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Abstract Combining super-resolution localization microscopy with panoramic digital pathology provides a powerful
tool for biomedical researchers to observe the subcellar structure of the entire sample, but also brings the challenge of
visualization of panoramic super-resolution image. However, current super-resolution image visualization methods are
unable to process large-scale localization data, provide high-resolution panoramic images, and interactively visualize
panoramic images. In response to the above problems, an interactive visualization framework for panoramic super-
resolution images based on localization data is proposed, called PNanoViewer, which aims to achieve rapid interactive
visualization of large-scale localization data on ordinary computers. This framework constructs the multi-resolution
hierarchical structure of localization data based on the random sampling strategy, and visualizes multi-scale panoramic
super-resolution image in an interactive way. Meanwhile, the block strategy and multi-thread parallel strategy are used
to process large-scale localization data in batches to prevent memory overflow and speed up processing. Experimental
results on tens to hundreds of millions of localization datasets show that the proposed PNanoViewer framework can
visualize localization data with any size. Compared this framework with three currently popular super-resolution
image visualization methods: PALMsiever, ThunderSTORM, and QC-STORM, PNanoViewer has obvious
advantages in terms of data volume, resolution, and speed. At the same time, PNanoViewer also provides a useful
exploration for the visualization of large-scale localization data.

Key words interactive visualization; large-scale localization data; panoramic super-resolution image; panoramic

digital pathology; multi-resolution hierarchical structure
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Fig. 1 The interactive visualization framework for large panoramic super-resolution images
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o 1) 52 = W7 2 PR 2L (point spread function, PSF)
PN 58 AL, (o) M i 3T PSF HLa o A FR,
A N AL S BB AS 5 R, o S AV a5 ) S VR
SRJE, AR E O e MR By B, FERMR | &R
TR A 5 ASE AR 7x7 3 L P A e R R R A A 3 — sk
5 R A HE MR B Ja, o TR P b O R KR
FATHE 58 B o B ER AT O R (LA B, A5 R
e o HE A
2.5 TEMHEHHEIR
AR S FH Y A 2% 2 38 1 R A A BB R
Xt U208 40 il A5 0 E L AR A5, A5 L RS N 2
4 WU B 1 R 5 S, BB 295 100 pmx100 pm,
AT B B A S — R LA TS, B A A
124808 R . B2 2 48 nl AL 75 2248 ) L B
U 5% J& (photon) | )6 B A b1 x(BL 3 pixel) . A& b y
(B pixel) . X 7 o] %€ 2 K & CRLBx (P47 nm) fll Y
J7 18] 3 ARG BE CRLBy (A4 nm) iX 5 S8k, A 3L
AR T OLBEARAR z(BL AL nm) | JEBE X U5 [6] PSF 98

J& PSFSigmaX (P {ii pixel), Y& BE Y J7 [5] PSF 9g &
PSFESigmaY (. pixel) . Y6 3 558 & Total-intensity
(2 {3 photon) . Jt B # 5 )t F %L background (H. i
photon) . W {E {5 M Lt (signal to noise ratio, SNR) . Y& HE
FIr e IR AR G B R frame %5 250 XS E R AR
FHTw] WAk, B AT B W H] T8 43 B BRI 30 43 B
PUE =B SN SR VA3 & s T N & s 3 LR DV €7 TP s
i 3 NanoStitcher 572 DF 82 B 3 72 37 1111 AX.

AN E L LG T T $E Y PNanoViewer 5 Ho Al
BRI 58 57 3% A A Ak 3 44F PALMsiever, ThunderSTORM,
QC-STORM Y Al AR ALBE TT .

1) PALMsiever

PALMsiever & —- f Matlab i 5 JT & H € 1 X
I AT B A AT P A I, 75 S 4 o B
it — BN NAE, SR 5 LRGSR R R IR 53
PR IE 4096 x4 096 pixel.

