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Abstract

Attention Models for Activity Detection
by

Oytun Ulutan

Video action detection is an important part of video understanding and analysis.
There are many possible applications such as smart home environments to recognizing
user actions and acting, smart robotics such as autonomous cars, robot assistants, selfie
drones following your gesture commands, automated security systems analyzing the envi-
ronment and assessing events. This thesis focuses on introducing novel machine learning
algorithms for video action detection. A central contribution of this research is in devel-
oping a context-aware attention model for atomic actions. An atomic action is a simple
action which can be described with 1-3 words or atomic body movements such as walk-
ing, drinking, holding an object. While observing actions/activities, humans infer from
the entire context and our perception depends on the surrounding objects, actors, and
scene. Inspired by this, our Actor Conditioned Attention Maps(ACAM) model utilizes
the surrounding scene for each actor and uses context for improving action/interaction
detection. The modularity of the ACAM model allows us to detect, track and recognize
actions over extended time periods. We further extend this framework to detect com-
plex activities which are composed of sequences of atomic actions. We demonstrate the

effectiveness of our proposed methods on aerial videos and videos from camera networks.
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Chapter 1

Introduction

With the proliferation of camera networks, automation of video analysis became a criti-
cal necessity for security systems. In the current security frameworks, videos are used in
two ways. First way is to analyze the recordings of the videos after an incident. These
recordings are helpful to understand and identify the incident, but this is not a preven-
tative approach. Secondly, an human analyst watches the security videos real-time from
a number of camera feeds and looks out for suspicious activities. This is a challenging
task for humans as analyzing subtle activities which may span over multiple camera feeds
in a network is a mentally demanding task. Additionally, noticing abnormal events just
by watching the feeds over long periods of time is a difficult task. These issues can be
addressed by automating the video analysis using machine learning frameworks trained
for tasks such as object detection, tracking, action detection. This thesis introduces novel
methods for the detection and recognition of such actions.

Action detection is an important part of video understanding and analysis. There
are many possible applications such as smart home environments to recognizing user
actions and acting, smart robotics (such as autonomous cars, robot assistants, selfie

drones) following your gesture commands, automated surveillance systems analyzing the

1



Introduction Chapter 1

environment and assessing threats. To achieve these goals, this thesis focuses on action
detection from videos.

Compared to more traditional problems in computer vision such as object detection,
re-identification, action detection task is less explored. This is due to the lack of available
large-scale datasets which can generalize to different input settings. Most of the available
action detection models focus more on video classification task and classify very context
dependent classes (e.g., apply eye makeup vs basketball dunk).

Recently atomic action detection tasks has received much interest. An atomic action
is a simple action which can be described with 1-3 words or atomic body movements
(e.g., walking, holding an object, etc.). These actions describe every-day actions and can
be used as a basis to generate more complicated actions.

Previous atomic action detection methods followed models from object detection and
analyzed actors individually analyzing actions similar to object task. In object detection,
the object bounding box contains the defining features of the object. However, in action
detection the bounding box contains the actor and the action boundaries are not as well
defined. Hence, this approach does not explicitly use the surrounding context which is
essential in action understanding.

While observing actions/activities, humans infer from the entire context and our
perception depends on the surrounding context such as objects, actors, and scene. In
order to model the context, we propose to generate attention maps from each actor,
which models that actor’s interaction with the surrounding objects, actors and scene.
Hence these attention maps represent the surrounding context while being conditioned
on each actor individually. We call this method Actor Conditioned Attention Maps.

Combining the context-aware action detection model with actor detection and track-
ing, a video analysis framework can be obtained. These frameworks will allow wide range

of applications including security video analysis and gesture commands.
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A sequence of atomic actions can be combined into larger and more complicated
activities/events. This is one of the advantages of atomic actions as they are defined to
be simple and form a basis for more complicated actions. Frameworks which can detect
and combine such actions into complex activities can play a significant role for security
applications.

Object/actor detection is essential in action detection networks. The first step of
action detection is to detect the actor. However, due to the differences in views, such
as drone recorded videos, security cameras, autonomous car mounted cameras, this task
gets challenging as well.

This thesis implements frameworks and novel methods to analyze actions from videos.
These frameworks are implemented while keeping applications in mind and several ap-

plication examples and implementations are also introduced.

1.1 Motivation

The usage of video cameras are growing significantly across the world. Several cities in
China have millions of surveillance cameras and constitute the largest density of cameras
per population. Table shows the number of cameras in some of the most surveilled

cities in the world.

’ City, Country H # Cameras H Population H Cameras/1000people ‘
Chongqing, China 2.5™ 15.3M 168
Shenzhen, China 1.93M 12.1M 159
London, UK 627K 9.1M 68
Atlanta, GA 7.8K 501K 15
Chicago,IL 35K 2.7TM 13

Table 1.1: Number of security cameras in some of the most surveilled cities in the
world. Data is taken from [I7]
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Current security cameras are used at traffic signals/main junctions, residential areas,
for crowd security such as festivals and inside office buildings. Each one of these cameras
have different use cases and different applications. Currently most of these systems are

analyzed manually by a human analyst. Manual analysis have the following challenges.

e Manual analysis is a tedious and tiresome task for humans. Over long periods of

time, the human analyst is expected to watch the video feeds and be alert of events.

e The events of interest can span across multiple cameras which adds another layer

of difficulty for the human analyst.

e Analysis of crowds and detection/threat assessment of activities is challenging for

humans as there will be multiple events happening simultaneously.

e [t is difficult for analyst to detect subtle events. Manual analysis can only detect

significantly obvious and visual events (e.g., fire, shooting, fights etc.)

These challenges cause the current security systems to be used for investigative pur-
poses rather than preventative. A surveillance overview from Australian Government
[21] concluded that in the current systems videos are of more value as evidence. One
added benefit of security cameras it the psychological effect. People tend to commit fewer
crimes knowing that they are watched.

Due to these reasons, current systems can benefit significantly from the automation of
video analysis. Detecting actions is an essential step in video understanding. Tasks such
as object detection, tracking builds up the ground work. However, action detection and
activity understanding is the main step towards automating the surveillance applications.

Automated action detection can also be used to protect the privacy of the regular
citizens. Videos provide massive amounts of personal information about citizens to mon-

itoring departments. Automation of surveillance can improve these privacy concerns by
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anonymizing (obscuring/blurring faces) the identities of people with normal activities.
This requires an understanding of normal and criminal activities which can be detected

by action detection frameworks.

1.2 Challenges and Contributions

1. Context-aware Atomic Action Detection: Atomic action detection is an im-
portant task for video analysis with many potential applications. As previous action
datasets focused on video classification tasks such as sports videos (e.g.: basketball dunk
vs golfing), previous research on this area have been limited and not transferable to
many settings. Atomic action detection task addresses these issues as they can hap-
pen in any background and allows transferability. This adds another layer of challenge
as basic clues such as presence of a basketball cannot be used for detecting atomic ac-
tions and models have to learn the temporal dynamics and contextual relations of these
actions/interactions.

Initial models on atomic action detection followed the architectures from object de-
tection and modeled actors individually. Unlike object detection, actors interact with
their surroundings and action detection usually requires contextual information rather
than just the actor. The contextual information can include the background, surrounding
objects and other actors. In order to detect atomic actions effectively, models need to
learn surrounding context explicitly.

Atomic action detection task also includes detection/localization of the actors. Pre-
vious neural network models detected the actors by adding a region proposal network to
their overall model and learned the actor boxes during the action detection training. This
approach limits the transferability of the final model. Action detection datasets do not

have a large variance in actor views as they are mostly taken from a single type of videos
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(e.g., movies). Additionally, embedding the actor detection in the framework prevents
transferability to other settings. A modular system on the other hand, can replace the
actor detector with a specialized detector during inference.

Chapter 3 addresses these challenges by presenting an attention model for atomic
action detection. This chapter focuses on implementing an atomic action detection model
which can model interactions of the actors effectively and can transfer to various input
settings (e.g., surveillance videos, autonomous car videos, etc.). The contributions of this

chapter are as follows:

e Actor Conditioned Attention Maps for context-aware action detection: Instead of
following the object detection methods, we propose to use attention models to
model the actor. The proposed attention model is conditioned on the actor and

models the actor’s relationship with the surrounding context.

e Object detectors as Region proposal networks: Actor detection task is essentially
object detection with a single class. Instead of embedding a region proposal network
to our framework, we use pre-trained object detectors and show that the modular

system can transfer to other settings.

2. Real-time system for Action Detection : Action detection is a complex task
which contains multiple steps. Understanding human actions in a video stream depends
directly on the frameworks ability to detect objects and humans, understanding human
dynamics and analyzing the scene. To analyze a human’s action, the person initially needs
to be detected and tracked. Previous approaches to action detection either simplified
these steps by centering the videos on a single person performing a single action or used
predefined person boxes to focus on action detection.

Previous action detection methods followed an end-to-end approach where the models

had to detect the actor and recognize the action simultaneously. This is challenging as
6
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the detection of actor locations and understanding the actions in videos are disparate
tasks. Additionally, actor detection models learned on action datasets have limited trans-
ferability to other settings. Due to these reasons, a modular approach is more suited for
these tasks where each module is specialized in their own tasks.

Previous methods for activity detection task have tried to exhaustively list high-level
activities as action classes and trained one-vs-all classifiers. This approach is impractical
in surveillance analysis setting as there could be combinatorially many activities. To ad-
dress this, we break up complex activities as sequences of atomic actions. Utilizing our
systems, atomic actions can be detected and combined for complex activities. Addition-
ally, spatial movements and relations between objects provides important information
about the actions in the scene. These rule-based spatial methods can be combined with
the learned neural network models to detect actions effectively.

Chapter 4 addresses these issues by presenting a modular approach to action de-
tection. This chapter combines the atomic action detector with object detection and
tracking modules and analyzes the system. The system achieves real-time performance
while combining multiple, computationally expensive modules. The system is tested on
various application cases. Building on top of this system, this chapter completes the
complex activity detection pipeline by combining the atomic action detection with a rule
based model analyzing spatial relations between humans and objects. The contributions

of this chapter are as follows:

e Modular real-time system for action detection: We implement a modular approach
where each of the modules are trained specifically on their own task. Our system
for action detection combines modules for 1) object detection models trained on
object detection datasets, 2) trackers trained on human tracking problems and 3)

action detection models trained on action detection datasets.
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e Various applications for action detection: We implement this module on tasks of
atomic action detection and gesture detection. Atomic action detection system
provides a general use action detector which can be used in various settings such

as surveillance, webcam, car-mounted cameras, etc.

e Complex Activity Detection for surveillance video analysis: We combine the atomic
action detection models with a rule-based method which analyzes the spatial rela-
tions of objects and movements. These detections are combined over time to detect

complex activities which completes the action detection pipeline.

3. Spatial Attention for Human-Object Interactions: Comprehensive visual un-
derstanding requires detection frameworks that can effectively learn and utilize object
interactions while analyzing objects individually. This is the main objective in Human-
Object Interaction (HOI) detection task. In particular, relative spatial reasoning and
structural connections between objects are essential cues for analyzing interaction. For
modeling interactions, in this chapter we study Human-Object Interaction detection from
images task.

Human-object interaction is an important task for visual understanding. Datasets
for video action detection usually don’t have explicit interaction labels and focus on
actors. Even though interaction classes exist in video datasets, they don’t label the
interacted object. In order to learn such interactions, we focus on detecting human-object
interactions from images. Even though this input is missing the temporal dynamics, they
are usually exhaustively annotated for objects and their interactions with humans. In
this setting spatial configurations and structural relations provide essential information
for detection.

Chapter 6 studies the Human-Object Interaction detection task on images. Building

upon the rule-based spatial configurations from the previous chapter, we propose a novel
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neural network model which can utilize the spatial configurations of the human-object
pairs and their structural connections. The model uses spatial configurations to generate

attention on each human-object pairs. The contributions of this chapter are as follows:

e VSGNet, Spatial Attention Network for Detecting Human Object Interactions Us-
ing Graph Convolutions: VSGNet for HOI detection refines the visual features
using spatial relations of humans and objects. This approach amplifies the vi-
sual features of spatially relevant pairs while damping the others. Additionally,
this model uses graph convolutional networks to model the interactions between

humans and objects.

4. Low-Resolution Long Range Person Detection: Object detection is a frequently
studied problem in the computer vision with well annotated, higher resolution object
detection datasets. These models work well on many scenarios and can be used “out of
the box” for inputs such as webcam recordings, mobile phone photos, online videos etc.
However, in surveillance applications visual conditions are usually challenging and such
object detection methods don’t transfer well due to lower resolution, distance from the
cameras and weather conditions. In such conditions, specialized models are needed to be
trained for detecting objects of interest.

In security applications such as border surveillance, a very large area (1000s of miles)
need to be watched over very long periods of time. In such applications, due to bandwidth
and power limitations, the surveillance cameras need to be placed close to computational
resources and on strategic locations, such as on top of the hills. These visual conditions
prevent robust detection from visual sensors only as the targets will have a size of couple
of pixels (approximately 40 pixels). In such conditions, additional modalities can help
vision for detecting the targets.

Chapter 7 focuses on the surveillance task of detecting humans in a very large area
9
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by leveraging multi-modal sensor data. Low resolution visual videos are fused with a
low-cost seismic sensor recordings to detect humans walking in the field. Low-resolution
videos are recorded from a high resolution camera with a wide field of view (FOV) which
is placed close to a power source but far away from the field with targets. This requires
visual detection frameworks to search for small (few pixels) objects on a large field.
Seismic sensors on the other hand can provide reliable information about their close
surroundings and can easily be distributed on a large field. This allows the data from
a seismic sensor to improve the detection of cameras in regions where camera view and

sensor range intersects. The contributions of this chapter are as follows:

e A bilinear model for multi-modal fusion: We propose a novel fusion method for
multi-modal setting. Our model extracts convolutional features from each modal-
ities and combines the features using matrix outer product while preserving the

spatio-temporal order.

e Multi-modal Person detection from low-resolution long range cameras and seismic
sensor: We evaluate our multi-modal fusion method on a novel application, com-

bining low-resolution cameras with seismic sensor for person detection.

1.3 Organization

This dissertation is organized as follows:

e Chapter 2, Overview of Methodologies provides an overview of detection tasks
such as object detection and action detection, summarizes available datasets and

models and motivates the need for the work discussed in this dissertation.

e Chapter 3, Context-Aware Attention Model for Action Detection sum-

marizes action datasets, introduces the model for atomic action detection which
10
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uses context-aware attention and demonstrates its performance.

e Chapter 4, Real-time System for Action Detection combines the atomic
action detection module with object detectors and trackers and implements a real-
time framework for atomic action detection. Additionally, action detection from
this framework is combined temporally to detect complex activities which are se-

quences of atomic actions.

e Chapter 5, Spatial Attention for Human-Object Interactions introduces
the spatial attention model which utilizes the spatial configurations of the human-

object pair to refine the visual features.

e Chapter 6, Person Detection in multi-modal setting follows the object de-
tection in challenging settings task and introduces a person detection model in

multi-modal setting from long range, low-resolution cameras and seismic sensors.

e Chapter 7, Discussions re-iterates the main concepts of this dissertation, sum-

marizes its contributions, and provides an overview of potential future directions.

11



Chapter 2

Background on Action Detection

2.1 Introduction

This chapter summarizes the previous action detection methods, datasets and details
about relevant tasks such as image recognition and object detection. There have been
two major factors that significantly improved the research in computer vision. These
factors are 1) the availability of large-scale datasets collected from/annotated by online
communities, and 2) parallelization of computations by using Graphical Processing Units
(GPUs) and deep neural networks.

Early datasets were usually gathered by research labs individually and was limited in
size with a few samples (10-100). The major challenge in this setting is collecting and
annotating the data. As these were usually smaller labs, researchers tried acting out and
collecting the data themselves which was time consuming and impractical for large scale
datasets. Most of these issues were addressed when both of these tasks are crowd-sourced
on online communities. With the large image websites such as Flikr, Instagram getting
more popular, larger scale image datasets were able to be collected, with the number

of collected images exceeding several millions. Additionally, annotation tools such as

12
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Amazon Mechanical Turk allowed researchers an easy way to get annotators and label
the large-scale data quickly.

Early models for computer vision tasks depended on hand-crafted features and simple
machine learning methods. Hand-crafted features such as SIFT [22], edges, blobs required
a higher understanding of the physics behind the input data and was difficult to generalize
to other tasks. Additionally, simple machine learning methods would struggle to model
basic image characteristics such as spatial coherence. With the introduction of GPUs
and parallelization of the machine learning methods, such limitations were addressed
and computer vision methods started achieving human-level labeling accuracy. One of
the first models that implemented Convolutional Neural Networks (CNNs) on GPUs is
AlexNet[23] in 2012. This model used a variant of CNNs of Lecun [24] from 1989 and a
variant of back-propagation algorithm by Fukushima[25] from 1980. The theory for such
methods go back to 1980s but haven’t been significantly effective until 2012 thanks to
the convergence of high power GPUs and availability of large scale well annotated data..

In the following sections, we will overview the relevant major datasets and methods

for Image recognition, Object Detection and Action detection tasks.

2.2 Image Recognition

Image recognition is a task where the machine learning models are required to rec-
ognize the categories of the images. A simple example for this is classifying images of
apples and oranges. There have been many different tasks in this area from handwritten

digit recognition to scene recognition.
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Figure 2.1: Examples from MNIST [I] dataset. The task is to recognize hand written
digits and this dataset acts as a initial step to recognize handwritten text.

2.2.1 MNIST

MNIST [1] is one of the first larger datasets available in computer vision. Dataset
includes 60,000 training images and 10,000 testing images. The main task is to detect
handwritten digits. The digits have been size-normalized and centered in a fixed-size
image. It is a good database for people who want to try learning techniques and pattern
recognition methods on real-world data while spending minimal efforts on preprocessing

and formatting [1]. This dataset acts as a initial step to recognize handwritten text.

2.2.2 ImageNet

ImageNet [2] is the first large-scale in the computer vision community. Currently,
the dataset contains 14 million images and grows every year. Main benchmark has 1000
image categories with each category having at least 1000 samples. Initially, the dataset
targeted image recognition task with a wide range of categories such from huskies to
sailboats. Subsequently, several object detection tasks are added. Object detection is a

task which includes recognition of the object and localization of the object within the
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Figure 2.2: Examples from ImageNet [2] dataset. The image recognition task includes
very fine-detailed classes such as different breeds of dogs.
image.

