

AR 3T AR Sk LA S B8 1 18 1k
XL IRAEAN A R A R T E Pk fe . b, Bk
BRI SCER 14 T 3R AIE A 13 TR AR, RS 3.1 1Y
T 28 0 QIS BUAGAR Y B A QIS WL 0 45 4 H 0l
R, s k=468 =F R R R E R .
J A B B R T 18 128 x 128, B AR &R B4k IH —
[0, TSN . H RS 5 S N a =K, 8{E
B q=1. B (1) 24 42 2R H Burri 58 A & B

(4 SwissSPAD AHHLPO K 2 . iZAMIHLEA 512 x 128 K43
R D 156 K AWUE 5 .t TIZ A WL s R 4w
1117 25 [B) 43 38 3R /0N, D) I 7 0000 00 Ach 8 s R D v s 41
TN AR 16,3664 W EIEKR 1 K=4.6,8 = Fl AN [F]
R MR R . e UG E ), X Fad R
FEAER K =4 W95 DL, FA5E A AR AR 16 Wt R Hh [a) — o7
B T X I R S G AR A ) — MR R
B, 7E0L RAE R K =6 8 If [F] . L SR 65 O RS £ B
£E % F 55 —Fh SPAD MI#L (Pi Imaging SPAD 5128) T It%
OB, LA BRI 512 x 512, BEGETE] 2 40 .
4.1.2 RIGYHTS

A SCHE ) TFPnP-ADMM 75 SR A7 25 W [ 265
IG5 R SR M 45 D 5 . G BAT T AR w2
Mg X 2 300 5 (R DI 25 2, AR SCR M BSD (Berkeley Seg-
mentation Dataset) 5 #i #2% $2 Bt 1) 87 000 > N~ Ky
128 x 128 1 EMG B I 5 F: M UNet [ 45, Horp A4 [
HeBEHLI N T AS[R) 5 7 ren ST M7 . 2 Mg ) 2% 14 1)1 225
i FH L, 525 PR B0 Adam £ AL 2%, BRI 25 1 4tk Ak
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R /NEEE R 32, IR IAT SO FE UK . W hR 2% 2] R ik
B 107 7RSS 30 MR T I 5 x 107°, e J5 7E 5 40
ANEWET IR E 107,

SR (B 28 P I 2554 >k H PASCAL VOC £l
F 10 AR SN EAR AR PR BT 17 125 AN EHG He (RS 5
R 128 x 128) , [RIFER FHER 3.1 95 H (1 QIS AR A5 AU Xt
HAEATAN B, Ry B B H A e K=4.6.8 = Fhid %
FEAE TR X I 8 QTS B NI A5 i . 54 s - 497 1L ) 2% []
FERFH Adam AL 3, BRI 2t b 38K /NS By 48,
YIZEIEAT 15 000N EE VR . SFEME 1 I 45 1 290 1~
MRV E R 1 x 107 F15 % 107, j J £E45 10 000 4~
RT3 3308 R 5 < 107° Fl 1 x 107,

FEVIZRBY B IF IR, 1 5530 T 20 OR SR R o
FHFRAS G vt i) TR, L5 28 B b AT R R A1 ot
P R R R 508 5 T B2 MAT 10 TR 48 16 B B 37 . 7
YL, 2 SCR 20 56 URCHL ] K5 PR 28 B B R 4R AR
BAFEAERAGE vt , I A2 DI ZR B B fift N B8l 22
Tt R B ML R AR P R 2 R L R A T ) 4% B, B
T B2 Wt 1 R /N B R 400, BR R0 X) LT EE Ab , AR S
SIS FET PyTorch HE4L , £ NVIDIA TITAN Xp 745 i
R LA
4.1.3 XfLbFH*E

A SCKE TFPnP-ADMM 5 54304 19 32 3 QIS E1%
AT AR R LA Al 1 (Maximum Like-
lihood Estimation, MLE) J7 %57, BM3D 1 Jy X 5e 46 1)
PnP J7 %5 PnP-BM3D ™ JEF DnCNN 250 /4 454 4y Je 6
{4 PnP J7 9% PnP-DnCNN""*) | JE 264 i) 725 46 25 W 1 )y
75 TDQIS-BM3D ™ A B 5 45 K AR A T 48 % Jgke e
FAFEBEE SR MLM J7 3k

4.1.4 FEHE

AR S0 T (R A5 M (PSNR) L 45 #4941 B ( Struc-
tural SIMilarity , SSIM ) R B g A A E SR X 4% T )
T AT VAR ST E AR AR BN S ik E
APORPATIPAL . PEASTE K =4, 6.8 = Rhid SRR %
BT N T IS 2 OB E O kS
BCAE A A SRR R T S S ENfEE N E
FEIAT LA B A T RE
4.2 KIWERITLE
4.2.1 ARBEE LML R

