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Abstract: The Video Surveillance and Monitoring (VSAM) team at Carnegie
Mellon University (CMU) has developed an end-to-end, multi-camera surveillance
system that allows a single human operator to monitor activities in a cluttered en-
vironment using a distributed network of active video sensors. Video understand-
ing algorithms have been developed to automatically detect people and vehicles,
seamlessly track them using a network of cooperating active sensors, determine
their 3D locations with respect to a geospatial site model, and present this infor-
mation to a human operator who controls the system through a graphical user
interface. The goal is to automatically collect and disseminate real-time infor-
mation to improve the situational awareness of security providers and decision
makers. The feasibility of real-time video surveillance has been demonstrated
within a multi-camera testbed system developed on the campus of CMU. This
paper presents an overview of the issues and algorithms involved in creating this
semi-autonomous, multi-camera surveillance system.



1 s

EE, LREEROSHEIHE, EF4E
Y AT AT AMENDIHENIETET - T
Wwh, EROEERZOANERERE LWL
LIETFAHER Y AT 403, BT 2 T8E
REHT 20, BHRAVEEDON A T8
BERIZE=Y ) V7T 50D0%\w, &
WY EHEL C 24 FEHEER L 2 5 LEHE
NOBEHEAKEC LY, MELEINTWS, 2
nizxd L, KETIE 1997 £ X D 2000 £ 0 3
£/, DARPA (Defence Advanced Research
Projects Agency) DT, BI{EIEFFRAZ A7z
ETFTERV AT L0 70T 22  VSAM
(Video Surveillance and Monitoring) #5474
N7 [l H—FF— A0 kZE (CMU) TH,
FYINRALR2EDARXTERELT A MY
AFLEBHEL (2. VAT L, BEER
FREATIC & IR L 2R AR E O X 5
PHIALT I v F 7L, ZORREY 7NV
FALTERBICRT 5. Zhi2ky, B
BoRMEBE & EEDRIMICKRECEMTE,
FHLWEFTERI AT LE LTHFESAT
w5,

ARTIE, BEEEEN AV B Y7
BEHY A7 AL LT, VSAM 7022 b o)
BEE, BIEREAERA, EREROFRR kY
TS,

2 VRXTLOWERE ZDEH
VSAM Y A7 L DFB L F DRI DV T
SN

2.1 DEBAIC L BIRRIRAE .
1BDH AT TERTELEHEIIRES
NTWEDT, ERECTLEERLZIT) 20
Wi, BEON AT T ERGICEBL,
2 (BEHE) PoDF R %Ry NT—2
IR ENTEEDO S AT HHFE L TEH
4 BLENH L, VSAM 70V =7 FTiF,
DI BVATFLADERFHIELTWAS,
VSAM Y AT 2OMMEXX 1 I1Z/RT. fH4
DY, BIS AT OME XD ERRE
THHEOKEN - B - #&AZ1T, HEMEL

TR TERE Y IIRETD. BH AT
L OFEBITY A FET IV EMENS I
B3I T FYEETHESN, vy T EIZE
REND, 2—FiE, ARBEENE I 2 BE
LT3 PEDRBOBARI E ERETES
FIAZENMEEL B, =PRI AT 4HIZ
YA G 2zBE, BEON AT HITHHA
LTEMET A7, 1BDH XTI TIRFATE
BWLERICBIIABEAMEO N Ty X %
WREL L, ZOTEIER A Z EDSTE S,
E5iz, av¥a—-%7574v 2 A (CG) %
HWCTAERBYEEZERTAI L2, EHME
BTEBICES BNy — v 2 REMICHET
HIEWUREL 2B,

Multi-Sensor System
“scene space”

Individual Sensors
"image space"

Sensor 1 Data Scene

* visibilty analysis
e * focus of attention
e

* &—— Sensor
A User
Sensor N < Tasking -—/

K 1: AT 2O

@ Fusion Visualization
Detection
Tracking ® geolocation ® graphical display
Classification ® calibration ® simulation / planning
Activity Analysis Site

Model
3

22 YA KMETFL

VSAM ¥ A 7 L DEMD—DI, ¥4 b EF
V(BDHET— %) DERATHSE. 4 PET
VERWDZ LT, BIRA 27 THOREWHD
ZRTENMEOWESREL 2 b, KEIIBITA
W7 — # i, USGS (U.S.Geological Survey)
76 DEM (Digital Elevation Map) 77— % %
BATLIENTELD, FOBBEEIZ1LE
74 =30m? LKW, #ZT, VSAM 7O
Yr 7 b TIEOMU DF % ¥ /5 A L EAO T
F— IR EREOEREMA L SR
(%D DEM 7— & % e L 7= (M2 BI). =
NEHA NEFLEIES. $72, GPS FAV
THELIEED S R —=2 08D ATD
WEBEETE L (3], M2(c)id, EBEDOAXS
Ya—%i A FEFNVEFTE LN XA FNED
LA LA DTH S,



