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Parameters and meanings in the Kalman filter formula.
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Fig. 1. Markov decision process flow chart.
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T 47 ST ANREWE A2 SEI R EOR

Kl 3 RCNN H kA
Fig. 3. RCNN algorithm flowchart.
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3.3 SPP-Net MZ&iE5I

2014 4, He 55 18] e PR DSHR X I, (region of
interest, ROI) MYAFIEHER AT L) 55 Rk 18] AR
VRFE——XJ R, T4 T SPP-Net W24 Y.
AR — PR R — GBI L, X (ARG
JEAS B T M RBR T, A I B K 29 J& RCNN [
100 1. SPP-Net, (£ 5 (45 AN I&] 4P,

SPP-Net £ #5011 S %o iy A [&1 R feff e %
PRI (selective search) B.yEA: L 2000 I~ ZE A Y
I br e ade DI, I8 B A i 8 DX sl 9 DR/ N Al 43 A
4x4, 2x2, Ix 1B, REH & F 5% ik
(spatial pyramid poooling, SPP) 231 ith fL 454,
FFRNAERE A (4% 4+2 x 241 x 1)x256 B EFAE 5]
i, BE R RHIE AR R A, FEf
2% . SPP-Net W25 BRI %0 RTEG R G
INT 7z ) &3 Ab 2, %02 0T LA B E KN
BRI AR SEAT 38T, Wl b T REAE 5 2k

e 4
Fig. 4. SPP-Net structure diagramt.

1117 LA R A 1o A SO0 T i — B B IR S
PR MR o 1 3 A oA D5t 2. (G
BB o0 2 NGkl Be, 2 RAN S 2% 19

3.4 Faster-RCNN tX#!

R RONN P 2% 458 7 I SPP-Net [ £ 455 7
eI E bR MR BE R, (HUR B TR DU 2 i 322
SeA: B 2000 A ZE AT AR DX, X HE N T H bRAs
W] Faster-RONN A1 17 (1) 5 K STk 78 T
BB T R R AL, R XA TR 4%
(region proposal network, RPN) A= il i BE X 35k |
IfiE A e FUS F R BUE] RHE, B HBREAIR T
1z B PO R TR . RPN R 28 455 B 11 2%
e 5 .

RPN 285 SEAE n AR AR R 1A
Bk AR BEHE, IF45 BB AE Bl — > —
BRI PR (R HAR), A5 S H AR

|2 |

[ sz |

SPP-Net 514 &l

&l 5

RPN %54 &

Fig. 5. RPN structure diagramt.
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B IR AR KT 0.7 £ S AR B bR e R 1E AR
&, FHETHE S5 S2PR H bR Y Y T S DI T AN
0.3 5 B AR B bR e R bR 2E. SR I5 H—A~ K/
s x s W BN E A B —A> n ERRRE, )5
PRS2 MmlA 2 P WS A A7 7E B AR IR
sk HbROE.

Faster-RCNN 2% RPN R 4% B4 17 A= Bl fie
TEAE B 5 B i ), I8 Softmax 4325 45 Fl ] I 2§
g5 AT I ZRIR 5 A TR AGH I 255 SR A 3 4
i F RCNN F1 SPP-Net [ %%, 1 # 7 PASCKL
VOC 2007 £da e il i 200 B R 0.73. {HH
F RPN W4 R FH 8 s 101 3 5 6 BURHIE I,
I QL3I T R[] 6 Y.

3.5 YOLO H%I&EH

PLE B A28 % B s R 3 vk A = e Xl o H bk
o 3 DX BRI P T 5 AR 251, 1 YOLOP2 ¥ H
o DX A 1 DX 3 ) ) -5 2880 g 000 44 4 — A 1]
IR EORAN R, HEEAEE A Eia i 24 HARm &
S, FEORIER AR R A T4 T S8l H AR AR
AN, HEREWE R BT R P YOLO BT
YOLO, YOLOV2, YOLOV3 =AMA<, T4
XTI,
YOLO X FH et #E 1Y Inception V104 455 7Y $ B
B R BORRE, A Inception V1 AL ARIEE R 4 A B A
IR ST R/INE: 448 x 448, [RIH 1 26 B8 g A KL
(R STy 448 % 448, HUCK R 5 R ST () 2%
Sk AR BRI A, FFHRN RS < ST
PR X S A T Rl 43, Rt T R g A B v a5
CVEAESTEA PAS BTN, DD 7 ) DRA% L TT gt £ B¢
Rz PR, B~ S BT T B A6 5 A i i
TEHEN Y EARER . BMEEETE S 2, v, w,
hHVEE R 5 M B Hirh (2, ) 378 T A AE
YR BLARAR, (w, h) 2R T AE 1) 5 Ay, (H
oo eV T 2 O s AR AR R AR T/ R 2%
IIAET 1Y, S8 i I BUE AR TRk i =
. QR A BTN S A, MBS R 0, A0
BEEHE A
pr(object) * IOUT™h (16)

