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2. PBEEAE

2.1 Point-Base Detector

FFI3Z K DHERE ST 2L, PMERBRE L
Tl 5. Multi-Object Tracking(MOT) DIBHFEE
BRHFEICAEG SN T WD, MHEROMREIZIEE I
HETHL. NVYT 4 TRy 7 ZAR—2DOMBHAREE
% %S, DPM[1] %, Faster R-CNN[2], SDP[3] 72 &
WHb. LhrL, XUVT 4 YT Ry 7 Z2HWEFIER,
INEWPIHERO RS EDMEN Z e BSHIS ATV B [3], [4].
ZD78, KPHidOBHICIE Point R— X DR HER %
V3 2 LIREXNTWS, Bk 6 [5] &, U-Net[6] %
W7z Point X — 2 DRI Z TS U IERE7R (LB 15 % B
522 LICHIILT.
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MOT TiZ, UTFD 3 DDFEDOHMEIEAIITHOIT
W3,
(1) PHEfEE e BEfl 2 75 7 LTETMELF

(7], (8], [9], [10], [11].
(2) E#hze THIL CEFZ1T 5 Fik [12], [13], [14], [15], [16].
(3) BH D HBHFTO IR A% end to end TITH E
TV [17], [18], [19], [20].

1oHOFHEIZ Y 7 7HamE WA FETH 5. Wikoik
REEICT S 7RERT 2 DD (8], [9] %, Wi DRHN
ZROHEEERE Y LT 2 22 & DB#E1T 5 Fik [21]
BRENDS. ZOHTHBHHEEORKIZ W2 T 71
7 Y ZLEDE AT OHEATE 5720, SPT I
322N TES. 2 O0HOFEIMKOBEE 2 FHIL
TEIZITOFETDH . ALY OBAMEZE - 72
B & 2R 0BT BT 2355, ZOFRIIFEITHR
THY, E LIRS D - 7= v LT HBEADEN
ZRHALZNSZXAIT 2 Z e HRRETH S, LHL, 7V
X L% S 5 SPT TIIBEIA MO FRIMH L <, HE
MHERLTLES. 3 0HEWKOWHIY HBHE T21TS
FETH L. BEFETIE, TransTrack[19],TrackFormer[22],
% MOTR/[20] 7% £ Transformer|[23] % F W7 FEIEE <
BRI T3S, Transformer[23] 1%, Attention % Posi-
tional Encoding (& & b B¥KE L 0 B RLAL B IFR %
ZRLCEIZITS 2 TE 5.
3. REFE

2 {Z Particle Tracking by Graph Transformer(PTGT)
OB ZRY. PTGT &, YIADKRHI 21T 5 3D U-Net[24],
B~ v F %175 Graph Transformer, #H I ZDMIE%
TOBH7 LTV XLD3DDTRY ZIZHT6N5.
FF, 3D U-Net[24] 12 & D WIADNIE py = {0, vri}
3 5. (a) D%, Random Feature Assignment
Module(RFAM) 12 & b #Hifz i FE 25 L, (b)3D
U-Net[24] TS 5 —~EEAHAABUHZITS. ZLT, 175
NR~ Yy Th o EORHEZ ML, (c) Tt
HEDZZ 7% ERT 5. (d) B E 77T 7% HWT
Transformer 1%, ¥ v F > 7=y FT2HIL, (e) BH 7L
IV XA X DEIREREZES. (1)

3.1 Random Feature Assignment Module
Random Feature Assignment Module(RFAM) &, &%
KRz 255 Lz zh il E 8 3 32 E
Ya—LTHb. %3, Ny EO¥EARERKERS v
ZHEL, 3D U-Net[24] DR~ v 7O EICHEL
TR PLZMNINT 5. BB ORIREZ K 372012
7Y RAHNET 20, ALY PVALZEL NG
% LN 5. 22T, MEAMIED SFRFE r M
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MIZIERICARZ LR[S LRVWES T3 Z2i&kD, B
DRI EDEWE VGBI REHINT T2 Z 228
T%3. FUEONGIIANEEHOD 0 71— 2B RED
7L —ATfibi, ZORICH 2 EBICIEMANE L.
H xR #E1X 3D U-Net[24] 12 & D BRI E o x
T < . 3D U-Net[24] 1%, [AUE ID &0k
FRHEASE D =, & 585 ID OYARI I3 R4 2 R
7351855, 72, RFEAM AR LZREARZ b
MEZFNZFNER BRI S K5I F L TWwL