{2 313 site model of CMU campus

2: 44 METINV

2.3 VAT LOER

CMU ¥ v ¥ /3 A Dy 0.4km? OFEE T B
WREL, 12600 AT ERYOR BRI
TEAEHELS LR 25 LI ITERE L2 (K 3(a)
W), FAM AT LR, K3(d) ITRT &
912, SPUs (Sensor Processing Units), OCU
(Operator Contorol Unit), GUI (map-based
Graphical User Interface), VIS (Visualization
nodes) LR I N 5.

SPU i, pan/tilt/zoom #REZF27 7 7 1
TH AT LB ERUE 4T ) PC TR SN
¥ THAH. SPUEH A THUEHN S BEIW
R R R - BBl FORREEETT 5
ELTHRY bPT7—=2%ALTOCUILEETA.

OCUiAf@SHJ#%@%ﬁ%%wWD

—FNR—=A B L, GULIZ~vy 7 EIZZ

@ﬁ%%i??%.

3 ENE{RIRRFHIM

BhE BT & LC, Wi, 2R 7
254 EFABEOT VT X L FHEERE
RIZDOWTIHRRE,

3.1 #EARRE - B

BAMEORHIIZ, BHTREWEIFL
L2 WEREGEs FTORBELTBE, ANER
CEBEBOESRFTET A ERESLENS
VLTV 4. NEHEBEDT 77 4

KB EDBRE?

J
& Color
M Monochrome

[PI——
50 Meters.
{c) operator console

{a) placement of vameras.

mmmaeeey

CRILUPA CMUPA;'”""’*—A

M GUl
ocu J—

Site Sensor
Modet Fusfon

{cd) schereatic overview of oarbed systesy architocture
B 3: ¥ AT LD

& EDOBBIEDE

A
) AR 2 LENH B, BRESLEL
S TAY Y T R AR DRI RETIRE
o EER R — DD E LTHIT S,
Fald, SEPHROELR) T HBET L LA

Bt A M

YEgHERIRELA (5. LAY —EKRE
BEid, C2 LS E ) =Y a GO o0
MIH»S 5. 72 VaHTIE, 780
DEEMEOREMEIL B L, £DR(LHE
LD B VoIREERES L 3B & HE
15, %éﬂﬁfﬁméwﬁftﬂﬁ%ﬁiw%:&ﬁ
PALDEE Y ZITIIL 25,
) —2a Vo HTTIE, Bk 7/\)v1téhf:t°7
VSRS BEA L HET . BE T NVE
Sn-fEEIEEIEREHEL, BRLEO LA
Y—& LTRETL —EELELYET B
DEXHTE LAY LTEHEINTRS
e, LAY —ExERT 5 HBEYEE KL
THILTB I EATREE 2 5.
M4z, Eb Lz 2/0Ba8EE Z0OFRI%
BET A4 (N) OBREFIEZ R, B
BEFSVCBNEESO 2 EHHEZHE LTS
H AT TH|RE L SEEO Y 74 BE 2 Fwv
T, ARHMEOFEMERZIT o 72/ER, BRA



SEEH 83%, LA v —RIHEIL 92% 0%
HMERZHBz, Btk SWREIv~r 7401
FEPERLAEIN T vF O FICLVERDID A°
HFohzs 2. '

. 4 Layer 1
£ 1 stopped object

g w | Layer2
= stopped object

maoving objsct

B 4: Wy miifl

3.2 #EEE

ML 79k, DTOBERICLYZF0 [R
R] BBREALLARETHL720, NLEHE)
HOBIIBES T,

o BHREL GZWIKSHE)
o RIEIZ X ZBBIBZAL
o WA TDfIE

VSAM VAT ATIE, 12BDH AT RZD
KRELEEBNATBIIIN—TLL, #NF
NOBANBEVERT 5 Z & TR L7z, 3%
Eza—9NVAy bI—=2%FHW T2,
FROFEMERE L Ot of, BHE (F) &
BT B 720 HIBIERIC & A FiEx Fv 7.

