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Motivation
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Traffic sensing involves two coupled challenges

int modeling is needed

» Events can distort the estimation of normal
traffic states.

Data quality challenges

» Missing observations: sensor failures,
communication loss....

» Anomalous events: crashes, abnormal » Poor reconstruction can weaken event

congestlon... S|gnatures.
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White dots denote missing entries; red dots denote potential anomalies.
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Motivation
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Why multi-view coupling is needed

Key observation

Volume, occupancy, and speed characterize the same traffic state from complementary perspectives.
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Cross-view consistency

2
g
8

Volume (vehs)

» Normal traffic states exhibit shared latent ‘
structure across views.

» Traffic incidents induce synchronized
deviations across views.
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Motivation
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Research gap

Line of work Model Main limitation
. N
Robust recovery minz.e  Diny HX(i)H* A ”E(I)H“ Handles sparse corruptions,
st Ba = (X +&)a but does not fully couple
shared backgrounds across
views.

argmin = Ri(Z',...,ZY) + 42V, R(EY)
Multi-view recovery Xv,Z2v,EY Exploits cross-view consis-
s.t. X" = X"Z" + EY, Pav(X") = Pav(M"). tency, but the fusion mech-
anism is often coarse or
matrix-based.
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USCMT Model
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Overall USCMT formulation

v 3 v
. A
min 120+ ey 5 DS <y DU+ D e (X)
o ~ ~ v=1 u=1 v=1
shared background structure coupled event deviations

traffic regularity

s.t. XV=X"%xZ"4+€&", v=1,...,V.

0, X es,

SY ={x" (X)) = Pav (O)}.
too, XV ¢S, X7 Par (X7) = Par(O7)}

Sev(X¥) = {
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USCMT Model
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Innovation 1: tensor self-representation

Tensor form

i

Matrix form

EIE

Suppose X € Rm™*™ and 7 € R™*™ satisfy X = XZ. Then there exist two third-order
tensors X € RMXMXM gnd Z ¢ RM™*mXs gch that X = X * Z, where X can_be constructed
from X by setting X = fold2(XT) and Z can be computed as Z(:, t,:) = ifft (Z(:,t,:),[],3) in

which Z(:, t,j) = Z(:,t) for t € [no] and j € [n3]. The converse, however, does not hold in
general.
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USCMT Model
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Innovation 2: two-level cross-view coupling

Level 1: coupled traffic backgrounds Level 2: coupled anomalous events

» Each view learns its own representation » Stack residuals into & € RVXPXTXV ith
tensor Z". E(Cyiyv)=EY.
» Concatenate them into a shared tensor Z » Couple the same space—day—time location
with Z(:,:,v) = Z3). across views through
» Enforce common structural patterns through RoE) = ||E|lFy = 21/,(”5(,'71'7 k, )||F)
the low-rank penalty irj k
Ri1(Z) = ranke(2) =~ || Z]|¢. This suppresses idiosyncratic noise while

This captures consistent background traffic preserving synchronized cross-view anomalies.

structure without forcing all views to be identical. ‘

Takeaway. USCMT performs double coupling: the traffic background is coupled through Z, and
anomalous event patterns are coupled through £.
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USCMT Model
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Innovation 3: traffic-aware spatio-temporal regularity

Regularization term » D;: neighboring road segments;

v » D,: weekly periodicity;

3
A v 2
2 22 167 % DullF- » Dj3: short-term temporal continuity.
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USCMT Model
[e]elelele] ]

Overall USCMT formulation

v 3 Vv
. A
min 120, v JEles 5 DDAk Dl + D e ()
o ~~ ~ v=1 u=1 v=1 (1)
shared background structure coupled event deviations

traffic regularity

s.t. XV=X"%xZ"+€&, v=1,...,V.