One major contribution of this dataset is the transferability of learned models. For
many vision tasks, such large-scale datasets are not easily available. This poses a chal-
lenge for these tasks as deep convolutional networks require large amounts of data for
training. However, it has been shown by many works [26] 27, 28| 29, 30, B1], 32] that
model weights trained on ImageNet dataset is able to provide good initialization for other
tasks. Sometimes without any further fine-tuning, ImageNet models can extract features
useful for other tasks where simple classifiers can solve these objectives.

above generalization is often referred to as transfer learning. In deep CNNs lower
layer convolutions capture low-level image features such as edges, blobs, patterns and
colors while higher layer convolutions capture more complex structures such as body
parts and faces. While these higher layer structures are very task specific, the lower layer
features are useful for many different tasks. This allows the lower layer features trained

on ImageNet to be used directly with new classifier layers for various tasks.
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As the first large scale dataset, ImageNet made a very significant impact on the

computer vision community and even today is used for pre-training for many tasks.

2.3 Object Detection Datasets

Object detection is a task which includes recognition of the object and localization of
the object box. This task adds another layer of difficulty on top of the image recognition
tasks as models need to additionally locate the object’s location. This is a more realistic
case as images can include multiple objects simultaneously.

There have been various datasets for this task. In this section, we will summarize
3 main datasets which are MS-COCO [3] dataset which focuses on general use object
detection, KITTI [4] dataset which focuses on object detection from vehicle mounted
cameras and VisDrone [5] dataset which focuses on object detection fron drone mounted
cameras. Even though these datasets mostly annotated similar object classes, the view-
points, angles, distances from objects are significantly different in each setting. Due to
these different settings, models trained on one setting can not be directly used in another

in a robust way.

2.3.1 MS-COCO

MS-COCO [3] is a large-scale object detection dataset. The dataset contains 330,000
images with around 200,000 of them annotated. In the first release, dataset included
object bounding boxes for 80 object categories including classes such as “people”, “car”,
“bike”, “fork”, etc with about 1.5 million object instances. Following many releases,
currently the dataset includes multiple tasks which are object segmentation task for 80

classes, “stuff” (grass, wall, sky) segmentation task for 91 classes, caption generation

task with 5 captions annotated per image and body pose detection with 250,000 people
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Figure 2.3: Examples from MS-COCO [3] dataset. The categories are widely used

objects that can be captured in many different settings.
annotated with body keypoints.

Amongs these various tasks, models trained on object detection task made a sig-
nificant impact. As the data is collected from many different sources, dataset includes
various view point settings and the models can generalize well. Additionally, the object
categories are widely used objects that can be captured in many different settings. This
allowed many methods to implement out-of-the-box object detection inference systems
which are available for public use [33], 34, 19].

Figure[2.3shows some of the object classes and samples from the dataset. 2019 release
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and challenge includes the following tasks:

e Task 1: Object Detection. This task includes the localization of 80 classes of

objects in images and generating their segmentation maps.

e Task 2: Keypoints Detection. This task includes the localization of body
keypoints for each person in the images. Keypoints include parts such as hands,

arms, heads, legs etc.

e Task 3: Stuff Detection. This task includes generation of segmentation maps
for “stuff” from images. Stuff categories include things such as “grass”, “wall”,

“sky” etc.

e Task 4: Panoptic Detection. This task combines the object categories with
stuff categories and generates a segmentation task where the images have to be

semantically segmented completely.

2.3.2 KITTI

KITTI [4] is a dataset recorded with vehicle mounted cameras. The main goal of
this dataset is to obtain data for implementing self-driving car perception modules. The
dataset includes many tasks including 2d object detection, 3d object detection and object
tracking, etc.

e W
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Figure 2.4: Examples from KITTI [4] dataset. Cars are recorded from many
and at various illuminations.
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The object detection task consists of 7481 training images and 7518 test images,
comprising a total of 80.256 labeled objects. For the 3D object detection case, in addition
to locating a bounding box for an object, orientation estimate in bird’s eye view is also
needed to be detected.

The dataset annotates 8 object classes but only evaluates the models on 2 main classes
which are vehicle and pedestrian. Remaning classes are annotated for future use. Figure

2.4] shows the vehicle class from various angles and illumunations.

2.3.3 VisDrone

VisDrone [5] is recent a large-scale benchmark drone-view dataset. The dataset con-
sists of 263 video clips formed by 179264 frames and 10209 static images all of which
captured by drone-mounted cameras. Data is recorded in 14 different cities in China
and in various urban and suburban environments. Figure [2.5] shows example images
from the dataset and shows the variety in environments, drone altitudes, view-angles
and illumination conditions.

VisDrone benchmark focuses on 4 different tasks.

e Task 1: Object Detection in Images. This task focuses on detection of

objects (e.g., cars and people) from single images.

e Task 2: Object Detection in Videos. This task focuses on detection of
objects (e.g., cars and people) from videos recorded from drones. Task uses per-

frame detections and does not include tracking.

e Task 3: Single Object Tracking. This task focuses on tracking a given object

over a period in a video. The object is indicated in the first frame.

e Task 4: Multi Object Tracking. This task focuses on tracking multiple objects
19
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Figure 2.5: Example images from the VisDrone [5] dataset. Videos and images are
recorded from drones. Data is recorded in various urban and suburban areas in China
including many large cities.

in a video. Two subtasks focus on recovering trajectories with or without detection

results.
The dataset annotates the following object classes in the drone-recorded videos:
Objects: Pedestrians, People, Cars, Trucks, Vans, Buses, Motors, Bikes, Tricycles.

One design choice for the dataset is to split pedestrians and people as separate categories.
Pedestrian are humans who maintain a standing pose or walking compared to Person
class which might be sitting (e.g., on a bike, on a bench) or in any other poses (e.g.,

basketball, swimming).

2.4 Overview of Object Detection Methods

Deep neural networks have achieved much success in object detection task. The
“Regions with CNN Features” (R-CNN) [30] approach was the first modern CNN archi-
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tecture for detecting objects. R-CNN follows a straightforward approach where a fixed
image recognition CNN extracts convolutional features from each box proposal and these
features are classified by an SVM. However, this approach was not efficient as multi-
ple calculations on overlapping region proposals are done separately. Addressing this
issue, Fast-RCNN[35] extracted CNN features over the whole input image once and then
cropped the regions on top of the features. This operation is called region of interest
pooling. This reduced the redundant calculations and improved the performance and
accuracy simultaneously as better features are extracted.

Neural networks can also be used to generate box proposals which can even make this
operation faster as in Faster-RCNN [34]. In this architecture all possible box locations for
the images are needed to be analyzed to produce region proposals. These box locations
are called anchors and they are laid across all the spatial locations of the image and
vary in scales and aspect ratios. This allows different shaped object to be detected with
spatial flexibility.

Following these works many different model architectures were studied. As analyzed
in [19], most of these works follow three main meta-architectures. These are Single Shot
Detector (SSD), Faster RCNN and Region Based Fully Convolutional Networks (RFCN)

architectures.

2.4.1 Single Shot Detector (SSD)

SSD [36] is a simpler method compared to Faster RCNN. SSD architecture directly
uses the RPN stage of Faster RCNN to classify anchors and does not use a specialized
second stage for per proposal classification. For each anchor, SSD directly runs the
multi-class classification and regression. This allows the model to run quickly in a single

rumn.
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As the anchors are directly classified in SSD compared to a 2-stage Faster RCNN,
SSD does fewer computations to analyze each given image, uses less memory and runs
faster. SSD modules with MobileNet [37] can be used for mobile applications and run on

cell phones for inference [37].

2.4.2 Regions with CNN features (R-CNN)

Faster RCNN [34] model builds on top of the RCNN [30] architecture. Fast RCNN
[35] and Faster RCNN [34] removes the SVM part, introduces Region of Interest pooling
on CNN features and combines region extraction with classification in a single end-to-end
network.

In Faster RCNN models, the detection happens in 2 main stages, region proposal
network (RPN) and box classifier stages. The first stage, the region proposal network
(RPN) generates boxes which are likely to have an object in them, i.e. box proposals.
These box proposals are generated from “Anchors”. Each anchor gets scored on their
objectness using the feature map. After a non-maximum suppression which filters out
redundant boxes, remaining high objectness score anchors are sent to box classifier stage
as region proposals. The second stage, the box classifier stage takes the high scoring
box proposals and crops their feature from feature map using Region of Interest (Rol)
pooling. Rol pooling takes a box coordinate and extracts a fixed size feature vector from
the convolutional feature map defined by this box coordinate. This allows different shapes
box proposals to generate a fixed size feature vector which is then further analyzed by the
classifier. Box classifier takes the Rol pooled feature vector and generates classification

scores for each of the available object classes.
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2.4.3 Region Based Fully Convolutional Networks (R-FCN)

Even though Faster-RCNN improves on Fast-RCNN methods achieves better speed
rates, region box classification is repeated for each proposal. R-FCN addresses this issue
and instead of applying convolutions individually to each region, the regions are cropped
from the final layer. This minimizes the amount of per-region operations done and speeds
up the model.

These detectors are further analyzed in Chapter and quantitative results are

provided for MS-COCO dataset.

2.5 Action Recognition and Detection Datasets

Action recognition and detection focuses on human actions and their interactions
with the surrounding environment which can include other people, objects and scene.
Most of these action datasets include videos and require modeling of temporal dynamics
for actions which adds an additional layer of challenge in video annotation compared to
image tasks. For human annotators it is more clear to annotate types of objects compared
to an video including an action as temporal understanding requires more cognitive load.

Initial datasets such as [38] were simple where subjects acted out basic actions like
running, jumping in with a simple background. As the online video communities such
as YouTube started to emerge, it became easier to access videos which increased the
scale of the video datasets. With such large amounts of videos available, computer vision
datasets start to grow also.

Most popular action recognition datasets contain short clips which are trimmed man-
ually to capture a single action. These datasets are used for the action recognition task
where the task is to categorize a given video into action classes. Sports events are a good

example to such videos. Most event videos are uploaded as soon as the event happens
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and these videos are mostly labeled by the type of their sport (basketball, football). This
generated an easy way to gather sport videos and make a dataset with them. UCF101[6],
Sports-1M[39], ActivityNet[11] are example large-scale datasets collected from YouTube
and include sports action classes amongst others.

A recent Kinetics-400/700 [8] datasets increased the number of videos significantly
and included more than just sports videos and included 400 (700) classes. This dataset
became the ImageNet-like pretraining backbone of video classification.

Action detection tasks may include spatial, temporal or spatio-temporal localization
of action instances from videos. A few datasets such as UCF101-24 [6], JHMDB [40],
Hollywood2Tubes [41] provided spatio-temporal annotations for the actors who are doing
the action. This extends the action classification into action detection where localiza-
tion of the actor adds an additional challenge. However, for these datasets, the action
vocabulary is still restricted to a limited number of composite actions (e.g., basketball
dunk). Moreover, they do not densely cover the actions such that only the main actor is
annotated whereas the people in the background do not have any annotation.

A more recent dataset, AVA [12], aims to solve this issue. This dataset annotates
atomic actions, exhaustively annotates every actor in the scene and annotates multiple
existing actions to each actor.

Action and interactions can also be detected in still images. In this setting rather
than temporal dynamics of actions, spatial relation between objects is captured. Recent
datasets such as V-COCO [9] and HICO-Det [42] annotated the object detection datasets
with human and object interactions as these images usually include humans interacting

with objects.
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Figure 2.6: Example action classes from the UCF-101 [6] dataset.

2.5.1 UCF-101

UCF-101 [6] is a video action recognition dataset which focuses on different classes
of actions from Youtube videos. The dataset contains 101 action categories with a total
of 13,320 videos. As these videos are taken from Youtube, it includes videos from many
different settings from sports videos to “how-to” videos. Some example actions from this
dataset is shown in Figure [2.6

One major issue with the dataset is that the context has most of the information about
the video class compared to the temporal dynamics of the actions that are happening. For
example, detecting a swimming pool certainly says that action is swimming compared to
basketball. This resulted in detection models which are not transferable to other contexts
and mostly doing video classification rather than action classification. As a result, if a
classifier is trained to detect the video class from a single frame from these videos, they

can achieve about 80% accuracy.
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2.5.2 Human Motion DataBase HMDB

s

cartwheel catch

\

climb climb
stairs

ball

Figure 2.7: Example action classes from the HMDB-51 [7] dataset.

HMDB-51 [7] is a dataset that is also collected from YouTube and Google video
search. The dataset contains 51 action categories and 6,849 videos in total. Each video
category contains a minimum of 101 video clips. Compared to UCF-101, HMDB-51
dataset includes human actions which are more likely to happen in regular context such
as picking up an object or drinking. Some actions are shown in Figure

As an extension to this dataset, Joints-HMDB (JHMDB) dataset[40] annotated the
joints of people in these videos. This dataset contains 21 actions and 928 videos from
the HMDB dataset and uses a 2D human puppet to annotate different body parts on

these videos temporally. Originally, this is was used to further improve action recognition
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tasks but later it has been used for action detection tasks as well since it includes person

£85

(b) :iu_'etuhmg leg

localization information.

2.5.3 Kinetics 400/700

() robot dancing

L&k ﬂ-é”ﬁj’*".

(g} riding a bike
(i) playing violin (i) playing trumpet

Figure 2.8: Example action classes from the Kinetics [§] dataset.

A recent Kinetics-400/700 [8] datasets increased the number of videos significantly
and included 400 action classes initially then expanded to 700. This dataset became the
first large-scale dataset where trained models are able to transfer to other datasets and
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became the ImageNet-like pretraining backbone of video classification.

Kinetics-700 dataset contains 700 action classes which are human actions, human-
object interactions and human-human interactions. Dataset has approximately 650,000
high quality video clips and each clip has a single action and is around 10 seconds. Figure
2.8 shows some example classes from the kinetics dataset.

As this is the first very large scale video classification dataset, the pre-trained models
on this dataset have been widely used in many other video classification/detection tasks.
Pre-training is essential in training good models which is especially difficult for video
tasks as most dataset sizes can’t achieve larger scales enought to train models from
scratch. In a task where small number of videos are available a pretrained model can be

fine-tuned or the features can be used directly for classification.

2.5.4 Atomic Visual Actions - AVA

AVA[12] dataset focuses on atomic actions within short video segments. An atomic
action is a simple action which can be described with 1-3 words or atomic body move-
ments. AVA argues that exhaustively listing high-level activities as action classes is
impractical as done in previous datasets. For this reason, AVA limits actions to short
time intervals (1-2 seconds) where actions will have a very clear signature. Following this

AVA annotates movies at a 1 Hz rate. Below are the main properties of the AVA dataset.

Annotates 80 person-centric atomic actions on movies

Annotators watch the 2 second video segment, label person’s bounding box in the

center frame and label that person’s actions within that video

Multiple people in scenes with multiple action labels each

60 action classes are used for benchmarking chosen by sample size
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The movies are taken from publicly available movies and from each movie multiple
15 minute chunks are annotated at 1 Hz. From a total 430 movies, this generates 386k
labeled video segments, 614k labeled person bounding boxes and 1.62M action labels.

This dataset has 80 atomic action classes. These action classes fall into three main
categories 1) person poses (e.g., walking, running, standing), 2)person-person interactions
(e.g., talking to, hugging), and 3) person-object interactions (e.g., holding, carrying). 60
classes with more than 25 samples in validation and test sets are used for benchmarking
and evaluation for detection models.

Atomic actions have the potential to transfer to different contexts, become building
blocks for more complex actions and improve the general understanding of human ac-
tions/interactions in videos. For these reasons, in Chapter 3 we focus on this dataset and

propose a novel action detection model from videos.

2.5.5 Verbs in COCO (V-COCO)

Verbs in COCO (V-COCO) [9] dataset annotates human object interactions on still
images. This dataset builds on MS-COCO [3] object detection dataset. The dataset
consists of 10,346 images. Withing these images, 2533 images are used for training, 2867
images are for validating and 4946 images are for testing. The training and validation set
images are from COCO training set and the test images are from the COCO validation
set. Each person in the images are annotated with a label indicating one of the 29 actions.
If an object in the image is related to that action then the object is also annotated. Figure
shows couple example human-object interactions in this dataset.

Compared to video action detection tasks, this task explicitly annotates the interac-
tions between humans and objects. For example, in earlier video datasets for a “carry a

cup” action, cups are usually not annotated and only the actor is annotated. However,
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Figure 2.9: Example images from the V-COCO [9] dataset.

as this dataset uses still images, they were able to annotate such interactions explicitly

which creates an interesting research problem.

2.6 Overview of Action Detection Methods

With the emergence of large-scale action datasets, various deep neural network mod-
els started achieving good results on this task. Compared to image based tasks, video
action recognition is more challenging. Since the videos are sequences of 2D frames, each
sample is already large in size and this poses computational cost for training models.

As the goal is to capture temporal dynamics, models need to utilize the frames together
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rather than individually and extract temporal information. This also creates an addi-
tional challenge in the design of classification architectures as different temporal analysis
methods are possible. Most recent works address these challenges and improve the video
action detection task. In this chapter, we provide a brief review of some of these models

in the following.

2.6.1 Two Stream Networks

Initial models for video action detection were not able to train very deep networks
efficiently. Due to this reason, Two Stream Networks [43] model simplified the model
architecture and split the temporal information from spatial context. This model consists
of two branches, spatial and temporal streams. The spatial stream only takes a single
RGB frame from the whole video and analyzes the spatial context without any temporal
information. The temporal stream on the other hand takes multiple frames of pre-
computed optical flow images from the input video. This separates out the temporal
information from spatial information and the branches are fused at decision level by
averaging.

One major issue with this approach is that the temporal aspect is very limited. All
K of the optical flow frames are considered as channels and the input to the temporal
stream becomes a 2K channel input. This does not generalize as well as 3D convolutions
as temporal coherence is not modeled but memorized. This also limits the temporal
size of the input and because of that the inputs are sampled randomly /uniformly for
K length intervals and the outputs are averaged. This ignores the long range temporal
information. Also as this model uses optical flow that uses additional computations which

are expensive.
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2.6.2 C3D Model

C3D model [44] is one of the first models to use 3D convolutional layers for video
action detection. Following a similar layering approach of VGG-16 [45], 16 layers of a
network architecture is build utilizing 3D convolutions. 3D convolutions are essential for
video understanding as they directly utilize spatio-temporal relationships of the input
data.

In 3D CNNs, convolution and pooling operations are performed spatio-temporally.
This generates a spatio-temporal output volume which models videos more effectively
than compressing the temporal dimension. Additionally, C3D aims to achieve gener-
alizable feature descriptors. They demonstrate that these 3D convolutions are more
generalizable by using basic SVM classiffiers with the features extracted by this frozen
3D model on various tasks and achieving better results than models trained specifically

on those datasets such as [0} [7].

2.6.3 Inflated 3D Convolutions (I3D) Model

Inflated 3D Convolutions (I3D)[46] model solves the issues of C3D and improves 3D
convolutions further. I3D model builds on top of the Inception[47] models. Inception is
a state of the art 2D-CNN model for image classification on ImageNet[2] dataset. 13D
inflates these 2D convolutions into 3D by temporally extending every convolutional layer
(e.g.: 3 x 3 Convolutions to 3 x 3 x 3 Convolutions).