3.2 Graph Transformer

Transformer([23] 1, 3D U-Net[24] T b7 M7 E
RIS MR D~ y F U 7 EITS. BT, R
N7 P VIZFAERTHE D E M %2 HD None token Zf 13
%. None token |3 & DBPYA L bBIEL Lh o/l &
PERL, #Z® None token & BEE 728 FPIKIE 3
ELHIMT 5. FAREICKIKD None token < v F L
TEPMMARIZTHAR L g 5.

F 7=, Transformer 23YEDEHEE LD AICEH T % &
201277 7k T 5. V7 7IiEVWEBHIE LTIy O %
RS %53, None token 3B ICBIfRE { TRXTOMH &
Ty VRBRE BIORAE, HROFRELZEKST. Ty
ZRESBEYRIE rframe PUCREBI L 5 2 B KHEEE r, PIIC
H2METHS. I, MNEEHREERT %7291 Posi-
tional Encording 2175. T > a—7 1 ¥ 27 /5 EX Super
Glue[25] THW 5T Wz Multi-Layer Perceptron(MLP)
2o/ ETHS. £z, DETR[26] D & 512 Attention
T Positional Encodings #2179 . &#&1Z, Transformer %
LN IRT PLEHWTY y F 7~y TRER
T5. v FrE1 7 L— AMOBESTLIMNCD 2,3
7L —AMOHBETHITV, Ml I APLRMHIZ/MIET 5.

3.3 Time Attention

Time Attention (%, Graph Transformer I & D fERK &
N7 72O TRRIERZER T 2BETDH 5.
Time Attention 1, #E%Z M2 Source-Target Attention
Y RKEER T D Source-Target Attention 175 . @
W5 Attention 1%, WEDRZ MLEBEDNRST bLT
Source-Target Attention 1T\, R F2EEICED LS5 &
Xz L ERT 5. KEEERT S Attention 1, R
RDORT MV BIEDRZ F LT Source-Target Attention
ZITWV, RERTORNZHM LBTEDIREBIC KIS 5. &
T, 2 DD Source-Target Attention DFERZE LA
b, 12 5%, Time Attention 1&, 1 7L —L7ZDi#
R RRDRY S AVEHL TH WA, Transformer 1
LAV A Y = %21T 5 729, EERORRINIER Bk
35.
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3D U-Net Graph Transformer Tracking Algorithm
® 2 PTGT OfE
CD47 DEEMERS I 2L —Y a VEIEIRTH 5. ZDF —
@ Kty NTIIKRTOHRE L Pt IR ZET 5 LD TE,
et /5751% (a)GFP Low, (b)GFP, (¢)TMR, (d)SF650 ®
4 OTHEEBEEITS. TNZTHORETTHEIZ SNR S8R D,
t=0 t=1 t=2 t=3 t t+1 t+2  t+3 t-3 t-2 t-1 t N
@ ®) © Sl U7z BT SNR 2MEWIEE 72 5. CD47 7—&X v b
P ® TIEREVKEE S MRNRZ L, KFIES Y X LIEET 5.