0, X es,

SY ={x" (X)) = Pav (O)}.
too, XV ¢S, X7 Par (X7) = Par(O7)}

Sev(X¥) = {
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Optimization of USCMT
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The augmented Lagrangian function of (1) is

v 3
A

Lp(X,2,€,G, Y, P, QR T) = Gl + €l + 5 DD IK" xu DullP+

v=1u=1

v Vv
> () + Do ((P A -y 2 &)+ B — s 20— gv)?)
2

v=1 v=1
+(2,6-2)+ 2116 - 2I° + (RY - x) + By - x|

(T, K—X)+ %Hzc — X2
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Optimization of USCMT
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Within the framework of the ADMM algorithm, we alternatively update each variable:
X+t Gargmlnxff()( zlhel gy khp ol R, (7)'
ZH»I c argmngl(‘)(l+1 Z 5/ gl yl ICI 7)/ Ql RI ._7 )
FARRNS argmmgiﬂ/(X/"'l,ZH'l,g,gl,yl,lclv’/)17 o, R, J");
g/+1 c argmmg g / (XI+1,ZI+1,51+1,g,yI,’C/;'P,, Q/,RI, j/);
Y1 € argminy, ,s,ﬂ (X1 2L L gLy, KL P, L R T
’CH-I c argmm’C gp/. (XI+1’ZH—175/+1’gI+1’yH—17K:;'p/7 Ql7Rl,jl)7
and
PVYs 41 = PV ] + p (XV,I+1 _ yv,H—l * Zv,H—l _ gv,H—l) ;
QH»I Ql + P (gl+1 _ ZH»I) ;
R/+1 R/ +p (y/+1 _ .X/+1);
jl+1 J/ +p (,C/+l _ Xl+1);
I+1 BIP
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Optimization of USCMT
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Algorithm

Algorithm 1: The ADMM-based solver for the proposed USCMT model.

Input: Incomplete multi-source traffic dataset Pq (M), regularization parameters v and \.
Output: Multi-source traffic tensor X = [X1,..., XV] and event detection tensor
E=1[eY...,&Y].
t <+ 0;
while not converged do
Update X'+t z+1 gt gt i+l KL respectively;
Update Lagrangian multipliers and the penalty parameter;
[+ [1+1.
end

S A W N =

16/29



Optimization of USCMT
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Convergence analysis

EIE
Let {W'}5°, be the sequence generated by Algorithm 1. If the sequences {P!, Q', R/, 7'},

and {X'}%°, are bounded, then every accumulation point of {W'}%°, satisfies the
Karush—-Kuhn—Tucker (KKT) conditions of problem (1).
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Random Missing (RM)

Experiments
@000

%z 1: Performance comparison for data reconstruction on RM scenarios. ~ MAPE / RMSE
Dataset Scenario View / Metric BGCP BATF LRTC-TNN LATC IGNNK MVLR USCMT
Volume 11.05 / 25.97 12.14 / 26.36 8.86 / 21.90 8.62 / 20.87 14.26/28.83 8.74 / 21.57 8.58 / 20.94
RM.gy, Occupancy 1543 /171 1651 /155 1076/121 1063 /114 20.60/154 1083 /118 9.64 / 1.07
® ° Speed 293 /294 301/297 1.79/18 161/1.67 256/243 1.71/180 1.28 /1.41
b Time (s) 257.45 215.63 96.19 247.96 74.12 69.83 16.27
=
& Volume 11.31 / 27.60 13.53 / 28.57 10.37 / 26.89 9.91 / 24.30 25.65/40.41 10.65 / 26.51 9.38 / 23.60
RM-80% Occupancy 17.82 / 2.64 1834 /246 12.87 /153 1345 /151 3294/2.05 16.71/2.40 10.86 / 1.37
° Speed 334 /363 333/343 272/287 255/267 485/413 282/291 2.02 /227
Time (s) 164.77 165.07 75.70 192.28 62.46 57.08 24.71
Volume 16.33 /32.18 17.32 /32.96 12.90 / 26.54 12.68 / 25.88 19.06/36.14 12.89 / 26.43 12.10 / 25.79
RM-40% Occupancy  27.20 /171 2731 /172 1661 /135 1633 /129 29.74/158 17.00/132 14.79 /1.19
2 ° Speed 347 /318 356 /323 216/201 201/1.87 322/292 204/192 1.55/1.50
A Time (s) 302.49 328.24 92.01 268.83 123.79 125.52 27.86
=
& Volume 17.03 / 32.95 18.74 / 34.65 14.67 / 30.63 14.31 / 28.69 27.36/43.99 15.18 / 30.09 13.46 / 28.10
RM.goy, Occupancy  30.26 /221 30.33/213 2012/171 2034/167 4737/219 24.15/226 17.89 / 154
° Speed 368 /337 373/340 319/298 3.00/283 567/455 317 /296 2.42 /241
Time (s) 297.09 309.72 97.57 320.67 119.91 105.58 37.35

