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ABSTRACT

In recent years, urban computing is a new research field, which has been
implemented in a number of applications. Among them, geographic information-based
services are an important topic in this field. There are many important further tasks in
this topic, such as the user’s next point of interest (POI) recommendation and
personalized itinerary recommendation, and so on. All need to analyze the user's mobile
pattern. Therefore, the trajectory user linking (TUL) is a key part of urban computing,
and a very important task in applications based on geographic information. Existing
techniques for mining mobile patterns can be summarized into two types, one is the
hidden Markov model, and the other is to model trajectory data using recurrent neural
networks. The above two modeling methods, the former is based on the assumption that
non-adjacent positions are independent, while the latter only studies a shallow
generation process. However, both of them ignore that human trajectory data is usually
featured with sparse distribution and high dimension. Besides, the fact that trajectory
data may contain embedded hierarchies is neglected. In this paper, a semi-supervised
learning framework based on the Variational AutoEncoder (VAE) model is used to solve
the trajectory user linking problem. By using the hidden unit structure of the recurrent
neural networks, implicit variables are randomly generated to learn features of human
movement. Using the Variational AutoEncoder model combined with semi-supervised
learning methods, the problem of data sparsity is alleviated with the help of large-scale
unlabeled data. High-level embedding vectors are used to represent the trajectory data
hierarchy and structural semantics. Experiments have verified that on real data, the
Variational AutoEncoder model adopted in this paper is comparable to the existing
method, which improves the performance efficiency when solving the problem of
trajectory user linking, and improves the accuracy of user trajectory linking.

KEY WORDS: Deep learning; Variational AutoEncoder; Trajectory; Urban

computing
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VO BONIZRBEN AL, MO SRR, BRI N ek ol L 5
BRI RO L, (R fl A B 22 9 2% o BB B

AN BB e LR 45 A5 Q (21X BHu(X), 0 (X)),
G ERFES R Z = sample (N (u(X), 2(X)) ) ESHILN:

2 = u(X) + 6Z(X) x €, ~ N(0, 1) (3 - 10)
BREANR AT =z RFAEE, KKAGB-9), 53

log (P (X
P45 EX, €, AIG-11)2P, QI E IELL R H, K] LA HIBEALES T
BiE R Hedt AT A .
B 3-1 F3R 1 A8 73 H g i AR R A% O A i A X

z=uX)+ 0'%()() * e)) — KL[Q(z|X) Il P(2)] 3-11)



KL[N (u(x), a(x))||N(0,1)] [lx = fEOII?
T
f(2)
==
u(x) a(x) )
T3 T
i a%
Q) X
il
X X ELEN(0,D) K Ff

B 3-1 A2 S EIZ LA R

FEAR S B F P BEAT 55, N RSB E R e 58— 3Rt W 43 LR
(tuys 1)y woes (bupp ), L © AN ¢, € T, MBLAF (B2 Hu; € U
R R PIPT R H R T 2z, B #R¥E Kingma and Welling T 2014 1)
WHot, REFFUN SRS A HEE SRS R, B, nrgegxRsl . B
PR R AR B O TS B al A bt w) R pp(t) Fom. H
PR RAE A U e KA ZRER TP R 3008 ¢ RO, ARIEHE T 58 A 2 (3-
11), A5 H Jmh 25 A58 p PR B 42 I 288 SR R 260020, 5 ade P B4 19 A8 oy
Hmtoas, K1E 4.4 FHEAIRIR .



4 FETAR Sy B i A B P P R

DR B 28 = R IR (A2 70 B R s B Y, 1 A 23 AT S BN SR A
HOE (15 A5, BGRB8, JC i B i SR 03e Y B 1) 7L
FITEL, %80 $2 2 12200 B RS 4% A R BIZE P BB IRV 5 3k, JF HAR IR
RISCHLIA Y -

ASSORE B BT AR I R SR 6 B0 P BRI T e TR R B
BHEFZ I T AR AN 2 A 55 A T

(1) R T3NSR sl p e AR B b i) 7

(2)  FHHEA ML) T NSFEEh B (BRFH)) )2 IRTE X 4S

ok

(3) DA B2 3T 07 20OR) AR AR 1 A Bt SRR AN FH P 3 B s

A SR Y B 1) L

4.1 MRS

4.1.1 BUIE B e R A S i A

DRI P P B 1P By = ASB R, ST HEST D, anl& 4-1 pr
o B P AT EE SR I 2R A R — RS 2 P B A, 22 Bais ot
TRAL P 5 RO B BN B 2132 7 B g as iR R gt AT I 2k, @ LSTM X
Fe KR 73 JE 0 2 S BT RIRFAE, IR RIVIZRAL 70 B it % (10 4 A 25 MRS 25
Az R 2 AR BT LA 21 B AR SE T W A LI AT O RFAE 5 R RIS 5N B
IR, RIS BB A B B AR S BRI L B I R0 2R DA 1 4
i L 1 T A o 3 AR A 1) N S B B 3 T ) R e 738 70 i i R S B sy
YE(E BRFIE, A 2 0 RENERERR B BAR P, ORI A - s al . AN
AIRE B IHET, FIEE QBRI PGS, 455200 B 9 a4 I A 25 &1
7y, ATRATINAZ A P )R — % i B AT A, ORI, %3
IR T AKRIAR, ASCAEAEWTET.