pred »
HEEFEEZS, B MSEITag T O3k
FE AR, SRS (17) R M 5T
I S AR

pr(Class,) = pr(Class,|object)

x pr(object) * [OUTh

pred

=,pr(Class;) * IOU;‘;}&1 (17)

e S K B2 1) F0 45 2 R0 A BE AR 2 B i
F] S xS x (Bx5+C)R/NHHEFEHN YOLO
i L0 A L E IO SRR P A BT 2 K HE S
RS AE N — MR, (FUR R S A A ik
ME , AE 2 A A AR R {8 4 ) 30k BE B A2 OF L
(intersection over union, loU) 15411 = B EHE,
HRBRIURE 1, LRl 4528, YOLO By i et
FEAR, AT LA S) R 21 i, (HIRKS AT, SF1
KB R A 0.66, 255 /MR, X5 DL )@,
13 76 2017 4F $2 1 T YOLOV2 # #I b0 #¢
YOLO ARy BEAR F A 1T 5 DO mm e, |5k
TER— A6 2 J5 AR I T HEAR fE1L (batch
normalization, BN) 24, X £ — b ib 2
I YU SIGHE BE . R i R I A i iR B R
GRRZ, IR DA B B % A RST, (™ 45 3
MAFRRSE A SRJE5I AT Faster-RCNN H
fige e DX SBHE PO ABE A2, ISR T K-S40 1 SR 28 5 1k
A 3 DX IUAE A9 RS, ol T b 3 107 H A i RS
SRIGTERIRI TR S INEE R 2, BB RFIE G BB R
ERMEEE, AA THEM/NER. &5
YOLOV2 AFiEAE—~/N K% Tt H AR5, 1
I — AT 55 A LR AR X ATE . 3 5 A7 T8 ) it
2 YOLOV2 7 PASCAL VOC %¥i 4 b (46 il
HREEIRFNEERD 40 Wi, F-HPRGEE N 0.786.

2018 4, VEH X YOLOV2 75 8 B Ak Br I
AT TR, $EHT YOLOV3 BT 7], 2 4580 %
FHEA Darknet-53 PIZORISCRHESEI, & YOLOV3
IR FE S AR T G 2. o T — 20 s xd /s
YR BRI BE 1, YOLOV3 Fll FH 22 RUE R AE X H
PRI, ZEE SCTPEE R T R/NA 18 % 13,
26 x 26 Fl152 x 52 = AN [F R BRHIE. B 7257
&t A Logistic [11H# X YOLOV2 A9 Softmax
mlH, DIEXT 2 R% 55 7025 YOLOV3 il —
TR RST R 320 x 320 WA FTIBAERIESEA 22 ms,
ERIRGEE R 28.2%.

3.6 CornerNet WZ&#EHY

Pl YOLO Z5) A FE M One-stage TREE 2=~
K2 LRI Two-stage VR EE 7 > MR A ALY & T
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anchor-base fi 1 T Ed FA R /N A 98 b
(%) anchor VR H 475 i 5E X3, anchor MY
SO B ARASIN ) 4% A B AR5 anchor YULHD
TP NSRRI S R iy sl KRS DA &S W AN L 2 3
TR B AR ], 75 2L YOLO SHfERE One-
stage i A] DL A Two-stage fi %1 5 4. (B i F
anchor TR BE 2% 2] BRI AFE 7 6 P> 2Bl A
TEA# H] anchor I AN FF 2156 £E 8K 2 1Y) anchor
DEME R ERES, XFRHREA DD
anchor 5 HARH &, WAL 1 IE AUREAAN 5] 1) [R]85
81y H3X 28 anchor 1 % 1R 2 M S %, b W0
anchor )8R | RT4, A1 Zhad FEAR 1942 7%
¥t XF anchor-base 1% %I £7 £ (1) $t & , Law
DengP #& t — F" #r B One-stage #i #I
CornerNet 155 89 | 322 #5 1 Fi) FH — X ¢ il
—— Wik FAHER A b AR SR R A ORI
A T BUAR, anchor, CornerNet [ 26 455 7Y (1) 45 14
WKl 6 P,

CornerNet P £5# R 1 55 H hourglass P 4% 2
HUE |7 10E, hourglass M 28 S5 RRAE B RAE 2]
— MNP REE, ZJ5 FEAT R SRR B Y
FUBE, 3 AT RASREOR [A) RUBE T & R B % R
B, SRIGTE hourglass PI4% 2 5 % H: I/ T AR e,
TP A T AR K Sl TR0 341 FAE 09 22 B AR SRS
TR, R TERA PN A S N B 43 Corner
pooling # /£ J5 4 i Heatmaps, Embeddings Fll
Offects.