One challenge in training 3D CNNs is the increased number of parameters. Compared
to image tasks, 3D CNNs add the third temporal dimension to all of the convolutions
which increase the number of parameters by an order of magnitude. A further difficulty
is the lack of pre-training. Image tasks can usually use pre-trained models on ImageNet

[23] and fine-tune the model for their tasks. As such datasets are recent, there haven'’t
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been many previous models. This caused models to initialize their model from scratch
instead of fine-tuning pre-trained models. Due to these reasons, 3D video CNN couldn’t
reach the depth of 2D image CNNs until I3D architecture. As the I3D architecture is
generated from the inception block, the 2D weights trained on ImageNet can also be
extended into 3 dimensions. This extension allows the authors to start the training
with ImageNet trained weights which provides a significantly better starting point than
random initialization.

Compared to previous 3D CNNs, I3D model trains on the Kinetics 400 [46] dataset
with diverse 400 classes. This task, compared to sports video classification, is a more
generalizable task and the resulting model becomes more transferable to other datasets

as demonstrated in [46].

2.6.4 Non-local Neural Networks

Non-local Neural Networks [4§] is a recent paper which achieved good results in video
action recognition. This work uses non-local operations which utilizes spatio-temporal
relations between different indices. For each index in a feature tensor, its relations with
every other spatio-temporal index is generated with an attention mechanism and using
this relation and values on the feature tensor, a new compact feature vector is extracted
for that index.

Non-local neural networks is a good example of attention mechanisms. Attention
mechanisms quantify the relations between different locations/instances and generate new
features using these relations. When used with a specific configuration, Non-local neural
networks reduces down to the self-attention block from Attention is All You Need [49]
work. However, in both of these works, spatio-temporal locations are taken individually

without looking for a higher structure between them. To address these, in chapter 3 we
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introduce our attention module which utilizes and actor’s attention with the surrounding

context rather than looking at every pixel value.

2.7 Discussions

Object detection and action detection are very relevant but disparate tasks. Action
detection tasks usually include actor detection but also require a deeper understanding
of the relations in the scene with surrounding actors, objects or the background. These
relations contain the essential information about the actions/interactions happening in
the input video. In the next chapter, building up on the ideas from object detection
and action detection in videos, we present our context aware model which individually

models the scene for each detected actor.
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Chapter 3

Context-Aware Attention Model for

Action Detection

3.1 Introduction

With the increased use of camera usage in cities, large volumes of videos are recorded
from many sources such as security cameras, traffic cameras, drones and personal cell
phones. Analyzing such large volumes of videos is a mentally taxing task for human
analysts and inefficient for detecting complex events ahead of time. Additionally, more
complex events can span over multiple camera views which adds another layer of challenge
for analysts. In such setting automating the detection of activities becomes an essential
need for security applications. Automation process is comprised of multiple steps. In a
multi-camera network where the activities of people are being analyzed, computer vision
tasks such as person detection/tracking, re-identification across cameras, action detection
of people are needed to be combined. In this chapter, we will focus on context-aware
action detection and recognition models.

In a video monitoring setting, the task is to analyze and detect complex activities
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Figure 3.1: An example complex activity “box exchange”. Complex activities can

be broken down into a sequence of primitive actions for each detected person. Images

are taken from VIRAT dataset [10]
which might happen over a long time interval and can include multiple people. We argue
that such complex activities can be broken down into a sequence of primitive actions for
each detected person. We call these primitive actions “Atomic Actions” as they provide
a basis for more complex activities.

Atomic actions are comprised of “individual actions”, “interactions” and “person
states”. This can include basic states such as “walking”, “standing” and also more
complex interactions as “hand shake”, “giving an object”. Defining atomic actions this
way allows us to continuously analyze the detected people. Figure |3.1] shows a complex
activity “box exchange” and breaks it down into sequences of atomic actions.

In order to analyze actions, people in the scene needs to be detected and tracked
over-time. Achieving complex activity detection in an end-to-end framework with a
single model is not a feasible solution as there are multiple separate but connected tasks.
Therefore, we breakdown this task into multiple modules with individual goals. Figure
[3.2 shows the breakdown of modules for the task.

Compared to action detection task, object detection/tracking, person re-idenfitication

are more explored. There is a large selection of open-source models available for these

36



Context-Aware Attention Model for Action Detection Chapter 3
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1. Person Detection Re-identification 3. Detection of 4. Inferring Complex
And Tracking Atomic Actions Activities

Object
Transaction

Person Person Person #1

Carrying Object
Walking

Figure 3.2: Breakdown of modules for detecting complex actions. A video analysis
framework needs to 1) detect people in the scenes, 2) track and re-identify people
across multiple cameras or different views, 3) detect atomic actions on detected people,
4) form sequences of atomic actions into complex activities. This chapter focuses on
step 3, detection of atomic actions. Images are taken from VIRAT dataset [10]

tasks such as object detection [34, 136, [33], tracking [14, [50] and re-identification [15].
Most of these models are compatible with surveillance camera-views and can be used
out-of-the-box for this task. However, the same argument cannot be made for atomic
action detection as there are no models available which can generalize to surveillance
models. One of the reasons for this is the lack of available dataset which can generalize
to different input settings. Most of the available action detection models focus more
on video classification task and classify very context dependent classes (E.g.: apply eye
makeup vs basketball dunk).

A more recent dataset called Atomic Visual Actions (AVA) [12] focuses more on
atomic actions. An atomic action is an action which can be described with 1-3 words
and can be used as a basis to generate more complicated actions. In this chapter, we
utilize the AVA dataset in order to develop atomic action models.

Previous models for atomic action detection followed architecture from object de-

37



Context-Aware Attention Model for Action Detection Chapter 3

UCF-101 Activity Net

Figure 3.3: Example action classes from the previous action classification datasets.

UCF-101[6] is on the left and ActivityNet[11] is on the right.
tection. Even though object detection and action detection tasks are closely related, a
fundamental difference is that action/interaction detection usually requires the analy-
sis of the surrounding context. In order to address this fundamental difference, in this
chapter we present a novel action detection architecture which models the surrounding
context for each detected actor. This is achieved by utilizing an attention mechanism
which considers the current actor and the surrounding context instead of looking at the

actor individually. Initial results of this research are published in [51].

3.2 Overview of Datasets

Detailed overview of the available datasets and methods are available in Chapter 2.
This section provides a summary of previous datasets and provides additional details for
the AVA [12] dataset.

UCF101[6], Sports-1M[39], ActivityNet[11] are example large-scale datasets collected
from YouTube and include sports action classes amongst others. One major issue with
these datasets is that the context has all the information about the video class compared

to the actions that are happening. For example, detecting a swimming pool certainly
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says that action is swimming compared to basketball. This resulted in detection models
which are not transferable to other contexts and mostly doing video classification rather
than action classification. Some example video classes from these datasets can be seen
in Figure 3.3

A recent Kinetics-400/700 [§] datasets increased the number of videos significantly and
included more than just sports videos. This dataset become the first large-scale dataset
where trained models are able to transfer to other datasets and became the ImageNet-like
pretraining backbone of video classification. Dataset includes a large amounts of classes
(400 or 700).

A more recent dataset, AVA[I2] annotates atomic actions, exhaustively annotates
every actor in the scene and annotates multiple existing actions to each actor. An
atomic action is a simple action which can be described with 1-3 words or atomic body
movements. AVA argues that exhaustively listing high-level activities as action classes
is impractical as done in previous datasets. For this reason, AVA limits actions to short
time intervals (1-2 seconds) where actions will have a very clear signature. Following this
AVA annotates movies at a 1 Hz rate.

In AVA dataset, 80 atomic action classes are annotated. Figure [3.4]lists all 80 classes
and the 3 main categories. 60 classes with more than 25 samples in validation and test
sets are used for benchmarking and evaluation for detection models.

JHMDB [40)] dataset is an older and smaller scale dataset which also annotates atomic
actions and includes actor bounding boxes. JHMDB dataset is generated as a subset of
HMDB-51[7] dataset. JHMDB annotates 21 action classes from the HMDB dataset where
the most of the body of the person is visible.

In contrast to AVA, JHMDB does not include multiple labels, multiple actors or wide
variety in backgrounds. It is also a much smaller dataset with 928 videos. However, since

the objective is similar in the sense of atomic action detection and actor localization, we
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jump ﬁ:gg 0 hold fishing play board game exit
stand hug throw touch play with pets
sit grab catch cook drive (e.g., a car)
lie/sleep lift eat kick push (an object)
bend/bow kick drink paint pull (an object)
craw! give/serve to cut dig point to (an object)
swim take from hit shovel play musical instrument
dance play with kids stir chop text on/look at a cellphone
get up hand shake press shoot turn (e.g., screwdriver)
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crough/kneel fight/hit read brush teeth ride (e.g., bike, car, horse)
martial art push write clink glass  watch (e.g., TV)
Pose (14) Person-Person (17) Person-Object (49)
Figure 3.4: Different atomic action classes from the AVA [12] dataset. Actions are

split into three main categories, 1) person poses, 2)person-person interactions and 3)
person-object interactions. Figure is taken from AVA challenge slides [13].

also evaluate our model in this dataset.

Detect actor boxes from an

input video segment

3.3 Action Detection Task

Talking
Carrying object

Walking
Listening

Detect actions of detected actors
from an input video segment

Figure 3.5: Action Detection objective. Left shows the actor localization task and
right shows the action classification task on top of detected actors.

The main Action detection task can be split into two sub-tasks, actor localization
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boxes from an input video and the goal of the classification task is to detect actions of
these detected actors from their bounding box locations and the input video.

The actor detection task has clear parallels to the object detection and similar meth-
ods can be followed to achieve this objective. The most popular object detection archi-
tecture is the Faster-RCNN[34] networks. Faster-RCNN also splits the object detection
task into object proposal and classifier stages. There have been recent works which follow
similar architectures for action detection as well [I2]. One major difference is that in our
task the input is videos compared to images and the box locates the actor rather than
the action. Our context-aware model handles these differences.

Faster-RCNN architectures use backbone 2-dimensional convolutional neural net-
works (CNNs) to extract features from the images and classify them. Since the input is
videos, 3D CNNs are needed to extract spatio-temporal features. A popular 3D CNN
for videos is Inflated 3D convolutions (I3D) model [46]. This model is shown to transfer
well to other datasets and serve as a good backbone 3D CNN.

Combining Faster-RCNN with a I3D backbone, a baseline action detection model
can be implemented. On 13D feature maps, RolPooling can be used to extract features
representing the actors. As this approach follows object detection, actor feature maps
are cropped on bounding boxes. In object detection, the object bounding box contains
the defining features of the object; but in action detection, the bounding box contains
the actor. The action boundaries are not as well defined. Hence, this approach does
not model action context. Following chapters address this issue for action detection and

defines our context-aware action model.
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3.4 Context-Aware Action Detection

While observing actions/activities, humans infer from the entire context and our per-
ception depends on the surrounding objects, actors, and scene. This is a concept that has
been widely studied in neuroscience and psychology [52], 53], [54] [55]. The idea of explic-
itly leveraging context is directly relevant to our action detection task as surroundings
of actors provide valuable information.

Studies in action detection task have followed the ideas from the R-CNN architectures
and extended it to videos[12], 50, 57, 58]. One major issue in this approach is that in action
detection, the bounding box locates the actor rather than the action itself and datasets
do not include explicit interaction labels for the actions, which makes it challenging to
model context. In such setting, Region of Interest (Rol) Pooling becomes insufficient
for modeling actions and including the contextual information such as actors, objects
and scene. In order to address this, we propose attention maps as a replacement on
RolPooling for action detection. Our method learns context in a weakly supervised
manner as demonstrated in Fig. and improves on top of the RolPooling approach.

Inspired by the context [48], attention [49] and relation [59] ideas, our model generates
attention maps conditioned on each actor from contextual and actor features. Replacing
the traditional way of cropping an actor Rol from the context feature maps, generated
attention maps multiply and scale the context feature maps according to each actor.
The scaling operation amplifies relevant regions and dampens the irrelevant regions to the
conditioned actor. This allows the model to learn the complex interactions for the current

actor with the scene which may include surrounding actors, objects and background.
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Figure 3.6: Comparing Rol pooling with our ACAM method for video action detection.
ACAM explicitly models the surrounding context and generates features from the
complete scene by conditioning them on detected actors. For example, presence of
a talking person next to the actor is evidence for the “listening” action, which is
captured by attention maps.

3.5 Related Work

State of the art models on the earlier action recognition datasets [60} 61], 6] use models
such as Two-Stream networks [43] combining RGB with Optical Flow, 2D Convolutions
with LSTMs [62] and 3D Convolutions [63]. The release of the large-scale, high qual-
ity datasets like Sports 1M [39], Kinetics [§], allowed deeper 3D CNN models such as
C3D [44], Inception 3D (I3D) [46] to be trained and achieve high performance.

In this work, we are focusing on the Atomic Visual Actions (AVA v2.1) [12] dataset.
This dataset exhaustively annotates the atomic actions and spatial locations of all the

actors. Initial methods on the AVA dataset extended the Faster-RCNN [34] architectures
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to 3D convolutions, where initial layers generate actor proposals and each proposal is ana-
lyzed by subsequent layers [12]. The recent Actor Centric Relation Network (ACRN) [59]
model generates features by combining actor and scenes to represent actor’s interactions
with surrounding context. Our model leverages this relation idea to generate attention
maps.

Attention models are used in Natural Language Processing (NLP) [64], [65, [49]. An
attention function for relating different positions of a sentence was used in [49]. Studies
in Visual Question Answering task focused on generating attention maps from the input
question to focus visual model [66] 67, [68]. The relation module in [69] combines questions
with vision to generate answers. [70] uses object relations to effectively detect them. This
approach improves both instance recognition and duplicate removal. An LSTM structure
is used in [71] to generate an attention map to model contextual information. Inspired
by these attention models which use positional relations, our model generates a spatio-
temporal attention map which scales different positions of the feature map depending on
each actor.

Recently, [48] used a compact feature representation that compresses non-local in-
formation from contextual features with a weighted sum of pixels for action detection
and achieved state-of-the-art results. This shows that contextual information is essential
and detection can be improved by replacing the RolPooling which ignores context. In
a zero-shot learning setting [72] uses existence of objects and their locations to detect
interactions.

Context has also been studied on image action detection. V-COCO [9] and HICO-
Det [73] datasets have exhaustive annotations on persons, objects and their interactions.
Unlike our task where the interactions are weakly supervised, these annotations enable
models to learn interactions efficiently. Interaction modeling from [74] achieved good

performance with a multi-stream network where each stream focused on people, objects
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and interactions separately.

Our model builds on top of the relation idea from ACRN [59] where the relation
between the actor and the surrounding context is generated. Unlike ACRN where the
relation features are used for classification, our model leverages the relation function to
generate attention maps. This is similar to [49] where attention maps localize relevant
parts in a feature map. However, in our task, the attention maps condition the features
to each actor in the scene individually. Since the feature maps are conditioned individu-
ally and include context, ACAM models actor-context information more effectively than

RoIPooling.

3.6 Technical Approach

This section describes our model for action detection. From each input video segment,
the objective is to detect bounding boxes for each actor and classify their actions. Each

actor can have multiple action labels (e.g., “sitting” and “talking” simultaneously).

3.6.1 Context for Atomic Actions

Compared to object detection tasks, action boundaries are ill defined and can include
interactions with the surrounding context (objects, actors and scene). Different actions
require different sizes of visual areas to be considered from the input video. For example,
the “walking” action requires the model to consider only the pixels on the actor and
close surrounding context, whereas the “listening” action requires the model to look for
in a larger context area (e.g., a talking person) around the actor in addition to the actor
itself. With such variety in action classes, using traditional object detection methods such
as RolPooling can potentially lose the contextual information around the actors. Even

though features cropped using RolPooling include information from a larger receptive
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Figure 3.7: ACAM architecture. The input video segments are processed by the I3D
back-bone. Feature vectors for each detected actor are generated from their locations
on the feature map. A set of weights is generated for every spatio-temporal region
in the scene by combining the actor features and contextual features extracted from
the entire scene. These weights, i.e., attention maps, are multiplied by the feature
map and the result represents the actor conditioned features. Four detected actors
are represented by four vertical bars in I. One focused actor (boxed) is listening to a
close-by actor. This action is captured by larger weights in the attention map shown
as a darker vertical bar.

field, this technique compresses the information into a smaller feature map and does not
explicitly model interactions (with other actors and context). Additionally, large-scale
video datasets do not provide explicit interaction labels (person 1 is listening to person 2)
but weak labels (person 1 - listening, person 2 - talking). These interactions need to be
learned via weak supervision. In order to address these challenges, our method generates
attention maps for each detected actor to model the importance of each spatio-temporal
region in the feature map by conditioning on detected actors. Our model architecture is

shown in Fig. [3.7

3.6.2 Actor Conditioned Attention Maps

Our method generates a set of weights (ACAMs) that represent the attention of
different parts of the spatio-temporal input. Our action detection problem contains mul-
tiple actors performing concurrent actions that can be either related or disparate. This
generates an attention task, where different actors relate differently to spatio-temporal lo-

cations in the scene. The model addresses the attention problem by generating ACAMs,
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which capture relations between actors and context. Instead of extending RolPooling
[34] to action detection as in [12], the essence of ACAMs is to condition the features
extracted from the entire scene on each actor and action dynamics.

Let V represent the input video which is a sequence of frames (32 frames in our
implementation). Spatio-temporal features are extracted from the input video V' with a
3D convolutional back-bone (e.g., I3D [46]) up-to some layer (Mixed 4f). Let I represent
the extracted feature tensor of size (T' x H x W x C') with temporal dimension T and
spatial resolution H x W indexed by t, h, and w and feature channel dimension C'. i.e.,
I = conv3d(V).

The actor feature vector r, of size N (set to C'/4) is extracted for actor a using Rol

pooling extended time via:

r, = ¢(w,Rol(I,a) +b,), (3.1)

where ¢(z) = ReLU(z) = max(0,x), w, are the weights, and b, are the biases. Similar
to Faster RCNN [34], r, can be used for classifying the actions of actor a. Instead of
using r, directly, we propose to leverage its descriptive potential to generate relations
between the actor and the context.