Ak E
LR UEyET

i

y

IR

A
-

Y il

PUBAT AL

Tk

v

Vel 4-1 P B R B
4.1.2 FTARI) B RS s P Y P B AR R 4K

HI S SRR AR 7 H i i 4% i T A A BER BN PIL Hdfs 25 1 1 X
HLAPERS 25 P A2 B ) T B PP A1 Tk B R BB B IR RFAIE , AN B BRI T S50
L FH P BERAE 55 o DUAE S IR AR SCHR Y 1 2 A2 70 1 2 i 2 PRV I2E P B R R 1)
AT, Hob RS T M AR S ST I VAN ALRER 70 - JEIA 22 R 25 2
M. ISR I LE . JEI PR I 2% AR 2 A0 22 73 2590 K6 8%, tni&l 4-2 Jir

No

_

UL H] ) B
O—

YOI §9§
28 & 7 w
8.00 12.00 2.00 4.00 8.00 10.00
AM PM PM PM PM  PM

= fprz o =g
L1E ) JER

Ifgas RNN g (z|t)

K 42 JLFA2 0 H g5 28I HY P B AR R 25 4



FETAR Iy F A% AP Y BERRAR, 1 ekt SRR 2R 2SS B BT IR VL
EERTERG IR BRI, NG Tear L Bl Bk, T “aR R
BN P P B s 9 — MR GER R IR A SR, | 4-2 2T
P i it 4 A o [ 2 AT M A 22 ) 4 2 ST BB i P 91 ) o J2 4650, 2 J2 e oA
EHRPGEREREA RN 2 BRI NSRRI q(zlt,w) HRFfz, RN 5H]
JUBRZE U AT 3 B R A A N 2%, G I AR RS RO MR p(tlu, 2). AN
gre RRBE ST, RBER M PUE B S KINZRFRAE q(ult), HOREAEH]
IR AT o A EETy s MR AR I 2% 1) 22 70 2K 0 24 45 7 AR BE R I L2
HHRBERBEEHP

4.2 HlE Ak

AR SCAE H S AL R IA 5 32 ZE00 Bl R A 1 BB T e A s s o3 B g THI
) A

4.2.1 HHREG

A7 B R AR W A R RS B R (138 20 v] DALEFRATT B8 45 5 Hu R B 2K 2 2
[V E A, R 2 SRR BAS SR S5 0 B AE A 5 2% 7T B8 FH T4 38 1 e i35
FAMPRIZE, AN AT AR 2 56 92 RS B 10 371y A3 B () R0 25 (] A B0de (5 B 04 Sl ge,
TEARSCR A HHR L P i T R H IR “IEEds” AmFE: H—, et
s 5% H oS5 B 0 v (FEHURE R RI I E M P RES, IEH I AR,
RGBS BN 0, Ml Aha2sh “&E”) BFE8IE R #l, 7E Brightkite
AR LR H P AR 0 A 7E 2010 4F 8 A 6 H 21: 22: 16 2R R[ AL AL
FrAE B28(0.0,0.0), M4 54525 4 00000000000000000000000000000000”;
Al ey L™ B T AR VS SEPR B 2% B, EXT RN e P 128 2Bk 2% H LA
INF TR FHEZ B, & S AE S5 PR st (1] ) o o R B 7 AR i 7% . i, 78 5846
Gowalla ZHEEH F P AR N 39602 [ FAEL) 2 AN/NEE 21 438N, S4iAk b
HH (59.4010641881,16.4434432983) M2 % (79.3681452833,12.5328687948),
IR AN G 26 A AR B T AR R £ 2190.57134 2K, P 14138 5 £ 54 940.16
TR/, X BIRE T IEH AT bR,

AH P 5 S0 AR5 A NSRS R B B AT H R B v, 5 W TG A%fE S B M B
B AV SR BB AU 2 B R U A e A IR R R Y, R AR
WIS, RUONTEAS 7 H gt 28 A0 B bR AN 2k sk B oh 5 R B B Bus 5
It LS A6 578 2% B A J6 5 SCHI B T R 3 B0 43 H Y i 2 DR 153 1717 2 238

AR ST o B i i SE B T e . BT E RS BB B, R
528 I o 11 SRS o S%oF B R FH A B e 7, RO AR S N T B N R



5% B, ELAEMBRZ A H o 10 ™ 5 85 A2 1 SR SR 30, 1 26 51 N IREE”,
FLA U AR I B AR 5, A — 8 2 A S 0 FH P AR R B BT D I 00 A 200 P A 25 21 2%
H, HRYEET R DS 2E S R 2 B IR 22, B Great-Circle FEES, T3k
[ AR 5ZH A (4-1):

AB = R x arccos(cos Ayq; €05 Bjgr c0S(Biong — Ajong) + Sin Aige sin Bjg,) (4 — 1)