(d) (e)
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3.4 Tracking Algorithm

BEF 7 3 X 4%, Graph Transformer TG 57z
<y Frrey TeBmBAEZHV, BRI X A8
A LHBHOMIEZRTTS. B 318713 ) X L OME
BRT. RIMRH IR R R L, Rl None token %
XY, £7, rame ZD~ v Fr <y T2V, K 3(a)
D &SRB~y TRERT 5. MEPHEELZE
HWr X7z BENIX 3(b) D XS ITHIEE N 5. HELKL
YU N -BERNE, 2frame ZON v F U vy TR
W, 2frame BOMH E v v F 5 20T 5. v F L
72356, 2frame RO LRI ¢ + 1, lframe 2D~ v F
Yy TERHOTHA LR LEET5. vy FL
Tlp o 2551, dframe ZDY v F U<y TEHAWT
3frame HiOMH & < v F T2 0MEES 5. ZD1%, FKD
2TV 3frame B OMHIEZIT S . 3frame ZDHRHITH
<y F LA okhE, HRARLLERE LTHKEN 3.
YA FA U7z 2 Ml X =880, FIRRICEER OB A
WO 3(c) DX ITHEEITS.

4. FHMERER

41 72ty

AWFFETIE, 2 DDHEMEES 2 2L — a VEERO 7 —
Xty b EHWTIHMEER 2T 7. T —%ty bOWE
2R 4187, 120HOT =&ty M, [ THRN
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2 D3, Particle Tracking Challenge(PTC) TARBZ A
TWs7—&ty 27| THS. PICT—&ty Md4D
DI FVADBH Y, SEIDEFTIZZDHH S (e)Receptors
& (f)Vesicles ZHWVWS. %72, 12007 =&ty F[H
FRICKI FOREE Y SNR ZRETE LD TE, SNR=7T
¥ LTEBRZITS. Vesicles 137 ¥ X LIEET 5, Re-
ceptors [XESRNICHEENT 2. ZOF—X+E vy b TIREL
BRI CBIZ L, 1o —7 Y 247 ) 0BT Low
T 500 &, Mid T3 1500 B X 72 5.

2007 =Xty F OBEROMFEEE 512x512 TH D, 1
DD —4 Y A3 100frame TH 5. FHEFEX 100(Low)
¥ 300(Mid) ¥ L, Mid %8R F— 2L LTHWS. 3
fllit¥ Low & Mid OW 5 TITW, FE 7 — X2 LB L TEE
SEIREECLR T 5. FEEEUE 200epoch & L, Cosine
annealing ¥ Adam Z{fH L7z. RFAM OXZ LD
Ny % 256, BEEFXFEry & 100 TREL, WA T 71—
LPNCHEENC & 2 IREERE r 1%, FEMAT -2 ZHWT
AET 5.

RIFFETIE, 2 ODRERFERRFELZLEKT 5.
PTGT (& Transformer(23] 23 5728, F T < Trans-
former[23] Z W% Trackformer[22] ¥ LR 2. F£7-SPT
DM FEE T ADRAINTVRWZD, Cell Tracking
#1715 MPM[28] ZLEE SRy 35,

