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	  Deep Occlusion Reasoning for Multi-Camera Multi-Target Detection
	












	Abstract


    
        People detection in single 2D images has improved greatly in recent years. However, comparatively little of this progress has percolated into multi-camera multi-people tracking algorithms, whose performance still degrades severely when scenes become very crowded. In this work, we introduce a new architecture that combines Convolutional Neural Nets and Conditional Random Fields to explicitly model those ambiguities. One of its key ingredients are high-order CRF terms that model potential occlusions and give our approach its robustness even when many people are present. Our model is trained end-to-end and we show that it outperforms several state-of-art algorithms on challenging scenes.
	




    Detection Results


    We provide a two minutes long people detection video illustrating the behaviour output of our method on the challenging and crowded new ETHZ dataset.



    
    
    
     
        
    


    Deep-Occlusion reasoning + K-Shortest Path Tracking.


    Visual comparison of several tested methods and failure modes. 


    
     


       



        Gaussian Mixture Networks


    	
	    Technical details on learning gaussian mixture networks used in our discriminative model.
	   


       
       
        Visualization of the output of the discriminative model and the learned Gaussian classes.
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    Efficient Implementation of Mean-Fields


    
	   We provide a  short document which reviews the keys elements towards efficient impementation of Mean-Fields inference with our High-Order potentials.
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Regression with Gaussian Mixture Networks


In this document, we provide technical details about the discriminative model P d and its opti-
misation. Recall that P d( ~Xk| ~Xk 6= 0) is a Gaussian Mixture probability distribution in R2, where
the weight of each Gaussian is predicted by a Neural Network.


We therefore need to learn the parameters of the probability distribution


P d( ~Xk| ~Xk 6= 0) =
∑


1≤m≤M


fh(Fc
k; θh)mN ( ~Xk − αm;σm) , (1)


namely, the Gaussian parameters αm and σm for each mode indexm, and the network parameters θh.


Following Eq.17 of the main paper, we treat each pixel as an independent data-point ~xs. S =
S(Z0, . . . , ZD) denotes the set of those data-points. In this section, we assume that we have access
to a label in R2, for each data-point ~xs. We recall that this label is generated by sampling of the
generative model, given ground truth detections Z.


The procedure that we use to optimise the following loss derived from Eq.17


R(θh, α, σ) = −
∑


(~xs∈S


log(P d(~xs|Fcs
ks
, θh, α, σ)) , (2)


follows the same principles as the standard Gaussian Mixture regression model via Expectation-
Maximization algorithm [1] and is also closely related to the recent Neural Decision Forests [2],
which introduce a Network producing a probability distribution in the form of a mixture of His-
tograms.


Updating the Network Parameters We update the parameters of the network θh by direct back-
propagation and stochastic gradient descent on the objective of Eq. 2.


Updating the Gaussian Parameters Let αt and σt denote the current estimates of the the Gaus-
sian parameters. We derive a closed form update which guarantees that


R(θh, α
t+1, σt+1) ≤ R(θh, α


t, σt) . (3)


For each data point ~xs, let us introduce the distribution over the mixture elements m,


ξt(m|~xs,Fcs
ks
, θh, α


t, σt) =
fh(Fcs


ks
; θh)mN (~xs − αt


m;σt
m)∑


1≤m′≤M
fh(Fcs


ks
; θh)m′N (~xs − αt


m′ ;σt
m′)


(4)


usually called “responsibilities” in the GMM litterature.
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We then use the standard variational trick with the auxiliary distribution ξt(m) to minimise an
upper-bound onR(θh, α, σ), with respect to the parameters α and σ.


R(θh, α, σ) = −
∑
~xs∈S


log


 ∑
1≤m≤M


fh(Fcs
ks
; θh)mN (~xs − αm;σm)



= −


∑
~xs∈S


log


 ∑
1≤m≤M


ξt(m|~xs)
fh(Fcs


ks
; θh)mN (~xs − αm;σm)


ξt(m|~xs)



≤ −


∑
~xs∈S


∑
1≤m≤M


ξt(m|~xs) log
(
fh(Fcs


ks
; θh)mN (~xs − αm;σm)


ξt(m|~xs)


)


≤ R(θh, α
t, σt)−


∑
~xs∈S


∑
1≤m≤M


ξt(m|~xs) log
(
N (~xs − αm;σm)


N (~xs − αt
m;σt


m)


)
(5)


Minimizing Eq. 5 with respect to α and σ is a convex problem. Assuming that we can find the
values achieving the minimum, let us set αt+1 and σt+1 to these. Then, from Eq. 5, we obtain