HARNHERFAR, ACHEL 6366 TK, Ages Ajong 7 MR RZ 3] 5 AR
JEMASL, Bige~ Biong 7P WFRRE R MBI A LA, A LIAGRZH P &P IR
ZRNMELLBE R . AT LORIFIZH AL 58 N IRZE B R P K0T, 3RS “ IR
B . MRAEARSCHTFUCR, AP ERE R E Y 300 TREENE, 2
“HRERT EAKT 300, WIFERSEI BALIRE SIS HR Bk, TRMRE: A0
“ORERT AERT 300, RIZESE AN RS 2 i) BLA M 3T 2 R 300 ToK BRI
B, AFFEAEESLRR, MIBRZZER%E . 7 EBRING — e S s — %
7R UECEIE P i RPSIL

4.2.2 P EHE S B

RN T BT R 4R, [FIR RES 18 I J5 SRIG AP 42 I 25 FR BURE 22 AR IETR .
BAT TG EEXT B FAG AT 50 B, WAt U, XTFR— P B0l 750k A4
THOLFA . 7w RPUEEEERAICLH 2 B B JRURPUEESE T, #2077
Bk MES TR, .t Hd kR u BE R R

TN R A 25 ), n] DR LUK SN I T 1 B 22 RS B . A
SONE—F P P A 2R RIE B, ER— RN RN TE SCERTER, AR i I 18] A0 23 [A]
PN FE B BEAT T HLIZE ) 43 B

T EAE R TR FE AR L 5E BCEILIZE 43 B o 5T Ik 1] [ [ ) 00 o B IR U], e i B —
AN TR BRAE, FEARSCHY, 8 I A [F) 00 £ 125 0 K008 1) 00 S A0 AH DS 5 SOkt
PR, S FEARSERCE T A F RS (A [E FE R : %) Brightkite 1 Gowalla
KR SE B MR A 4 /0, B — AN HEIE ¢ (e [1,6]) 5T 4 /DAY
I [ [T R 23 A 7S AN S 1 P 8 ti'il,...,t{;f; X} Geolife #a4E & B I 8] BIE N
6 /NiE, B —ANH P ] (€ [1,41) FET 6 /NIRRT [ ] 5 43 Jg DU A e 45
TS e, .t

HIRAE A FE bR b 58 O 73 B o 25 L8 2 P AR [F]— AN %0 f 5 I 2 A
ZAMIMEE, Tl A Bl KBOVE N Geolife £¥a4E, W 7E— B [A]
W REEENZH PV 2 AHIE LA A bR o MR AH OCHIE 78 SCRE B, 7E Gowalla Al
Foursquare Z(3HEEH, 90%HIH P B SIFEEH/NT 50km, XEMWEHRH - EER
T U5 [0 5 AT AR U R A U5, [k, an RS2 B 4% B X B IR R 5 A BE



E50km, FATEIE—BHEITHE L (m € [1,6]).

4.3 B A G

AR /NG VTR B TUAL PR 58 il AU AR 248 NS T BERE AR 2 T
R WSO IR AR 7 B it 8 10 5E S0, 70 & A T SO B “ 3 N
(Embedding) FFH] FIJEIR 22 0 46 05 kN 5 ) 16) B 04T 10— 2D 4 i

4.3.1 Bl A (Embedding)

15 HARE 5 AR, AL, T SORY 32 /43 AN TS R 20 IR0 1l A BURTR N
WEFEH) 2 N, Word2Vec FAR & 11 48 W 284 SOA Bt Hh 1) el i o 1))
SRy AL R &, R ERZEE B BT K, RRABAR J7 (845 2 1kt LU A
PR AN BCHE B) 35 SOREABURE (10 e 2 2 48t oy L A ] ) i) A 3 — 1) = 22 ) R () A AL
FEPE R, 3R — B R AE SCA AL B A G R T S B 3] 1 R MR B AL 3] SRR AR
)Eﬁ[lﬂo

AR B SCARE R JZ IR G BB K A4 Word2 Vee A S Hf ik A
TAE, AEERX—HR, KR PTG A4 AR Mol sFa. i
[AEE BB S g B Aol N B — MR . BAR TAER: X0 B
JaE W IE AT AL, A — ) I e RE LR PR AL S S TR R, UL
TORE R P RIS TR AT (Rl s A R, e — 2 T B U 1R O R P 1) 2k

N Mn
Do (51: ey SN) = 1_[ 1_[ Po (Sn,mlsn,l:m—l' Sl:n—l) (4’ - 2)

n=1m=1

Hr, por B R A K T PULFP A SRR, s, 2 D HEZER 75
P n DT, sy 28 n DTPLPE m DXNEBAELR, GRFENE 2
A, MHBRARRE, M, 2% n DTS OGRS HE

4.3.2 B HE i Y

MR 3.2 P28 7 H it a5 2 LRI, 25 AL N 73 BRI Uz K FE A
BIRNBONFAL R R, it 2D A 2% g fish, AR SC AP (5 PR AR M4 22 o 4 X
L BEAT 7 JZ GRS, SRIBUS AT REZ (78 SCRFIE. DN s sh I SE MBS B A 5
HURFAE, AR T e A BB b, X ER s AT 1B TR