The conditioned feature vector Fy ., is computed for each actor a in the scene and
spatio-temporal indices (¢, h,w). This is generated by a conditioning function of actor

feature r, and contextual features I, ,, via:

Fipwje = Condition(Iypw|re, ), V (t, h,w) (3.2)

Following steps explain the C'ondition function. Activations in I are sparse; however,
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it is compressed by an additional layer to obtain a denser representation (E) via:

Et,h,w - ¢(W7]It,h,w + bn)a (33)

where w, and b,, are the weights and biases. The new tensor E has shape (7T'x H xW x M)
with M < C (set M = C/4). This approach reduces the dimensionality of I and captures
higher level features similar to [48| 46, [75].

The relation tensor for actor a (i.e., R,) is inspired by the “relation” idea from [69]
and it is modified to capture the relations between actor a and every location ¢, h,w in

the context as:

Ra,t,h,w = wWqr, + W’\/Et,h,w + b[j, (34)

where wq and w, are the weights for actor and context features, respectively; and bg
are the biases. R, 5 describe the relation of actor features and contextual locations.
We set up the shapes of wq,w,,bg such that R, has the same shape as I. Note that
ReLU (¢) is not used in Eq. 3.4

Instead of using relation features for classification directly, we leverage the 13D back-
bone and its pre-trained weights by conditioning I on the actor a for an increased per-
formance (Section . Inspired by the “forget” gates of LSTMs, attention module

generates the actor conditioned attention maps for a (i.e., ACAM,) by:

ACAMa,t,h,w - O_(Ra,t,hw); (35)

and conditioned features F as follows:

Ft,h,w|a - It,h,w ®© ACAMa,t,h,w (36)
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Feature vector for actor a Context Feature at indices t,h,w

ACAM for actor a at indices t,h,w

Figure 3.8: Attention module for actor a at a single index ¢, h, w. Attention weights

in ACAM at index t, h, w are generated from the actor feature r, and context features

at the same index Ey , ..
where o is the sigmoid function which scales the attention maps in [0, 1] interval and ®
is the elementwise multiplication of vectors. Attention maps multiplied by I, ,, weights
the different regions on the context. This process amplifies regions relevant to actor a,
while damping the irrelevant regions. The generation of ACAMs is shown in Fig. for
actor a at a single spatio-temporal index t, h, w.

These operations are efficiently computed using 1 x 1 x 1 convolutions. For instance,

Eq. are fully connected layers repeated for every t, h,w index, which is equivalent
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Scene Features Context Features

Actor Conditioned
Attention Map

ROIPooling i Actor Features

Visualized for a single t slice

Figure 3.9: Calculation of attention maps with convolutions. Actor feature from

the Rol is tiled and concatenated to features extracted from the context at every

spatio-temporal index. Convolutions on the combined feature calculate the relations

from Eq [3.4] efficiently.
to 1 x 1 x 1 convolutions. In Eq. 3.4 r, is constant for all indices ¢, h,w as shown in
Fig. [3.91 This equation is computed by repeating r, of shape 1 x 1 x 1 x N to match
the spatio-temporal shape of E. The repeated actor feature has shape T'x H x W x N
and is concatenated with E to produce a tensor with shape T'x H x W x (N + M).
Applying the 1 x 1 x 1 convolutions to the concatenated tensor is equivalent to Eq.
and produces R. The sigmoid operation (Eq. [3.5) on R generates the attention maps
(ACAM). Element-wise multiplication from Eq. generates F, which is then classified

by remaining layers of the CNN back-bone.

3.6.3 Person Detectors as RPN

We experiment with pre-trained(COCO) frozen and fine-tuned(AVA) person detectors
for actor localization. Our approach has the following three advantages over RPNs:

1. Transferability: Object detectors see large object variations (MS-COCO [3]).
This allows models trained on object detection datasets to transfer to videos from dif-

ferent sources. Action datasets, however, usually come from similar sources such as
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AVA (Movies), JHMDB (Youtube), which reduces the diversity in actor views and limits
transferability of fine-tuned solutions for actor localization.
2. Efficiency: ACAM requires fewer actor proposals than Rol pooling to enable its
complex computations. These detections are obtained from pre-trained person detectors.
3. Modularity: The action model is trained using a slow and highly accurate
actor detector. The modularity of our method enables replacing detectors based on

performance and application requirements.

3.7 Experiments and Evaluations

3.7.1 Datasets and Implementation Details

Datasets: The ACAM model is tested on the AVA v2.1[12] and JHMDBJ[40] datasets. In
this section we summarize these datasets which were analyzed in more detail in Section
?7.

AVA contains 2-second video segments of multiple actors with 211k training and
57k validation samples. Actor bounding boxes are annotated for the center frames only.
Weak action labels are provided for the complete segment without temporal localization
or explicit interactions. Actors can have multiple action labels in each segment. We
follow the AVA v2.1 evaluation process and calculate the mean Average Precision (mAP)
across 60 classes. There are three action super classes Person Poses (13 classes), Object
Interactions (32 classes), Person Interactions (15 classes).

JHMDB contains 1-second video segments of 21 action classes across 928 video clips
with single actor-action pairs.

3D CNNs: We use I3D [46] as the 3D CNN back-bone for all of our model candidates.

The input video segment of RGB frames is processed by the initial I3D layers until the
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“Mixed_4f" layer to obtain the feature tensor I of size 8 x 25 x 25 x 832. “Mixed_4f" is
the name of a layer in I3D. The actor conditioned features F are computed using ACAM,
where F is a weighted version of the original feature map (I). The remaining 13D layers
are used and initialized with pre-trained weights. We use the remaining layers up to final
“Mixed_Hc” for classification on F and call this operation “I3D Tail”. A global average
pooling across spatio-temporal dimensions is applied to the final feature map to compute
class probabilities. Each 2-second video is uniformly subsampled down to 32 frames.

Actor Detection: Detectors process all the videos and store the detected actors
locations. We use the Faster R-CNN [34] with NAS [76] detector pre-trained on MS-
COCO [3] dataset. Additionally, we fine-tune the detector for actors and compare their
performances on AVA and transferability on other datasets. This object detector is
further analyzed and available in Tensorflow Object Detection API [19].

Data Augmentations: In addition to cropping and flipping the video sequences, we
augment the actor box coordinates from the detector. This generates a slight difference
in extracted r, at each training step and reduces overfitting.

Training: We initialize our models with 13D weights trained on Kinetics-400 dataset
[46] and train our models with Adam optimizer [77] and cosine learning rate [78] between
max (0.02) and min (0.0001) for 70 epochs. We use a batch size of 2 per GPU and 4
Nvidia 1080Ti (total batch size of 8). Batch-norm updates are disabled. All models are

implemented on Tensorflow [79].

3.7.2 mean Average Precision (mAP) with IoU

For the benchmark performance metric, AVA dataset uses the mean Average Pre-
cision(mAP). Average precision estimates the area under the precision-recall curve by

sorting the predictions and sampling points on the curve. Following steps are used in
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’ Model Architecture H AVA v2.1 Validation mAP ‘

Single Frame[12] 14.20
3D [17] 15.10
ACRN [59] 17.40
ACAM 23.29
ACAM - tuned 24.38

Table 3.1: Validation mAP results compared to published state of the art results. The
ACAM model with fine-tuned actor detector achieves the highest performance on the

AVA v2.1 Validation set.

calculating the AP value:

1. Sort predictions by their confidences.

2. For every prediction, calculate precision-recall values for that confidence threshold.

3. Linearly sample K points (101 usually) of recall and get their precision values.

4. Using these points, estimate the area.

Using these steps, AP is calculated for each one of the 60 classes and then averaged

to obtain the mean AP score.

Additionally, since the task is also includes detecting the actor bounding boxes inter-

section over union(IoU) values for prediction and ground truth boxes are calculated. A

prediction is true positive if there is a ground truth box which has greater than 0.5 IoU

and with the same action class as the prediction.

3.7.3 Comparisons with the State of the Art

Table shows ACAM with fine-tuned object detector outperforming the recent

ACRN [59] on AVA validation set by 7mAP. We compare our model with validation

results of the models from “ActivityNet 2018 AVA challenge” [80]. Table shows that
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’ Model Architecture H AVA v2.1 Validation mAP ‘

YH Technologies|[81] 19.40
Megyvii/Tsinghua[82] 20.01
Deep Mind[R3] 21.90
ACAM 23.29
ACAM - tuned 24.38

Table 3.2: ACAM mAP results compared with models from the ActivityNet

CVPR-2018 AVA challenge. We excluded the ensemble/fusion methods to evaluate

the benefits of the proposed layer.
ACAM outperforms in validation. The table excludes results from ensemble models and
focuses on comparing their highest performing single RGB model.

Additionally, we compare the effects of fine-tuning the actor detector on AVA dataset.
Comparing ACAM with ACAM-tuned demonstrates the improvement gained by fine-

tuning the actor detector on the AVA dataset. However, this comes with trade-offs as

analyzed in Section [3.7.0]

3.7.4 Comparisons of Individual Modules

In this section, we demonstrate the purpose of each module and experiment with
alternative models to ACAM for representing contextual interactions. These experiments
use actor detectors that are pre-trained, frozen on COCO dataset and are not fine-
tuned for AVA. AVA mAP results, inference speeds and number of parameters for these
implementations are shown in Table to analyze the trade-offs.

I3D Head + RolIPool (Base Model): The base in-house implementation follows
the model from [12] and achieves 18.01 mAP. The input video goes through I3D con-
volutions upto the layer “Mixed_4f” and call it I3D Head. Using Rol pooling the actor
feature vector r, is obtained and used with fully connected layers for classification.

I3D Head + RolPool + I3D Tail: This model uses Rol pooling to extract actor
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Figure 3.10: Per class AP results for the ACAM model and the base model I3D Head
+ RolPool on the AVA dataset. The classes are sorted by the number of training
samples available in the dataset. Improvements achieved by ACAM are shown on the

bars.
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Model Architecture QX?D Test Speed | # Params
I3D Head + RolPool (Base) 18.01 | 8.3 samples/s | 7,573,244
I3D Head + RolPool + Tail 19.83 | 8.1 samples/s | 12,341,484
I3D Head + ACRN + Tail 20.59 | 7.1 samples/s | 13,034,956
I3D Head + NL-Rol + Tail 20.82 | 7.5 samples/s | 13,035,164
I3D Head + ACAM + Tail | 23.29 | 6.9 samples/s | 13,034,956

Table 3.3: mAP results of our different variants. We compare ACAM with alternate
attention modules and base models. Inference speed is measured on a single 1080Ti
GPU. Number of parameters include I3D Head and Tail parameters for applicable

models.
’ Model Architecture H Pose \ Objects \ Interaction ‘
I3D Head + RolPool 36.88 9.87 19.02
I3D Head + RoIPool + Tail 38.45 | 12.11 20.16
I3D Head + ACRN + Tail 38.38 | 12.52 22.37
I3D Head + NL-Rol + Tail 40.50 | 12.06 22.45
I3D Head + ACAM + Tail | 42.13 | 15.02 24.22

Table 3.4: mAP comparisons of different Rol variants on AVA action super classes.
Pose: Person Pose actions (E.g., walking, standing), Objects: Object Manipulation
(E.g.: drink, pull), Interaction: Person Interaction (E.g., talk to a person, watch a
person).
features. Instead of vectorizing the Rol and using fully connected layers, we use the
remaining 13D layers from “Mixed 4f" to “Mixed_5¢” similar to the model from [83].
This method achieves 19.83 mAP and demonstrates that using I3D Tail improves the
performance.

I3D Head + NL-Rol + I3D Tail: Non-Local Neural Networks [48] uses a compact
representation to model interactions between different spatio-temporal regions in a video
segment. We modify this model to generate non-local features between the detected actor
features r, and scene context features I. This model achieves 20.82 mAP.

I3D Head + ACRN + I3D Tail: Similar to the ACRN [59], this implementation

classifies on the relation features (R). To improve performance, we use “I3D Tail” instead
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of the added 3 x 3 convolutions. This model achieves 20.59 mAP. Comparing ACAM
to this model demonstrates that attention based context is better than relation features
alone.

I3D Head + ACAM + I3D Tail: This model uses the ACAMs to condition
context features on actors and classifies the actions using 13D Tail. This model achieves
23.29 mAP, which is the highest performance when compared to the alternative relation
models.

The breakdown of performance per action super class is demonstrated in Table (3.4}
the AP values in the table are averaged across super classes. This experiment demon-
strates leveraging contextual information with ACAM improves the performance for every
super class.

The per class performance (AP) comparison on the ACAM model and the base model
is shown in Fig. [3.10f We observe significant (above 10 AP) improvements in passive
actions such as “listen a person” and “watch TV” as in those classes context is active.
Scene context improves the detection of classes such as “drive” and “play instrument”.

Figure [3.11| shows the model architectures of the alternative models.
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Figure 3.11: Alternative actor Rol models and contextual attention architectures.
These models are individually implemented and compared to our ACAM model.
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3.7.5 Results on JHMDB

In addition to the AVA dataset, we evaluate our models on the JHMDB [40] dataset.
We follow the evaluation protocol and cross-validate and report the video and frame mAP
results on three splits. We edit and use the evaluation script from [56]. Our models are
fine-tuned from Kinetics-400 weights and are trained for 10 epochs. Table |3.5[ shows the
video mAP scores of three of our models on JHMDB and demonstrates that the ACAM
model achieves the best performance. ACAM model achieves the best performance across

all implementations which is consistent with the AVA dataset results.

| JHMDB - Models | Splitl | Split2 | Split3 | AVG |
13D Head + RolPool 77.57 [ 73.91 [ 75.64 [ 75.71
13D Head + RolPool + Tail 80.53 | 81.44 | 80.77 || 80.91

I3D Head + ACAM + Tail || 84.68 | 83.78 | 83.30 || 83.92

Table 3.5: Video mAP results on 3 splits of JHMDB and the average.

Table [3.6] compares video and frame mAP of our ACAM model with state-of-the-art
models. ACAM outperforms the by 3.80 video mAP and 1 frame mAP without optical

flow.

| JHMDB - Models || Frame mAP | Video mAP |

Action-RCNN[50] 58.5 73.1
ACT-Tubelet[84] 65.7 73.7
13D-Rol[12] 73.3 78.6
ACRN[EY] 77.9 80.1

| ACAM | 789 | 8392 |

Table 3.6: mAP values averaged across 3 splits of JHMDB dataset.
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3.7.6 Ablation Analysis

Visualization of Attention Maps: In ACAM, an attention map for each feature
channel is generated. This allows us to model different types of interactions efficiently.
Since the feature maps are sparse, to visualize them, we average the attention map values
across the feature dimension where they have non-zero values in their respective feature
map. This generates a representation where each actor’s relation with the scene is visible.

Fig. [3.12 shows this visualization on different examples. Note that a higher attention

value is obtained on objects and actor faces/hands.

Figure 3.12: Generated Actor Conditioned Attention Maps. Higher attention values

are usually observed around objects (paper, chairs, teapot, phones), on faces and

hands of the actors.

Class Activation Maps: Using the global pooling layer at the last layer, we can
generate class activation maps for each class (similar to [85]). As the final layer learns to

associate the averaged features, these weights can be used before the averaging operation

to visualize where each class is getting activated.
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Person Pose

Kiss | Listen Talk
Figure 3.13: Class activation maps for detected actors in validation set. Each image
represents the activation maps for the actor annotated by the green box and the given
class. Red regions on the activation maps represent larger values.

We demonstrate activation maps for several different cases. Fig. [3.13|shows activation
maps for different categories of actions. Activation maps are shown for actors annotated
in green bounding boxes. Maximum activations across timesteps are visualized in the
figures as these activations are also time sequences.

We observe that pose actions such as run/bend get activated around the actor while
object interaction actions such as carry object/read are activated around the relevant
objects and the actors. Person interactions also show some interesting results. The

passive actions such as “watch a person”, “listen to a person” gets activated where there
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Sit Stand Touch Listen Talk

99% 0% 60% 98% 01%

99% 0% 68% 20% 87%

Figure 3.14: Class activation maps for detected actors. Each row represents the
activation maps for the actor annotated by the green bounding box. Person on the
right is talking in the video. Red regions on the activation maps represent the higher
values.

is another person in the scene that is “talking” or relevant.

Fig. [3.14) shows a scene with three people and their conditioned activation maps
for specific actions. Each row represents the activation maps that are conditioned on
the person in the green bounding box. We observe that complementary actions such as
“talking” and “listening” gets activated on the person with the opposite action. This is
due to our model architecture. As we initially extract the actor feature vector r, from
the actor’s location, this feature vector contains the information that the current actor a
is “listening”. Therefore the attention map generated from actor’s vector r, and context
E looks for a person that is “talking” and focuses the attention on those locations.

Actor Detection Performance: To test the performance of the actor detector, we
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calculate the detection AP of every actor for every class on validation set. Table

shows the detection frame AP scores for the AVA v2.1 validation set.

| Object Detector | AVA Actor Detection AP || Speed(ms/frame) |
F RCNN-NAS 97.10 1833
F RCNN-Resnet101 95.97 106
SSD - MobileNetV2 66.16 31

Table 3.7: AP results for actor detection rate for different detectors and their de-
tection speed. This demonstrates that detectors work well without fine tuning and
shows the speed trade-off.

Transferable Actor Detection: The main reason of using a pre-trained frozen
person detector instead of training an RPN on the action dataset is transferability. During
training, object detectors see large variations in objects from large datasets such as MS-
COCO [3] compared to action datasets. This makes object detectors more transferable
to other datasets compared to retrained RPNs. To test this hypothesis, we compare
the actor detection rates of same model architecture with and without fine-tuning. AVA
model is fine-tuned on top of the COCO weights whereas COCO model is frozen and is

not fine-tuned.

’ Actor Detection H F RCNN AVA \ F RCNN COCO H A ‘

AVA 98.60 95.97 +2.63
VIRAT 9.94 30.44 —20.50
KITTI 27.04 54.57 —27.53

Table 3.8: AP results for actor detection rate of the same object detector trained on
AVA and COCO and tested on different datasets. Actor detectors lose transferability
to different domains when fine-tuned on action datasets (AVA in this case), which is
shown by the difference (A: F RCNN AVA - F RCNN COCO).

Table shows their comparisons on different datasets. Even though fine-tuned
model achieve slightly better actor detection rate on the AVA dataset, the performance

degradation is significant on datasets such as VIRAT [10] and KITTT [4].
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3.7.7 Comparisons of Attention Mechanisms

We compare ACAM with similar attention studies including: Actor-Centric Relation
Network (ACRN) [59], Attentive Contexts for Object Detection (ACOD) [71] and Non-
Local Neural Networks (NL) [48].

ACRN uses the Relation module (Eq. without the sigmoid function to generate
relation features for actors and context. The relation features are directly used for ac-
tion classification with convolutional layers which are trained from scratch. In contrast,
ACAM leverages the relation features to generate attention maps, which amplify /dampen
the I3D feature map I. The actor conditioned features F are scaled versions of I and the
model is able to effectively leverage the pre-trained I3D-Tail on F.

