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Abstract

Detecting partially occluded objects is a difficult task.
Our experimental results show that deep learning ap-
proaches, such as Faster R-CNN, are not robust at object
detection under occlusion. Compositional convolutional
neural networks (CompositionalNets) have been shown to
be robust at classifying occluded objects by explicitly rep-
resenting the object as a composition of parts. In this work,
we propose to overcome two limitations of Compositional-
Nets which will enable them to detect partially occluded ob-
jects: 1) CompositionalNets, as well as other DCNN archi-
tectures, do not explicitly separate the representation of the
context from the object itself. Under strong object occlu-
sion, the influence of the context is amplified which can have
severe negative effects for detection at test time. In order
to overcome this, we propose to segment the context during
training via bounding box annotations. We then use the seg-
mentation to learn a context-aware CompositionalNet that
disentangles the representation of the context and the ob-
ject. 2) We extend the part-based voting scheme in Compo-
sitionalNets to vote for the corners of the object’s bounding
box, which enables the model to reliably estimate bounding
boxes for partially occluded objects. Our extensive experi-
ments show that our proposed model can detect objects ro-
bustly, increasing the detection performance of strongly oc-
cluded vehicles from PASCAL3D+ and MS-COCO by 41%
and 35% respectively in absolute performance relative to
Faster R-CNN.

1. Introduction

In natural images, objects are surrounded and partially
occluded by other objects. Recognizing partially occluded
objects is a difficult task since the appearances and shapes
of occluders are highly variable. Recent work [42, 21] has
shown that deep learning approaches are significantly less
robust than humans at classifying partially occluded ob-
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Figure 1: Bicycle detection result for an image of the MS-
COCO dataset. Blue box: ground truth; red box: detec-
tion result by Faster R-CNN; green box: detection result
by context-aware CompositionalNet. Probability maps of
three-point detection are to the right. The proposed context-
aware CompositionalNet are able to detect the partially oc-
cluded object robustly.

jects. Our experimental results show that this limitation of
deep learning approaches is even amplified in object detec-
tion. In particular, we find that Faster R-CNN is not robust
under partial occlusion, even when it is trained with strong
data augmentation with partial occlusion. Our experiments
show that this is caused by two factors: 1) The proposal
network does not localize objects accurately under strong
occlusion. 2) The classification network does not classify
partially occluded objects robustly. Thus, our work high-
lights key limitations of deep learning approaches to object
detection under partial occlusion that need to be addressed.

In contrast to deep convolutional neural networks (DC-
NNs), compositional models can robustly classify partially
occluded objects from a fixed viewpoint [ 1, 19] and detect
semantic parts of partially occluded object [34, 40]. These
models are inspired by the compositionality of human cog-
nition [2, 33, 10, 3] and share similar characteristics with
biological vision systems, such as bottom-up sparse com-
positional encoding and top-down attentional modulations
found in the ventral stream [30, 29, 5]. Recent work [20]
proposed the Compositional Convolutional Neural Network



(CompositionalNet), a generative compositional model of
neural feature activations that can robustly classify images
of partially occluded objects. This model explicitly repre-
sents objects as compositions of parts, which are combined
with a voting scheme that enables a robust classification
based on the spatial configuration of a few visible parts.
However, we find that CompositionalNets as proposed in
[20] are not suitable for object detection because of two
major limitations: 1) CompositionalNets, as well as other
DCNN architectures, do not explicitly disentangle the rep-
resentation of the context from that of the object. Our ex-
periments show that this has negative effects on the detec-
tion performance since context is often biased in the training
data (e.g. airplanes are often found in blue background). If
objects are strongly occluded, the detection thresholds must
be lowered. This in turn increases the influence of the ob-
jects’ context and leads to false-positive detections in re-
gions with no object (e.g. if a strongly occluded car must
be detected, a false airplane might be detected in the sky,
seen in Figure 4). 2) CompositionalNets lack mechanisms
for robustly estimating the bounding box of the object. Fur-
thermore, our experiments show that region proposal net-
works do not estimate the bounding boxes robustly when
objects are partially occluded.

In this work, we propose to build on and significantly
extend CompositionalNets in order to enable them to detect
partially occluded objects robustly. In particular, we intro-
duce a detection layer and propose to decompose the image
representation as a mixture of context and object represen-
tation. We obtain such decomposition by generalizing con-
textual features in the training data via bounding box anno-
tations. This context-aware image representation enables us
to control the influence of the context on the detection re-
sult. Furthermore, we introduce a robust voting mechanism
to estimate the bounding box of the object. In particular, we
extend the part-based voting scheme in CompositionalNets
to also vote for two opposite corners of the bounding box in
addition to the object center.

Our extensive experiments show that the proposed
context-aware CompositionalNets with robust bounding
box estimation detect objects robustly even under severe
occlusion (Figure 1), increasing the detection performance
on strongly occluded vehicles from PASCAL3D+ [38] and
MS-COCO [26] by 41% and 35% respectively in absolute
performance relative to Faster R-CNN. In summary, we
make several important contributions in this work:

1. We propose to decompose the image representation
in CompositionalNets as a mixture model of context
and object representation. We demonstrate that such
context-aware CompositionalNets allow for precise
control of the influence of the object’s context on the
detection result, hence, increasing the robustness when
classifying strongly occluded objects.

2. We propose a robust part-based voting mechanism
for bounding box estimation that enables the accu-
rate estimation of an object’s bounding box even under
severe occlusion.

3. Our experiments demonstrate that context-aware Com-
positionalNets combined with a part-based bounding
box estimation outperform Faster R-CNN networks
at object detection under partial occlusion by a sig-
nificant margin.