2) ThunderSTORM

ThunderSTORM J2& — /> I fig 5% 4= 1 i 73 Bt & fiL
B A% b BEER 4. ThunderSTORM 7E Imagel |3z 47, Af
AL B, 75 226 4 3 7 B a — R B A WA IT
[GIRRTYNZ 0 ol

3) QC-STORM

QC-STORM 1 J2& — >4 il F| Image) H i) 73 B
SE AL G A BRA . 2 R R A3 D e AR T e — it
% £5 B34 ( compute unified device architecture, CUDA)
IF %, FE 0 M GPU 2 48 e R 4 Ak 21 {35 QC-
STORM Al #RAL IS, ] DA 255 Hh 734 U 48 1o %l
£ CPU &4 %] GPU ik B, SX)5 A IUAIR. QC-STORM
CHFIY B R B8 45 1 2GB.

A SCH He R NanoStitcher $f 42 T AN [ #1311 &
7 F B HE O 1x1 4> RO E] 10x10 > ROD), 414 1 7
7, O I B EICHE B TR 0.69~42.96 GB. 4 % M E fi
FHAE R BHRor BE SR G RF I [R] 3 A 5 TH 43 BT T
X5 e L PR RE. B )5 I T PNanoViewer 7 28 H.
AL AGAS [R) 454 (RUAE . ok R 0 IS 2 1) i 42 st
SES:N

F VAN T AR SO i {9 8 AL B . 8
A7 B AR 1 KD (i HDE ) . M=V e 7 5
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FEARAT . RS S o BEAE — 5 Al 58 B, B R
17 32 GB, Intel i7-7800X(6 %), 500 GB = & 970 SSD,
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Table 1 Localization Data  Information Used in

Experiments
*1 ZWPERNECEEER

SE S i i R/IVGB L W /pm®
1x1 0.69 15 407 780 100x100
2x2 1.62 36311477 182x185
3x3 3.26 73 029 607 242x282
4 x4 6.08 136 030 818 370%367
5x5 9.58 214 368 647 459x458
6x6 14.00 314793 299 542x543
7x7 20.92 468 491 928 608x632
8x8 26.65 596 636 617 702x718
9%x9 33.64 752 418 552 808x810
10 x 10 42.96 960 925 523 897x898

2 TB ST2000DMO005-2CW102 fi# #% Fl 11 GB N 4% #Y
NVIDIA GeForce RTX 2080 Ti fi. .
31 TEfLHIEEXTLE

AR5 SR ] e R AT Ak 3R 7 BCHE 1) BCHE VR N
VEH R bR, iZ T8 bR S 1 AT MR SR 55 v Re 6% Ab
PR & L EE f B & FFR. Bl 5 JB7R T PNanoViewer
55 HiAth J5 % PALMsiever, ThunderSTORM, QC-STORM
T AL 3 RIS 157 HRCH B 1) 50 1 XoF LL 45

60
— WA
e 42.9 429

o
(=)

HiE&=/GB
[3®)
(=)

(=]

Fig. 5 Maximum data volume of localization data processed
by the four methods
K5 4 By vk ab 3R & o Bl i o8 B
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HOfE b ¥R 8 3 NAE 32 GB Y SE A B3, T QC-
STORM Fll PNanoViewer | A LLAR P 33 /2 KA PALM-
siever 1 ThunderSTORM 1] ¥4k 5 {37 B 45 o} 75 22— IR
PR 4 8 E 4l in 2% 2 N A7, T QC-STORM FI PNano-
Viewer 2k H] 1 73 #tt ¢ 5% w4k B3 o7 £ 48 . R ) 2
PNanoViewer {# ] 25 [B] 11507 75, R FBLE 17 B
I3 EN M 220 /N T N AR RN B B, AR S itk

Ab 33X S /N FICHE B, 4 T A B A 3 o R R SE T
RS 5 A7 B304l Ak 3L

Fl6 @R T4 I i B 5 e %l s
18 503 B R /N 22 T 1 96 R 45 1 2 0 5080 1Y) B 0 B
F/NF P E AR FE 190 MB FfHIE, I HL 58 A i B
— FL/NF BI{E 500 MB, $4 He K /N5 P9 AFE K/ 22
1~2 D 9%, PR 3 S 5040 B e % 20 it 20 A AR Ak
B AR, YR P AE 2 TN U KR, AT
o R I 9 ) 5 B )