IR R 4 1 — Rl BATICAIZ I RE AP 22 N 2%, & xS Kl (e, &
PRI R R 22 TOAE SR — I 21 (Al ) RE NSV B N BRI\ B T8 o XA AL
il 10 45 K A 4% 5 A R 3 P T I T P 0 080 » AE I b mT LR KRN P 910 5080 1)
AR, HEr, KEHHICAZEE (LSTMD J& SEbriH 140 V2 IR
MR 2%, B RENS W AT O D — AL e 0 W 2% T AL AR 06 R 31 2K 1)



A DK 7 51 B8040 A AE R AN B OB gE A7 7). BRI, AR SCR A LSTM
VR i 25 1) 3 EER A0 PO B HE B AT 12— P Hu I S A, SR B I T HER I P =
R Lo

TEXGE R G, FH— A4S K E 280 (LSTM celD), —AN1192 18
WHIT (GRU)D, Rgmhth B ISER 557 51 B PR () B sl X (fian: & 4-
2 SR, CINT R TR Dl R iS5 fE B TBCIR A R B
) SRR A2 IR 2, PN 308 B TR 285 A G LD Ay 24 S ARG A ) &, DA S L HS AT F)
SERRHIE . 4 R G RS I RS OB s LSTM M) )Z LSTM 724807 |
H1(4-3)F1(4-4) 53 B IR A -

hEOl =0, b9l = LSTM(hEYL_, spm) (4-3)
h'T =0, mMT = LSTM (Y%, hivi (4—4)

Hodr, XN LSTM()) J& “vanilla” LSTM Rk, g R

it = O-(Wivt + Uiht—l + bl) (4‘ _— 5)
fe = o(Wpv, + Ughy_y + by) (4 - 6)
or = oc(Wovr + Ughe—q + by) “4-7)
Ei = tanh(Vcht + UCht—l + bC) (4‘ _— 8)

s i for op M b, PAIRAAT], BETT, Wl mE A E: o 2
AR B B £ logistic sigmoid BAEL; FEFE W AT U(e RT*Y) —AFKITS4
vy PR ¢ HIERARHIE ] &

WIZHTG ¢ W B HIA RICIZBRIT R 5 T B 5T

¢t = f[tOct—1 + 1 OC 4-9)
E,, = hy = o,Otanh(c;) (4 —-10)

Hr tanh(-) ERECGEWHIEVIRE, © BRI iR S E,
72t 24 BT8R FFAE 7] &

ARICAEAR 5y H e K A #5300 BB T M JE LSTM A H T4 i, £ LSTM
JZJEBAE FHHEIE AL (Batch Normalization) $AR, SRARIEAE LR BE 1125 R 28|
SR RE R, B AN 2% () Ha N B ORAFAH [F] (1) 70 A1 o DR A B 36 T 265928 2 PR DR
TE Gk 72 A 2R M 00 BRI L logistic sigmoid BRI 30 NAE 1) 43 A1 2 KA ImFs
FEUR AN ERTERE LSTM BiE S HR i N Z IR K. LA/
BE A WAL, 455 2 i 28 P 284 A 42 T I A E 2R MR A B AL 70 A 13 #E B A e
B AT, BEREREWR, I BRI GRS SOEE .

HK, BTFHSHERAN (Embedding) EH M 7 4&ERE, mHAH
BRI T8 e 91, I 2R B BN M A 2y I I ZRA R 40055 1) ) it
Rlt, fEMANZfG, A E Dropout J2, VBRI G IR K A AT REME



SR AR FE AT PR BE RN AL 7] B A PO R g, 45 AR5 F TS A
E ORI 3.3 IR IR R AFHE, IRSh HE 2 T8 2 E b 2% ) 00 P P B A
BT i T 25550 70 ) DX 28 B RO KRR 454, W] 4-3 . Horh,  InputLayer A2 4
SCE XTI, ST H P PSR A I se R, NG B N R R
FPAIKE 2101; Embedding 2B IR N RN I3 IBHOE RHAE 0] & 58
N 320 4E; Flatten 528 T 485 H d il 28 7E BEN LR AL IR —4E 0010, 110455 242
HW PRI R0 5 G i ) B JE T s Lambda & H € XS T RFE S5 AR E 22 19 A6 1
=8



mput: | (None, 2101)
oufput: | (None, 2101)

encoder_input: InputLayer

Y

mput: (None, 2101)
output: | (None, 2101, 320)

embedding_1: Embedding

Y
mput: | (None, 2101, 320)

output: | (None, 2101, 320}

dropout_1: Dropout

Y
mput: | (None, 2101, 320}

output: | (None, 2101, 160)

'

batch_normalization 1: BatchNormalization

Istm_1: LSTM

mput: | (None, 2101, 160}
output: | (None, 2101, 160}

Y
mput: one, 2101, 160

Istm 2: LSTM L ™ )
- output: | (None, 2101, 80)