Heatmaps [A/FE A0 A2 b A S AT a5
(AL, RO AR A A 2% pR I

Top-left corners

Prediction | -~
module |\
\\

\

N

Prediction
module

Bottom-right corners

Hourglass network

K 6

(1 = peij)® log(peij)

1 C H ,ifymvj =1
Liet= — )
det NZ_;Z;Z (1_ ),3( ,,)04]0 (1_ )
c=1i=1j=1 Yeij Dcij 2 Pcij
, otherwise
(18)

Hod, ¢ FRZEH, heatmaps B R ~FIE H x W,
Peij A heatmaps 1 cKYIRTENLE (i, 5) 1557, Yeij
FERXT L B Y groundtruth, N & HAREE, o, 8
BB, EEAELRTRE =2, B=4;
Embeddings A1 H & VEBL [A]— > FHE RS 22 -
SR TN A, LD R, R A
TSR A R — D AHE, WEA1A9 Embeddings
Z A RS B LB, )2 EATTHY Embeddings
2 [B] A4 3 B9 1% He e K. Embeddings il 1 B4~ 45

% PRI 373 33X A P
1 X
Lo = N 2 {(etk - €1c)2 + (ebk - ekﬂ, (19>
1 N N
Lowh = NN=T) ; j max (0, A — |ex, — ¢;1),

Eal

i#

(20)
Horprey, & H bRk BOZE AL, e 2 AFRERIA T
FRL, Low Z8 )8 TR — M SRR Ze LAy i Mgy
NARZ IR HE], Lpwn R85 & T A0 FAE )
Ze BRI N A Z BRI, e 327K ey, Ml ey,
MEII(E, ATESER P BTSN 1; Offset AYAEHIZ
TG T HS s A, DR DR ST A T e R A
ZJe, i E R ROT 2R, N, 50 A
ST PG 25 A R I ARG BERR G, 1K
FR MR H o TR

-1

Yk |9k

A (21)

Corner pooling

|:| Heatmaps

Embeddings

Offsets

CornerNet 2 4 [%]

Fig. 6. CornerNet structure diagramt.
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Hrb (2, yn) BRAEEDR (2, y) b5, 53] oy,
ZJ5, R smooth 145155 PR W B 2 > i 244
N

1 N
Loit = ¥ kz_l SmoothL1Loss (o, Ok).

BT b A SR S M SUORTE RS, Bt
Law Fl1 Dengl $£H! corner pooling 2f#fi 22 I ffi
AT 105, corner pooling [ EE, FIHE R
W) bl RN e AT B e A B A, R
R AR S B 4R . CornerNet
1E MSCOCO #di e F L 1)~V 245 ol 42.1%,
M T 48 K4y One-stage %) 7E MSCOCO %¢
ETE LAIDR S o) i

(22)

CenterNet M ZgH#EHY

AR CornerNet [ 2% 455 U] FH — X341 #1550 X
X anchor 42 = T ¥ R K W 19 K5 B2, B i T
CornerNet 5B A (130 ) s ANTED IR N,
It CornerNet [0 £8A5 7 6 bk B AR N ER 015 B,
X H A A KR4 One-stage #5731 3k 47 7E 1Y 1]
L, T Two-stage BB AT USRI AR I A9 15 .,
It TWO-stage £ %1 (1) #E i 28 — i Lt One-
stage ML A UERR 2R 5. &1 X% CornerNet A5 ok
TN AR NI AE B0 B S, Zhou A5 60 4 H
CenterNet WZ&ARRY | FH SCEE w5 A5 TR BP0 1
Hl s OfR | HARR RS 3D i, Jrim) HE R %
BEHMEE, TAHFHT RN NE L.
Zhou % [ 7 COCO H#i4E I X} CenterNet 2%
TR ) ok FTORS B 9547 T 38, CeenterNet 2545
RITE Resnet-18 P45 T S 1 40 142 i 44 0
HEEA 28.1% BIKLIING L, /£ DLA-34 45 Hufs
T RRD 52 ARG RS R 37.4% MRS INAG EE, 7E
Hourglass-104 M2 T WS 7 RERD 1.4 il (% 45 0
AN 45.1% Wy R IR B, HOKS B2 AT LABRE 56 Two-
stage 2%, SCHL T R RS BE 19 50 SR iy
FIAZ O JBAUR B i A B S BN 45 rh A il —
AT L, Hor T B IE(E XTI H BR A G
BN AR A5 ) R AR IR 28 W] L Fo0 il 300 SR 1) 5 0
e, IR A E AR HA R .

