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Abstract: For intelligent transportation systems, digital military battlefield and driver assistance systems, it is of great practical value to
predict the trajectories of moving objects with uncertainty in a real-time, accurate and reliable fashion. Intelligent trajectory prediction can
not only provide accurate location-based services, but also monitor and estimate traffic to suggest the best path, and as such becomes an
active research direction. Aiming to overcome the drawbacks of the existing methods, a new trajectory prediction model based on
Gaussian mixture models called GMTP is proposed. The new model contains the following essential phases: (1) modeling the complex
motion patterns based on Gaussian mixture models, (2) calculating the probability distribution of different types of motion patterns by
using Gaussian mixture model in order to partition trajectory data into distinct components, and (3) inferring the most possible trajectories
of moving objects via Gaussian process regression. The GMTP algorithm is naturally a Gaussian nonlinear statistical probability model
and the advantage of the proposed model is that the result is not only a predicted value, but also a whole distribution beyond the future
trajectories, therefore making it possible to infer the location in regard to some motion patterns, e.g., uniformly accelerated motion, by
using statistical probability distribution. Extensive experiments are conducted on real trajectory data sets and the results show that the
prediction accuracy of the GMTP algorithm is improved by 22.2% and 23.8%, and the runtime can be reduced by 92.7% and 95.9% on
average, respectively, when compared to the Gaussian process regression model and Kalman filter prediction algorithm with similar
parameter setting.

Key words: moving objects database; trajectory prediction; Gaussian mixture model; motion pattern
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Horp, 2 =0l 1, 20y B 5 — A HLi=1.2,. M OGRS I B 5 il DR IRAE S RGN T, AL AE X
J7 ) B AR R B e T R s s BB R TR e AR QDI T L A 2
JAA)=J(A2) = 3 plxsi| A)flog p(x,i| A)=log plx,i| )} = 3 plai| ,1)10g41;(();”'i \| i ))
XF T B ) =logoe, B AT 1 5T 1% bR ETE 15 (e ) oot AR VDR T FE N () =x—1. T 2 ) < (), H. 2 x=1 I 55 5
BT AR(22),H:

(22)

M . i/
JMJU—ﬂLﬂﬁigp@ﬂﬂ{Z$:L£—q=2fﬁmnﬂl%p@Jlﬂ 23)
i
J(AA)-J(A,A) <p(x,/1')—p(x,/1) (24)

2 HAY 2 A=A 255 1T AR, B p(e, )<p(e, )T J(ALA)<I(AA). T (L) 5 pa, A1) AT AR [ 1) B
YAE, DR I A poc,i| A7) st 388 1) do R gl S 43 J(A,A) s 88, T CASKT p e, )BT AR 43, i
Vo )=V, 3" peilA) =" (V,pxil ) =" p(x,i| AV, log p(x, 1)) (25)
g5 N REDAANX(25),6 FH) & koar:

© PERREERSMROT  httpy/ www. jos. org. cn



1056 Journal of Sofiware ¥4 % Vol.26, No.5, May 2015

V(e A=V (A2 =i (26)
Al W= JAANRAE S pCe, VIRAR AL T HHF) AT W J(ALANS pOe, ) AR P — 80 i) H 3 W AE
FHA ]I 4 ) DU 3K A Sl J(A, A T K A5 BB B R S 50
ZIEASE RS W F A RADRA AR (2L, 1T
JAA=Y" S @ ()logwlGP(x, | .. 5., @7)
Hort, @,(0)=p(x,,1| D) =p (x| Dp(ilx,1, )
N D S R TE s R R SR AT S A = (0], 1, 2 KRS EON 0
I 3K A S TRl E-step(SR 91 28) B M-step(SR H%MH), B A% 77 41 1
(1) E-step: 8L Trj,=(x,,y,) 1 X J7 6] L8R5 6 x, J8 TR i R 2 i LR K