ACOD uses an LSTM branch to generate an attention map. It leverages context
to generate a single global feature for every region proposal. This “attention branch”
omits the individual differences of region proposals. ACAM generates attention maps
by conditioning the context on each detected region (actor) individually to represent
individual interactions which is better suited for action detection tasks.

NL, similar to the self-attention [49], uses matrix multiplication to find relations
among pixel pairs in a spatio-temporal feature tensor. The relations are normalized
through a softmax function to emulate an attention map. In an action detection setting
where the actions are focused on actors, instead of finding relations among all pixel pairs,
it is more effective to find relations between all context pixels and condition on individual

actor features as in ACAM.

3.8 Conclusions

We presented a novel action detection model which explicitly captures the contextual

information of actor surroundings. Compared to traditional methods which use Region
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of Interest pooling to extract actor features, our method finds actor’s relationship with
the whole spatio-temporal context. Context is modeled by using attention maps as a
set of weights to highlight the spatio-temporal regions that are relevant to the actor,
while damping irrelevant ones. ACAM is more suited for preserving interactions with
surrounding context such as objects, other actors and scene. We demonstrated through
thorough experimentation that ACAM improves the performance on multiple datasets
and outperforms the state-of-the-art.

Our action detection model is one of the first ones in the community. In the following
chapters, we will be building on top of this model and demonstrate that the action

detection can transfer to other datasets and settings without fine-tuning.
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Real-time Action Detection

4.1 Introduction

Detecting actions near real-time has wide variety of use cases. Such frameworks can
allow your smart home environments to recognize actions and act accordingly, allow
smart robotics (such as autonomous cars, robot assistants) to understand and follow
commands, automated surveillance systems to analyze their environment and conduct
threat assessment efficiently. Imagine a police officer guiding a self-driving car through
a blocked road or a selfie drone which is guided by basic gestures from the user. Ac-
tion/gesture recognition framework on humans will make such frameworks possible in the
future and change how humans interact with machines as gestures can act as an interface.
In this chapter we will discuss the challenges of building a near real-time framework for
action detection and demonstrate our solution to this task. Our real-time solution is
open sourced and is available on GitHuhl Initial results of this research are published
in [51].

Understanding human actions in a video stream depends directly on the frameworks

'Real-time action detection repository: https://github.com/oulutan/ACAM _Demo
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ability to detect objects and humans, understanding human dynamics and analyzing the
scene. To analyze a human’s action, first we need to be able to detect and track the
human. Previous works in action detection task have followed the ideas from the R-
CNNJ[34] architectures and extended it to videos[12], 56l 57, 58] in order to get an “end-
to-end solution”. Similar to object detection tasks, these models have “region proposal
networks” which generate bounding box proposals for actor locations. These region
proposal networks are basically human detection networks trained on action detection

datasets. This approach has the following of disadvantages:

e Human detection models trained on action detection datasets lose their transfer-
ability. Action datasets include wide variety of views for actions but they lack
in variations of actors. This causes the region proposal network to overfit on the
actors from the action dataset and prevents it from generalizing to inputs such as

drone-views, surveillance cameras, webcams etc.

e This approach is not modular. Region proposal networks are intertwined with the
action detection networks and can not be replaced during test time. These region
proposal networks are usually computation heavy as their goal is to boost perfor-
mance on the action dataset. However, during test time, more suitable networks
might be available for actor detection in specific applications such as a faster net-
work or a network that is trained on specific views ( ex. surveillance cameras have

different views compared to movies).

e In action detection the bounding box locates the actor rather than the action itself.
Real action boundaries are not well-defined as they can include objects or humans
of interest for the current actor. Combining the training process for action detection

with actor detection adds another layer of difficulty on an already challenging task.
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3. Person Action Detection

Figure 4.1: ~ We combine 1) object detection models trained on object detection
datasets, 2) trackers trained on human tracking problems and 3) action detection
models trained on action detection datasets. Images are taken from VIRAT dataset

[10]

Following these reasonings, we implement a modular approach where each of the
modules are trained specifically on their own task. Our framework for action detection
combines modules for 1) object detection models trained on object detection datasets,
2) trackers trained on human tracking problems, and 3) action detection models trained
on action detection datasets. Figure [£.1] shows the breakdown of modules for our action

detection framework and shows the individual tasks for each module.
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4.2 Problem Statement

Given an input video segment, the goal is to detect and analyze the actions of every
person in the scene. Following the atomic actions idea from the previous chapter, we
aim to analyze shorter video segments rather than large chunks. This allows the use of
atomic action detectors which can be used as a basis to form more complex actions.

Our framework analyzes 32-frame segments which represents a 2 second video (16
fps input) with a 75% overlap. Given a 32-frame input segment with frames Fi, ..., Fis,
initially each frame is individually analyzed and a set of objects O; for each frame F; is

obtained.

O, = Object_Detector(F;) (4.1)

Given the objects at every frame, the tracker/re-identifier module will use the visual
similarity and geometric movements of boxes to match people across frames. The tracker
has a state which keeps track of the previous box locations and guesses a box location

for the current frame (e.g.: A Kalman Filter).

E—l,i = TTCLCI{IeT’i(E, 027 Fi—h Oi—l) (42)

Combining the tracks over the 32 frames, we obtain the final tracks for each detected
person. Tracks are filtered out if they are shorter than 24 frames. Remaining P person
tracks, i.e. T'ube, (bounding boxes over time for person p), and input frames are sent to

the action detector to detect atomic actions individually.

A, = Action_Detector(Tube,, (F1, ..., F32)) (4.3)

Where p < P indicates the person id. In this implementation, action detector sees
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Walk
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Detector Sort
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Figure 4.2: ACAM action detection framework running on a surveillance video from
VIRAT [10]. Actors are detected by object detectors and tracked over frames by
Deep Sort [14]. The generated tubes for each person is analyzed by the ACAM action
detector.

the whole input frames rather than just cropping the persons’ bounding boxes over time
as a track. That allows the action detector to use the context which is essential in

person-object and person-person interaction classes.

4.3 Framework Details

In this section, we individually define tasks for each module, provide implementation
details for these modules and evaluate their performance quantitatively and qualitatively.

Figure shows the overall framework and modules used for this task.

4.3.1 Actor Detection

Significant progress have been achieved in recent years on object detection task us-
ing the convolutional neural networks. With the release of large scale object detection
datasets such as common-view MS-COCOI[3] dataset, drone-view VisDrone[5] dataset,

autonomous driving vehicle KITTI[4] dataset, object detection models achieved high
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performance in various view-angles and settings.

Modern object detectors have achieved high detection performance and fast speeds
using wide range of configurations. Some configurations are even able to run on mobile
devices with near-real time inference speeds. There are two main design choices that affect
the detection performance and inference speed trade-off, convolutional neural network
feature (CNN) extractor and detection architecture.

Modern object detectors use/fine-tune CNNs trained on image recognition datasets
such as ImageNet [2] as a backbone feature extractor. These CNNs vary significantly
between number of layers, size of weights which affects performance and inference speed
directly. Table shows accuracy results and inferences speeds of common CNNs on
the ImageNet dataset. These models are usually used in object detectors as feature
extractors. This table shows the trade-offs between these CNNs. A detailed analysis of

these models can be found in [I§].

’ CNN Architecture H ImageNet Accuracy H Titan XP Speed H Jetson TX2 Speed ‘

MobileNetV2 [37] 71.81 3.34 20.51
Resnet101 [20] 77.31 8.90 84.52
InceptionV3 [80] 77.50 10.10 79.39
NASNET [76] 82.50 32.30 437.20

Table 4.1: Imagenet accuracy and speed trade-offs for common convolutional neural
networks used as backbones for object detection. Speed is measured in ms/image.
Results are taken from [I§]

Detection architecture is another factor that affects the granularity of the detection
model. This also affects the performance-speed trade-off. Most modern detection ar-
chitecture essentially follow either the Faster-RCNN [34] or Single Shot Detector (SSD)
[36]. The main difference between two models is that Faster RCNN models use a 2-stage
model with region proposal networks and classifiers while SSD models directly classify

on the region proposal stage. This allows allows SSD architectures to run faster while

71



Real-time Action Detection Chapter 4

trading-off some detection performance.

Faster-RCNN: Faster RCNN [34] model builds on top of the RCNNJ[30] architecture.
RCNN architecture is the first significant achievement for using neural network methods
for object detection by extracting fixed length convolutional features and uses an SVM
to analyze the object classes. Fast RCNN[35] and then Faster RCNN[34] removes the
SVM part, introduces Region of Interest pooling on CNN features and combines region
extraction with classification in a single end-to-end network.

In Faster RCNN models, the detection happens in 2 main stages, region proposal
network (RPN) and box classifier stages. The first stage, the region proposal network
(RPN) generates boxes which are likely to have an object in them, i.e. box proposals.
These box proposals are generated from “Anchors”. Each anchor gets scored on their
objectness using the feature map. After a non-maximum suppression which filters out
redundant boxes, remaining high objectness score anchors are sent to box classifier stage
as region proposals. The second stage, the box classifier stage takes the high scoring
box proposals and crops their feature from feature map using Region of Interest (Rol)
pooling. Rol pooling takes a box coordinate and extracts a fixed size feature vector from
the convolutional feature map defined by this box coordinate. This allows different shapes
box proposals to generate a fixed size feature vector which is then further analyzed by the
classifier. Box classifier takes the Rol pooled feature vector and generates classification
scores for each of the available object classes.

Single Shot Detector(SSD): SSD [3€] is a simpler method compared to Faster
RCNN. SSD architecture directly uses the RPN stage of Faster RCNN to classify anchors
and does not use a specialized second stage for per proposal classification. For each
anchor, SSD directly runs the multi-class classification and regression. This allows the
model to run quickly in a single run.

As the anchors are directly classified in SSD compared to a 2-stage Faster RCNN,
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SSD does fewer computations to analyze each given image, uses less memory and runs
faster. SSD modules with MobileNet [37] can be used for mobile applications and run on
cell phones for inference [37].

Table 4.2 shows some results of SSD and Faster RCNN architectures with various,
commonly used CNN backbones. This shows the speed-performance trade-off for these
architectures and backbone CNNs. FRCNN-Nasnet achieves about twice the mAP on

COCO compared to SSD-MobileNetV2 while running about 60 times slower.

| CNN Architecture || MS-COCO mAP || Titan X Speed(ms) |

SSD-MobileNetV2 22 31
SSD-InceptionV2 24 42
FRCNN-InceptionV2 28 58
FRCNN-Resnet101 32 106
FRCNN-NASNET 43 1833

Table 4.2:  MS-COCO detection rates and speed trade-offs for various detection
architectures and backbone CNNs. Results are taken from [19]

Since our framework is implemented with modularity as goal, our model can use any
of the object detectors defined in the Tensorflow Object Detection [19] framework. This
allows the object detector to be replaced depending on the input and speed/performance

needs.

4.3.2 Trackers - Deepsort

In our implementation, object detectors are run on every frame and analyze frame
individually. Next required step is to link these detection across time. In order to achieve
this, we use publicly available, real-time and accurate DeepSort [14].

Deepsort combines the traditional tracking algorithm Kalman filter with deep neural
network matching models. This approach combines the appearance information of the

matching neural network with the motion information of the Kalman filter.
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Re-id Actor Kalman Filter
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Figure 4.3: Deepsort[14] tracking algorithm visualized. This algorithm combines the
traditional Kalman filters on bounding box locations and sizes with an appearance
matching model which uses a re-identification CNN[I5] to match detections with
tracks.

Given a track of bounding box locations and sizes over time, Kalman filter predicts
a new state, which estimates the bounding box location and size in the current frame.
The estimated bounding box location and sizes are compared to every detection box in
the current frame and the distances are calculated. These distances are thresholded with
a pre-defined value and most of the unlikely detections for this specific track are filtered
out. However, this approach does not consider the appearance of the detection and tracks
over time and can easily miss out cases like camera movements and rapid displacements.
In order to address these issues an appearance model is combined with the Kalman filter.

Given a track, a set of features are extracted from bounding box locations in every
frame and collected over time. The features are extracted using the bounding box coordi-
nates and a CNN trained for person re-identification [I5]. This re-id CNN establishes the
association process by genering features which can be used to match similar appaerances.
For each detection in the current frame, distances are calculated with track features and
the minimum distance track frame is used for the matching algorithm. This minimum

distance of track and detection features are thresholded to eliminate unlikely matches.
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These two distance metrics, appearance and box location distances, are combined to
make a hybrid decision. Figure 4.3| shows the hybrid approach. In our framework, this
combined approach associates detection boxes over frames and generates tracks for each

actor. The next step is to analyze actions on these tracks.

4.3.3 Action Detection

After the actors are detected over the input video streams and linked over time to
generate tracks, actions of these actors are analyzed. For this purpose, we use the ACAM
action detection module discussed in Chapter 3.

While observing complex events with multiple actors, humans do not assess each
actor separately, but infer from the context. The surrounding context provides essential
information for understanding actions. Inspired by object detection models, traditional
action detection modules extend region of interest (Rol) pooling to videos and analyze
actors by cropping individual features. This approach does not model context explicitly
which is problematic for action detection tasks. To this end, ACAM replaces Rol pooling
with an attention module, which uses weights to rank each spatio-temporal region’s
relevance to a detected actor instead of cropping. These weights are referred as Actor-
Conditioned Attention Maps (ACAM). The resulting actor-conditioned features focus
the model on regions that are relevant to the conditioned actor from the whole scene.

Using this module, actions of actors can be analyzed from the scene and interactions
can be efficiently modeled using the context. Previous modules so far generated sets of
tracks which represent each actor’s bounding box location over time.

The simplest way to use these coordinates would be to crop actor bounding boxes
over time and combine them into tubelets. However, as the scene context is used in the

ACAM model, surroundings of the actor is also required for detecting actions. Cropping
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actors directly will lose information about the surrounding context.

Following ACAM’s inference procedure, which is to analyze entire input with CNN
features and extract attention maps for every pixel location, is computationally unfeasible
for surveillance-camera videos. As the field of view is significantly larger in surveillance-
camera type videos compared to ACAM’s dataset, inputs are higher resolution and mul-
tiple irrelevant events can be happening simultaneously.

With the assumption that for each actor only the close surroundings are relevant, for
each actor we extract a large and square bounding box centered on that actor’s bounding
box. This operation is repeated for every frame in the track and a person tube (person
regions over time) is extracted. These tubes include the close surroundings and are shown
in Figure In that example, we can see that two people who are talking to each other
is captured in both actor tubes which can been analyzed by the ACAM module.

As the input to ACAM is 32 x 400 x 400 (time, height, width), frames across tubes
are resized to 400 x 400. The action model is learned to represent 2 seconds interval as 32
frames. This is also preserved in this implementation as framerate is essential in temporal
modeling of actions. If this is changed during inference actions such as walk and run will
be confused with each other. Additionally, as the action model analyzes 32 frames at
a time, overlap across analyzes frames becomes another design choice. Analyzing every
32 frames with 31 frame overlap becomes unfeasible as the action is mostly the same,
it includes redundant information and it is computationally expensive. Experimentally,
we have found 75% overlap to give best results and capture short living actions such as
picking up an object.

This concludes the module details in our framework. Three main modules are de-
scribed in this section: the object(actor) detectors, the tracker, and the action detector.
One important detail to note is that running these modules sequentially is not an efficient

implementation and is unable to achieve real-time performance. In the following section,
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Figure 4.4: Actor tubes extracted from the actor tracks over time. A larger context
for each actor is included as context has valuable information about the actions and
our ACAM module models the surrounding context for each actors.

we will describe our implementation and that achieves real-time performance.

4.4 Real-time implementation

Each module in our framework uses a deep neural network to achieve their tasks.
Individual modules differ significantly in their computational costs where action detec-
tion being the most expensive, then object detector and finally the lowest the tracker
(re-identification CNN). These modules depend on each other and feed each other their
detection results. Simplest implementation in this setting will use these modules sequen-
tially and run a module when needed. However, such implementation will be slowed
by the differences in running speeds of each modules and will be inefficient. In order

to achieve real-time performances, we implement a multi-processing approach which can
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utilize multiple GPUs.

4.4.1 Multiprocessing

The modules sequentially require each other’s outputs to analyze their own inputs.
In order to achieve multi-processing in such a sequential setting, a latency between the
input and the output needs to be introduced. With a latency introduced, outputs of the
individual modules can be stored up in queues to be processed whenever the next module
is ready. This allows us to run these modules in parallel on multiple GPUs for faster
processing.. Experimentally, with about 2 seconds of latency between the input and the
outputs, modules are able to run in parallel with high efficiency. Figure [4.5| shows these
processes and the GPU utilization for each module. In this implementation, we dedicate
the same GPU to object detector and tracker as they both can run efficiently on a single
GPU.

4.4.2 GPU Optimizations

As there is a latency between the input and the output, another improvement that
can be made is batched processing of object detector. Instead of processing each frame
individually, multiple frames can be processed at a single run which is a more efficient pro-
cess in terms of speed (image/second). In our implementation with SSD-MobileNetV2,
we use a batch size of 16. One limitation in this approach is the GPU VRAM size. If a
larger model is used, smaller batch size is required depending on the GPU.

Input to the action detector is 32 frames and we have 75% overlap between their
intervals. This means that every time the action detector runs, it only uses 8 new
frames. Uploading 32 frames to the GPU is a slow process without pre-fetching. In

order to reduce the redundant GPU transferring, we implement a frame queue on the
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Figure 4.5: Visualization of multi-process multi-gpu implementation

GPU which updates 8 frames at a time while the previous 24 frames are preserved in the
queue and stay on the GPU. This adds about 30-40% speed improvement in the overal
framework.

The planned use for this model was for camera views such as surveillance videos where
multiple people and multiple event can be observed. For each detected person, instead of
using the whole input frame, we crop a larger area centered on each detected person tube
to include surrounding context. However, uploading a different cropped region to the
GPU for each detected person is also a slow process. Instead of uploading the cropped
tubes individually, the whole frame is uploaded to the GPU initially and regions(tubes)
of interest are extracted on the GPU.

Using these optimization with object detector SSD-MobileNetV2, tracker Deepsort
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and action detector ACAM, we are able to achieve 16 frames per second on 2 Nvidia
GTX1080Ti GPUs. Note that our action detector is trained also at 16fps and the input

video rate is 16fps, thus achieving a real-time overall performance.

4.5 Applications

4.5.1 Atomic Action Detector

Combining this framework with the action detector ACAM trained on the AVA [12]
dataset, we implement a system for atomic action detector. This real-time atomic action
detection framework is open sourced and is available on GitHubE].