CenterNet %28 7 I Z ik F2 v >k FH AR E 1Y %%
A WBr 27 YNGR 2% 8 e TS ehn i 4 i H ik 2
SO B AR BRAE BRI B AR Y s s AR R,
HAn B S S ABR TR A

3.7

_ (551 +z2 n +y2> (23)

2 2
ot (21, 2,1, 2) B8 HFRI FAERIAL AR, 15741
SR AR ERp 25, IFREEIGHI G = | 7 [ B ftp, 3t

~ \2 ~
exp (LBl TP Vg
L 3tk o, J FRRR S B SRR 22, IR
B 7 5 B T B4 A 5

SEAFL 2 ] A4 P 8 A )

L [ Vo) log(Vaye), i Ve = 1
L, = N Z (1- nyi)ﬁ(?myc)a, otherwise
e log(1 — Yaye)s otherwise

(24)

Hrba, prdik ki B S8, R EH %
a=2, B=4; N &R RO SR
B T7EZRad i, T R R it
157 T RFE, FURRAE 1 E 3T WS 21 R 4R B 277
TEiR22, NI local offect #ME4 2%, 3£ H Liloss
Y5 B Loge :
o (39

Loy = %Z
p

SR PR AT 2 A O s AR AR X A F AR B R
PEAT [T, T A A R R

; (25)

1L
Lize = N 1; |Spi — skl (26)
Fofrsy = (2 = o,y — P ) Rbmfies FHERY
KN B B AR BB R BRECH L., Lyie 5 Lo =4
AR, T L A4 2 A A I AR

Laet = L + Asize Lsize + Aoft Loy, (27)
Hrb, Aige = 0.1, Aoge = 1; XAEFH— L850 AT L)
FREN H AR Ao 5 A TR L P AT RT

H T CenterNet 3 Ay a7 5L, [m] sy Fefii 1 B2 Fi

K EE, PRI AT DA% pEof R FH 2153007 LA/ N i A
A5 . {H CenterNet W45 A7 7E— & B G- 5,
T B R AR e 8, BiY 2ok n b
U 5 HEEE, CenterNet HARER I H — A~ H0 5,
SRR TE L. £ XF CenterNet AYIX —H 15,
Duan &5 01 JAu 5 22 B A S G T A s =A%
SRS AR, S T R B R IIORS B, 7 MS-
COCO K dla 45 v AR I A BE IR B 1 47.0%, {H2
R B LA, Al — sk [ 5 2 340 mslo.
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B TAEGTTE, TR > RERE MU ZR B
IO T SR A AL, N EL B VI 2R 3
TN, AR RCR A 2 N H IR 2 ) B
R, MELUZ, X s 1Yz 5 RE ) 2R T
BRI 2 > B RIAR MG 2 SR PEEESR . DA A
S P IO P R — P X R AR TR ) 4% g Al A Ak
B APE— R VR LR RIS I, s v
PFIsRAE ).

% BFRERERIEM IEHR

AU B 2= ) BT PR A 48 bR T 2R B
(mean average precision, mAP) J& T H T Az ) 458
W FE bR, HEEH T A H bR PE, ANEE
FSR A 22 B AR TE R EEPERE, IEA T HUE LA
BRI MERE, T B R BN ) £ H AR ERER T
Mrghrxd b T . SCHk [62] St 4e it T2 Bin
FRERUERREE MOTA ., £ HAsIRERKE E MOTP
FhPEA 45 FR, ILAME MOT Challengel® £ HFr iR
EVEMT & EARAR AL TEIEM R PR, QnERERE
KEGERE (KTF 80%) ML MT ., B4 FP. %
FHFN DL iR B IDS. Horff MOTA 2
HEM—E0R, FORE mBIARE R ER € B ir
L

3.8

> (fpy +my + mmey)
Et gt ’
Hrfp,, my, mme, 53 HIFIRTELS ¢ MR 1R FIEL,
FRB, TRBCEL, g 22 50 ¢ WA B ER 19 H AR L.
MOTA FYBUAE R (—o0, 1], (S B FE AT
I 1.
MOTP HPRE AR AHERT0E B R0 E.

MOTA = 1-— (28)

Forbr a2 Fobw i B0 A7 5 0 S v B 0
g1 227N ¢ WU BRER ) FARER.

ARSCSCHR P A 4R T A G PR RE S B T
AR BOIE G026 Hiok, Horh 17 SRR BUEOR,
PEREMUAE. © L7 FOR BB, PERE— . <
FR BATRBIMOCARAR, B AR P IEARSI . ANH
A Z I PERERS HL AN 3 FT.