2. Related Work

Region selection under occlusion. The detection of
an object involves the estimation of its location, class and
bounding box. While a search over the image can be imple-
mented efficiently, e.g. using a scanning window [24], the
number of potential bounding boxes is combinatorial with
the number of pixels. The most widely applied approach for
solving this problem is to use Region Proposal Networks
(RPNs) [13] which enable the learning of fast approaches
to object detection [12, 28, 4]. However, our experiments
demonstrate that RPNs do not estimate the bounding box of
an object correctly under occlusion.

Image classification under occlusion. The classifica-
tion network in deep object detection approaches is typi-
cally chosen to be a DCNN, such as ResNet [14] or VGG
[32]. However, recent work [42, 21] has shown that stan-
dard DCNNSs are significantly less robust to partial occlu-
sion compared to humans. A potential approach to over-
come this limitation of DCNNSs is to use data augmentation
with partial occlusion [8, 39] or top-down cues [36]. How-
ever, our experiments demonstrate that data augmentation
approaches have only a limited impact on the generalization
of DCNNs under occlusion. In contrast to deep learning ap-
proaches, generative compositional models [17,43, 9, 6, 23]
have proven to be robust to partial occlusion in the context
of detecting object parts [34, 19, 40] and recognizing ob-
jects from a fixed viewpoint [ 1, 22]. Additionally, Com-
positionalNets [20], which integrate compositional models
with DCNN architecture, were shown to be significantly
more robust for image classification under occlusion.

Object Detection under occlusion. Sheng [37] et al.
propose a boosted cascade framework for detecting partially
visible objects. However, their approach uses handcrafted
features and can only be applied to images where objects
are artificially occluded by cutting out image patches. Ad-
ditionally, a number of deep learning approaches have been
proposed for detecting occluded objects [3 1, 27]; however,
these methods require detailed part-level annotations to re-
construct the occluded objects. Xiang and Savarese [35]
propose to use 3D models and to treat occlusion as a multi-
label classification task. However, in a real-world scenario,
the classes of occluders can be difficult to model in 3D and



are often not known a priori (e.g. the particular type of fence
in Figure 1). Also, other approaches are based on videos or
stereo images [25, 16], however, we focus on object detec-
tion in still images. Most related to our work is part-based
voting approaches [41, 15] that have proven to work reli-
ably for semantic part detection under occlusion. However,
these methods assume a fixed size bounding box which lim-
its their applicability in the context of object detection.

In this work, we extend CompositionalNets to context-
aware object detectors with a part-based voting mechanism
that can robustly estimate the object’s bounding box even
under very strong partial occlusion.

3. Object Detection with CompositionalNets

In Section 3.1 we discuss prior work on Compositional-
Nets. We propose a generalization of CompositionalNets to
detection in Section 3.2, introducing a detection layer and
a robust bounding box estimation mechanism. Finally, we
introduce context-aware CompositionalNets in Section 3.3,
enabling the model to separate the context from the object
representation, making it robust to contextual biases in the
training data, while still being able to leverage contextual
information under strong occlusion.

Notation. The output of a layer | in a DCNN is refer-
enced as feature map F' = (1; )2 RH W D where |
is the input image and  are the parameters of the feature
extractor. Feature vectors are vectors in the feature map
fr|3 2 RP at position p, where p is defined on the 2D lattice
of F! with D being the number of channels in the layer. We
omit subscript | in the following for convenience because
this layer is fixed a priori in our experiments.

3.1. Prior work: CompositionalNets

CompositionalNets [20] are DCNNs with an inherent ro-
bustness to partial occlusion. Their architecture resembles
that of a VGG-16 network [32], where the fully connected
head is replaced with a differentiable generative composi-
tional model of the feature activations p(Fjy) and y is the
category of the object. The compositional model is defined
as a mixture of von-Mises-Fisher (vMF) distributions:

p(Fj y) = mP(Fj ") (D
P(Fj ;/n) = P(FojApy: ) )
_ x _
P(foiApy: ) = pikiyP(Fpl K); 3
K

with f 1, 2 £0; 1g; P,'\n":l m = 1g. Here M is the number
of mixtures of compositional models and , is a binary as-
signment variable that indicates which mixture component
is active. y = =fTAY; gim =111 .7 Mg are the

Figure 2: Object detection under occlusion with RPNs and
proposed robust bounding box voting. Blue box: ground
truth; red box: Faster R-CNN (RPN+VGG); yellow box:
RPN+CompositionalNet; green box: context-aware Com-
positionalNet with robust bounding box voting. Note how
the RPN-based approaches fail to localize the object, while
our proposed approach can accurately localize the object.

overall compositional model parameters and Arn = pr v0
are the parameters of the mixture components at every po-
sition p 2 P on the 2D lattice of the ]ig-glture map F. In
particular, Agy, = F Tl ;111; pKyj k=0 pky = 10
are the vMF mlxture coefficients, K is the number of mix-
ture components and =F  =F ; kgjk =1;:::;Kg

are the parameters of the vVMF mixture d1str1but1ons.
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where Z( ) is the normalization constant. The model pa-
rameters ¥ ;T 00 can be trained end-to-end as described
in [20].

Occlusion modeling. Following the approach presented
in [19], CompositionalNets can be augmented with an oc-
clusion model. Intuitively, an occlusion model defines a ro-
bust likelihood, where at each position p in the image ei-
ther the object model p(fpjA7),; ) or an occluder model
p(foj ; ) is active:

py’

. Y m m
p(Fj ¥ )= p(foizp"=0)" % p(fpiz"=1)%; (5)
p
p(Foizp' =1) = p(fpj ;) p(zp'=1); (6)
p(fp; 25 =0) = p(FpiADYy: ) (1-p(z5'=1)): )

The binary variables Z™ = fz" 2 f0; 1gjp 2 Pg indicate
if the object is occluded at position p for mixture component