T BAE TFPnP-ADMM X F QIS 1% & 4 Jii £ il
ORI LT TFPnP-ADMM 5 5 Fp AT QIS B4
AT BT . 22 1A 5 AR T A X L
TR R A QIS MG AR £ T i o 1t e M 45 21
TEZE 1 B4R |44 PSNR % SSIM BB AR 45 5 T
bR . B S5 LT LUE Y, TFPnP-ADMM 78 =i
SRR E T YRS Tl . S, SRR T
BEARRAC I I AR H AR SO 0T UAR 9 24 jipbk
SHE g BRERNES MBS, A ERTE
PSNR #4 25 55 /N L 428 , DR A T A 0% 1 A I 4
Fb. Xt T [F & T RO 4 RO AE 22 14 QIS H #E Jy ¥ PnP-
BM3D £ PnP-DnCNN J7 1%, £ K=4.6,8 =i RFEAT
N2 25,20 18 REMR 5 25 .15 13 kAR, LA
KB AT R . NS PR BOR R, A S
TTEAEK=4.68 = RFEAL T U 19.00.
12.85.5.08 YRIEAR , AT 3K 28 48 1A Xt by ik ) J g
PERE . MBS TR (00058 245 S K S 38 e K A 4 1 [ ]
LI Hi, TFPnP-ADMM X F 45 FlCR FERE R & T K A
SUHERAN Y A AR AR T B O R A I A R
X5 M E ARG A5 e —3K.

R1 FEERHEE(K=4.68) TEHFEESHNBFEE LN QSEREREEE R

. o VRS
HRFERK b MLE" PnP-BM3D"! PnP-DnCNN"™ | TDQIS-BM3D™! MLME! LS RS

PSNR 1471 25.67 25.13 25.74 21.32 26.34

! SSIM 0.2250 0.761 4 0.702 0 0.750 5 0.3772 0.79 1
PSNR 17.93 27.33 27.53 28.36 25.10 28.80

¥ SSIM 03337 0.8179 0.774 9 0.829 7 0.492'5 0.8473
PSNR 20.31 28.46 29.19 29.83 27.38 30.36

’ SSIM 0.420 4 0.8522 0.8270 0.867 4 0.566 2 0.890 8

4.2.2 EXLHFEE LML R

BT K E TFPnP-ADMM 7E B 523 5 F (1) & g vk
A8, & 6 FE 7 40l JE /s T R [R) 7 ik 78 B 52 QIS AT
(ot ) K A s e PR s A sE 1. N6 LA
Y JE T R AUAR AT AY MLE K2 MLM 77 325 75 8 a2 1 14
B AFAER R IR RS, LI PRIE T 2550 SR A2 KRN
AF, QIS i HEY —{EDURI 4 BE AL AN JE DA 3 - 34 3 R

B Z2 A E FE A7 T B . 5L A2 e 2 MEAE 42 1 TDQIS-
BM3D J5 ik SR B M B T R B W e v ]
BIPETE | (E H MG B AT L B B i 2 B . TR
I B FHHESL B9 PnP-BM3D A PnP-DnCNN J7 7% 7E— 263
G A w0 DX IRAH 5 8 TR, Qo i A ) Dk
TE PR ) T B i SR AN R AR, A I ) RS AF e
BESF IS . A Z T, TFPnP-ADMM 7£ £~ 35 R A%
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(b) MLE

K=4
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(d) TDQIS-BM3D

(e) MLM
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(¢) PnP-BM3D (d) PnP-DnCNN (e) TDQIS-BM3D
% QTS Bds - iy 2 LB 245 S X L
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E 6 ANRIRERARF T 5 5 P FLEE QLS MEATUAIE (st LE/@%MA SR
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SUHERANT . N7 9 A2 R KR R AN o] LR
i, B8R PnP-BM3D H1 PnP-DnCNN J 1 8% {K 5 4 550 0
by AHAE ORI SRy R 415 Ak , PnP-BM3D f4 45 SR A7 7E
FEOR K2 ok 25 B B M 75 T PnP-DnCNN %) 28 28 455 B v U]
e S . ML Z T, TFPnP-ADMM 7 & £
PEI G ) 4% U Lo 38 SR R S Al i R i X B
.
4.3 HBERSEIE

