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Abstract
In order for autonomous robots and humans to effectively collaborate on a task, robots need to be able to perceive their
environments in a way that is accurate and consistent with
their human teammates. To develop such cohesive perception,
robots further need to be able to digest human teammates’ descriptions of an environment to combine those with what they
have perceived through computer vision systems. In this context, we develop a graphical model for fusing object recognition results using two different modalities–computer vision
and verbal descriptions. In this paper, we specifically focus
on three types of verbal descriptions, namely, egocentric positions, relative positions using a landmark, and numeric constraints. We develop a Conditional Random Fields (CRF)
based approach to fuse visual and verbal modalities where we
model n-ary relations (or descriptions) as factor functions. We
hypothesize that human descriptions of an environment will
improve robot’s recognition if the information can be properly fused. To verify our hypothesis, we apply our model to
the object recognition problem and evaluate our approach on
NYU Depth V2 dataset and Visual Genome dataset. We report the results on sets of experiments demonstrating the significant advantage of multimodal perception, and discuss potential real world applications of our approach.

Introduction
In order for a human-robot team to effectively perform collaborative tasks in complex environments, it is essential
for the team to build accurate and cohesive perception of
the environments. Robots in general perceive their environment via on-board sensors, e.g., by using computer vision
based approaches on camera images or 3-D point clouds. In
a human-robot team setting (Hoffman and Breazeal 2007;
Wang, Pynadath, and Hill 2016), in order to develop cohesive team perception, robots also need to be able to digest
human teammates’ descriptions of the shared environment
to combine those with what they have perceived through
computer vision systems. In this context, we address the following research question: How can we develop a perception
system that can fuse information coming in different modalities such as images from camera sensors and verbal/textual
descriptions from human teammates so that the perceived
world model is consistent across team members?
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To tackle this problem, we develop a graphical model for
multimodal perception. Specifically, in this paper, we focus on fusing object recognition results using two different
modalities–computer vision and textual descriptions. Based
on the computer vision recognition results with errors, as
the human make the command or descriptions to describe
the environments, we aim to adjust the labels of objects
(bounding boxes) based on the embedded relations. In this
paper, we specifically focus on three types of descriptions,
namely, egocentric positions, relative positions using a landmark, and numeric constraints. A Random Walk based approach on fusing vision with language performs well on understanding descriptions using binary spatial relations (Shiang et al. 2017); however, this approach is difficult to generalize to support more general n-ary relations. To overcome
this limitation, we develop a Conditional Random Fields
(CRF) (Chavez-Garcia et al. 2013; Sutton and McCallum
2012) based approach where we model n-ary relations as
factor functions.
We hypothesize that human descriptions of an environment will improve robot’s recognition if the information can
be properly fused. To verify our hypothesis, we evaluate our
approach on an indoor object recognition problem. Our experimental results show that team perception using our approach significantly improves the recognition performance,
by up to 11.44% for the case of objects of interest.

Related work
Although the idea of human-in-the-loop perception system
is not new, existing approaches are designed for specific
problems or focus on the analysis of human robot interaction. For example, counting the number of objects in complex scenes by asking users to label each object in an image (Sarma et al. 2015), and detecting part of objects by
asking humans to click the position of an image according to
given questions that have been generated by maximizing the
information gain (Wah et al. 2011). Notably, Russakovsky
et al. focus on the problem of actively engaging in human
computation to improve object detection (Russakovsky, Li,
and Fei-Fei 2015). They formulated active annotation problem as a Markov Decision Process (MDP) (Sutton and Barto
1998) to ask an optimal question such as “Is this a chair?”
according to a trade-off between the utility and the cost
of asking a question. By answering such questions, human