R(θh, α
t+1, σt+1) ≤ R(θh, α


t, σt) ,


with equality if and only if αt+1 = αt and σt+1 = σt.
We therefore need to minimize Eq. 5 with respect to α and σ, which is equivalent to maximizing∑


~xs∈S


∑
1≤m≤M


ξt(m|~xs) log (N (~xs − αm;σm)) ,


with respect to the parameters α and σ. This is done by using the standard optimality conditions for
convex problems. We obtain


αt+1
m =


∑
~xs∈S


ξt(m|~xs)~xs∑
~xs∈S


ξt(m|~xs)
, (6)


and,


σt+1
m =


∑
~xs∈S


ξt(m|~xs)(~xs − αt+1
m )2∑


~xs∈S
ξt(m|~xs)


. (7)


Alternating both In practice, we alternate one epoch of stochastic gradient descent optimizing the
network parameters θh with one update of the Gaussian parameters of Eqs. 6 and 7. For memory
usage reasons, the sums in Eqs. 6 and 7, have to be split into mini-batches. However the update is
done after summation over the whole dataset or a very large number of samples.


References
[1] C. Bishop. Pattern Recognition and Machine Learning. Springer, 2006. 1
[2] P. Kontschieder, M. Fiterau, A. Criminisi, and S. R. Bulo. Deep neural decision forests. In International


Conference on Computer Vision, 2015. 1
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Output of the Gaussian density discriminative network.


As expected the colors of the learned Gaussian classes in Fig. 3 match those predicted by
the Network in Fig. 2. We see that our learning algorithm indeed identified several Gaussian
classes which can be interpreted as “Left Head and Shoulders”, “Right Head and Shoulders”,
“Right Flank” etc...


1 Detailed Explanation
This document illustrates the output of our Gaussian discriminative model and the learned Gaussian
parameters.
The semantic segmentation of Fig. 1 corresponds to the output of the Background/Foreground seg-
mentation Network. It is used in the “simple” occlusion model to compute


P d(Xk = 0) = fb(Fc
k; θb) ,


and in the “full” model to compute


P d( ~Xk = 0) = fb(Fc
k; θb) .


Figure 1: Semantic segmentation fb(Fc
k; θb).


The Network output of Fig. 2 represents the Gaussian class output by the network to compute
P d( ~Xk| ~Xk 6= 0). More precisely, each pixel is colored proportionaly to,


fh(Fc
k; θh)m(1− fb(Fc


k; θb)) ,


1







where each Gaussian class m corresponds to a different RGB color. For convenience of representa-
tion, we only display 3 Gaussian classes out of 8 used in total.


Figure 2: Gaussian Network output fh(Fc
k; θh)m(1− fb(Fc


k; θb)). We see that the pixels have been
correctly identified as belonging to one of the three represented body-part, colored in Red, Green
and Blue. We see that Yellow pixels appear, which correspond to pixels classified both as Red and
Green.


Finally, we propose, in Fig. 3, to visualise the Gaussian parameters learned during training. To
do so, we represent a projected bounding box centred in 0 of size H ×W . We then use a specific
color to highlight the set of pixels which would vote for this bounding-box through each Gaussian
element. For instance, the pixels k colored in red, where red corresponds to Gaussian class m = 1,
are those such that,


‖xk − α1x‖2


2(Hσ1x)2
+
‖yk − α1y‖2


2(Wσ1y)2
≤ 1 .


This representation has to be put in regards with the discriminative/generative correspondence.
Indeed, let us assume that there is a single person in the image, with its single corresponding pro-
jected bounding-box in the camera plane. The discriminative model then matches the generative one
if the network “colors” the pixels inside the bounding-box as in Fig 3.


H


W
Figure 3: Representation of the learned three learned Gaussians with colors corresponding to the
classes of Fig. 2.
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2 Results


Figure 4: Camera 1. Gaussians 1,2 and 3 represented.
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Figure 5: Camera 2. Gaussians 1,2 and 3 represented.
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Figure 6: Camera 3. Gaussians 4,5 and 6 represented.
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Figure 7: Camera 4. Gaussians 4,5 and 6 represented.
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Efficient differentiable implementation of Mean-Field
inference for High-Order Potentials.


In this document, we concisely explain how Mean-Fields (MF) inference can be efficiently im-
plemented with the High-Order potentials described in the main paper.