4 AN FHREA

VAL 5B3A R Sk Ry, o] DIAS 3
TN kB FHEARTR (2h1, Yrrs Thos Yka), XTAHIL Y
A b SR 2808 A8 0T A3 247 N kY oL AT A bR
Tk, Up,)» IRJE HE—20 HIBF ] (R B& Ae e S84 T A By
Lo s AR, e fE FHARAB PRI I A 2 25 5 At AHER
fET R T N S B AEMR 2 T A miz 3h
b RS G, R S AR E g
AT AT, WIS HE BB T T AE R 8, &
AR SCHREE S T 45 RV B AT N Bl 1247
Ry 109700 A SCAN 27 — P MY () i AA B g 2F AR | AL
SRR 5 KU DRSS T SRR A AR
PR ABEAL.

ks R
X ANFEAT A4 M7 9]/, Henderson!™ =™ {4
W SR B Ty RN By ) 2R N 2047 A
PP 3 A 0 A R 3 R AR AT R AT
TEL L T3 H B IR AR T ek A 4 2
FEARATEEEE, M3 NS s, ik —
o IR R 283 1 I 11 I Lo P 1) B L 5
PR SRS B, DRI P S0 R s 1) ) 2 A S

4.1

MoTp — Zui® o) FITABEURIETTRISY, XGRS R =2
20 9t PRI 22 5e 05 - SR 2% 2 s B A3 A HEA TR, 153
£ 3 ARBEZETERX
Table 3. Performance comparison between different algorithms.
Bk MOTA T MOTPT MT?1 ML/| IDS/ HlEse &)
RIR SR 85% — —  —  —  MIT Traffic video dataset  fESEHRER S 1k
2B Bk 2 29.10%  71.70% 12.10% 53.30% 476 MOT Benchmark L5 R A
AL UE R AERD — —  80.80% 0.70% 10 CAVIAR dateset 14 i A
T HRBERIR A Z HARBREERIEPT 30.30%  71.30%  13% 38.40% 680 MOT Benchmark L5 R A
biEESlia R R 83.40% 73.50% @ — — — Urban Tracker dataset L5 IR
HFFaster —RCONN [ B g 8 1601 38.50% 72.60% 8.70% 37.40% 586 MOT 15 Benchmark — VREE<2JERERF L
FTFYOLOV3AY IR ER A7 60.50%  79.30% 30.20% 19.60% 1129  MOT 16 Benchmark  ¥REE2:> RE T
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(31)
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RGN (w),, ud ) BN (u?, ul ) BIAHXS L.
3) #ir Nz e fEiz shad fe v kA AR 1k,
JIUEE]

Cho(T, ), t) = /&Z“(uv;uu;:c,t)pg(a:,uv,t)d4uv
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(33)
o J A %8 O AR S 10 O AT A 25 [R) %
BE (pa)  FYIREE (v, ) FIEBETT 2 (04, ,)2) TR
NI

TR B 3 2 R M O AT A, T
e ISP R T 08, T LR 4R
T3 AR TRAT ST, ZE MR A . AR
ST E) T 12 M 0. (R0 T AR
AR A2 I R T, A R M B T 2
AR/ BT WA, L TE e AT St i
AT S s 51,

42 HEHER

B XA Bl 01 A AR TG TR BOUL)Z 7 ik
AMEFT M)A, Johansson 5% 52 i H T 414 i
R w2 B B BRS T  HESR TR
W51 71 = &R .

H 3Rl 7 Ve R BRAEA T N ) A% 7 ) i
T NIEE TR, HAIPREE v, 55 TR 0.
W Z BRI TR, 17 A A O EEE,
B7E A 3K S VER T 27 A — 48 1] 00 s
B A5 SE BRI BE v, o) BEAEH FE 00 523, [ 9K 3]
TIVERITT LSRR R

1
Fg(va,vgea) = 7_—(1)2«3(,K —Vqa), (34)

Horh FOSRIR FUKEh 7, 00 Fe7 BAR R 1 /D,
e 77 BRE T RE B 7 101, 7 88 DA S B B AR Sy
PR P T 5 AR [].
11N Z B HE T 1 0 N A AT AR A
RN AR AL B2 2 N B9 R S a7 2R
i, 3R S IREIREF MR, A=A —AHER 1 S5 H
AT AR —E BB HEF 1 R/ N4 T A
P RN B AR o0, 1T N o fEHZIERAE AN B B, 1]
DU i 7 s
fap(rap) == =V, Vas[b(rap)], (35)
Hr Vo ab(rag)| A2 b O ERIE 6 98 pRE, H LA RDE
AHLRAR B DT[], b e ] ) e il

2 = /(1| Pag | + || o — vaAtes 1) — (v3A1,
(36)