3.2.1 Za—-Shzxy bT7—TERBWER
BAZDOKELEDLDH ASHITH 1000 MO
R TN EVER L. B L EE D S5
B 7-ROME (BIFR? /&), mE,
R, DATDA—LEREZ2—-F )3y b
= ~\DAIT 2 =5 L Uiz, AR, A
(—N), A\oZ V=7 (ZALL), B&E, 20
D4y SAL LTz, ma—FVEky FT—2
Z3BOREBRIT, RNy F Tuss—
Ya R wiRmHiE, AEgERO
HMRIZIDEDFTINIvF 7595, #ZT,
NS vF Y- ARBLTET L —L0E
A ENIcma =TV Ay T — 7 DFERED

LEZTADLA NI LEERL, KL
oll 7 A RAEIERE Lz, B
Za—FWEy N7 =27 (AJIR 4, HEE 16,
HIE 4) THEL TWwb7n, J7LVE 144
TOUBEEZEFRL T3,

3.2.2 &R (iK) D5

FERY Y TVEER 2000 BUIH L, A
L= HERTE{ x5, N, FTv 2,
NG E, N, O} DTNV EDITT.
W TNVEBFTFOED RS (ERTIE
FedEx #tDERE, #EHE, XPh—&L7)
THHHEIZE, ZOEDIT_VOIMAT:. &
BHOLEE»HZFDORFBBEOBLEE S (2
18), ek EE D OMmEE & S HED 1,2,3 K
E— AV FOREN (2 X 3 =618), iBIKERER
SOEL (18, & SAA2ME), BKEZRTS
DOEE (1) O 11 RITOFE~RZ PV xEWR
L, MRIBRIA ORI ZER 2k d 2. HERlD
S, IS ROEBROFFRN Y bV 2 FE
AR HOHIZERICEE L, kEBETHEL
THT - 72 [6].

3.2.3 MRMOEBDHE
TTRALRETTHRE LI2BY > 7L (B
KEEOHAZ 2 559 1500, BEREFOBEN S

1000) 1AL —FDH S DEIRIZEDNTE

BHEOB I NN ED, TNT AT LILED
TIFEYRE FenmY s IVEES S
RILDE[7] DFFHARZ PUVEEHRL, 2%
7 IR LTHIZHIBIZZRE 2Rk L7z, ol
FiL, ENREEOENY Lk ZOHFIZE
BHUCHEZL, kEBETHEL TT- 7.
5 3BET 0K AT Lo T
Hb, RIEERBOMBORF*EEL, BBX
SEROBRDS BEOBOBEIZ X 1) 3H %
TolzkEH, MR L B OFHHITIZH 90%
Thoi-.

3.3 7U74ET 1Bl

BAREH TR 7o BR AL 20121, AL
HBIEDA 5573 ar%RBistsZ L0840
BELD., 20X RATERERIE, 7ok
RRLBHEBERE~OILHAIEZONS,



5: MR 6

3.3.1 AOEEHH

ANDOBN & F 3T 512413, AMEOEEM %38
BT 5 FEPL CRESN TS (8] FAL,
DT NF A LTHRE L7z AOBESRER,S, A
y—FAr N b rEMHTAFERRELL
[9]. A& —RIAr N i, MBEROELL
By 3TAR B0 HENE I HE S N AR TR S
N5 (M6 BM). 27N b P HARD LI L B
HOFEHEEREL, BEOREEEGV LR
DESEMELZ BREOTTAZLILD, A
BN T EPE> TV AP EHEITAZ L
PHEEE R 5.

3.3.2 AEBEEOT7ITFET1BE

ZITIE, BEWMEHOMAEER (57
22ar)EEUITEI (T 7 T4 ET 1) 2 HET
5. YR A X o TR S B A 2,
BB EIREEE LT hRORER], 7
7 ¥ a ¥ (Appearing, Moving, Stopped, Dis-
appearing), 1 ~ % 7 27 ¥ 3 ~ (Near, Movin-

gAwayFrom, MovingTowards, Nolnteraction)

DWEFHOZEFIREL, FNLONMKREOMA
FtOREWERIIEITNTT 771 T4 %
WETH. FIOWTIE, TH[10] SR
L& zw, Zhickh, UTo6EENT 2
FAET A RTHRTHIENREERD. Th
O OKERDFRFEL 5.3 125,

distance d(i}

0 i
3 border position

end

distance d(i)

“star” skeletan of the shape M 3 I

(a) star skeleton process

KALPRAT ] ha

(b) skeleton motion of a walking person

CU R LR R LR

(c) skeleton motion of a running person

"o 5 10 15 20 25 0 5 10 15 20 25

frame {frame

(d) leg angle® of a walking person (e) leg angle 8 of a running person

04 T T i : 04

.03 _03f"