More precisely, for each pixel k and location i, we seek to compute efficiently the approximated
natural gradient term


∇̃ηi
k


= −Ck
(
EQ


[
∆k(Z)|Zi = 1


]
− EQ


[
∆k(Z)|Zi = 0


])
, (1)


and then sum these terms for every pixel to obtain the approximated natural gradient ∇̃ηi.


Computing each natural gradient term Recall that ∆k(Z) is a function of Z which takes value
0 if one of the “compatible explanations” for pixel k is present and 1 otherwise. Also, recall that we
say that an explanation Zi is compatible if a presence in Zi gets projected on the camera plane in
such a way that it matches the observation at pixel k produced by the discriminative model. Let Ck
denote the list of indices j ∈ {1, . . . , N} such that a presence in Zj is a compatible explanation for
the observation at pixel k.


Let us consider pixel k and location i. If location i is not compatible with pixel k (i.e. i /∈ Ck),


then the value taken by Zi has no impact on ∆k(Z) and therefore ∇̃ηi
k


= 0.
Let us assume that i ∈ Ck. Then,


EQ


[
∆k(Z)|Zi = 1


]
= 0


and,


EQ


[
∆k(Z)|Zi = 0


]
=


∏
j∈Ck/i


(1−Q(Zj = 1))


=


∏
j∈Ck(1−Q(Zj = 1))


1−Q(Zi = 1)
, (2)


where the first equation the fact that the MF distribution Q is fully factorized.


Computing Updates for all variables in two steps Computing the gradient term of Eq. 2 directly
would require a large multiplication for each pixel, which would be inefficient. However, we remark
that the numerator of Eq. 2, doesn’t depend on the chosen i, and its denominator doesn’t depend on
k. We therefore proceed using the two following steps


• For each pixel k, we compute


δk =
∏
j∈Ck


(1−Q(Zj = 1)) . (3)


1







• Then, for each variable index i, we compute the sum over all pixels


∇̃ηi =
1


1−Q(Zi = 1)


∑
k|i∈Ck


δk . (4)


Note that these operations are all differentiable with respect to the MF distribution Q and to the
parameter Ck, which makes it possible to back-propagate the gradient through the MF iterations.


Furthermore, since the Gaussians were approximated for inference by constant terms, on a rect-
angular zones, the sum of Eq. 4, can be computed efficiently using integral images.
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RCNN-2D/3D : Projecting 2D 
detections form one image to 3D on 
the ground plane is prone to large 
localization errors, especially when 


POM : The POM method uses 
background subtraction (or 
semantic segmentation in this case) 
as its sole input. Therefore, in 
crowded scenes, or when a single 
camera covers the target, it may fail 
to correctly reason about the 
number of people and their location.


DeepOcclusion : Ou method is able 
to reason directly in 3D, using 
features extracted by a Deep 
Network.
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	  Deep Occlusion Reasoning for Multi-Camera Multi-Target Detection
	












	Abstract


    
        People detection in single 2D images has improved greatly in recent years. However, comparatively little of this progress has percolated into multi-camera multi-people tracking algorithms, whose performance still degrades severely when scenes become very crowded. In this work, we introduce a new architecture that combines Convolutional Neural Nets and Conditional Random Fields to explicitly model those ambiguities. One of its key ingredients are high-order CRF terms that model potential occlusions and give our approach its robustness even when many people are present. Our model is trained end-to-end and we show that it outperforms several state-of-art algorithms on challenging scenes.
	




    Detection Results


    We provide a two minutes long people detection video illustrating the behaviour output of our method on the challenging and crowded new ETHZ dataset.



    
    
    
     
        
    


    Deep-Occlusion reasoning + K-Shortest Path Tracking. Also available with top-view . 


    
     


       



        Gaussian Mixture Networks


    	
	    Technical details on learning gaussian mixture networks used in our discriminative model.
	   


       
       
        Visualization of the output of the discriminative model and the learned Gaussian classes.
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    Efficient Implementation of Mean-Fields


    
	   We provide a  short document which reviews the keys elements towards efficient impementation of Mean-Fields inference with our High-Order potentials.
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Regression with Gaussian Mixture Networks


In this document, we provide technical details about the discriminative model P d and its opti-
misation. Recall that P d( ~Xk| ~Xk 6= 0) is a Gaussian Mixture probability distribution in R2, where
the weight of each Gaussian is predicted by a Neural Network.


We therefore need to learn the parameters of the probability distribution


P d( ~Xk| ~Xk 6= 0) =
∑


1≤m≤M


fh(Fc
k; θh)mN ( ~Xk − αm;σm) , (1)


namely, the Gaussian parameters αm and σm for each mode indexm, and the network parameters θh.