A

o o mput: | (None, 2101, 80)
batch_normalization_2: BatchNormalization
output: | (None, 2101, 80)

mput: | (None, 2101, 80)
output: | (None, 168080)

flatten_1: Flatten

mput: | (None, 168080)
output: (None, 20)

denze 1: Denge

Y

mput: | (None, 20)
oufput: | (None, 20)

N

mput: | (None, 20) mput: | (None, 20)

batch_normalization 3: BatchNormalization

latent_stddev: Dense
output: | (None, 2) output: | (None, 2)

>,

mput: | [(None, 2), (None, 2)]
output: (None, 2}

latent_mean: Dense

z: Lambda

Bl 4-3 B P RS R g i




4.4 A2 7 B g it 2 B FE B2 H

SR EE T2 70 B bSO B R e M 5 B TAR AN R 2 AR AE T
(1) figdh 7 NEB BRI P B B AR B HEWT R B (2) AT RLS ) BN SRAE
BIFFFIRERAE S (3D DL B 7 ) 10 7 G AR BEEE IR B 25040 R R ) A
)3 B A% T e s B P 4 1) Rt
N T R AREAR ARG R R, AT DL G I AR R P B R v R
RIVERE, R BA B S PR BT AR 7 B Gt a5 RS A — e RE B ot ) it
81, SR, BEAR T HPEF AL N A D as, T Gt r) & R T 5 50
MEZR, X AR B AR B () J2 IR G ) T Th A R A e e X, (H R AT Bk
B S HESE, X AT Rl g b A A5 R TG A SRR O S P i AL .
[FREH, 5 IAMEE R H D eI L S, 2 2R A BE ] g H A kU
GO RS R, R A @ ) R RFE A BE 8 AR pl R 1 B
BRI, AR SO ] 3 2% B8 — A R B AR e 1S 2, B ARG 2048 B X i 8
Gy NEEA, R EmEES TR R R, AR HAR AR B E SR A, AR
W B S HEZE R 097 75 E i v 2 ) HESRBE A o 3ot B A8 B 40 5 A e A
H 3 A AR 52 ] AR 6 H sh9mtd#%  (Variational Ladder Autoencoder, VLAE)
Ja KT, bk = M 28 T R IB AR & AR, IR E 2% T Ros s 2 2R ThRE,
FHAE P 26 25 R IR AS [R5 S RO By N s e 7 L0 (B, 3 = 30 ml AR i E 34
o882 AL I S AN AR B AR AIE 0 I8 5 ST BT IR, AR SR 2 T 1042 73 H gt
AT BN B A B B 1 A e B S A, R I e A A L AR e s AR Y
EAARM, BATEEWZEREAER 20, 2, DHIFRNEBEE URED AL
WHARZ (T, LIMEER p(2) = p(zy,2,) AbrEEN AR, HHBE S
p(t, 21, 2,) T LAEIM f#
p(t,z1,23) = p(t|z1, 22)p(21122)p(22) (4—-11)
TEAE R 25 it 23 b, I 4-3 5K 4-4 for, BRBALE z ZHIF
B HIPEA [F) 2 1T )
z = [RNNp,(z2); RNNy(z)] (4—-12)
Hordr z, 1oz 430 HH R TE) A0 B fh 22 P 245 0 M8 R B i 2 I 4% 2 804k
FEAE S X T A R S I HERT ES g, IR RVE AR p(z)e) A AR A A A
N, 09 = 1,2) HEZEAE IS S



mput: | (None, 2)

output: | (None, 2)

decoder_mput: InputLayer

Y
mput: (None, 2)

output: | (None, 168080)

denge 2: Dense

o o input: | (None, 168080)
batch normalization 4: BatchNonnalization
- - output: | (None, 168080)

mput: (None, 168080)
output: | (None, 2101, 80)

reshape 1: Reshape

Y
nput: | (None, 2101, 80)

output: | (None, 2101, 160)

lstm_3: LSTM

o o mput: | (None, 2101, 160)
batch_normalization 5: BatchNornmalization -
output: | (None, 2101, 160}

mput: | (None, 2101, 160)
output: | (None, 2101, 320)

letm 4: LSTM

Y

o ) o mput: | (None, 2101, 320)
batch_normalization 6: BatchNormalization

output: | (None, 2101, 320)

mput: | (None, 2101, 320)
decoder output: Dense
output: (None, 2101, 1)

B 4-4 B P BERAR R AR 4

PR I B 7 s ST, 15 21 45 € e (AR B 2 RS Y

BAERIR, H B ORIERT SR B A I 28 AR R AR B JF 0 PRIkl YU 31 5 510008
B CHWEWEIE D) MHXMEHP u, HARX (3-5) 155
logp(t,u) = E,4[logp(tlu, 2)] + logp(w) — KL[q(z|t, w)||p(2)]
+ KL[q(z|t, w)|lIp(zlt, u)] (4—-13)
R 28 =80 73 hod A2 43 g A 25 B T JE BRI 0A b Y B As 2 R
q(z|t,u) MHEESLLHER p(z|t,u), Bl e/ MEKL[q(z|t, w)|lp(zlt, w)]. K,

RIS E, A PO EE L bR eT ge 4 S BRIEHE (ELBO, evidence
lower bound) FI{EH¥red (¢, u):