] : 2

= R et et e o/ =

=02 : i [\ A 02

N SO PO\ WY 0 i we
/\/\/\/[ .V : < : :
% s 0 15 20 2 O s w015 20 25
frame frame

(f) torso angle ¢ of a walking person (g) torso angle¢ of a running person

B 6: A —BA» I N X BE) XD

human entered a vehicle.
human exited a vehicle.
human entered a building.
human exited a building.

w

a vehicle parked.
human rendevouz.

o e i e
(=2} >

4 MERMED 3 RTUEDEE

B SN RYERD 3 RICAEBDOHEE I,
BEERDOHATERCLZAT VLI FESS
CHWHND DS, BERREBAIA C IR E
BA, Eli—oomEr 268U ko AT
HTrIoF oI TEDLEIIRS R, VSAM
T3, BEHEROWET -5 THEH A FET

._.71-__



Vertical
Projection

et Ray: (XO,Y0) + K(UV) [

o
&

v # o

12 ”X

1

L] EleV(XO+KU, YOAKY ) > Z0 + kW |

X 7: fEDOHEE

VERBLTWAD, &Mk (AR HEH)

FHEEELTWD EVIREIC LD, BlE

EORHEREBD FHEO FLE % ERT 5
3RTZEMEDKME ML T — % (DEM) Dl
HERET HAEZNREY O 3 RTNE L HE
T&2% (M78H8). LeicatBOL —HF 5y
H—tF RS M2 AVT, KFEEOMBHEE
WBEORHE 217 - 72, FEMIEERIE, BEEHT —
AL zntd P74 ML BHIEREEE )
AT E N R EERE AW CHEEE
L7 EER OB lIE L7, EBROER, 7
ATPOWNREITOEESH 6m DL X, F
WRRED 0.6m & BIF S HEE %1572,

5 BRI —DRR

BEHIATLTHE, V7V A LIZERE
ZI—=WIURRBDLENH B, Tz, 2—Hh—
BIIEBOE_ s 2 ERTAII LB LW
0, BBROFHRED S OFHy 4 L CERT
BUBENH L. I TIE, BIEGIRBEGIC X
DRSO NTIER GRBI 2 7 A, 3D FLEBEE) %
WA T A FEL LT 2RI F IR %
Rwizx v 78 GUI, CG 2 & % 3D B1fy > —

VER, WWW ABWT 254 €7 4 DE
HFRIZOWTHRR S,

5.1 < 7RIGUI

SPU 2580 b NI RMEDIERE 2K
TFEHED L2 TAE A LTERT LTy
TEIGUI #B% L7 (M8 M), ~v 7 EIC
3, BEOETCOMEYDIMEICHELRT
BE (N4, BEEIEINA) &7 2T DIREE
& LTHIE & FOV (Field of view) 25FR S h
b, —HPRI T ALYy T LEOH AT H
Vv rThE, FDOITATHATHEE L
FTBHIENTEL, vy 7H GULIZEEIC
BB SNIEEOH X T 00 DERE—FHEL T
FRT D720, EEEEHORTOEBRNES &
%5,

X 8: v 7H GUI

5.2 CGIZL3EM9 —2 D 3D FR
EHERIIETTF -y N—2 I8 IR T
B2, FNOLDOTFT—F A4 MEFTLIZLD
CGE2RAVTHMN L ARG HEER L 1 —
PIHR L7, CGC# VA Z L TEBIZRES
BT -V E, FEOHE,ISOMGEE LT
BHETA2ILNTEL. RBENSE KA A
ERrOBET LI L THEROBRIEIZANTH S
EEZOND, ZOMOEAE LTIE, ¥
H—HEDAR=VIIBITEY — L — DT
EERESBITONS,
53 WWWILLB7 97 4ET 1 DEHR
7R

NEBEEBEDT 7574 V5 1 EBREERIL,
ETT—FIN—=2AZBHINTVE, 2—HF



9 CGILXAEMY—DHEIR

i, WWW A LTH—NEDF— 5 X=2%
BT HLILT, BEREHCRI 72T 7T 4
YT 4 OE#HEHRTH I LA TES. WEB
HNE, T (WEB 75 %) OERIZH
L T CGI(Common Gateway Interface) i & )
F—= I R=ADOT 7T 14T 1 DEHFERE
HEER LFRT S [11].