Following Eq.17 of the main paper, we treat each pixel as an independent data-point ~xs. S =
S(Z0, . . . , ZD) denotes the set of those data-points. In this section, we assume that we have access
to a label in R2, for each data-point ~xs. We recall that this label is generated by sampling of the
generative model, given ground truth detections Z.


The procedure that we use to optimise the following loss derived from Eq.17


R(θh, α, σ) = −
∑


(~xs∈S


log(P d(~xs|Fcs
ks
, θh, α, σ)) , (2)


follows the same principles as the standard Gaussian Mixture regression model via Expectation-
Maximization algorithm [1] and is also closely related to the recent Neural Decision Forests [2],
which introduce a Network producing a probability distribution in the form of a mixture of His-
tograms.


Updating the Network Parameters We update the parameters of the network θh by direct back-
propagation and stochastic gradient descent on the objective of Eq. 2.


Updating the Gaussian Parameters Let αt and σt denote the current estimates of the the Gaus-
sian parameters. We derive a closed form update which guarantees that


R(θh, α
t+1, σt+1) ≤ R(θh, α


t, σt) . (3)


For each data point ~xs, let us introduce the distribution over the mixture elements m,


ξt(m|~xs,Fcs
ks
, θh, α


t, σt) =
fh(Fcs


ks
; θh)mN (~xs − αt


m;σt
m)∑


1≤m′≤M
fh(Fcs


ks
; θh)m′N (~xs − αt


m′ ;σt
m′)


(4)


usually called “responsibilities” in the GMM litterature.


1







We then use the standard variational trick with the auxiliary distribution ξt(m) to minimise an
upper-bound onR(θh, α, σ), with respect to the parameters α and σ.


R(θh, α, σ) = −
∑
~xs∈S


log


 ∑
1≤m≤M


fh(Fcs
ks
; θh)mN (~xs − αm;σm)



= −


∑
~xs∈S


log


 ∑
1≤m≤M


ξt(m|~xs)
fh(Fcs


ks
; θh)mN (~xs − αm;σm)


ξt(m|~xs)



≤ −


∑
~xs∈S


∑
1≤m≤M


ξt(m|~xs) log
(
fh(Fcs


ks
; θh)mN (~xs − αm;σm)


ξt(m|~xs)


)


≤ R(θh, α
t, σt)−


∑
~xs∈S


∑
1≤m≤M


ξt(m|~xs) log
(
N (~xs − αm;σm)


N (~xs − αt
m;σt


m)


)
(5)


Minimizing Eq. 5 with respect to α and σ is a convex problem. Assuming that we can find the
values achieving the minimum, let us set αt+1 and σt+1 to these. Then, from Eq. 5, we obtain


R(θh, α
t+1, σt+1) ≤ R(θh, α


t, σt) ,


with equality if and only if αt+1 = αt and σt+1 = σt.
We therefore need to minimize Eq. 5 with respect to α and σ, which is equivalent to maximizing∑


~xs∈S


∑
1≤m≤M


ξt(m|~xs) log (N (~xs − αm;σm)) ,


with respect to the parameters α and σ. This is done by using the standard optimality conditions for
convex problems. We obtain


αt+1
m =


∑
~xs∈S


ξt(m|~xs)~xs∑
~xs∈S


ξt(m|~xs)
, (6)


and,


σt+1
m =


∑
~xs∈S


ξt(m|~xs)(~xs − αt+1
m )2∑


~xs∈S
ξt(m|~xs)


. (7)


Alternating both In practice, we alternate one epoch of stochastic gradient descent optimizing the
network parameters θh with one update of the Gaussian parameters of Eqs. 6 and 7. For memory
usage reasons, the sums in Eqs. 6 and 7, have to be split into mini-batches. However the update is
done after summation over the whole dataset or a very large number of samples.
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Output of the Gaussian density discriminative network.


As expected the colors of the learned Gaussian classes in Fig. 3 match those predicted by
the Network in Fig. 2. We see that our learning algorithm indeed identified several Gaussian
classes which can be interpreted as “Left Head and Shoulders”, “Right Head and Shoulders”,
“Right Flank” etc...


1 Detailed Explanation
This document illustrates the output of our Gaussian discriminative model and the learned Gaussian
parameters.
The semantic segmentation of Fig. 1 corresponds to the output of the Background/Foreground seg-
mentation Network. It is used in the “simple” occlusion model to compute


P d(Xk = 0) = fb(Fc
k; θb) ,


and in the “full” model to compute


P d( ~Xk = 0) = fb(Fc
k; θb) .