4.2 CD47 7—&t v F TORRER

9, CD47T F— &t v FTOEREREZRT. &R 1IIH
FERED Low DI DBEIMEE Z/RS. RHDIDF1, IDPr,
IDRe, ID switch (ZZ 4241 ID F1 score, ID precision, ID
Recall, Number of ID swtich Z7RLTW5. %7z, ALL
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P 3R e = . e
R 1 5FEE Low DR ® 2 5FEE Low OO ® 3 OTEE Mid DR
CD47 7—&+t v MZBIT 2 BHFEE CD47 7 =&t v MZBIT 2 HIEE CD47 7— &+t v MZBIT 2 BHFEE
Staning Method IDF1 IDPr IDRe ID switch Staning Method F1 Pr Re Staning Method IDF1 IDPr IDRe ID switch
trackformer  22.60%  31.38%  17.68% 292 trackformer  68.45%  58.44%  83.21% trackformer  13.28%  13.54%  13.04% 4533
GFP Low MPM 11.78% 9.99% 14.40% 1863 GFP MPM 90.71% 92.87% 88.64% GFP Low MPM 14.94% 15.24% 14.67% 4891
ours 48.80% 34.77% 82.03% 105 ours 94.82% 96.12% 93.56% ours 39.15% 42.00% 36.68% 471
trackformer  22.50% 19.29% 27.20% 1095 trackformer  43.08% 59.77% 33.69% trackformer  12.76% 10.00% 17.63% 6240
GFP MPM 43.35%  44.47%  42.28% 557 GFP Low MPM 70.57%  59.48% 87.05% GFP MPM 29.64%  33.34%  26.68% 2718
ours 65.46% 51.22% 90.71% 71 ours 89.48% 90.81% 88.21% ours 46.14% 47.19% 45.14% 462
trackformer  25.75% = 23.97%  28.01% 911 trackformer  67.52%  62.65% = 73.71% trackformer — 12.69% 9.84% 17.87% 6298
TMR MPM 59.88%  62.18% 57.75% 336 TMR MPM 95.15%  98.79% 91.77% TMR MPM 33.07% 37.36% 29.67% 2554
ours 66.53% 52.49% 91.88% 72 ours 95.46% 96.79%  94.18% ours 46.50% 48.72% 44.48% 466
trackformer  12.42% 8.97% 20.16% 1916 trackformer  58.99% 42.63% 95.74% trackformer  10.08% 7.40% 15.77% 7036
SF650 MPM 55.24%  57.27% 53.36% 372 SF650 MPM 94.49%  97.92%  91.30% SF650 MPM 31.19%  35.49%  27.82% 2582
ours 64.19% 49.55% 91.74% 65 ours 94.95% 96.26%  93.68% ours 46.17% 48.33% 44.20% 432
trackformer  20.82%  20.90%  23.26% 1054 trackformer  59.51% = 55.87% = 71.59% trackformer  12.20%  10.19%  16.08% 6027
ALL MPM 42.56% 43.48% 41.95% 782 ALL MPM 87.73% 87.27% 89.69% ALL MPM 27.21% 30.36% 24.71% 3186
ours 61.24% 47.01% 89.09% 78 ours 93.68% 94.99% 92.41% ours 44.49% 46.56% 42.63% 458
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BETORGTEOFHORETH 5. PIGT 3FRT e = - - Bl m. - B
b Yy~ 32 EERRY b A
DOPREFEICBVWTEHWHEEZER L. Fig, B0 PTGT Grand truth

ANED D A% RT ID switch DEIFE L KR LTW
%. Z#UZ, Graph Transformer 7723 2 YK % T EH
CERBLTVWA1DTH2eEZLND. R 2 ITHRHHM
EERT. £ 21TRT LI, B EN GFP Low %
GFP & T PTGT i FEDMEFEE DK =

{, TRV BHOBEMERLTWAARENEDLH 3.
LA L, TMR % SF650 D%&, MHEBEIERTTH 30
PTGT & MPM|[28] & DBEEED K E  EEl-TW3.
2 PTGT 2B D= DRI FIETH 2 Z L %R
LTW3.

Kz, T 3ICHBERE Mid D ¥ 20BN BT 2 HEE
BRT. BENGWES, BENIIEEICEL <, fhoFE
TIXID Switch DML T3, LA L, PTGT &t
DFRITHAT ID Switch DEPEL, 2 TOEETIEE
AW, GFP Low 32 L S IERFIETIFE LM
EMETLTW 32, BEFETEHMICHRTHEDET
BBV, ZAUE, BT LY XA X D o B
PEBLTWA I ZEKRLTWS,

B 5 ICEERED Low, Ja77ik GFP ToOBEE <
TL—2FCBELTORR NI a%RT. MBSO
SEEE, MENIEBIFOR E 2R L TW5%. Trackformer[22] X
MPM[28] 1%, 73T Dt I 208HIC & DB S
LTW3., —F, PIGTDL A M5 AZEMROL A
S LALIEFICHELLTWS. UL, PTGT 258H7 v
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5 BHOEXRETZILANST L

VAL THEPFZMIEST S Z8ICXDIEL {BHEITS Z
MTEDZIEZERLTVS.

4.3 PTCT—4tv FTORRER

M E DS 272912, NET7T—%€y bTHS PTC
T—Xty NERWTIHEZITS. & 41%, FERE Low
D PTC F—Xty P TOREREEZRLTWVWS. MPM
L, b oFERKECHEEZALEIETVS.
RBIIMEBEEEZRLTED, XUV T 4 Y IRy 7R
R— 2D GETH % Trackformer IIFEEIEL 725 T
W3, point R—ZADFIETH S U-Net ° 3D U-Net = H
W7z MPM % PTGT &, MHBEIZEV.