Hras = ro — el N BRI EER .
BEAh, AT N RE T B AT ) I 2 S vt B AN
iz, T NS BB Ry —E s LI A 2%
3. X 05 G Z 8] B9 HER: 1 m] DL
Fop(rap) = =V, Uap(l| Tag |])- (37)
FIRE, 1509 U (| s || BT,
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T ANA R ASPHABTT N (WA 808 R
B AERD AT ey IR T T fos T LA FH BRI 28 3 11
WG Wai(|] mai |, 1) 278

Jailll mai [1,8) == =V Wailll Tai [I,1),

Toi = Tq — T4 (38)

ESEME S TT foi (|| 7as |I) 22 BEF R TE] AN BB/,
DRI S e AT N k7 0 00 1) 2 25 B 57 T R A D e
1%, RIRSE, XA | 350N 28 R I A

T AR B Y AR AT AE RS B U 1) L RTRE
BENENR. BRILZ AN, 0% BT N B 5 555
e, 0 < c¢< 1. LG AT aAHCAE:

w@jy{z ﬁiﬂf>HﬂMM¢. (30)

i b, — T AT AR 3R G AT LR

NN
Fop(ea,ra —13) = w(ea — fap) fap(ra —7p),

.f(m').fon’(roz — T, t)a
(40)

F,i(eq,To —1i) = w(es —

TN Z ) At 2R
F,(t) = Fg(va,vgea)

+2Fa6(eaaTa - 7'['3)
B

+ ZFQB(ea,ra —r%)
B

+ZFai(eo¢;ro¢ *ri,t); (41)

Fos IR
dw,
dt

Hrp Fluctuations 7 i 51y, A ERARAIR B HloE I 25
TR E SR, S IR B A R AR IO )2
1 _EAT AT s, Hean s B BRI T A&
POl R AT, T EL AT LA T oA Y el s R
RS CRE PR T L R AR R W S B AR k.

4.3 TARENIRE

Fros R B AR BERE IR — o AT, 1H
JEAE SRR R i A P 2 AR LU R 2R R A
3, SEARXER E B3], At Moussaid 45 B4 #1H —
i T A AT A S R AR A A A HEAT y h i 1
TERLEE. AT N AT ANAT AR R 2 e i
iy BRI R R SE Y, FEIA T A7 AR SE 5

:= F,(t) + fluctuations, (42)

S BSTL e ANA I8 T R BRSBTS AL T AT AN ]
TCE R Ay . 2R AR I e (5 B R B
TN | A3 R0 =75

S PSS AT ARz B L 1 R
HEATAL, A5 R 32 A0 5 LT 1 LR B 1 Rl
I R B4 T A BB B R ER 43 H P B
MK [0, PR, Hoa ST AMTEME H,
JFAE 7 1) R U, T LR H ;20 A T 30 0 K A% i A
var® . PLEFE P el — A B 2T N i R
B f 3, WERAT N i DA o) 78 15 H AR 7 8] 5
PER R TP AN 2 SRS AR RS, W4 £ AF T
G5 R KAL) 1 AR S AT UA T AR5 5
SR IR B — AN R R R A T TR 1 3
1) 2 I Bl e i A T3E D7 1), B AN RIS FEHDR
BEA T BB AT 2 J5 R R S 22 K

SRR R W BT AT N e TT R 5 ) 1Y T 52
TIAEETE BB HRs K2, I, 5H—1
NGRS AT NFEARUEAS 55 i) & A il 45 1Y) i
T, EP— 53 i o, Wik, W LISR
N

d(a) = dioy + f()? = 2dmax f (@) cos(ag — a),
Qges = min d(a), (43)

Hor uges FRARAT NI B FEAGY) J5 T 18 45 1) o 0
BITm. aoFrs HHLAYJT [8].
T ANERRERY Z 5, TG w7
KBy 1E5 b K A A . H RS AN A X
J& AT NEPTRBEATE Tr 1) | 5 BRI R —
HIREES”, Al IR A
Vges (t) = min(v), dy/7) (44)

HorP vges () TR BRI, o) FOR LML, dn R
INEE I BERFYI AT NI BE RS, /R G2 vl fa].
RS 0T AR G AR S B b R AT
NIET R, ABAEEE s R e 22 AT AT A Z I
TR,
fij = kg(ri+rj — dij)nij, (45)
Horpm B AT N idg 1047 N G A — L &, dy;
FORITNZIEMBER, i, v 0 FRRIT NG, 5 1Y
AR, kg RFEL [ FRTNG, § Z A EAER ).
Ji R S RUAR L TRk Bl ) R A2
B, SN EL S AN T AR B AR | L
il KGR 2 T IREIRAT R, HAZ iy
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A2 ST AR iz SRR R B 55 oK
22 5 A0 S 30 R A — 2

4.4 EpER

BEEWTFERIERA, AT R BB — R R A 1
—E R, ARMEVERR A AN ZRAT . elnE &
BRY AR TRT B 8, AR BT ot o Sy BRI 4
Wk [ HADAT NS BRI AHET 7. [FRERE2 )
A i A BE Iz IR R AR RS £5 2R
FAFET . T2 Porter 45 B8 42 1 T IM B RIAE
2, ZRAR T R TR RL | A7 O R R SRR LA
BRI BE, FE3 RA% T R ML 3.