Best results are highlighted in bold fonts.
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Cross Detector Missing (CDM)

Experiments
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% 2: Performance comparison for data reconstruction on CDM scenarios. ~MAPE / RMSE
Dataset  Scenario  View / Metric BGCP BATF LRTC-TNN LATC IGNNK MVLR USCMT
Volume 11.60 / 27.86 13.31 / 27.48 10.19 / 24.06 9.39 /22.26 22.48/47.95 14.27 / 34.34 8.50 / 20.84
CDM-40% Occupancy 1579 /159 16.89 / 1.49 1240 /1.24 11.64 /114 31.72/1.91 16.10 / 1.47  9.74 / 1.04
° Speed 324 /315 3.08/303 208/210 176/179  464/3.90 237/238 1.33/ 1.46
Time (s) 213.18 120.98 47.59 156.18 73.76 76.77 12.83
2 Volume — 31.96 / 85.41 20.31 /4294 21.17 /71.11 11.20 / 26.01 43.65/70.66 27.23 /80.21 9.42 / 23.45
g‘ COM.goy, Occupancy 2189 /200 2420 /205 2253 /240 1579 /155 4872/257 3358 /315 11.14/1.40
K ° Speed 1441 /1150 3.78 /3.83 5.75/1000 2.85/285  7.81/6.08 846 /1405 2.01 /2.27
Time (s) 166.61 229.37 59.41 187.42 62.46 113.35 23.14
Volume  17.41 /33.48 18.00 / 33.65 14.35 / 28.80 13.46 / 27.19 27.21/4556 22.16 /4245 12.03 / 25.91
CDM.4gy, Occupancy 2945 /175 2557 /169 1805/138 17.35/128 40.97/1.65 24.07 /175 14.88 /115
° Speed 365 /327 361/328 247 /224 213/197  503/419  3.04/270 1.51 /1.48
Time (s) 400.15 274.82 96.38 282.79 124.06 174.67 26.69
2 Volume  38.93 /56.12 35.83 / 50.33 26.98 / 66.54 20.15 / 52.16 42.30 / 70.12 39.30 / 97.22 13.54 / 28.16
g‘ COM.goy, Occupancy 4414 /230 4201/219 3112/243 2548 /175 6037/240 4615/332 1830 /154
K ° Speed 12.70 / 10.24 437 /393 691 /1028 3.60 /326 7.95/6.19 050/12.99 2.43 /2.42
Time (s) 428.73 726.77 197.53 537.08 108.80 223.39 64.96

Best results are highlighted in bold fonts.
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Continuous Temporal Missing (CTM)

< 3: Performance comparison for data reconstruction on CTM scenarios. MAPE / RMSE

Dataset Scenario View / Metric BGCP BATF LRTC-TNN LATC IGNNK MVLR USCMT

Volume 11.25 / 27.57 12.87 / 28.39 9.87 /27.08 9.79 /25.99 133.38 /258.82 12.83 /33.76 9.13 / 25.64
Occupancy  16.85 /3.95 16.95/3.08 1272 /1.64 13.10/1.70 70.13 / 3.69 15.94 /1.83 10.84 / 1.60

Speed 330 /344 355/360 2.74/304 298/339 2456/1862 3.88/3.76 2.63 / 3.00
Time (s) 127.95 110.70 28.35 98.53 60.40 51.89 19.36

Volume — 16.42 /30.23 17.43 /31.23 14.41 / 28.66 14.48 / 28.62 88.96 / 165.37 18.81 /36.48 13.91 / 28.61
Occupancy ~ 33.66 / 5.96 20.36 /2.62 20.69 /1.79 2099 /1.90 117.88 /3.50 27.32 /199 17.40 / 1.77

Speed 423 /383 442/300 365/337 364/342 2550 /1934 467 /412 3.39 /3.22
Time (s) 224.14 218.14 52.86 183.76 108.23 104.91 33.75

PeMS-D8 CTM (2h, 40%)

PeMS-D4 CTM (2h, 40%)

Best results are highlighted in bold fonts.

21/29



Experiments
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Qualitative reconstruction comparison

Volume (vehs)
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Scenario: PeMS-D4, CDM-80%, volume reconstruction.
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Experiments
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Event detection

%% 4: AUC comparison for event detection.