. w,p(x,|i,A o,GP(x, | 4., 2.,)
pli]x,.2) = 2P B4 g (28)

M
p(xn | l) ZkaP(xn | ﬂx,k’zx,k)

k=1

(2) M-step: I 5 K I BRI GMM 2 £t AT o 24 5K

L > pli]x,,A)x, > plilx,,A)x,
w;:*zp(i‘xn’i)nui,: n:]lv 52;: n:}v
" > p(i]x,.2) > p(i]x,,2)
Hordr E-step 2 5 15 50138 25 A v WA Y 1) 2 350 A8 5 A VA i 0B 2R R BUA . M-step 52 26 T4l o1 OBUE, B i sk
e R S8 EE LR 0B EH B SR /N, T UE B R (.

6 HUEFN =R

—up (29)

6.1 T{E/RIB

FE5 3 45 T R a2 A OR8N R RO ST T BRI O AN [ AR R RE T I ,GMTP 459 1
FH e/ — e 1 £ M 0] V71 55 e 300 VR A (B VAR TR GMIR A1 45 A 51 %6 AN 8] 32 B A% 28 2 ) 3k 4 7 s T

A B 72 A0 T8 B B T A Sk AR FH 428 ML 10 2 1 [ U 9k L AT 20 ) T e L a0 1 g s B ok
T EE 135,88 H S,y =RSuSate--»Saier )y SR IG FI T 7 S 500320 FUI AT 265 2 35 W0 LA L4, 585 m 2 (don 32 )
T ZETREN S, =S uin12Sain-nsrSaien)of 77 GMR AT J7 FEOR A R (18)). {S1,8,....5,) A EL A 13 o
BB LS, S = (enyints) ke 9 IRV TI0IN I 4 N 16 D3 S i 4 B T DL, 0 R — I R A N, R R D T

AE S B T e, 5 X 7 sk I AR SR 2 AR SR AT R T AE X ALY 7 Tl RS Sl G 43 Sl R AT T,
B ARG 20 K 15 B0 T £ 1] ) @iﬁfﬁ a fe(XaXa-15- -+ Xd-k+1)s E :fy(yds))d—ls---sYd—kH)-

WV HHEAE D = {(x,, )1, = (X, Y) 53 249 D, = {(x,_, A, Bl D, = {(v,_. Ay}, B J7 T 43 53 b 3. 4,
TE CVRULI L B A I 10X} TN R — AN e, B, X, =000+ 800, B HHE A B AX=(Axy, A, Ax) T
SRR — ANz B 1 Ax ey, o P A g—x g, 8 PUZEE 75 6~N(0,07), 3R IZS 330

A%y = AX) 5

R FH A0 RIAEL X=X 1 Xse- X1 ] AX=[AXg, A3, oo, AX ], TN A, AR T 73 51 a1 7 8 S5 AE X 7 1) (A A
X =gt Aoy, 3K R I SR A T 40 ] 45 8 ] U A BB (A A T 338 B B R A 458 Bl B L
MR GMR N [EDA 75 RO 2 2X(18)), 19 2 40 [ 75 F:

Axp = £,(A0) = 3 @0 £ (A) (30)
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ST, £ (A) =K K 00D, ) =t TP RERREI) g i it RS 5 S 4
> 0GP(Ax:0.K, (x,x))

i=1

T {8 1,820..,843 IFVFRAF AR d+1 I 207 E 1) XA Y J7 1) _E UG Ax, Ay, BIVAT A5 B2 A7 B 0 FI0 A :

Sgar = Cgars Vasstar) = (g + A%y 1), (Vg + AYgar)styn)-

WE AR 78 TN 7 S a1 I A B I B TE S g1 =(X g1 Vae1oLat) RIS A _E T DUSE 325K AG a1 ) 200407 5 1) T
?}”\Uﬁ%Asd+l %J

AS,, = \/(x.m - xd+1)2 + Vg — Y.m)z = \/(xd +Ax,,, - xd+1)2 + (gt Ay — yd+1)2 (31

6.2 FiE%I
AR SCAR L R e T v S0 VR S AR TR P B T SR R
BE 1 T R A R A B TR 575 ——GMTP.
ﬁﬁ)\ﬂ”éﬁfmf@l‘ﬁ%% Dlrain:{TlvTZrnaTn};

1
2
3
4
5.
6
7
8
9

MRPUBEAEE D, =T, T, ... T, ).
A HA L2 T % 2= 341 RMSE.