YEB Bt BB b g 250 (24) A ik
A1 N8 3 R B 5 ST B R 5 AR R A ]
A (25) A (27) AR AT N2 18] A7 NS Bt
Z B HERF . HR AT A Je R R s A7 A AE
18 B BRI T R AT T 1], AR

eqo(t) = d>, +r(e)* — 2dmur(e) cos(eg — e), (46)

Hoheo () BARIT N a BT HFRTTIE, dmae RAITA
o MELRYBRILIE R, r(e) FnIERAT NI A —1>
BEAFPIIIIE RS, eo 2R H ML TT 18], e FnPLEF
N 5 1]

VR e s bRERL S < 25 [ AR AR 1 7
5, WUAT AAR G i AP 8] B AH ELARE T B e
BB T N Z B 52 B, R I8 AT AL Y
AT NS, S RERAN T 255 18] F A (94T
N, KR fafle T iz,

5 ARG
5.1 LM

AT ) B2 i) ISR A L 1T
N G b WS BESAR LI ASE AT B, (H PR sk
SRR LA IR DA N — BB R A
WA NMEEE, S EARARHLBA 2 A AR H] B
PRI, AN SR ELEE I 20 W e i AR ) i ) AR
FH, BT A 305 I

TEHIB R IAEE (Henblag | 4l | Hpkss) th&
WRETTNER Y MR, — B RRY,
SEAAT A B 51K R AR TR, FEI ELR S
BT P —[A] 8, Ferrando 45 90 #E 57 T —Fh A
FEWNG PRI Z RN RS, Z RS B iR

SR FARB TR AR BR DL K S s =R
ARG e A bk BUR T Nt e Wik | 2 ahisid
SRR N 4 38, RIE X BT AR T
R, AW AAL T LRSI BN 2y 25
g, Be e VB, R Uh I TAE A SUgEAT AR . {5
ZAGIGEGEENT AW, IF BAT N Z E A
P E] IR 2 T R, X 2N TR H 5.

AL B ZR GE AL 35 [ A 7 R X g AR 2 11
TR —Egz s Akl . AbRiRER . AbRsr2k
— R RE I R G, W R TT B A R
1920 B B — b o [T 2 45 i sk 5 H
PR 7. FEESL, Nikouei 45 9 15 fE M 1
N—FIRZ MRS, I T —FERES CNN 5
i, YA S R R IE T R D I A, P
TATNAGI L. Gajjar 45 00 ] K-¥I{EF %
HBREA AP T N, B E R IC sk 51T
MNAEEARSEH) HOG FFAE [ &, S8)5 K- ${E5
ERIATR] T AT ARk

5.2 NS

BRI EE AR h B B I i e 2
— 1951 YIRS A Hb S R R e, NS
NZ RIS AT sk bt 2 A B AR Ak, ER— M7 A
ot A B BV 1 18K SL—FEAS BT ] SMEHE
I 5 HAbAS A T7 A [ KN 8 A B i ke 2
VR FHAE . XSG T A TR G Pk
2%, IR R B A R, ATRE =2 T ) ek
Btz T, PEF RS [N b AR R B 2 A
B Z AR, R IeR A AR S BRAE), IRA
TR AN TE R 251 & — R IES R
O ——— Ji LA N AR 2 B ) 1961 DT 5 | 22 RIS
P BRBS O3 T35 . 38 AHE 048 4 () LA b 2
HOHB A A R SR A A 7,

SRTIAT N MR B 830855 4 U ke = 7y Y B AL 4
P tE, ARAME T ELAE R 2 b b, &
F| T Zawbaa 45 8 F| | HUER $088 45, X 6 4~
AR 28 b S EA T T AR, T DL SR AN [ 1
AT T TP S AT 5325 R ST
LB I IS 1 7 N v g e it R = i L
ATV A A A B K AR (KNN) . A T A2 K
% (ANN) FISZEEm AL (SVM) 432884, 2R
gtk B TSSO MER R, HMER
T 90%. BARXA RGAE A A E
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IR TER T AEAS JE DT BRI =44 H s