&5 (t,w) = E,qllogp(t,u, 2)] — KL[q(z[t, w)|Ip(2)] (4—14)



Hr, KL[q(z|t, w)|lp(2)] ZBEAERMZE q(z|t,w) FERRMESM p(2)
[ KL BB, effs 7o z iEARSRN ZRANEEZ D, HETUREY
22 U ER (W O HOALER , I AT AR 2% MR 20 A7 o B i R B

IR R R P HAE D, Wi KR qp(ult) AT EIAERT R T
MAF G0 ue BATH u WARF—ARRAXEE, B2 FH ELBO &5 (0):

logp(t) Z E, qqu, zit)[logp(t, u, z) —log q(u, z|t)]
= > q@lt) (e . w) + 3 (q@l) = e © (4-15)

Hodr #(qult)) AR ENE, 32558 qp(ult) 76 IZEAIE R ok T
PUSHIAR S I L, EAREKM . L, A SR 0 R SR
ELBO ¢ A:

€= — g (t,u) + alogq(ult)) — & (t) 4—16)
PC: ga@ln) - ) &f (

(t,W)~D; t~Dy

HA e J 5 3 RA8 qo(ult) G AR B U A 5 ST B I — N B o 28
Pk, MRS a EHH R 2 S FIBUE .

R, PR E A AR5 B g 2 e A 4R A 2 o) B 1) R E R 2k
PAREE -3 B < T o o | B2t ) R g a5 T 8 i T =10 PSS VA N
1155, FNEERD> (B, IMDB H28 2 N0, AG News H8 4 41~251).
SR, BB F PR A S CH P MEEIER R, XETHE KA
qo(ult) BIF=AEERKIHERE. N TBIXAME, RAITRHAZREREY iR
SRR ) B DA (200, S IR 2 9 U 0 m o b oy P AR /N 32 TSR A 6
TR 2

VoEs-qczit, w [a(ult) (—f (£, )] (4-17)

BT ELBO &5 (t) REHFKAE qolult) MR, AR SCAR KT
PR £, AR SCAESE T A2 70 E 9 i A B BI0E Y A 2 A5 AR oo fait PR ) 4 DU 52
&5 (O FIHEP,
LRE AR TR TAR oy B A g LI P BE T R PR AR IR AR, 5
178 BT8P P BT IR, HARHRDUN:
(1 ABRGE T 5] HUE 22 5T 138 73 B g b as i 1 80 s g el L
A KR AR IR HOE v 1 02 P B AT 55 RO PR REN

(2)  SEBe T — A2 B AR o A (45K, DO S Ses b
T BT ASE AL . IR AR IR N R AT B R B A O, AR
TR AL 7 1 X6 B2 20% 0 AT TR Y B PP B A 5 A — ol ml AR 1 3%



VIR
(3)  JEILAIH M B s HULEodhs L e 2 R I =S, i,
1 90% I8 32 B L 32 AE [R]— P4l i 2R B0, 678 73 B 4 i 2% 14
B B A TR e A8 1l 92 B R s AR A2 SR P 1) PO s 11
X
BB, FP R S PSRRI o R R, B, AT PR AL
B R AU LR B0 A — BB AR (. H I E S0, AT A
FEREEE T o FA TR 50 J2 RGP 22 R 5 RS- U 3, g iz sh it
RFHIE, St NSa sl iR RO R LRCR, I P BE AR S5 R IR ik, )
IS DA 12 0 L e A R ARG — 25 Al AT A R K



5 SEgR4iR S50

FEIX — 8 70, A SO =S 0T B k1 I B A 52 0 7 P R il e oA ) i
TR B b & B P A, SRAEAREAY LA, X UMD ROR

5.1 ZHE4E 1 B

AR SCIE F = AN AT R 5T Hh B A A8 S N B 4R HEAT T 928, 43 2
Gowalla, Brightkite Il Geolife. %F T Geolife, Pk Trajectory ¥, MA K
HICHC I 2 i) Label s . MEHRAEEFBEHLIEE (U] /N FABAT B
T EHRE, 8 DN ERERAT I . BT WA EBERAE S P EE AR
AR, X EEH P 2= AR AN ) B B02E DA AT AR 1 e ) B AR AR 7Y . 3R 5-1
BT IR EABIEEN SIS, P URRE PR T,/ T 13 I AR
PR |CIRRZE IR RER D BATHUER KR TR Rl
HIF(ENEES

*5-1 HuRAEMR

EAETaE S Ul | T l/1T | [C] R Ir
201 9920/10048 10958 219 [1,131]
Gowalla
112 4928/4992 6683 191 [1,95]
92 9920/9984 2123 471 [1,184]
Brightkite
34 4928/4992 1359 652 [1,44]
50 9378/10366 13652 879 [1,43]
Geolife
36 6957/7123 9506 852 [1,31]