As the AVA [12] dataset contains atomic actions, the resulting system can act as a
general-use video-action analysis tool which can continuously detect human actions. We
demonstrate this by providing qualitative results of our system on Figure for various
datasets. These include the vehicle-mounted camera dataset KITTI [4], surveillance
dataset VIRAT, webcam videos and campus camera network. Action detection models
such as this allow wide variety of applications to be implemented.

KITTI [4] dataset contains videos from vehicle mounted cameras and is used for
generating models for self-driving cars. Detecting objects and people is an essential part
of self-driving car perception models. However, additional information can be obtained
using action detection models. Action detection can analyze if a pedestrian is walking
or standing, if they are in a distracted state such as using their phones or if a pedestrian
needs additional attention by using waving gestures. Detecting such actions have the
potential to improve a vehicle’s understanding of surroundings and improve safety for

both the vehicle and pedestrians significantly. Qualitative results are shown on Figure

2Real-time action detection repository: https://github.com/oulutan/ACAM _Demo
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Figure 4.6: Qualitative results of ACAM video action detection framework shown on
different sources. a) VIRAT dataset [10], b) Webcam inputs at 16 fps, ¢) KITTI [4]
autonomous driving dataset, d) Campus camera network videos.

d.6lc.

VIRAT [10] dataset contains videos from camera networks. The dataset includes
annotations for humans, cars, objects and some objects such as boxes. Action detection
models for such camera inputs have the potential to improve and automate the security
systems.

As these datasets include variety of video settings, we evaluate the detection perfor-

mance of the actor detection module. Our model is trained on the MS-COCO dataset
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which transfers to most use cases without fine tuning. We provide the results in Table

4.3l

’ Actor Detection \ F RCNN COCO ‘

| COCO \ 32.05 |
AVA 95.97
VIRAT 30.44
KITTI 54.57

Table 4.3: Detection AP results for the Faster-RCNN archtiectures with Resnet[20]
backbone. VIRAT[I0] dataset contains videos from multiple cameras and KITTI[4]
dataset contains videos from vehicle mounted cameras and is used for autonomous
driving tasks.

4.5.2 Gesture Recognition

In order to demonstrate the generalizability of our framework and to show the addi-
tional applications, we train our action detection model ACAM with a gesture dataset.
This dataset includes military gestures which are used as basic commands such as “follow
me”, “move forward” etc. This dataset includes synthetic data which is generated using
a video game engine as additional data. The synthetic data is not used in these experi-
ments. Figure 4.7/ shows the gesture commands, real examples with actors and synthetic
data from the dataset.

Initially, we quantitatively analyze the actor detections performance on this dataset.
We split the data into training and testing splits by the actor and background. This
way, the same background and actor will not be observed in the training and the testing
data splits. Our ACAM achieve good performance in this dataset as well. Table
shows the Average Precision (AP) scores for the individual classes and the mAP score
for all of the classes. As idle class represents the no action case, this task is a one of K

classification task. Each sample is 2 seconds long. Table shows the precision, recall
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A| Gestures Reference

Figure 4.7: The gestures dataset: A) Reference gestures from the US Army Field
Manual [16]; B) Real data examples; C) Synthetic data examples.
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and F1 score values for this model at argmax classification setting. This means that
instead of thresholding the prediction score, for each prediction maximum class score is
taken as the guessed class. These results demonstrate that this architecture works well

for this dataset as well.

’ Gesture Class H # test samples H AP ‘

Idle 439 99.5%
Advance 71 94.2%
Attention 62 95.9%
Rally 30 95.2%
Forward 57 95.6%
Halt 101 99.2%
FollowMe 37 88.5%
Reverse 44 70.7%
| mAP [ - | 92.4% |

Table 4.4: Average Precision rates for individual gesture classes and the mean AP.

’ Gesture Class H Precision H Recall H F1-Score ‘

Idle 99 90 94
Advance 91 83 87
Attention 93 81 86
Rally 73 90 81
Forward 87 91 89
Halt 89 100 94
FollowMe 90 73 81
Reverse 49 91 64
’ Average H 84 H 87 H 84

Table 4.5: Precision, recall and F1-score values for argmax classification setting.

Qualitatively we test the gesture recognition models on webcam recorded videos to
see the transferability to different settings. Figure shows three example gestures in a

lab setting from various angles.
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Figure 4.8: Qualitative results on gesture detection from a webcam stream in a lab
setting from various angles.

Synthetic Data - Future work

Synthetic data may be critical to sustain the deep learning revolution. Deep learning
models are very flexible and have been successfully applied in various domains, but they
require vast amounts of labeled training data. Collecting and annotating all this data
is costly, time-consuming, error-prone, and requires measures to address any potential
ethical concerns. Synthetic data, in contrast, is less expensive, already comes with error-
free ground truth annotation, and avoids many ethical issues.

As a future direcion, this dataset can be used for the analyzing the importance of
synthetic data for gesture recognition task. The dataset includes the same types of
gestures performed by real humans and computer generated synthetic data. This can
be further utilized to reduce the amount of real-data required for action detection task

which is especially costly and difficult to collect.
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Cam 1: Person A hands off a box to Person B Cam 2: Person B enters a campus building

Figure 4.9: An example complex activity. This scene can be described by the
following two event descriptions, 1) A person leaves the car, takes a box and gives it
to another person and gets back in to the car, 2) A person takes a box from another
person and walks to a building and enters it. Images are taken from [10].

4.6 Complex Activity Detection Framework

Complex activities are events that can be defined as a sequence of simpler activities
and can include multiple people and objects. These activities can describe events which
can span longer time intervals and camera views. An example complex activity is shown
in Figure In this event, two people meet up next to a car, a person gives a box to
another person and the person with the box enters the building in a separate camera view.
Detecting such events pose multiple challenges such as detecting actions and interactions
accurately within a camera view, stitching actions over space/time for temporal analysis
and re-identifying actors within and across camera views.

This section focuses on implementing a framework which can automatically detect
such complex activities building on top of our previous atomic action detection frame-
work. Machine learning/deep learning methods have achieved great performances in
recent years on tasks of object detection [34, 36l B3], tracking [14], [50], re-identification
[15], action and video detection [12) 48|, 59]. Most of these works implement an “end-to-
end” approach, in which the whole task is learned directly from data without a structure

or a modular framework. An “end-to-end” learned approach requires large amounts of
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Figure 4.10: Breakdown of modules for detecting complex actions. A video analysis

framework needs to 1) detect people in the scenes, 2) track and re-identify people

across multiple cameras or different views, 3) detect atomic actions on detected people,

4) form sequences of atomic actions into complex activities. This section focuses on

the entire 4 steps. Images are taken from VIRAT dataset [10]
data for even simpler tasks which makes it unfeasible for more complicated tasks such
as complex activity detection. It is not feasible for a single model to learn to detect the
person, track them over time, detect and analyze their actions. Additionally, complex
activities are sequential by definition since they can be created from any set of individ-
ual actions/events. This creates combinatorially many complex activities from any set
of simpler actions. Collecting data and training models for every combination is not a
feasible approach (E.g..: 1-Pick up box from person and carry, 2-Pick up box from a
car and carry).

In order to address these issues, we implement a modular approach. Deep learning
models perform extremely well in their individual simpler/well-defined tasks. These
individual models can be combined in order to achieve the larger final goal which is to

detect complex activities. Therefore, we breakdown this task into multiple modules with

individual goals. Figure |4.10| shows the breakdown of modules for the task. Our video
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analysis framework consists of 1) object detectors, 2) object trackers and re-identifiers, 3)
atomic action detectors and 4) complex activity detectors which combine atomic actions.

Research noted in this section is done in collaboration with Prof. Ramesh Govindan
and Xiaochen Liu from the Networked Systems Laboratory at the USC. Initial results of

this research are published in [87].

4.6.1 Complex Activities

Complex activities of interest are defined by a set of rules over time. These rules
include people, objects, actions/interactions and define their temporal relations as a

sequence. Let R, define a rule at a single time instance:

R, =< person;, action > | < person;, action, person; > | < person;, action, object;, >
(4.4)
A complex activity can be defined as a sequence of R, for ¢ € [1,T]. Rules at different
time steps will share object and person ids which makes it possible to define meaningful

activities over time. A complex activity C; can be defined as:

OZ' =<< Rl, RQ, ey Ry > (45)

Given a set of complex activities ;s defined by these rules, the task is to match
the pre-defined actions to the detected actions in the scene. For every Cj;, model will
continuously look to match R; with the detected actions. Whenever there is a match, the
model will keep trying to match the rules of the next time instance. A complex activity

C; is detected whenever all R; to Rt is matched.
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Case for Atomic Actions

The complex activities of interest are higher level activities where multiple peo-
ple/objects can be involved, can span various time intervals and happen rarely on videos.
Detecting such models with a single module is challenging as exhaustively listing these
high-level activities as separate classes and training modules on them is an impracti-
cal approach [12]. However, if the actions are limited to shorter time scales or atomic
body movements, detection tasks become more defined. In order to achieve detection of
complex activities, we initially detect these atomic actions and combine them temporally.

An atomic action is defined as any action that can be defined by 1-3 words or a single
body movement. These actions can be detected by simpler models for short time intervals.
This definition of atomic actions allows us to continuously analyze each persons’ states
as basic actions happen continuously as well. Compared to detecting high-level activities
in an discrete manner, this continuous approach allows us to better analyze actions in

videos.

Hybrid Approach

In order to detect these atomic actions, we implement a hybrid approach that com-
bines outputs from a model which looks for spatial configurations between objects (e.g.:
near, approach, close, overlap, move) and our action detection framework ACAM. Figure
shows the hybrid approach.

Spatial configurations between people and objects/other people can provide essential
information about their interactions. These spatial configurations can be utilized by
tracking the bounding box locations and their temporal dynamics over time. A simple
example to this can be seen in Figure[4.11] A walking person will have a moving bounding

box and if a bag is also moving then this will define the “carry bag” action.
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Rule Based Learned Model
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Figure 4.11: Hybrid Approach for action detection. Rule Based methods use basic
bounding box coordinates for objects and use their relations to define actions. Learned
method uses an action detection model trained on AVA [12] dataset which detects
atomic actions.

In addition to the spatial configurations, our ACAM module can provide a higher
level understanding of actions. As this model is trained for detecting the temporal
dynamics of atomic actions on humans, it can detect cases such as “carry object” or “use
phone” without explicitly detecting the objects. This can be effective in cases where
the cameras are located far away from people and objects such as phones are missed by
object detectors.

Combining these two modules, our complex activity detection module is able to im-

prove the video understanding task.

4.6.2 Extension to Drone-Mounted Cameras

A promising extension of activity detection is using drones to detect such actions.
Drones equipped with cameras are used in many applications including agricultural,
aerial photography, fast delivery, surveillance, military applications etc. With a mounted

camera, these drones have the potential to respond the visual commands from users, an-
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alyze and navigate the surroundings autonomously, deliver packages, provide intelligence
to security forces and many more applications.

One major challenge in this setting is the significantly different view-angles, altitudes
and distances from the target. These factors affect the object detectors’ performance
and they start failing to detect the objects of interest. These detectors are usually
trained on datasets like MS-COCO[3]. These datasets are collected online and consist of
images taken with personal cameras or mobile phones. This creates an impact on object
detectors’ performance on drone-view images. In order to detect the activities of targets,

the targets are required to be detected first by an object detector.

Object Detection from Drones

In order detect objects from drone-mounted cameras, we need to train object detector
models on similar data recorded in similar conditions. Recently, a large-scale drone-view
dataset named VisDrone [5] is released to the public. This dataset is recorded from
drones in various cities of China. As this is a large-scale drone dataset, we train an
object detector to be used in our complex activity framework.

The dataset annotates the following object classes in the drone-recorded videos:

Objects: Pedestrians, People, Cars, Trucks, Vans, Buses, Motors, Bikes, Tricycles.
One design choice for the dataset is to split pedestrians and people as separate categories.
Pedestrian are humans who maintain a standing pose or walking compared to Person
class which might be sitting (E.g.: on a bike, on a bench) or in any other poses (E.g.:
basketball, swimming).

Using this dataset, we train our object detector. Our detection model is based
on Faster RCNN architectures [34]. As a backbone CNN in our Faster RCNN imple-
mentation, we use ResNext-101 32x8d model [88] which achieves great performance on

Imagenet[2] and achieves good results as a backbone CNN for MS-COCO[3] detection
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models as well.

’Object Class \ AP ‘

Pedestrian 43.17
Person 32.30
Bike 16.22
Car 76.51
Van 37.44
Truck 34.17
Tricycle 23.96
Awning-tricycle | 12.12
Bus 53.54
Motor 41.76
Others 4.89
| mAP | 31.50 |

Table 4.6: Per class average precision (AP) and the overall mean AP (mAP) scores
at intersection over union rate of 0.5.

Table shows the average precision (AP) scores for each individual class and the
mean AP across all classes at intersection over union(IoU) threshold of 0.5. IoU value
measures how well the prediction box aligns with the ground truth boxes. If the IoU
value of a prediction box and a ground truth is greater than this value (0.5) and the
predicted the class is correct, then the prediction is a true positive.

Figure shows detection results on an image from the VisDrone dataset. This
image is taken from the test set and is not used during the training process. This image
also shows some of the challenges in this dataset. The bounding boxes of object vary
both inter class and intra class. Additionally, the person and pedestrian classes usually
are observed very close together (walking together) and can easily be missed in such large
fields of view.

We qualitatively test our object detection module on VIRAT[I0] air dataset. This
dataset contains videos recorded from drones which are significantly different than the

VisDrone dataset that our model is trained on. Detection results on a few images are
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trian: @80

Figure 4.12:  Qualitative results on an image from VisDrone[5] test set. Different
colored boxes indicate different object classes.
shown in Figure [4.13] The resolutions of the videos are lower, altitude of the drones are
higher and there are rapid camera movements. However, our model is still able to detect

objects with some false positives and class confusion.

Drone-View Action Detection

We replace the object detector in the Complex Activity Framework with the drone-
view object detection module to detect actions. One challenge is that the ACAM action

detection module is not trained for such view angles and it starts failing. In this setting
93



Real-time Action Detection Chapter 4

» truock: 0.99
truck: 0.99
-t

pedestrian:

pedes
.

pedastdestria. o9 |
. vy o )
) ' Pediestiian: 6.8 pededtjics: 0.23

n: 0.81 pedgptrion: 0.9¢
» ‘

pedestrian:
.

Figure 4.13: Qualitative results on images from VIRAT[I0] Air dataset. Different
colored boxes indicate different object classes. The altitude of the drone is signifi-
cantly higher and the quality of the video is visibly worse than the Visdrone dataset.
However, our model is still able to detect objects with some false positives and class
confusion.

we only use the rule-based spatial logic to detect the actions/interactions.
We define rules for multiple activities that we are interested in detecting. Following
are couple example rules for these activities where each rule part defines a single time

interval:

Get Inside Car: Person approach Car — Person near Car — Person Disappear

Walking Together: Person near Person — Person move — Person near Person

Interacting with car: Person approach Car — Person near Car — Person near Car

Get out of a Car: Person appear and Person near Car — Person near Car

We qualitatively test these rules on videos recorded from drones. Figure shows
the detections of some of these rules. This figure only shows the bounding boxes as the

data is private.
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Figure 4.14: Couple of activity rules detected on videos recorded from drones. Only
bounding box locations are showed as the data is private.

4.7 Conclusions

Detecting actions near real-time has a wide variety of applications. In this chapter,
we presented an end-to-end, modular framework which analyzes the human actions from
a given video. This framework contains of three main modules which are object (actor)
detection, tracker and action detection modules.

Additionally, we demonstrated the generalizability of our framework by training a
model for gesture detection. This model demonstrates that our application setting is
not limited to atomic actions and with the data, various actions/gestures models can be
trained and this framework can be used for inference.

Combining the action detection model from the previous chapter, this chapter builds
a generalizable framework for action detection. Building on top of this framework, we
combine these sequences of atomic actions into complex activities which is one of the
main goals for security systems for video understanding.

As an extension, we demonstrated that this framework can be used with input videos

recorded from drones. Due to significant changes of view-points, object detectors start
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failing for drone views. In order to address this issue, we implemented a drone object

detector and demonstrated the results on drone videos.
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Chapter 5

VSGNet: Spatial Attention for

Human-Object Interactions

5.1 Introduction

Comprehensive visual understanding requires detection frameworks that can effec-
tively learn and utilize object interactions while analyzing objects individually. This is
the main objective in Human-Object Interaction (HOI) detection task. In particular, rel-
ative spatial reasoning and structural connections between objects are essential cues for
analyzing interaction. For modeling interactions, in this chapter we study Human-Object
Interaction detection from images task.

Human-object interaction is an important task for visual understanding. Datasets for
video action detection, which we used in previous chapters, usually don’t have explicit
interaction labels and focus on actors. Even though interaction classes exist in video
datasets, they don’t label the interacted object or humans. In order to learn such inter-
actions, we focus on detecting human-object interactions from images. Even though this
input is missing the temporal dynamics, they are usually more comprehensively anno-
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Figure 5.1: Example human-object interactions from the V-COCO [9] dataset. Cur-
rent human of interest is shown by the blue box while the objects that this person is
interacting with is shown in red boxes.

tated for objects and their interactions with humans. In this setting spatial configurations
and structural relations provide essential information for detecting if the human-object
pairs are interacting and classifying the interaction.

Compared to tasks such as image recognition or object detection, interaction detec-
tion task requires a deeper understanding of the scene in which the objects are needed
to be modeled individually and also collectively. In scenes with multiple humans and
objects, connections can grow exponentially and models need efficient ways to detect the
interactions and filter out pairs that are not interacting. Some example interactions are

shown in Figure 5.1
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The task of detecting human object interaction (HOI) in images refers to detecting the
interactions between a human and object pair and localizing them. HOI detection can be
considered a part of the task of visual scene understanding [89, 0] 91], visual question
answering [92, 03], 94], 95], and activity recognition in videos [87,[96] [51]. Although there
has been significant improvements in recent years for detecting and recognizing objects
[301, 34, [97], HOI detection still poses various challenges. For example, interactions usually
happen in a subtle way, same types of relations vary significantly across different settings,
multiple humans can interact with the same object or vice-versa, and different relations
might have visually subtle differences [, [42].

Most of the existing methods in HOI detection task [08, 99, 100] follow a similar
structure. Using an object detection framework, human and object features are extracted.
These features are paired exhaustively along with some other features (e.g. pose, relative
geometric locations) [08 Q9] and then fed into a multi-branch deep neural network to
detect the relationship between humans and objects. Even though this approach achieves
good results for detecting HOIs, it does not explicitly utilize the interaction information
or the spatial relations between pairs. HOIs such as person on a skateboard or a person
holding a bat have well defined spatial relations and structural interactions which should

be leveraged in this detection task.