EXF LA 0] /81, Helbing 55 99 3 53 X 435 AE
T R TR SR T, KRB AR
R T ) 2 BRI A ) B R, — B
i 0.02 DU BRI F A TRk G, P g it 17— R
B AER FUEAL . FEIEBR AR TG, BRI 2
SR APEGIEE, Zhao 4 10 i@ i X i e K ARG
RN, TER KPR EZ G M5 e 5
AR 5 T e, 3 3 A T DX BB AT N D BE
i, NS ANZ BRI BRE R, W2 T A1
B XX — PG, Zhao 55 100 76 H AN E
AR BERFY) 51 FAT N3, FRARH X
SR NAERE L, 5 SR R W% 07 T DA i i
BRCR, W N BT IO AR AL
IR T, A7 Bl T AREAR T2 e M AR T
W i L 2B R R LT, WS BCHE I R 598 %
FH SR HAT 0 E L R S o,
5.3 RETASH

TEA I AR, T B S R BG4 1) 55
AT N, AR N RHE AR B AR A A g A
Yogameena fl Nagananthinil'"? F| H ¢ 52 Fl-& 22
TT XA R B I RS AT AT 02, RS
FEAUSGIZ BRI 5 B AT A, BT LA
FINGGER . Hb TR SR AT R, R
e AEURE S H B AR, TEPIEE AR SORAME.

Bt e A A N 101 Ok B i, ey B
EN BEE N SREE—MR RS Miaou 45109
N2 70% 1Y B AMRELE AT LIFRT Y, JF5E i 1
— RS NIF B (ANAERY P M) 14 fiRfs
SR AIM AR NSRRI BUR A% i
B —H g5 g b, R P IEOGERIR R AT
R, SRIG R G TR AR C R AR U X 4
FRTRIRR. | A, B2 — A1 BP0 31 7 kT
ERHA E — D AR B ERTS . A, B 22 Ryt
AL B 52 56 2 ) FH X R PRI g A AR AL )
AR T . R Sk B S AR A 1) Sl AR 1Y 20 BT 5 R
B 08 52 B X 2 A A7 N HEAT K6 DI 5 R R Do,
Kocabas 55 10 &1} [ —Fh 2 N SN THHESE, 1%
HEZRR ZAT S SR 22 W 28 AHAS &, T ARG 4k
PRAAAGIN | O f ORI RN 2 25 Ak R R, A A
COCO s A E AR 1 03X Fy A 0] i 32 /2 23 ot
(573

6 4 %

A1 NBRER 2T AL 5 0T A A A R R
RIS, [ st e A2 AT R 8 g 2 — A e ) L
IR Z AT TARSR I T RS A BT 0 A
{EL R T =2 o B AR AT 36 sl o 8 2 TR
P, i ix Se b 2 (W] AT — MR LF B PEHI AR
. T L H AT T RAUB AT A 704 R B
TEGETE AR T b, WAL T FAHLEE X 52 1= |
A3 A R WA (N T A A 1106108 LR XA~ A
JRATAE A I 25 I3 A BT 5 1091100, BEF 452 o 2%
BRAEXS 19 R 9 e A i 52 T 45 A 64 B
PERRITSE 1 %68 55 TR IX — R R R A A T oA B (112
T AL SR B0 L 2 A BRI T 5 A 181, (EROUL
T _F RIS BE B = . T4, Bl TR~ ) R
TEVT R SE SO D4R, C A 773 3CHkaz FHTR L
A BRI N B3 AT AT Az 3l
3, HIUS T RAFIRCR. XA AT IR
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Abstract

Pedestrian tracking is a hotspot and a difficult point in computer vision research. Through the tracking of
pedestrians in video materials, trajectories can be extracted to support the analysis of individual or collected
behavior dynamics. In this review, we first discusses the difference between pedestrian tracking and pedestrian
detection. Then we summarize the development of traditional tracking algorithms and deep learning-based
tracking algorithms, and introduce classic pedestrian dynamic models. In the end, typical applications, including
intelligent monitoring, congestion analysis, and anomaly detection are introduced systematically. With the
rising use of big data and deep learning techniques in the area of computer vision, the research on pedestrian
tracking has made a leap forward, which can support more accurate, timely extraction of behavior patterns and

then to facilitate large-scale dynamic analysis of individual or crowd behavior.
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PACS: 05.90.4+m, 33.15.Vb, 98.52.Cf, 78.47.dc DOI: 10.7498/aps.69.20191721

* Project supported by the National Natural Science Foundation of China (Grant Nos. 71771213, 91846301, 71790615,
71774168) and the Science and Technology Program of Hunan, China (Grant Nos. 2017 RS3040, 2018 JJ1034).

1 Corresponding author. E-mail: xin.lu@flowminder.org

080505-18


http://dx.doi.org/10.7498/aps.69.20191721
mailto:xin.lu@flowminder.org
mailto:xin.lu@flowminder.org
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