5.2 AL 25

5.2.1 BKE 558

FE3E T8 [ G T o BB P P B B B TR N 5 ) IR B, A3k (4-13)
i) KL[q(z|t,w)||p(2)] THTT G40 Mo A5 Bl A e A8 2= A AR, A
T2 5 SHOEA s, AR B2 Bowman 25 AR H E EHEA (g
FRMH I 2% ) AT K2 2T B I AZ ALRE J1 . — AN SR e I3k S 8 1 35
W RRCE B A0 B 1) Fshl KL BEBHIBUE, X HEBFRE KL BBk



[22]

FEAE A 22 [0 265 G L) 35 52 70 v 4 P )05 eR 282 Softplus, B
f(x) =In(1+e%) G5-1)

, ERAEA AN B S E RN R, WRTTEAE L. BRI,
PR DAy P A K B M 2 2 T A 22 X 28 RS R K N GRIFI A . —, AT “ A7
VR IIE S )RR KN A SR IEAT R, RS R A AL U TN AR
[FEAsH, BRI A B RIS, FRE Nt B A ph 2 2 T, X
CINDN 2 - AL ST 7=y o B v e s

e, BAVEARE Frfd XA LSTM, BEATR PABCA R, X IE F S5
M ) e B NE 2 45T, (RIS ZR D4R P 51, AT AT REA 3R 58 4 5 I 3idkis
BN R TE MAFE S, TIPSR ZR IS SIOH 2

ek, ARG, BT 0 B S I P AR Kl R S8
WH (X Brightkite (48 4E): WA JZ4ESE enbedding dim=320, ik A2
embedding_dropout_rate=0.5, 45> HZwmtdasla N AI4EE latent dim=2, ftabFH
batch size=64, llZ5IR epochs=300, YIZRIUESEX > validation split=0.2.

5.2.2 YIZEARZE

H A FE AR AMD A8-6410 2.00GHz

AAF: 16.0GB

BAVERS: Windows 8.1

YnFEiE 5 : Python 3.7. Python 2.7
[N TT RIS JetBrains PyCharm 2019.3
Mles2# >IHEZL: TensorFlow 1.14.0. Keras 2.3.1
AL % Matplotlib 3.1.1. Graphviz 2.38

5.3 T 151 il L e

AR SORESR H 3 T A2 70 B G A 2 B2 Y B A AR 5 0 3 A DL i A
BT IRIE S S 7 U P K LR AT 1 EEB. O TP LEsiEge:, seBl 1
W AT E LSTM FIXUA LSTM SR BV B AL, (H2 %A 27 B it
A HIHERT. A2 BARRISEILT, FrA RO RS S R 0L 0.001 HJdRtk, JFEL 0.9 [
HARTER . KL AR KHIBUER A 0.5 HEHNZE] 1 dropout 4 0.5, FRATHE M HR
RAHRNE] 320 ZEFE, AT R T L M 2% (R R B L AR EER NS O
64

FHT 068 BE SE BRI A8 75 32 7T LR S S 20 -

(L &gk, WA SVD M FERE A B2V A 5] 70 i) LDA



(Latent Dirichlet Allocation) #%, #esfif DT (Decision Tree), FHALFR
# RF (Random Forest) F1H £ VE% pR 2 S ¥ M &2 ML SVM (Supported
Vector Machine), #EAHICSCHAH X JLAH 79548 32 T it B sh e =
FUOT BRI HEAT 43 04
(2)  FETIHAPRE W2 I PR A, FEEET LSTM [EEH
JUERAER (TULER-LSTM) |, & T-XUM LSTM KL IS SRR
(TULER-LSTM-S) DL J& Gao &8 A& I TULER (Bi-TULER), iX
JUF 2 FH T 80008 FH P 2 0 B b g L)

AR AWM Fa bR & K 3738 5k ACC@K, % & 1 # macro-P,
FAAH macro-R %% Flmacro-F1, A 1#Z(E SR M w A ER. B
i, ACC@K FH TPt a2 I 7 4 () i 12k -

ACC@K = EE%%T%%U%F E‘Jiﬂi’ﬁ%/ﬁ HE @K 5-2)
P A o H AR

PL & macro-F1 #& macro-P # macro-R HJAAISFIME, *FAaEEom (B

FURERAES A D) tHEAFSE:

macro-P X macro-R
macro-F1 =2 X (5-3)
macro-P — macro-R

K 5-2. K 5-3 FIER 5-4 R ENHIFHIR T 7E Brightkite 23545 . Gowalla £
PEEEAN Geolife s 5 F] A ST T 4870 H bt 2% 15328 P 38 e s 2 A, A B
TG EE X 285 () 13008 FH P SR A A 18 s VRN e bm IRt R LA, Hodh e
REHH FRIZbri
52 HT AR i g 5 HAREIA 22 X 2 (R ade - B R R LU AL (Brightkite 085 48)

Ul =92 Ul =34

R 5%

ACC@1 ACC@5 macro-P macro-R macro-F1 ACC@1 ACC@5 macro-P macro-R macro-F1
TULER-

43.01%  59.84%  38.45% 3581% 37.08% 48.26%  67.39%  49.90%  47.20% 48.51%

LST™M

TULER-

44.23%  61.00%  38.02%  36.33% 37.16% 47.88%  67.38%  4881%  47.03% 47.62%
LSTM-S

Bi-TULER  43.54%  60.68%  3820%  36.47% 37.31%  48.13%  68.17%  49.15%  47.06%  48.08%

TULVAE 45.98%  64.84% 43.15%  39.65%  4132%  49.82% 71.71% 51.26% 46.43%  48.72%




R 5-3 HTAR gD S HABEIA A2 2% (OB AT - BV RE LA (Gowalla 2dE4E)