Xz, Fh7zH1d Density fED Mid D & Z DOF5HRER 6
WRT. MPM BB TR HERRERNRBE T 2
RECEPTOR IZBWTIEE WA T + —< Y ABENR L TH
305, 7 V& LZHEE)T % VESICLE TIIREEME R LT
W3, L2L PTGT BBEFFRIZIToTwiawd s
HIZHMETE, 2RNRBEITE Ro T3,

4.4 Ablation study
R, REFHEOANMEZMHIET 572012, RFAM, Time
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& 4 HTHEE Low OROD R 5 S THE Low ORD ® 6 HTHEE Mid ORO
PTC 7—&t vy MIBI) 2 BHHEE PTC 7—&t vy MBI 2BHEE PTC 7—&t v MBI 2BHFEE
Molecule Method IDF1 IDPr IDRe  ID switch Molecule Method F1 Pr Re Molecule Method IDF1 IDPr IDRe  ID switch
trackformer 40.14%  34.90%  47.31% 494 trackformer 45.68%  61.90% 52.53% trackformer 42.26%  37.44%  48.53% 2336
RECEPTOR MPM 67.13%  69.04% 65.31% 442 RECEPTOR MPM 88.93%  91.47%  86.53% RECEPTOR MPM 60.64% 66.29% 55.87% 1571
ours 71.92% 68.46% 75.98% 33 ours 92.38% 91.65% 92.02% ours 57.12%  44.24%  80.58% 309
trackformer 37.80%  29.42%  52.88% 1207 trackformer  46.53%  83.65%  59.79% trackformer  35.12%  28.60%  45.49% 4655
VESICLE MPM 65.64%  68.15%  63.32% 517 VESICLE MPM 90.40% 93.85%  87.20% VESICLE MPM 55.91%  62.51% 50.57% 2291
ours 78.87% 81.29% 76.59% 29 ours 94.31% 92.68%  93.49% ours 60.19% 55.41%  65.89% 195
trackformer 38.97%  32.16%  50.09% 851 trackformer 46.11%  72.77% 56.16% trackformer 38.69%  33.02%  47.01% 3496
ALL MPM 66.39%  68.60%  64.32% 480 ALL MPM 89.67%  92.66%  86.87% ALL MPM 58.27%  64.40% 53.22% 1931
ours 75.39% 74.88% 176.28% 31 ours 93.35% 92.17%  92.75% ours 58.65% 49.82%  73.24% 252
Attention, Positional Encoding D %9 X — X Z{IT & 3 & 7 RFAM OFZMOEERKGR
. s - . Assign  Featrue num  overlap range | Low Mid
*ﬁfﬁf@;&b\’%ﬁ?ﬁﬁ?‘ 5. %:%Ci, CD47 7—&+t v b @*ﬁ% - - - 64.00%  45.88%
N N N X S > v 256 50 64.50%  45.80%
R et 515 TH S GFP 2 HWTITS. v 256 100 65.46%  46.14%
N - N - . v 512 100 64.20%  46.21%
SBEFERC L © CHBOBMOE ISR EETH 2. J e
= - 8 Attention DHINMEDFEERFE
ZD73, RFAM D%/85 X — 22 AL & Sy O B &8 _Au FANEO FERR
ttention Type Low Mid
ﬁ\*}.’r L , 15_52 7 L:%Iﬂ:‘:%%%j— Assign bi RFAM @ﬁ‘ﬁ]\;&%ﬁ_\. N.OrmaI 63.22% 45.08%
Distance 63.46% 45.45%
LTED, Feature num & overlap range (&N Z4 Ny, Time 65.46%  46.14%
Both 64.42%  45.56%
ry 2R LTV, RFAM IZ & o TR 5 S - RE 138 .
y o . . % 9 Positional Encoding O %1% D FEREHE
Wigricr o T s HBHELERTHL I ERLTWS., BHE Positional Encoding | Low Mid
Sin 61.79%  44.35%
ML N H /73 < N =
PE rf 2550 DFETIIHED 7 L — L TURDIEE) L, [F] Learned 63.24%  45.30%
N o N = N N MLP 65.46%  46.14%
CHRHEDYMEDHEDWT L % 5 AIREMEDS B % 72 NG DMK ’ ’