T ={51,52,-,8n} HE SN 75

. model_Inital=Kmeans(D4,); //k-means SRR AL AR T

. m=Train(D,,,i,,model_inital); IREARIN R A BT RS, S HARA JE h A={ w;, 0,57}

. k=n—d, 113K TN 20 25, d WL w4

for i=1 to k

p=Predict(m); HTIN I 22 k 0 AR RBILIE A
e[i/1=CalRMSE(p.p,); 11VE AR (R TN % 2 p, 37 B SR A

.end

- RMSE =(X) efil) /k; IR ZE B 1

T GMM IR E I ASE 2 () O 350 T B 2 B mT AR AN [7) 13 52 el 1903 B2 T 3 G 3 ) R AE
TR B R AR S M B A\ BUE 2 B0 K, 5 BUL T R A B0l B n 22 K AE BRI 25, 2 5t i
o g PR T A SR AR 14, — ROBR J3E U S0 S B 0y 2 B EAT SR I S T S O(nxm),n R
AU m A SV S B BB YNGR AR A e AL TSI 1Y B ) S22 FE D O(n®),m 2o PRI 32K 1 Bt

6 25 AT BAT B ARis sl B PO HEAT TN A0 45 SRR - v 05 R S B (& 6(a) s, e,
LR R NZRPIE, i e R 7m MR PIZE) HEAT GMM BRI 25, 75 2 AH 1 (1 2R S 45 2R (1 6(b) B s ), 48 )i A
GMTP Tl I3 R A7 i (it B 6(c) T ), 145 21K 51 42 1) e S k.

Cz:\( 4,;«;:/(;:/} ‘:;:‘7\\?,‘&&*‘52
AT oA
(a) FLIHIL (b) GMM L 5 2% 45 L (c) GMTP Tl & 5t

Fig.6 An example of trajectory prediction results based on GMM
6 KT GMM KL T 45 R ]
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7 KB5S

S T R A ST TR BB N 75 v B P B BTS2 B0 T 2T GMM. BB TN AEE GMTP. 5T 5 41 vl
A TR 457 GPR(EZE A T W R A e —12sh X 140 ) . 2T Kalman filter(R /R 383 ) IF T &0 7%
Kalman. 3 77 Kalman filter! 8V — i 5 2% 3 () [9] ) P00 5 92 AR s b 3 ol S50 A M s e R B T 2 g 52
WIEATHE A 2.66GHz [f] AMD Athlon 5000+CPU b, NTF4 4GHz B:4E RS54 Windows 7,55-E 4 K
MATLAB R2012a. 525 548 R U5 T MIT {5 5347 W A S 8 P IO T 40 453 40 B0 SE s S . 5 300 75 Ho i
7= AR ) 7 D DR AR SR A R B U S 1 R R 00 A 3 A S VI R B A A S T R R P Al
B UG HC B9 4 T 75 o 2 T AR bR e B850 3 2 B0 b s 56 b T S 80 B B B LR 1.