500
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iRV MB
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0
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SE L HA

Fig. 6 Size of data blocks after segmentation of localization

data with different scales
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32 BEFRBEGSPEERITLL

A1 VF 45 T PNanoViewer Fl %f [t 77 = PALM-
siever, ThunderSTORM, QC-STORM 7E & 1 & i & %k
P 4 b nT S Ak Y B R4 B &7 R T LA 100 nm,
50 nm, 10 nm & 3 R~ 15 4 3= 2 v o B8 15 21 1
IG5y HE 32, AN RS R /N AT DA £ U0 8 A A 3
L1 KL s S 1 RV A 41 1

WE 7 fiR, B T PNanoViewer, Hi4x 3 4% ey
PN RE A B R 2 7 50 19 A R R 1
H7, PALMsiever il ThunderSTORM [H & A~ fig b 3 K
BB 2 7 B, BT LAAS i ] A1k K AR 52 o7 5 i i
QC-STORM 2 #K R Ab 3 A RILARE 2 o7 B 4, (0 H % &
AR AR Y e K ESOR 3 2 GB, RIR K R 43
PR A1t 2 GB/(4 B/pixel)~537 MP( megapixel, MP).
KRR 8 AL B 04 5 4 B 5 R G ik 537 MP
(il 4n, FBEAE 1010 7 A7 B0 1 10 nm ¥ Y13 R K
/NEI RS 43 38R 9 8 055 MP), [H] Ik QC-STORM A fig
S IR AL 2 0 B 1 v ot R, an Al 7(e). TE
K 7(c) Z Fr L&A PALMsiever B 5250 45 38, &R
PALMsiever i fix K B4 73 B 28 K 4 096x4 096 pixel=
16 MP, ifif Bk 1x1~10x10 5 {57 F0 5 b, A 1x1 B TE YL
PG 5 BER AR, 24 LA 10 nm R 2 K/INE Y15 21 /Y
EIG 53 P2 220 120 MP, i KT 16 MP, A it PALM-
siever JTLIE Rt 1x1~10x10 4% 2 v 2046 HY 10 nm 75
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Fig. 7 Image resolution of localization data rendered at different pixel sizes
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Table 2 Visualization Waiting Time for Four Methods
R2 4 WA ENARNESHE s
" . N0 HLAH A 5
TEYR R /nm FE R
Ps TS QS PV Ps TS QS PV
1x1 404 128 18 7 422 121 16 14
100 3x3 393 87 15 411 86 80
10x10 4352 256 4340 3982
1x1 407 135 22 7 425 140 17 14
50 3x3 413 141 15 433 138 80
10x10 10200 256 9780 3982
1x1 207 68 7 208 65 14
10 3x3 635 15 641 80
10x10 256 3982

7E: Ps: PALMsiever; TS: ThunderSTORM; QS: QC-STORM; PV: PNanoViewer.

PeEA.

#H b F PALMsiever, ThunderSTORM, QC-STORM
T3 V5 2 W B A A BRSOk T AR A B K R
1Ml PNanoViewer & — Fft 5 T |2 9% 45 44 (1) A] ML AL HE 42,
TZHE NG 5 LB 2 A TR ) 2 4%, 1 2 A& A W]
B R Y BB L AE SRS, AT T L A
(9 43 HE RN 1024x1 024 pixel. FH 7 15 S0 B9 e
BALZE 25 IR, ©RR T A O 8040 i A v
4 H P AT 48 T B AR BT, PNanoViewer 23 HR 4
T T A P 3 R R 43 3% 258 DR 7 )23 v B BB o7 B 40

JE A2 B 1024x1 024 pixel (1 B 3547 7] W AK. 3 3 53X
i 77 2, PNanoViewer AJ LA SE BT 27 e R 2 K/N A
G T4k e AN, R P 38 R LLSE S i 5 1 A ) B R
>k 38 WA ] RE A9 113 L. A i, PNanoViewer B AE
b 5 IR A2 B Ak 3 SR AT PR Ak KRR A o F
3.3 EfFEEfEE