R T B IE TFPnP-ADMM 7E FRY 7 UG B T 55 I
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I 2652 4 kg SE 56 1) PP 325 (PnP-UNet) , R 25 $41 56 1
SR R T s # 0 Jy KO AR R B IS 1A
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F£ PnP-UNet' v, SR 21 H 2h48 2 0 S g 23 501k B
AR 0T R BGH E — H i 24
fEAFER A T 735 8 R R R B e AL, X R S H 0k
PO M R 3 Tk AR B AR . o Tk
— R T AR EH A YEREFF S TFPaP-ADMM fE FL 55, 75
PnP-UNet’ 11, 2R FH 95 4% e (L S 5000 J5 i R B A2 SR b
F5 2N R KOR R Ff B A MR B — L B A 2
B B X Oy U B R A B R RS, JE kS
Brp; . 7EZAR AT S2 56, 5% F Intel Core 17-6800K CPU
K NVIDIA TITAN Xp GPU 75 % 26 h # & 7 B £ 1Y)
13 5K UG TR 1 A S B S 4L
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(b) MLE (¢) PnP-BM3D

(d) PnP-DnCNN
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=
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() TDQIS-BM3D (/) MLM (g) A3CT5 ¥k

BT TR RAE AT 407 7R 2052 QIS PR e L ity T A e 235 S X L

IS . % 2 Fif 7, TFPnP-ADMM J5 ¥ 18 T A7 2 SRk
R R IR 8] T e E AR, UE B AR ST A2 2
2 M 1T UGS R 3 RARAS R T B [ iy A B & 80
BE RS EUT .

il A9 A AL s At (55 BIVESS 4Rl ) 45 T 22 , 45 PSNR T
B DIt 2GS IR o DL N p 9 IR BEAT: 55
i SR BN [ T 4

#3 TREAETFSHRBNERILE

R2 HBMELBATLLER i K=4 K=6 K=8
. K=4 K=6 K=8 PSNR/AEACUREL | PSNRALACIREL | PSNR/AEICIREL
PSNR/ZEIRUKEL | PSNR/AEICIEL | PSNR/AEIC AL 0 26.33/20.00 28.56/18.92 30.07/15.62
PnP-UNet! 2577125 27.91/22 29.76 / 15 0.05 26.34/19.00 28.80/12.85 30.36 / 5.08
PnP-UNet? 26.25/17.74 28.57/14.39 30.27/12.17 0.1 26.06 /13.62 28.51/8.69 30.15/4.38
ATy 26.34/19.00 28.80/12.85 30.36/5.08 0.15 25.72/10.62 28.40/6.92 30.15/4.08
4.4 BSOS x4 FEMNEFSHIEENERILR
ANIHETE TS T 10 B S BHOERO T g, | K= K=6 K-8
L (10) Rt (1) A5 AE ST T FTH0H F y B4 4 ’ PSNRAAMUCEL | PSNRAKARIUEL | PSNRAEARUEL
%ﬁxﬁ?ﬁxﬁffﬁiﬁEf%bﬁi*ﬂﬁﬁiﬁ(ﬁﬁﬁﬁ 0.8 26.15/13.77 28.52/8.85 30.17/4.23
oA 0.9 26.18 /14.77 28.55/9.31 30.19/4.54
%4 .
. _ s 0.99 26.34/19.00 28.80/12.85 30.36 / 5.08
3N 44 H WoR T AN R S 80 S (g
1 26.29/19.77 28.64 /14.85 30.20/7.23

P IVIZRAES B QIS GRS I 9 - PSNR K Sk %
R E. FER 3L, B r4n i+ y=0.99, Jf 3
MBS M. NG LUE th, S50 23 i
AT RIS, Y =0 0] SRIIE RN AT B2 il
W EAEN ML S s R et 72 . miBE A 7 B
{HL A3 K, SR D) 2 0 ) T A58 0k TS PO 0 S 2
X REAT B/ MR T — RN T8 . AR 4 v, [ 2 BT
I 5=0.05, I 40 R F p B9 . EE R LA
B Sy 3 BT RS T A . ST T
eI SR B v R R 25 T ZmE K 35
P 25 5 b 32 R Ok B 2R AR R R IR IR 25 (PSNR) R
R T ST = 1A, S5 D o G 2o 0 [ 2 LA 46
K HIR 25, B80S R LR AR =, T L R R 42

4.5 EHEFIINRBEITADW

KT 2 B UEAR SCHE ) TFPnP-ADMM J7 72 (1)
AR AT IR T %7 12 2T B0 3R 0 A Ak PR (]
Yy B AN TR) 3k SR R 30 A i A R 00 0 P A5 Bsf L e B
WA RN . KIS FIE 9 Bl JE /R T
TFPnP-ADMM J5 32 7 T N [] 3o SR AR 2R T A [ 4 A ]
G RN [R) 3k SR AR (K=8) R AN Al A MG (4 17 LA, Jr
2 2 BN ESRAN R B SR AT Ry . [ 8 FNIEI 9 e —47 2R
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