Table 1 Parameter setting

x1 SHWE

S i
VIR BUY (6 39 453
DIIRRR U T g5 100, 200, 300, ..., 900, 1000
R 75 040 L f31) 0.05,0.1,0.15, ..., 0.35, 0.4
P 5 A i A B G 55 5 10, 20, 30, 40, 50
TR BT K (s R ) 50, 40, 30, 20, 10
GMM R GP A5 7 e H 5,10, 15

7.1 TR MEFR B ) bR AR

AT 3 PRI AR A F IR AR 100~1000 45 MR 40028 R BEAT TN 23 A, N 52 L5 (R T 22 7 55
T3, 256 45 SRR AP EE T T AT B2 P 1% 25 (RMSE) K 3 (L, PR 000 i MERf M an 1 7 s 5 93 41
Tl SV L, i o WA 203 0 1 39 I, GMUTP J0 358 22 Jp /N, — AR FFAE 40m LA ARG 4 K 1) S s i)
Kt 15 A v P8RS 0 B 2 36 45 R v 01 GPR T0I (¥) 3% 22 Eb GMTP ~F- 34 155 Y 10m 2245 {H Eb Kalman filter TR
WA A A SRR ZE T :GPR S - Ak B4 Ay ] #1038 s B e 0 T 405 T 2680 A, v i 6+ SR P 1) S 90 4 b 32 8 =X
BRIk HRh % 2 AR i ] B — 0 R R, T 2 T GMML [ B 58 T M 42 47 2T Kalman filter (40528 i
DA AT 328 3R AT 28 2 [0 U T, ¢ 7 00 S [i) B e 5 1 AT R 2 40, BRL ML 000 12 22 e K. 5 GPR R Kalman
filter SHEAH L, ,GMTP TV i 26338 & T 22.2% 0 23.8%.

h T HE— D R AR ST VA P e SRR D TN B AR A B 8 GMTP TR A [ /), 5 GPR A
Kalman filter 2340 L4600 T 92.7%F1 95.9%. 5 & Kalman filter X4 4 PLE B — AN B T 00 48 20K i
—AN R B A RN EL A 23 BT, 24 5000 (1 20 2 50 8 36 o e, 0000 F 1] 2 5 4 1 B9 4, 2 ) 8 3 7.1 GMLTP Tl
I AT DA [R50k B AT 48— 458 B8 2 H00 B8 AT F000, AR FH o ST VR 5 A 2 20 1) 328 AN e — O U R R PR ke 2
I 2 328 e s, R B AT B 052 22 (R 3 B AR T P T Al AN o 7 AR AR R 38 I R Bl ) GREE B
TEH A B — 8 BB Bzsiz SR s o = 8, T DU B K ar 12 S = R GMML Y545 31 1) GMTP Tt
R L 28 A% A B 55 P & 2% Sl 5 1) U2 TN e AL T Ak A7 R () 38 5 AT FA B T IR 4 v B B i b
(138 B A3 5 2 i AR AR 22 402 — S0 A IR B e 250 486 o it DG AR K 1 38 B4 50 i, I k75 )
P GP iAoy AN B S A 215 K 2 240, BRI, GMTP Tl iz 22 3 3 45 /1.

h T HE— D W UE AR ST TR LR I BE AL A, 5 AT IR B 2 I T TR AR AT L, A SR [3 148
TN B30 TPMOS SCRR[12]45 B0 T30 45090 HMITP. L3 1959 00 1 40 SR iy v S5 A1 g T 7 20 P DA 4 s, T
AR T ¥ 7 AR AR 2% RMSE VP 0028 T30 1) HE A 1, JC VR AL — AN 0 RO b Bl PR b, AR S bt 3 R ARV 1) T
DU BT R) P B8R A MIT 45 ZE3% 200, Tl B ZE 2052 7 100~1000 i [ Py AR 44, S 36 45 a0 1 9 Frow.

