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Can substitute bridges 
and staffed ferries.
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• 5 frames per second, 6 cameras
• Convolutional neural network

detects objects as bounding boxes
• Decides whether to !123( or 42

depending on whether there is an 
object in the path
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;<-=<->18?1/1' @-"<-A&$08-$'B-C<-D<-4*1771@-EF$*%&%+1-G*$.7%'?-H%&0-31)*1(1*1'.1B-F68&%IJ$+1*$-
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– information rates
– Probability of object detection vs erroneous measurements
– spatial precision

! A$,.5'(,0)-',6'*'3)*;.)%%'(#51&'0#(#.#%1'*.,&1)$'
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Radar

Lidar

Camera

Infrared
Ex: 200-249m, camera says nothing 
is there 2/3 of the time, but 5 times 
per second, radar says it is there ¾ 
off the time but 1 time per second.
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! G$*0),66H'
Efficient discovery vs real-time computational feasibility 
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• 1 - 100 frames / second
• N potential objects (1 to 200) and M measurements (0 to 20) 
• Number of asssociation events in a single frame: 

∑!"#
$%&((,*) (

!
*
! 𝑖! 2

(,! = ∑!"#
$%&((,*) (!*!

(,! ! *,! !!!
2(,!

M \ N 3 4 5 6 7 8 9 10 11 12 13 14 15
2 22 32 44 58 74 92 112 134 158 184 212 242 274
3 86 152 248 380 554 776 1 052 1 388 1 790 2 264 2 816 3 452 4 178
4 304 648 1 256 2 248 3 768 5 984 9 088 13 296 18 848 26 008 35 064 46 328 60 136
5 992 2 512 5 752 12 032 23 272 42 112 72 032 117 472 183 952 278 192 408 232 583 552 815 192
6

3 040 8 992 24 064 58 576 130 768 270 400 523 072 955 264 1 660 096 2 763 808 4 432 960 6 882 352 10 383 664
7

8 864 30 144 93 088 261 536 671 568 1 586 944 3 479 744 7 141 248 13 828 096 25 448 768 44 795 424 75 826 144 124 002 608
8

24 832 95 744 336 896 1 081 600 3 173 888 8 546 432 21 241 984 49 079 936 106 209 920 216 834 688 420 424 832 778 788 224 1 385 397 376
9

67 328 290 816 1 152 512 4 184 576 13 918 976 42 483 968 119 401 856 310 579 712 752 299 136 1 708 188 416 3 659 700 608 7 443 524 096 14 452 618 112
10

177 664 850 944 3 759 104 15 284 224 57 129 984 196 319 744 621 159 424 1 815 177 984 4 920 975 104 12 443 966 464 29 525 850 624 66 122 856 704 140 558 097 664
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• Removes low probability objects from the joint data association problem:

• More potential objects with low probability now less demanding
• Keeping track of more potentialities gives faster discovery 
• Less surprises

Simpler computationJ)+981V
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G*$.7/-:18%1#1B-&)-:1-real G*$.7/-:18%1#1B-&)-:1-false

G%+1-/&19 G%+1-/&19

• Max relative error in calculated probability for potential objects being real
• Simulation scenario: 3 objects starts appart, get into close proximity, and move 

appart again.
• Our approach has low error, and performance is unaffected by the proximity.

3

=>?<>(9%@A'(0,3(B>(7>(C$'@@'D(EThe linear multitarget IPDA and its application on only a subset of the tracks.E(
Proc. 2023 26th International conference on Information Fusion (FUSION).
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! A)'3*.&'&,'()$5)'&3,'*<<$,*+1)%

1. Keep the K best hypotheses (precise, but might miss)
2. Average over association hypotheses (currently used, less 

precise)
! =)I7#$)'(7-&#'6$*()'(*$5#.*-'<$,2*2#-#&#)%

– Enumerate events
– Event count in multi frame is the product of the single frames

! J<<$,:#(*&)'<$,2*2#-#&#)%'3#&1'()%%*5)'<*%%#.5K
– Loopy belief propagation (LBP).
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F>(G>(H'&'$*,.',D(=>?<>(8>(9%@A'(0,3(B>(7>(C$'@@'D(EBelief propagation for marginal probabilities in multiple 
hypothesis tracking.E(Proc. 2023 26th International conference on Information Fusion (FUSION).

• Usually very small error
• Sometimes too large err
• Worst case run time (1000x faster)

• Exact: 146s
• LBP: 0.14s than exact

• Average run time (200x faster)
• Exact: 2.17s
• LBP: 0.01

• Real-time possible with optimized 
implementation
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