5.2 Spatial Configurations for HOI Detection

Building up from the rule-based spatial configurations from the previous chapter,
we introduce a novel neural network model which can utilize the spatial configurations
of the human-object pairs and their structural connections. The model uses spatial
configurations to generate attention on each human-object pairs, see [5.2

For utilizing spatial configurations, VSGNet uses a spatial attention branch that ex-
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Spatial Configurations Trained Model

[

Spatial Attention
Model

Figure 5.2:  Previous works utilize trained models and the spatial configurations

separately. In this chapter we focus on generating a single spatial attention model

which can use the spatial configurations to improve visual features.
plicitly uses the spatial relations of the pairs to refine the visual features. Instead of
modeling humans and objects individually, our attention module uses the spatial con-
figurations of the pairs to extract attention weights which refine the visual features.
Although a few past works [42] [99] have used such spatial configurations as features for
classification directly, these models do not combine the visual information with spatial
information. Spatial configurations are more useful for refining the visual features and
providing an attention mechanism for modeling the interactions of the human-object
pairs explicitly.

For modeling the interactions, an image can be represented as a graph. Nodes in this
graph are the humans and objects, with edges defining their interactions. Our proposed
model utilizes the interaction proposal scores as the intensities of the edges in the graph.
Interaction proposal scores are generated from the spatially refined visual features and
they quantify if the human-object pair is interacting.

The VSGNet for HOI detection refines the visual features using spatial relations of

humans and objects. This approach amplifies the visual features of spatially relevant pairs
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%

Graph

Figure 5.3:  Visual, Spatial and Graph branches of our VSGNet model. Visual

branch analyzes humans/objects/context invidually, Spatial branch uses spatial con-

figurations of the pairs to refine visual features and the Graph branch utilizes the

structural connections by Graph convolutions which uses interaction proposal scores

as edge intensities between human-object nodes.
while damping the others. Additionally, this model uses graph convolutional networks
to model the interactions between humans and objects. The resulting model consists of
multiple specialized branches. We evaluate our model on V-COCO[9] and HICO-Det [42]
dataset and demonstrate 4 mAP ( 8%) improvement over the state of the art methods
on V-COCO and 2.8 mAP ( 15%) on HICO-Det. Figure[5.3| visualizes the three branches
of the VSGNet model.

Technical Contributions:

o We introduce a new spatial attention branch that leverages the spatial configuration
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of human-object pairs and refines the visual features such that spatially relevant

human-object pairs are amplified.

e We use a graph convolutional branch which utilizes the structural connections be-
tween humans and objects. The interaction proposal score, generated from the
spatially refined features, are used to define the edge intensities between human

and object nodes.

e We implement a robust, multi-branch pipeline that contains Visual, Spatial and
Graph based branches named VSGNet. This model achieves state-of-the-art results
for HOI detection task on V-COCO dataset.

5.3 Related Work

Object Detection: For detecting HOIs the first step is to detect humans and objects
properly. With the recent object detection frameworks like RCNN [30], Faster RCNN [34],
YOLO [33], Feature Pyramid Network [101] and SSD [36], models are able to detect multi
scale objects robustly in images. Following this we utilize a pre-trained Faster-RCNN
model in our network for detecting humans and objects. Additionally, we utilize the
region proposal network idea from Faster-RCNN and extend it to interaction proposals
which predict if an human-object pair is interacting.

Human Object Interaction: Activity recognition is a research area in computer
vision that has received interest for a long time. There are different datasets like UCF-
101 [6], Thumos [102] with a focus on detecting human actions in videos. But in these
datasets, the goal is to detect one action in a short video which is not representative
of real life scenarios. To extend human activity recognition in images Gupta et al. [9]

introduced V-COCO dataset and Chao et al. [42] introduces HICO-DET dataset. These
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datasets are different from the previous datasets as they require models to explicitly
detect humans, objects and their interactions. This extends the task to include detection
of human activities while localizing the humans and the objects.

For the HOI detection task, Gkioxari et al. [I00] proposed a human-centric approach
arguing that human appearance provides strong cues in both detecting the action and
localizing the object. This method does not consider interactions where the object is far
away from the human. Qi et al. [I03] proposed a graph based network which depends
on detecting an adjacency matrix between various nodes (here, nodes are humans and
objects) but does not utilize any spatial relation cues between pairs. Kolesnikov et
al. [104] incorporates the HOI detection process with the object detection by individually
analyzing humans and objects without considering the relationship between the pairs.

Gao et al. [99] proposed an attention network based on the previous work of [49].
They derived an attention map from the human and object features over the whole
convolutional feature map. Although they used a binary spatial map similar to [42], they
use the spatial map to extract features and concatenate them with human visual features.
As these are two completely different features defining separate things, concatenation
does not enforce spatial configurations as much as an attention mechanism. To address
this in our network we use the spatial features as attention maps which refines our visual
features.

Li et al. [98] integrated pose estimation with the iCAN [99] and predicted the inter-
action probabilities between a human and object pair. This demonstrates that the pose
estimation can help with the HOI task. These methods however, do not explicitly lever-
age the interaction probabilities to detect the relational structure between the human

and object pairs.
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Figure 5.4: Model Architecture. Rounded rectangles represent operations whereas
sharp rectangles represent extracted features. ® operation represents element-wise
multiplication. The model consists of three main branches. Visual branch extracts
human,object and context features, Spatial Attention branch refines the visual fea-
tures by utilizing the spatial configuration of the human-object pair and the Graph
Convolutional branch extracts interaction features by considering humans/objects as
nodes and their interactions as edges. Action class probabilities from each branch and
the interaction proposal score are multiplied together to aggregate the final prediction.
These operations are repeated for every human-object pair.

5.4 Proposed Method

This section introduces our proposed VSGNet for detecting human-object interactions
(HOI). From each given image, the task is to detect bounding boxes for the humans,
objects and correctly label the interactions between them. Each human-object pair can
have multiple interaction labels and each scene can include multiple humans and objects
in them. We simplify the task by running a pre-trained object detector which detects
humans and objects in an image.

Detecting the interactions between human-object pairs is a challenging task. Simple
methods such as extracting features from human and object locations individually and
analyzing them are ineffective as these methods ignore the contextual information of the

surroundings and the spatial relations of the human-object pair. Extensions such as using
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union boxes to model the spatial relations/context also fall short as they don’t explicitly
model the interactions. To address these issues, we propose a multi-branch network with
specialized branches. The proposed VSGNet consists of the Visual Branch (Section
which extracts visual features from human, object and surrounding context individually;
the Spatial Attention Branch (Section which models spatial relations between the
human-object pair; and the Graph Convolutional Branch (Section which consid-
ers the scene as a graph with humans and objects as nodes and models the structural

interactions. The proposed model architecture with the branches is shown in Figl5.4]

5.4.1 Overview

The inputs to our model is image features F from a backbone CNN (e.g. ResNet-
152 [97]) and bounding boxes x}, for human h € [1, H| and z, for object o € [1,0]. H and
O represents the total number of humans and objects in the scene respectively. Bounding
boxes are obtained from a pre-trained object detector. We define the objective of this

model as:

e Detect if human A is interacting with object o with an interaction proposal score

Iho-

e Predict the action class probability vector py,, of size A where A is the number of

classes.

5.4.2 Visual Branch

This branch focuses on extracting visual features for the human-object pairs. Fol-
lowing the object detection methods, we use region of interest (Rol) pooling on the

human/object regions to extract features. This operation is followed by a residual block
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(Res) [97] and global average pooling (GAP) operations to extract the visual feature

vectors for objects and humans.

f, = GAP(Resp(Rol(F,xp))) (5.1)

f, = GAP(Res,(Rol(F,x,))) (5.2)

where Resy represents residual blocks, fj, and f, are visual feature vectors of sizes R.
This operation is repeated for each human h and object o.

Context plays an important role in detecting HOI. Surrounding objects, background
and other humans can help detecting the interactions. We include the surrounding con-

text in our network by extracting features from the entire input image.

where f- is a feature vector of size R.
Finally, this branch combines all the visual feature vectors by concatenating them

and projecting it by a fully connected layer.

£V = W (f, © f, @ £) (5.4)

where @ is the concatenation operation, Wyy is the projection matrix, i is the com-
bined visual feature vector of dimension D which represents the human-object pair ho.
A simple way to achieve the HOI detection task is to use the feature £\ directly for

classifying actions. We implement this as a base model for comparisons.
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Figure 5.5: Spatial Attention Branch. Initially human, object and context visual
features are extracted from the image using Rol pooling. Using binary maps of hu-
man and object locations, spatial attention features are extracted using convolutions.
These attention features encode the spatial configuration of the human-object pair.
Attention features are used to refine the visual features by amplifying the pairs with
high spatial correlation.

5.4.3 Spatial Attention Branch

This branch focuses on learning the spatial interaction patterns between humans and
objects. The main task is to generate attention features which are used to refine the
visual features by amplifying the pairs with high spatial correlation. This branch is
shown in Fig/5.5

Given the human bounding box x;, and object bounding box z,, we generate two
binary maps. These binary maps have zeros everywhere except in locations defined by
human and object box coordinates x; and x, for each map respectively. This generates
a 2-channel binary spatial configuration map By,.

Similar to [42], [O9], we use 2 layers of convolutions to analyze the binary spatial
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configuration map. This is followed by a GAP operation and a fully connected layer.

a0 = Wyt (GAP(Conv(Bpy))) (5.5)

where ay, is an attention feature vector of size D and represents the spatial configuration
of the human-object pair ho. As the objects and humans are defined in different channels,
using convolutions on the binary spatial configuration maps By, allows the model to learn
the possible spatial relations between humans and objects.

Since ap, encodes the spatial configuration, it can be used directly to classify the
HOIs as in [42]. We keep this classification as an auxiliary prediction but mainly use
ay, as an attention mechanism for refining visual features. Auxiliary predictions can be

defined as:

i = o(Wan(an,)) (5.6)

where pii is the action class probabilities of size A and ¢ is the sigmoid function.

The attention vector ay, and the visual feature vector f,ﬁjs are set to be the same size
D. This allows us to multiply these two vectors together in order to refine the visual
features with spatial configuration. We use a;, as an attention function and multiply ay,,

and £’ elementwise.

£7 = ay, @ £ (5.7)

where ® is element-wise multiplication and fﬁef is the spatially refined feature vector of
size D.
The refined feature vector is then used to predict the interaction proposal score of

human-object pair ho and to predict the action class probabilities.
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ino = o(Wp(£2)) (5.8)

P = o(Whep(£157)) (5.9)

where iy, is the interaction proposal probability of size 1 and pfoe 7 is the action class

probabilities of size A.

5.4.4 Graph Convolutional Interaction Branch

This branch uses a graph convolutional network to generate effective features for
humans and objects. Graph convolutional networks extract features that model the
structural relations between nodes. This is done by traversing and updating the nodes
in the graph using their edges. In this setting, we propose to use humans and objects as
nodes and their relations as edges.

Instead of having a fully connected graph, we connect each human with every object
and each object with every human. However, without this simplification, proposed model
can also be extended to fully connected settings.

Given the visual features f},, f, and connecting the edges between humans and objects,

graph features f; and £ are defined as follows:

o

f]/1 = fh —|— Z ahOWOh(fO) (510)
o=1
H

£ = £+ ) o Who(fs) (5.11)
h=1

where ay, defines the adjacency between h and o and W,;,, W, are mapping functions
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Interaction
Proposal Scores

Graph Convolutional|Branch

Figure 5.6: Graph Convolutional Branch. This model learns the structural connec-
tions between humans and objects. For this task, we define the humans and objects
as nodes and only connecting edges between human-object pairs. Instead of using
visual similarity as the edge adjacency, we propose to use the interaction proposal
scores. This allows the edges to utilize the interactions between human-object pairs
and generates better features.
which project the object features to human feature space and vice versa. Previous works
[105, 103] defined the adjacency as visual similarity. In our task, however, adjacency

defines interactions between nodes of visually unsimilar things which are human and

object. Following this idea, we define adjacency values between h and o pair as:

Apo = Qpp = 7:ho (512)

where 15, is the interaction proposal score which are generated from the spatially refined
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visual features and measure the interactions of the human-object pair. Pairing up the

graph features, classification predictions are calculated as:

P " = 0 (Wgrapn (f1 © £1)) (5.13)

where @ is concatenation operation and pgor %" is the action class probabilities of size A.

The graph convolutional branch is shown in Figure [5.6l This concludes all of the
outputs of the proposed network. Finally we combine the action predictions and the
interaction proposal scores by multiplying the probabilities similar to previous works

[99, (98, [100].

Att Ref Graph

DPho = Phtt % Pt X P X i (5.14)

where P, is the final prediction vector of size A.

5.5 Experiments

We first introduce the datasets and our evaluation metrics along with our implemen-
tation details and then perform extensive quantitative and qualitative analysis on our

model and show the improvements over the existing methods.

5.5.1 Datasets and Evaluation Metrics

Datasets: To evaluate our model’s performance, we use the V-COCO [9] and HICO-
Det [42] datasets.

V-COCO is derived from COCO [3] dataset. It has 10,346 images. 2533 images are
for training, 2867 images are for validating and 4946 images are for testing. The training

and validation set images are from COCO training set and the test images are from the
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COCO validation set. Each person in the images are annotated with a label indicating
one of the 29 actions. If an object in the image is related to that action then the object
is also annotated. Among these 29 actions, four of them has no object pair and one of
them(point) has only 21 samples. Following the previous HOI detection works, we are
not going to report our performance in these classes. We report our performance for the
rest of the 24 classes.

HICO-DET is a large dataset for detecting HOIs with 38118 training and 9658 testing
images. HICO-Det annotates the images for 600 human-object interactions. However,
these are not 600 separate classes (as in Kinetics 700[8] for example). These 600 classes
contain combinations of 117 unique interaction labels with 80 unique objects. In this
setting, “Chase-Cat”, “Chase-Dog” and “Chase-Bird” becomes different classes in this
600-class evaluation scheme. This results in 600 action-object combinations as classes
from 117 unique interactions and 80 objects. Mean across 600 class Average Precision
(AP) values are calculated to achieve final score. This also limits the generalizability
of the resulting models as interaction-object pairs are strictly matched with each other.
For example, HICO-DET does not have the object-intreaction pair “Throw-Spoon” as
this is not a usual action but in practice it can happen and models trained on HICO-Det
scheme will miss such pairings.

Metrics: For V-COCO, following [9] we evaluate our performance on two types of
average precision(AP) metrics: Scenario 1 and Scenario 2. During AP calculation in both
metrics, a prediction for a human-object pair is considered correct (1) if the human and
object bounding boxes have an IoU greater than 0.5 with the ground-truth boxes and
(2) the interaction class label of the prediction for the pair is correct. For the cases when
there is no object(human only), in Scenario 1 a prediction is correct if the corresponding
bounding box for the object is empty and in Scenario 2 the bounding box of the object

is not considered. This makes Scenario 1 much harsher than Scenario 2 [9].
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In HICO-Det, following [42], for each of the HOI class Average Precision (AP) is
calculated by considering a prediction for a human-object pair is correct if the HOI label
is correct along with the human and object bounding boxes have an IoU (intersection
over union) greater than 0.5. This setting is termed as “Default” setting where mean
AP is reported over three classes of samples: 1) considering all 600 categories (Full) 2)
considering all 138 categories with less than 10 training samples (Rare) 3)2) considering

all 462 categories with more than or equal 10 training samples (Non-Rare) [42].

5.5.2 Implementation Details

For the backbone feature extractor network, Resnet-152 [07] is used. We extract
the input feature map before the last residual block of Resnet-152. This serves as the
input to the rest of the network. We extract 10 x 10 feature maps for all the humans
and objects from the input feature map by region of interest pooling [35]. Extracted
Rols and input feature map(context) pass through a residual block followed by a global
average pooling similar to [99]. After these steps, we obtain three feature vectors of
size R = 1024 for human, object and context. These are fed to the rest of the network.
For the spatial attention branch we have used 64 x 64 x 2 binary inputs. Before the
element wise multiplication with the attention vector in the spatial attention branch,
we project all our input feature vectors to a D = 512 dimensional space followed by a
ReLU(Rectified Linear Unit). In our final classification layer for all the branches, we
have one linear layer.

For training the network, we utilize off-the-shelf Faster-RCNN [34] to generate human
and object bounding boxes. We have filtered the detected bounding boxes by setting 0.6
confidence threshold for human bounding boxes and 0.3 for object bounding boxes. The

threshold values are chosen experimentally. Following [100] we did not fine tune the
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backbone CNN Resnet-152 [97] and Faster-RCNN during our training process. Faster-
RCNN was trained on the COCO [3] training set and did not see any image from V-
COCO testing sets. Unlike previous works[99, O8], we do not use ground truth boxes
during training as object proposals. As our object detector is robust, we directly use
the bounding boxes generated from the detector which generates sufficient amount of
positive and negative boxes.

Initially, we have trained the model on the training set of V-COCO while validating
with the validation set. Then we train the model in both training and validation set
like [I00]. Our initial learning rate is set to 0.01 with a batch size of 8. As optimizer,
Stochastic Gradient Descent(SGD) have been used with a weight decay of 0.0001 and a
momentum of 0.9. To reduce the training time we have increased our learning rate to
0.01 for all the layers except for the spatial attention branch between epoch 9 to epoch
21. We trained the whole model for 50 epochs.

During inference, we multiply all the prediction outputs from the different branches
of our network as in Additionally, we multiply the final prediction output with the
detection confidences of the human and object from the object deetctor. To differentiate
between high and low quality detection scores we have adopted Low grade Instance
Suppressive Function (LIS) [98]. We additionally remove the incompatible interaction-
object pairs by using a post processing similar to iCAN [99] (e.g. if the object is not
phone then the interaction can not be talk on the phone).

While making inference most of the existing [99, 98| [100] models multiply all the
outputs from different modules but these modules are optimized separately while training.
Following [I06] we have used a single cross entropy loss function for each action class
to optimize the network. One thing to note is that as in Eq. [5.14] interaction proposal
score is also multiplied in these predictions and included in predictions for every 29

classes. This allows the proposal score to quantify if there are interactions between the
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’ Method

| mAP(Sc 1) | mAP(Sc 2) |

InteractNet [100] 40.0 47.98
Kolesnikov et al. [104] 41.0 -
GPNN [103] 4.0 -
iCAN [99] 153 52.4
Li et al. [08] 47.8 -

| VSGNet | 51.76 57.03

Table 5.1: Comparison of results in V-COCO [9] test set on Scenario 1 and Scenario
2. Our method outperforms the closest method by 8%. For actor only classes (no
object), scenario 1 requires the model to detect it specifically as no object, whereas
scenario 2 ignores if there is an object assigned to that prediction. Some of these
methods did not provide results for scenario 2.

human-object pair regardless of the class of that interaction. Our experiments show that

combining all the predictions and using a single loss function improves the performance.