View iForest MLP RTC MVLR USCMT

Volume  0.5469 0.6941 0.5883 0.5124 0.7270
Occupancy 0.7077 0.6294 0.7095 0.6590 0.7270
Speed 0.5632 0.7084 0.5976 0.6925 0.7270

Best results are highlighted in bold fonts.
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Experiment:
o

%< 5: Effect of the FPR on detection delay (mean = standard deviation) and miss percentage, where missed crashes are defined
as crashes not detected within 15 minutes after the official report time.

iForest MLP RTC MVLR USCMT
Delay (min) Miss (%) Delay (min) Miss (%) Delay (min) Miss (%) Delay (min) Miss (%) Delay (min) Miss (%)

FPR (%)

Volume
1 -2.17 £ 5.98 6136 -1.66 +6.26 52.27  -2.09 + 5.85 61.36  -0.40 +£5.07 7273 -1.80 +5.44  52.27
2.5 -5.17 £ 6.72 3182 -414+4+7.86 27.27 -5.08 £ 6.62 31.82  -1.44+6.00 59.09 -4.70+ 7.09 36.36
5 -7.05 +7.38 18.18 -586+8.16 2045 -7.02+736 18.18 -3.10+7.66 2727 -6.97 +6.38 25.00

Occupancy
1 -1.61 + 6.66  43.18 -0.03 +4.92 81.82 0.00 +£0.00 100.00 -1.82 + 6.61 50.00 -1.80 +5.44  52.27
25 -3.68 + 6.64  36.36 -0.61 +5.61 63.64 0.00 £ 0.00 100.00 -3.9547.03 27.27 -4.70 +7.09 36.36
5 -6.86 +6.90 29.55 -5.01+7.05 1591 -7.39+7.25 2727 -613+733 1591 -6.97 +6.38 25.00
Speed
1 -0.28 +4.17 86.36 -0.14 + 6.31  63.64 0.42 + 2.94 81.82 -1.31+492 7273 -1.80 + 5.44 52.27
2.5 -0.77 £ 6.65 59.09 -331+7.64 4318 -159+6.20 3864 -141+620 47.73 -4.70 +7.09 36.36
5 -250 +7.61 50.00 -533+48.00 34.09 -514+7.02 18.18 -345+6.65 3409 -6.97 + 6.38 25.00

Best results are highlighted in bold fonts.
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Event detection visualization

o

i

7 B B® 9w oI 000 03 1w uDd 200
“Time of Day

Crash detection at 5% FPR for iForest, MLP, RTC, MVLR, and USCMT.
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Experiments
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Joint reconstruction and detection

3% 6: Comprehensive performance comparison for the joint task of data reconstruction and anomaly detection.

RTC MVLR USCMT
APE RMSE AUC MAPE RMSE AUC MAPE RMSE AUC

Volume 4429 3.01 0.5075 43.10 2.63 0.6010 38.52 2.35 0.6854
Occupancy  61.06 831 0.5115 66.96 8.08 0.5947 b51.77 7.07 0.6854

Scenario  View / Metric

RM-40?
% Speed 304 240 05008 312 188 06166 1.99 1.40 0.6854
Time (s) 99.04 319.79 54.89
Volume 4071 257 05348 43.96 269 05807 38.60 2.41 0.6113
CDM.4gt, Occupancy 5877 864 (05770 6874 8.37 05095 50.09 7.27 0.6113
° Speed 861 497 05959 694 416 0.6228 2.56 1.68 06113
Time (s) 95.82 394.85 62.26

Best results are highlighted in bold fonts.
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Pattern Analysis

Cluster 2

Dimension 2

® Weekday
® Weekend

Dimension 1

& 1: Visualization of the global affinity structure among
daily traffic patterns in the Volume view via spectral t-SNE.

Experiments
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2: Visualization of cross-view structural

consistency between Speed and Occupancy views.
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Does the unified multi-view multi-task formulation matter?

MAPE RMSE AUC MAPE RMSE AUC MAPE RMSE
40.30 0.5031 61.79 0.5815
40.30 0.5017  60.69 0.6366
39.84 0.5569 59.65 0.5569
39.82 0.5968 58.78 0.5968




Experiments
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Thank you

Questions and discussion
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