TLTW3. 7, FEANRZ ML OBUREENT SR ORI
L THRERED D 5. Lo LRHERZ VDR Ny = 256,
BT OEE:Md OEETUREZROZ LIRS, Z
U, EHEVE rp OFNICD 2YRDERAD Ny LT TH
TUIEEZROZ LN TEL I ZERL TS,

Rz, EEBEIEFICEDISICHE L TWbEhE
THT$ 5. &R 812, Attention & 4 DD XA FTIZEEL
JfRE RS, Normal 132777 72 HWRWREIL 7 L — A4
125 BYKD Self Attention, Distance &27°7 7 ZH W3
Self Attention, Time (¥ 7 7 % W TR OYK
& @D Source-Target Attention, Both (& Distance ¥ Time
ZEBLBHITIETNTHS. Super Glue[25] T, Self
Attention & Source-Target Attention %3 HIZIT 5 & fEE
WA LT 2o TWi728 Both ZMEE L7z, L L,
F£ 8IWCRT EDICHERIL Both X b b Time DIE S A%
T A= YADBENIEZRL TS, ZHUE, SPT Tl
L7V —2s0WAOBREED D EETIIRNI L%
RLTWVS.

%Iz, MOT 1Tt » TEHERMEFHROWLIETEICD
WTOHMHZ1T 5. Transformer 72 ¥ [22], [23], [29], [30]
THWHRTWS Sin, DETR 7 & [26], [31] @ Learned,
Super Glue 7 ¥ [25], [32], [33] ® MLP @ 3 DDFIETH
ML, | 9WCHRERT. SPT Tl&, MLP ZHWiFi%
FEWART = Y A ERLTVS. EKRT Y a—
T4 YR, FEAREAAI R -y a—T 4
¥ P EGRREPR R RO, Lo L, MLP 2 flwF
HFEMADOREZERLTED, MAROFRHLZ LW SPT
TIIHEED K.
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(a) MPM

(b) PTGT

6 =RIUiE L 72 BHHER

4.5 EFHE

BRI, BEFEROEENRFHEZITS 72012, B 612
MPM ¥ PTGT DBHMERE =ReiE L1 RERT.
PTGT b FiE e 3B A b, RIFNER 21T 729
B 7 L2 ) X2 & o TRIIER1TS. MPM ¥ PTGT
DFERZIHIR L2 25, PTGT DIE S HER 7288553
D, ELWVEBEMERPZ W L DR TE 5.

L2L, ZOBPHMEICX>TIZALRETZGELD
5. B 7z, PTGT BRI LU 7=-FHZ/RT. HE{RDOHRK
WHBE 70BNt =2 O TYIRAHEE L TH
L0, REOOBHYKICHIEINTNS. ZD7HARNRKH
KT BZREVPEBHESNTLEY, BEBEL RZ Y
MH3. T, 77— LNBEITE 3 RABHIHEE
rr BT A THHITE 3.

. .
t=0 t=1 t=2 t=3 t

B 7 PTGT DBHIBH]
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5. BHOHIC

ARFTIE SPT @72 ® Random Feature Assignment
Module ¥ Graph Transformer ¥ B 713V X 4 %12HR
L7z, PTGT 3R D 3 D DR Z iR L 7=

o VIADM I ARLIMHIC X B2 KT 2

Zer.
o NTFORHALL, EBFHAHLNZ L.
o NTDEENEWIEE, ID Switch 2RI HAE
THIL.
PTGT &BHF 7L 2V X 2102 & b RIAN 223885 % AT g
L, CD47 77— Xty FZBOWTREDIEEEIZERL 7-.
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