T 45 PR W:GMTP AR T2 Ba I R AT A AL (W T000 4509 HMTP, W B A0 T 35 - Isf ) i 8 D 30 W) 4%
BTN RS B TPMO;GMTP HF- 34 T i) (/) 3460 HMTP #1710, TPMO K 1/2.J5 A 7E T :GMTP & —F & 38
AL 1 2R G v BRI, 4 B d /N e b v TR B R SRR AT IO B R N it (LA ARG HMTP. k)1 25
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BRI R 5 2R T HMM B B R A OGRS AU MO B ;10 TPMO SIE I 2Rl 7 o AVELR 224

JH i DX i SR 3 1A T SRS, O LA 2 ey St R I i) i 292 DLl 7 o) 0% A FCFE I
70 10000 -
60 o — L
50 % 8000:
E 40 £ 6000}
3 ER
= 0 R £ 4000}
P 20 HKalman = b
B GPR 2 20001
10 BGMTP = —
0 L F L R B 0 kA
200 400 600 800 1000 200 400 600 800 1000
Number of testing trajectories Number of testing trajectories
Fig.7 Prediction error comparison Fig.8 Prediction time comparison
K7 TR 22 L B8 FHGII I H] B4R
4000
]
2 —+~GMTP v
E 3000t —=TPMO o
% —+—HMTP Ve
= 2000 e
S —
2 yd
B 1000 "
&~ /. A——"/A
e v e
0 s —* *— . .

200 400 600 800 1000

Number of testing trajectories

Fig.9 Prediction time comparison between typical trajectory prediction algorithms
L9 ] T S35 I T P i P AL

7.2 MR ZE 5

GMTP ik & 20 AN BRI k-means 7575, H b 2 8 Wb 7 38 A J0 75 20 (B A5 2 AR 2 2 SRk
PR A 73 Bl /D, WS AN B8 78 70 M oxe Bt A A, 1 1T o 00 K 4 228 R A7 A 200 PR Tt ) 40 5 2R 32 % K 22 7 0V
B 2 B B WU I AR B 10 S e T N ZRBOE B, AN R Y R A AN RO AN R L
T4 N A (BRI, 8 0028 s AN B0 %8 TS P2 1053 . B 10 A e T TR 2 B 2 U R 300 250 A W 38 e
RLGEAN [ B i A A BE T 5 22 R AR A 3 5, K RSN A0 8 ) M0 35 22 & SR AL AN PR IA

o1l 10, B 11 rJLLE H:

(1) AEANTA) v 307 R 2 23 AN HOM I G Bt 45 1 0000 £ 73 S0 s i N A 0B 22, S0 TN R 2 et
AR i T PRI AT 1 50 2 1) D sl B Kl A5 R A 5 B 2 s s A X, A a2 SR K SR e, T
RZEFEAR.

2 10 0,24 GP iR& 40 S A HON 5 BN 15 I, P00 15 22 2 (AN KB A SCR AT GPS Bk $icdfs
B, SER A 2 GP RS 2y Sk B 5 I S0 R TR0 5% 2 WAL SR AR AE 2, AN TR o i 4R L2 )
HE QAN BOAN (7], AT e 5 S 0 e 5 36 2 5 e £ DV 5 70 B L

3) L1 o, 2 IR S 18 i P i 72 e s/ SR IR 23 2R 7.1 A5 ] 7 (s a5 i, 1E— B HIE W
T GMTP Sk e k.
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Fig.12 Prediction error under different lengths of input historical trajectories
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ZEPEEAR K SE W T T GMTP A1 GPR B, T 2 i ) B3k 5 AR Y 2 20 g W s U 328 e AT A A0 U128,

HEAT HEI IR S50 B 808 AR 4 1t DX 23 3 e 75 038, AN T A

N

23 5 ) Ay 28 K4 0 T

© PEEREES AT

http:// Www. jos. org. cn



A F—F AT SRR 64 Shad T Bk 1061

RMSE (m)
RMSE (m)

i

0 K A
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Noise data Noise data

(a) WETEFE=100 (b) A B ==200

Fig.13 Prediction error comparison under different portion of noise data
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AT A, T LARE— 25 H AR b — 2B M 52 , I TR A4 % LU AR, T GMTP R GPR S0 A8 il 2 iy S 40K
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Fig.14 Prediction time comparison under different portion of noise data
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