WWW 2k 37 2574 EF 4 DEHFERD
FREIER 0 ZRT. ()&, 777474
LR=-P DB THE, TI/TAET 1 LF-
M, “A Human got out of a Vehicle”, “A
Vehicle parked” %0 A X ¥ MER % RHIRIC
FRThH. bL, 2-FHPT 74T 1IIH
5 L7-MEROFEME @) I2v e &, YE0#ES
54 TRBEOERL ZOBEBENAX—T F
APV IIZENFRTHIENTES.

b)FA 7T z7 FYER-IOBITHE. F
Ty MY HE= MR, YAF AL o TR
ENeTCoYRo—EEXERRTSH. Bl
NI=ERD SV E &, 2—-FRRETOWEE

DT HZEDRARETH L0, #NF AT
BIERTHIENTEDL, T/, 2—¥FH
BEEOYMEE T AL )y 712XV iRET A
b, YAFAET - R-ALEHG IO
Wk OFE % & 5 1 7 L alERy> HFE
L, EUEOBWIEICERT A, INIZLD,
BRI OB DB TR0 R B BRI B &
NIz — N RYEDOERBEOITE 2 #ET S
ENTES.

6 FTEH
KIETIE, BEOH AT 2R ETHER

YAFLDOTEY 27 P VSAMIZ2WT, B
i (R AR & BARR R OFRTTE T LIl
N7z, VSAM DRI, EhBRIERERGN &
A FEFNVERAEDESL I EIZLDILEDE
BB REL R B HTHAH. VSAM 7'
T NOFNRERCAR TIIAEN LB
LIS L B IHAEBEFIC OV TE, BEIM
% Web site(http://www.cs.cmu.edu/ vsam/)
o ARVAYAE- DA

#E CMU VSAM Project: Robert T.
Collins, Alan J. Lipton, David Duggins, Os-
amu Hasegawa, Nobuyoshi Enomoto D% KiZ
R 5. ‘

SEE

[1] VSAM: “Section I, video  surveillance
and monitoring”, Proc. of the 1998
DARPA Image Understanding Work-
shop, Vol.1, pp. 1-400 (Nov. 1998).

[2] R. Collins, A. Lipton, H. Fujiyoshi and
T. Kanade: “Algorithms for coopera-
tive multi-sensor surveillance”, Proc. of
IEEE Special Issue on ”Video Commu-
nications, Processing and Understanding
for Third Generation Surveillance Sys-
tems”, (Oct. 2001).

[3] R. Collins and Y. Tsin: “Calibration of
an outdoor active camera system”, Proc.
of IEEE Conference on Computer Vi-
sion and Pattern Recognition, pp. 528~
534 (Jun. 1999).

[4] A. Lipton, H. Fujiyoshi and R. Patil:
“Moving target detection and classifica-
tion from real-time video”, Proc. of the
1998 Workshop on Applications of Com-
puter Vision, pp. 8-14 (Oct. 1998).

(5] BEFOLE, &M “BEWHEOELRD %
BT 5 LAY —EllE, 87 mEE
LY yRY T LRYE, pp. 369-
374 (2001-6).



(6]

Saden

2 §), M (4261
18). RA.Or1

A ttmsc edted % Bdideg
A Heman snternd x Veticle

Turget Report e o

501 o the rght samery
3016 P

Type: Hiah 505.5)
Calor: W 1 Gy {2048 9), DB0Gy 81 (1481.2), RECrYE
178

1t

Position: {780,62) on the righ samera

Gaptur tims 55:37.18 M

Actloty: A Human sxted a Suicing A Huan sgred &
eicls

{b) Object report

10: WWW 12 & 2355 L

BRIME, Sl «“—AaEgugr ot
FYOA T4 CHER, FTRIEERLE
YTV YRY T LFRIE, pp. 221-226
(2001-6).

Y. Ohta and T. Kanade: “Color infor-
mation for region segmentation”, Com-
puter Graphics and Image Processing,
Vol. 13, No. 3, pp. 222241 (1980).

J.K. Aggarwal and Q. Cai. “Human mo-
tion analysis: A review”, Computer Vi-
sion and Image Understanding, Vol. 73
No. 3, pp. 428-440 (Mar. 1999).

H. Fujiyoshi and A. Lipton: “Real-time
human motion analysis by image skele-

[10]

—_—
[y
—

—_—

tonization”, Proc. of the 1998 Workshop
on Applications of Computer Vision, pp.
14-21 (Oct. 1998).

N. Enomoto, T. Kanade, H. Fujiyoshi
and O. Hasegawa. “A method for mon-
itoring activities of multiple objects by
using stochastic model”, IEICE Transac-
tions on Information and Systems, Vol.
84-D No. 12 (Dec. 2001).

BEETAE, EANT, REME, &l
“TrF VTR v I-BAVER
BHEOER & WWW LR - EY AT
L ETEERE YT ORI T L
FHICEE, pp. 423428 (2001-6).