Figure 1: Semantic segmentation fb(Fc
k; θb).


The Network output of Fig. 2 represents the Gaussian class output by the network to compute
P d( ~Xk| ~Xk 6= 0). More precisely, each pixel is colored proportionaly to,


fh(Fc
k; θh)m(1− fb(Fc


k; θb)) ,


1







where each Gaussian class m corresponds to a different RGB color. For convenience of representa-
tion, we only display 3 Gaussian classes out of 8 used in total.


Figure 2: Gaussian Network output fh(Fc
k; θh)m(1− fb(Fc


k; θb)). We see that the pixels have been
correctly identified as belonging to one of the three represented body-part, colored in Red, Green
and Blue. We see that Yellow pixels appear, which correspond to pixels classified both as Red and
Green.


Finally, we propose, in Fig. 3, to visualise the Gaussian parameters learned during training. To
do so, we represent a projected bounding box centred in 0 of size H ×W . We then use a specific
color to highlight the set of pixels which would vote for this bounding-box through each Gaussian
element. For instance, the pixels k colored in red, where red corresponds to Gaussian class m = 1,
are those such that,


‖xk − α1x‖2


2(Hσ1x)2
+
‖yk − α1y‖2


2(Wσ1y)2
≤ 1 .


This representation has to be put in regards with the discriminative/generative correspondence.
Indeed, let us assume that there is a single person in the image, with its single corresponding pro-
jected bounding-box in the camera plane. The discriminative model then matches the generative one
if the network “colors” the pixels inside the bounding-box as in Fig 3.


H


W
Figure 3: Representation of the learned three learned Gaussians with colors corresponding to the
classes of Fig. 2.
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2 Results


Figure 4: Camera 1. Gaussians 1,2 and 3 represented.
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Figure 5: Camera 2. Gaussians 1,2 and 3 represented.
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Figure 6: Camera 3. Gaussians 4,5 and 6 represented.


5







Figure 7: Camera 4. Gaussians 4,5 and 6 represented.
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Efficient differentiable implementation of Mean-Field
inference for High-Order Potentials.


In this document, we concisely explain how Mean-Fields (MF) inference can be efficiently im-
plemented with the High-Order potentials described in the main paper.


More precisely, for each pixel k and location i, we seek to compute efficiently the approximated
natural gradient term


∇̃ηi
k


= −Ck
(
EQ


[
∆k(Z)|Zi = 1


]
− EQ


[
∆k(Z)|Zi = 0


])
, (1)


and then sum these terms for every pixel to obtain the approximated natural gradient ∇̃ηi.


Computing each natural gradient term Recall that ∆k(Z) is a function of Z which takes value
0 if one of the “compatible explanations” for pixel k is present and 1 otherwise. Also, recall that we
say that an explanation Zi is compatible if a presence in Zi gets projected on the camera plane in
such a way that it matches the observation at pixel k produced by the discriminative model. Let Ck
denote the list of indices j ∈ {1, . . . , N} such that a presence in Zj is a compatible explanation for
the observation at pixel k.


Let us consider pixel k and location i. If location i is not compatible with pixel k (i.e. i /∈ Ck),


then the value taken by Zi has no impact on ∆k(Z) and therefore ∇̃ηi
k


= 0.
Let us assume that i ∈ Ck. Then,


EQ


[
∆k(Z)|Zi = 1


]
= 0


and,


EQ


[
∆k(Z)|Zi = 0


]
=


∏
j∈Ck/i


(1−Q(Zj = 1))


=


∏
j∈Ck(1−Q(Zj = 1))


1−Q(Zi = 1)
, (2)


where the first equation the fact that the MF distribution Q is fully factorized.


Computing Updates for all variables in two steps Computing the gradient term of Eq. 2 directly
would require a large multiplication for each pixel, which would be inefficient. However, we remark
that the numerator of Eq. 2, doesn’t depend on the chosen i, and its denominator doesn’t depend on
k. We therefore proceed using the two following steps


• For each pixel k, we compute


δk =
∏
j∈Ck


(1−Q(Zj = 1)) . (3)


1







• Then, for each variable index i, we compute the sum over all pixels


∇̃ηi =
1


1−Q(Zi = 1)


∑
k|i∈Ck


δk . (4)


Note that these operations are all differentiable with respect to the MF distribution Q and to the
parameter Ck, which makes it possible to back-propagate the gradient through the MF iterations.


Furthermore, since the Gaussians were approximated for inference by constant terms, on a rect-
angular zones, the sum of Eq. 4, can be computed efficiently using integral images.
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