3.1~3.2 75 #Y SE 56 Ud W AR SCHIr ¢ PNanoViewer L
PALMsiever, ThunderSTORM, QC-STORM 77 ¥ H. 5
AT AT AL RE T AT 4R 2K PNanoViewer 7F AN
) ¥e 4% & R (100 nm, 50 nm, 10 nm) 2515 i ]
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AT AAL S5 R B[R] S 48 P D ke mT A4k 37 oK 3
BB AT AGE R BB R R 2 JROR T 4 RO R
AL S5 F5 B R], 455 8 7R PNanoViewer 19 A # 1k 55
T I ] 2 35 % 19, Bk QC-STORM 7E #L 8 fifl 4% (hard
disk drive, HDD) | A 100 nm & 3% 10x10 $c454E 4.
1 PNanoViewer 43 Jl| Lt PALMsiever, ThunderSTORM,
QC-STORM 1t T (404~7 5) /7 s~57 1%, (635~155)/15 s~
41 f% . (68~7 s)/7 s=9 1i%. PNanoViewer HE 1% Pt 3 7] ¥
g FZE R B R T 28R E AR 88 = a4k
B Z AR BOR T LU 4 A RN 2 4% A 21
R, KRR L B S FL 25 AN IR Y AR IFATEAT, DT
T AN LR AR R, R B D b SR [ A, AR
72 2 1, PNanoViewer 7£ SSD I # B i K4 T 17 (3 982~
256 5)/256 s=15 AFF, T H A 7 258 BE AR AL AN K, ek
1 0.05 f5 , iX 3£ B PNanoViewer ¥ HE 3¢ 73 ] J§ SSD
fe PR RE 2 S A0 19 4F 5. PNanoViewer A BT A5 2 (1) 4
AF 5 1 45 1) 19 B0 A% i, SSD Y g 132 15 4 4 i B
P& 1% S i 9], AH b T HDD, PNanoViewer 1] £ 14 i+ 7]
TR S

PNanoViewer (1) 53 — flL %4 J& Al ¥ Ak [F] — 5 i %
(8 AN ] 3 3% 232 R AL 9% 1 55 1 15 [R] A [R]. 3 0 PR Ry
BRI T 20 PR R REAN = P TORCR . T
25 BER )2 T A TR A B[R]z S K T A2 AT AR
JEE Y Y Ar BOHE P AR 2% i R PRI, R R e

AL B 2 0y R R R R A K, BT AL T
PN JZ G 4 Ay o 3R] J3E S E 62 K, el mT AR A
Z oy BEEUR. AN TT 15 B KA R AN TR o B R T 1R
I 2 T I R ] WA A K, I AR R
i [h].
34 AEEMEHPTRE

i T JE7R PNanoViewer AJ #L AL HE 42 7E Z R A 4y
SEA (RO . ZRORL IR R I 2R 17 ) A9 R L E 7 7 2 48
YR, AT T 3 A KRR B AR U E AL
Bls (WA 1w 10x10) | SOk A e A Kl AL 53 A
SE LR (UL 3). 3% 3 v, 2o i B 48 11 2 2 %
Y e 180 2ok K D e A A A 1 R g b A2 SR R T A
2.

Table 3 Information on Mitochondrial and Membrane

Protein Localization Data Based on 10x10 Scale

F3 SLHEFEEA 10x10 fUFHECEEER

7] Bl K/VGB FE AV MH/um®
SR IAIN 17.7 40 378 840 720%700
R 12.2 27 870 730 510x500

SRR SN TR R N - G ANES 3 AN
HI S FI/E PNanoViewer i {1 73 #1322l AL A
B A 5t R, T AT A R A st R EE B AR ) A6
PR RERL o0 A SO A5 S Rk 72 ERR F ™ 2k

20 pm

(a) &

(b) LHifk
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Fig. 8 Visualization of results at multiple resolution levels for large scale microtubule, mitochondrial and membrane protein localization data
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