Ul =201 Ul =112

RERY T35

ACC@1 ACC@5 macro-P macro-R macro-F1 ACC@w1 ACC@5 macro-P macro-R macro-F1
TULER-

41.24% 56.88% 31.70%  28.60% 30.07% 41.79%  57.89% 33.61% 31.33% 32.43%

LSTM

TULER-

41.22% 57.70% 29.34%  28.68% 29.01% 42.11% 58.01% 33.49% 31.97% 32.71%
LSTM-S

Bi-

41.95% 57.58% 32.15%  31.66% 31.90% 42.67%  59.54%  37.55%  33.04% 35.15%

TULER

TULVAE  4540% 6239%  36.13%  34.71% 35.41% 4435%  64.46% 40.28% 32.89%  36.21%

R 5-4 FTA GG 5 HARPEIAPPLZ R 28 B T P BERETERE LA (Geolife 44D

Ul = 50 Ul = 36

A 75925

ACC@1 ACC@5 macro-P macro-R macro-F1 ACC@1 ACC@5 macro-P macro-R macro-F1
TULER-

50.69%  62.11%  46.27%  41.84% 43.95% 5724%  6927%  49.35%  47.61% 48.46%

LST™M

TULER-

49.55%  62.65%  43.40%  42.11% 42.75% 57.14%  69.57%  4848%  47.59% 48.03%
LSTM-S

Bi-TULER  5231%  64.03% 47.15%  44.95%  46.03%  5831% 71.17%  50.84%  48.88%  49.84%

TULVAE 55.54%  6827%  51.07%  48.63%  49.83%  5991%  73.60%  53.59%  50.93%  52.23%

K 5-1 TR R E M HLI S T AR SO AL 4 )7 VA A(E Brightkite ZdE4E [, Xfik
EVEN Tebs L ERE LS . SEAHOCHT T STk, /£ Gowalla I Geolife £i#E4E I,
5458 77 1% O A MAIE B ME B 38 AN T FH 18 15 257 =) vled,
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ACC@1 ACC@5 macro-P macro-R macro-F1 ACC@1 ACC@5 macro-P macro-R  macro-F1
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B 5-1 3285 H 9nfis 385 15 587 15 4E Brightkite 2048 TR0 I8 P R4 PE RE LE AL

FRAT G B T A SCHR 3 T AR 4 H Yw D g8 B B0 P R R X
Brightkite (4 BRI SAT IR, HERERIER T —4, Ttk
fiE, Wk 5-2 (a) BERYUER R B ZIFINTE 13% A4, B 5-2 (b) FRIIK K EUL
SUE L

0.80
100000 -

80000

0.60 60000

40000
0.501
0.45
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(a) HEBRFEIZRE IR AL (b) R RABE N ZREE IR AL
Kl 5-2 JETAR ) F G A B8 H P RS R I 2R AL R AL

MELERRR L LS R, T DUORBUEIZIR PR EE . KRR AN a5
T, S 70 J2 O AT AR AL TV AETE S, AR ) B g5 4 5] AR
Ak, FFREATAC WY, E LIRPPO bR E A T IPERERED, Bafunh

ASCIRETAR S E G i a BT Y BB A K 2 Bdabs R i X —
L 4 R T e B 22 ST R BRI AE 7 A O HLA R R AR e idis (1 g
I AR AR AR R R AR 1) 3 A1, AR RE RS A TR\ SRIa S s S A
o Fi4h, @R B A IR G, AR o BB A R AR T LR
fipR 3 T 2t PR 1) 8% B A S A N K [ A 0 Al M v 1P e (HE, P>
FIRBAER RN EHE SO AE, SRS EMGI, . 7£ Brightkite
U = 340 FRATHENIZX B0 52 i T b ds AR A 280 R R A A AR




MR RMEERTR), X3 U DL AR BN LR 7 R 2E SR 224 .

2 B LA SR AR RN 1 — RO PR Ao o 4 PO A TR 2 T (1 LA S AT
EREB R T RGBT 7RO IR T 8 5 8 AR E AP f 2%
EREEATIEXS R 2 S AN, 52 IR T 50K R B R AE SR O A G, 2 E0R B A5
BRI N B

P L BRI TR RS S B Y P B T R I SR RE S, IR SR 52,
R 530 K 5-4 MK 5-2 FIITERERIIR W] 1R L5 S AEHUL B2 38 KPR .
UM T [ A2 i R A R AR\ SRIZ 3R 5 T (9 R o Bt s A A H A Ko dhs
LM HARMER, EZRT I, ERE .
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NE R Z BT —4EGHR, B Yang S5 A\ (1) 22 IR B AR A 22 0 2%
A & T SO, R, FEPUE B EERE AR, A5 BT HERT A SREE R
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