5.5.3 Comparisons with the State of the Art in V-COCO

We compare our model’s performance with five recent state of the art methods [100),

1041, 103,99, 98]. We report mean Average Precision (mAP) score in the settings provided

by [9]. Table[5.1|shows that our method outperforms all the existing models and achieves

an improvement of 4 mAP in scenario 1. We also reported our performance in scenario 2

which outperforms all the available existing methods which reported their results in that

scenario.

The closest work to our results is Li et al. [08] which builds on top of iCAN [99] by

adding an interaction proposal network and utilizing person poses. Addition of interac-

tion proposal and person poses improve ~ 2 mAP on top of iCAN with a computational

cost of calculating the poses for each human. Our model achieves better results without

the pose extraction and can possibly improve another 5% if the pose features are added

to our visual feature branch.
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HOI Class InteractNet [100] | iCAN [99] | VSGNet
hold-obj 26.38 29.06 48.27
sit-instr 19.88 26.04 29.9
ride-instr 55.23 61.9 70.84
look-obj 20.2 26.49 42.78
hit-instr 62.32 74.11 76.08
hit-obj 43.32 46.13 48.6
eat-obj 32.37 37.73 38.3
eat-instr 1.97 8.26 6.3
jump-instr 45.14 51.45 52.66
lay-instr 20.99 224 21.66
talk_on_phone 31.77 52.81 62.23
carry-obj 33.11 32.02 39.09
throw-obj 40.44 40.62 45.12
catch-obj 42.52 47.61 44.84
cut-instr 22.97 37.18 46.78
cut-obj 36.4 34.76 36.58
work_on_comp 57.26 56.29 64.6
ski-instr 36.47 41.69 50.59
surf-instr 65.59 77.15 82.22
skateboard-instr | 75.51 79.35 87.8
drink-instr 33.81 32.19 54.41
kick-obj 69.44 66.89 69.85
read-obj 23.85 30.74 42.83
snowboard-instr | 63.85 74.35 79.9

| Average [ 40.0 453 51.76

Table 5.2: Performance comparison in per class AP compared to the existing methods
using Scenario 1. Our proposed VSGNet model demonstrates superior performance
in majority of the classes. We only compared to the methods which have reported the
per class AP values. Here, obj refers to as object and instr refers to as instrument [9].
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In Table we report per-class performances compare with the existing methods
which reported per-class APs. Our proposed VSGNet achieves better performance in
majority of the classes compared to the other methods. Additionally, per-class perfor-
mances show that some of the action classes perform badly due to the failure of object
detectors (e.g. eat instruments which usually have small objects and commonly become
occluded in the images). As our main task is to detect HOIs, we did not fine-tune the
existing object detectors according to our needs which can also possibly handle these

cases.

5.5.4 Comparisons with the State of the Art in HICO-Det

Model training and implementation details for HICO-Det mostly follow the details
from the V-COCO implementation. However, following the issues mentioned in previous
sections, we train the model on 117 unique interaction classes instead of the 600 action-
object interactions. This allows the model to learn the dynamics of the action.

We compare our work with the state of the art methods. Table [5.3| shows the results
compared to other methods and our model achieves the best results among the previous

works, improving the state of the art by 2.8 mAP and 15%.

| Method (mAP) | Full | Rare | Non-Rare |

HO-RCNN [22] | 7.81 | 537 | 8.54
InteractNet [100] | 9.94 | 7.16 10.77

GPNN [103] 1311 | 9.34 9.34
iCAN [99] 14.84 | 1045 | 16.15
Li et al. [98] 17.03 | 1342 | 18.11

| VSGNet 19.80 | 16.05 [ 20.91 |

Table 5.3: Comparison of results in HICO-DET [9] test set. VSGNet outperforms
the closest method by 16%.
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5.5.5 Ablation Studies

Analysis of Individual Branches: Our overall architecture consists of three main

branches as explained in Sections [5.4.2} [5.4.3] [5.4.4L To evaluate how these branches

are affecting our overall performance, we evaluate these branches individually in the V-
COCO [9] test set. Our evaluation method and metrics are same as Table .1 We
consider the base model as the Visual branch without the spatial attention or the graph

convolutions. In this setting, interaction proposal score I, and the class probabilities

Py, are predicted from the visual features f}”

% directly.

We have added the graph network and the spatial network with our base model
individually to evaluate each of the branch’s performance separately. The results can be
found in Table 5.4, With the addition of each individual branches, model performance
also improves gradually. Visual4+Spatial branch achieves state of the art results by itself

without the Graph branch. Addition of the graph branch adds additional 1.5 mAP and

a total of 4mAP over the state of the art.

| Branches | mAP(Sc 1) [ mAP(Sc 2) |
Visual (Base) 47.3 52.15
Visual4+Graph 48.19 53.12
Visual+Spatial 50.33 55.32
Visual+Spatial4+Graph(VSG) 51.76 57.03

Table 5.4:  Analysis of the branches. Our base model consists of only the Visual
branch. We add the graph branch and the spatial attention branch to this base model
separately to analyze their performances. Individually, both branches improve the
performance upon the base model. Visual4+Spatial model beats the state of the art
results and all three branches combined adds another 1.5 mAP.

An important detail is that the graph branch directly depends on the quality of the
interaction proposal score iy, as it is used to determine the edge interactions. Without
the spatial attention, visual features generate inferior 75, which affects the graph branch.

This is the reason that addition of Graph to Visual branch only adds 0.9mAP whereas
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addition of Graph to Visual+Spat makes a larger improvement and adds 1.5 mAP.
Spatial attention branch improves the result by 3 mAP when added to the visual
branch. This demonstrates the importance of the spatial reasoning and refining the
visual features. Graph and Spatial attention combined improves the performance by
about 4.5 mAP over the base model.
Analysis of Backbone CININs: Most of the existing works use versions of Resnet [97]
models as their backbone CNN feature extractors for the HOI task [99, O8] [100]. In
addition to all Resnet models(34, 50, 101, 152), we implement our model with various
CNNs used in image analysis including VGG-19 [45], InceptionV3 [107], SqueezeNet
[T08] and models. Table 5.5 shows the results of VSGNet implemented with these various

backbone CNNs and ResNet152 achieves the best performance and is used in our VSGNet

model.
| Branch | mAP (Scenario 1) |
VGG-19[5) 18.37
InceptionV3[107] 49.39
SqueezeNet [108)] 43.4
Resnet34[97] 50.88
Resnet50[97] 51.01
Resnet101[97] 50.01
Resnet152[97] 51.76

Table 5.5:  Effects of the backbone CNN. VSGNet is implemented using various
common backbone CNNs. Scenario 1) results are reported. Resnet-152 model with
VSGNet achieves the best performance.

Qualitative Results: Figure shows qualitative results and compares the VSGNet
with the base model (visual only). The interaction prediction probabilities for the correct
action is visualized. The images show the variance in object sizes, human sizes and
different interaction classes. VSGNet performs better than the base model. Even in the

cases when the object is not entirely visible (image 9) or the interaction is very subtle
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Figure 5.7: Qualitative results. Red values show the confidences for the base model
(Visual only) and blue values are the results for the VSGNet. The prediction results
and the correct action labels are shown for the human-object pair with the bounding
boxes.

(image 2) VSGNet performs well and improves upon the base model.

5.6 Discussions

5.6.1 Comparisons with similar works

We compare our VSGNet with similar methods using spatial relations [42], 99, O8],
attention models [99] and graph convolutions [103] [105].

There have been previous works which use spatial relation maps such [42 99| 9§].
These methods have either used the spatial relation maps directly for classification [42]
or concatenated the spatial relation features to their visual features[99, 08]. Directly using
them for classification ignores the visual features which in turn only learns relationship
between the interaction label and spatial configuration. Concatenation of visual and
spatial relations is also inferior to our method. As these are two completely different
features defining separate things, concatenation does not enforce spatial configurations

as much as an attention mechanism. In contrast, we use the spatial relations to extract
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attention features which are then used to alter the visual features. This is more effective
as it models the relations between the visual feature channels and spatial configuration
due to the element-wise multiplication.

Attention models also have been used on HOI task. iCAN[99] model uses an atten-
tion model inspired from [49] and models the attention of the human or object region
with the whole input scene individually. However, this approach does not consider the
relation between the pairs and they only include the spatial configuration at the end.
Our approach uses the spatial configuration directly to alter the visual features of the
pairs which amplifies connected ones and dampens irrelevant ones at feature level.

Graph convolutions [103, [105] have been effective in various tasks. These tasks learn
or use visual similarity as adjacency values between nodes and extract graph features.
However, for our task, interaction proposal scores already defines the adjacencies between
human-object node pairs and are used as edge intensities. This approach effectively
extracts graph features by traversing relevant object nodes for the humans and relevant

human nodes for objects.

5.6.2 Summary

In this chapter, we presented a novel human-object interaction detection model VS-
GNet which utilizes Visual, Spatial and Graph branches. VSGNet generates spatial
attention features which alter the visual features and uses graph convolutions to model
the interactions between pairs. The altered visual features generate interaction pro-
posal scores which are used as edge intensities between human-object node pairs. We
demonstrated with thorough experimentation that VSGNet improves the performance

and outperforms the state-of-the-art.
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Person Detection in multi-modal

setting

6.1 Introduction

Object detection is a frequently studied problem in the computer vision community
[33, 34l 36]. Most of these recent works train and test their models on well annotated,
higher resolution object detection datasets such as MS-COCO [3]. These models work
well on many scenarios and can be used “out of the box” for inputs such as webcam
recordings, mobile phone photos, online videos etc. However, in surveillance applications
visual conditions are usually challenging and such object detection methods don’t transfer
well due to lower resolution, distance from the cameras and weather conditions. In
such conditions, specialized models are needed to be trained for detecting objects of
interest. For special surveillance cases, the visual models/inputs might not be sufficient
for detection. In those cases, additional sensor modalities can be used to robustly achieve
the detection task. Sensors such as lidars, microphones, seismic geophones could be used
where the visual input is occluded or have low quality.
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In security applications such as border surveillance, a very large area (1000s of miles)
need to be watched over very long periods of time. In such applications, due to bandwidth
and power limitations, the surveillance cameras need to be placed close to computational
resources and on strategic locations, such as on top of the hills, where the field of view is
very large and the cameras are far away from the targets. These visual conditions prevent
robust detection from visual sensors only as the targets will have a size of couple of pixels
(approximately 40 pixels). In such conditions, object detectors trained on traditional
detection datasets fail and a model has to be trained for detecting humans on these
types of inputs.

In addition to visual sensors, cheap seismic geophones can be utilized for detecting
the humans walking around the sensor. Geophones are seismic sensors which can de-
tect footsteps when an human is walking within 15 meters to the sensor. As these are
cheap/low-power sensors, many of these sensors can be distributed in the large area of
interest with each sensor monitoring its own range. Additionally, unlike videos cameras,
seismic sensor records a temporal-only signal which means the bandwidth for communi-
cating such signal and power requirements are very low and they don’t have to be placed
close to the computational resources and their signals can be transmitted there.

This work focuses on the surveillance task of detecting humans in a very large area
by leveraging multi-modal sensor data. Low resolution visual videos are fused with a
low-cost seismic sensor recordings to detect humans walking in the field. Low-resolution
videos are recorded from a high resolution camera with a wide field of view (FOV) which
is placed close to a power source but far away from the field with targets. This requires
visual detection frameworks to search for small (few pixels) objects on a large field.
Seismic sensors on the other hand can provide reliable information about their close
surroundings and can easily be distributed on a large field. This allows the data from

a seismic sensor to improve the detection of cameras in regions where camera view and
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Figure 6.1: An example scenario. Cameras are placed in strategic locations such
that they can monitor large areas. Analysis centers with computational resources are
placed close to video cameras. Seismic sensors transmit their signals to the analy-
sis center data/information fusion. Objects of interest include people, animals and
vehicles.

sensor range intersects. Figure [6.1] shows a typical application setting for multimodal
surveillance.

In this context, we propose a new order-preserving bilinear fusion model for person de-
tection, leveraging pairwise interactions between convolutional features in a new way. We
compare the proposed model with traditional fusion methods and single-modality models
and show it’s advantage over such methods. We demonstrate that sparse feature selec-
tion combined with bilinear fusion selects the optimal combinations of spatio-temporal
features. We show that the proposed fusion method is differentiable and the final model
is end-to-end trainable. The performance of our fusion model is tested in a multi-modal

person detection dataset with syncronized seismic sensors and video cameras [109]. This

work is published in [75].
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6.2 Dataset Details

The data to be used in this setting is collected by the Army Research Lab (ARL).
For an extended report on the details of the collection process, please refer to [L09]. This
section summarizes the details of the dataset and our pre-processing of the data for the
person detection task.

The data is collected in a sensor field comprised of seismic, acoustic, magnetic sensors.
Additionally, 5 video cameras are set up around the field to record the activity. Due to
noisy nature of acoustic and magnetic sensors for this setting, we have only used the
seismic sensors and video cameras for the person detection task. To keep the data
collection homogenous for seismic sensors across the field, only the vertical axis of the
3-axis geophones are used in this task.

In the experiments, different people walk within the sensor field over multiple times
while the cameras and seismic sensors are capturing the event. Seismic sensor and video
camera locations are known by attached GPS trackers on each sensor. Additionally, each
person walking in the field carries a GPS tracker which gives the precise location for the
person and gives the ground truth for our dataset.

Each of the video cameras have very wide field of views. Cameras are able to monitor
areas covered by many sensors. From each camera view, every sensor location can be
approximated by the GPS locations of the sensors. Using the location information and
the time readings, seismic sensors and cameras can be synchronized. Figure shows a
view from one of the cameras in the field. White dots in the image represent the locations
for the seismic sensors and the red bounding box shows a person walking in the field.

Seismic sensors are able to detect a person’s steps if the person is walking close-by. In
our experiments, seismic signature of the footsteps become detectable when the person is

within 15 meters to the seismic sensor. In order to co-register the visual input with the
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Figure 6.2: Wide field of view seen from one of the video cameras. White dots indicate
the sensor locations and the red bounding box indicate the person’s location.

seismic sensor readings, we cropped a 100 x 100 pixels square region from video cameras
centered on the seismic sensors location. This cropped region of interest monitors an
approximately 15 meters range around the seismic sensor.

Figure shows a pair of co-registered visual and seismic inputs over a 15 seconds
interval. Seismic sensor is located at the center of the visual input. As the person
approaches to the center in the visual input, magnitude of the seismic recording increases.
Each one of the visualized “impulses” are generated from a footstep and the person is
closest to the seismic sensor around 8 seconds mark where the seismic magnitude reaches
the maximum amount.

Seismic sensors and their co-registered visual input cropped from the camera are
paired up and labeled using the GPS trackers. We temporally extract signals over 1
second intervals and with a 50% overlap across samples. Whenever a person is within 15
meters to the seismic sensor, that sample is annotated as a positive sample. We assign
4 seismic sensors and their visual inputs as the testing set and remaining 12 sensors are
used for training. Using this annotation scheme, 4646 positive and 26064 negative test
samples and 16481 positive and 69483 negative training samples are annotated. Different
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Figure 6.3: Co-registered visual and seismic inputs which are synchronized in time.
A walking person is recorded near the sensor and the inputs are visualized over a 15
seconds interval.

combinations of seismic sensor and video camera pairs are considered as separate samples.
Since the seismic sensor-camera pairs used for training and testing are comprised of

different pairs, such data splitting process provides valid generalization results.

6.3 Related Work

In a surveillance setting, traditional detection methods for multimodal sensor data
depend on hand-crafted features such as frequency domain analysis [I10, 111], Symbolic
Dynamic Filtering [I112], and Cepstral features [I13]. Damarla et al.[114] extracts and
fuses hand-crafted features from multiple different modalities for person detection. Re-
cently, with the advances of computational hardware and the increase of available data,

feature learning has been integrated with classification to achieve end-to-end trainable
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Negative Sample Positive Sample

Figure 6.4: Generation of negative and positive samples. Given co-registered seismic
and visual inputs, a sample is assigned a positive label if a person is within 15 meters
to the sensor.

systems [23].

Ngiam et al. [I15] analyzed the relations between different modalities in deep net-
works and showed that cross-modality feature learning can improve single modality per-
formance. Riggan et al. [I16] used Coupled AutoEncoders for cross-modal face recog-
nition fusing visible and thermal imaging. [117, [118] achieved fusion by concatenating
features from CNNs trained on RGB and depth images.

Fusing different features extracted from a single modality has been achieved using
multiple different methods which are also applicable to multi-modal fusion. [43] 119]
achieved late fusion between optical flow and RGB by averaging the confidence scores of
single CNNs for video classification. Karpathy et al. [120] analyzed concatenating fea-
tures from different time instances and trained fully connected layers to fuse information
over time in a video.

Bilinear models were first analyzed by Tenenbaum and Freeman [121] to manipulate
two factors from images, style and content. Recently bilinear models have achieved

success in multiple tasks. Lin et al. [122] fused two convolutional neural networks
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to obtain orderless descriptors and improved results in fine-grained visual recognition.
Carreira et al. [123] used second order statistics of the local descriptors for semantic
segmentation. RoyChowdhury et al. [124] used bilinear CNNs to improve results in face
identification tasks. Gao et al. [I125] improves the bilinear methods by developing a
compact pooling method.

The main difference between recent bilinear methods [123] 125, 122, 124] and our
method is that we use the outer product of vectors and obtain the pairwise feature
interactions at each spatio-temporal indices. This is in contrast with these methods
that use pooling methods over all indices and obtain an ‘orderless’ descriptor without

preserving the order.

6.4 Technical Approach

The goal is to analyze the region of interest(ROI) and detect if a person walking in
a field that is being monitored by a multi-modal sensor network data consisting of video
cameras and seismic geophones. In this context, a ROI is any contiguous set of pixels
and co-registered sensor data. Detection is defined on ROIs with corresponding camera
and sensor pairs. We pose this as a binary classification problem for each ROI. Fig.
shows example ROIs located around the sensor locations which are known a priori. The
inputs to our model are a single optical flow frame and its corresponding seismic signal
for the same time interval.

In the following sections, we define the problem as a general multi-modal fusion

problem and derive our fusion model by explaining each of the modules.
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6.4.1 Problem Definition

Let X and Z be two sets of local descriptors extracted from two different modalities.
Each descriptor @, ., € X represents the feature vector for the spatio-temporal voxel
defined by the indices u,, v;,t;, and similarly for the other modality z,,_,,: € Z. Let
and z be N x 1 and M X 1 dimensional feature vectors respectively.

Our goal is to develop a fusion algorithm O = f(X, Z) such that spatio-temporal
indices are preserved. For every spatio-temporal index from both modalities, we have

the output feature vector:

Ouz,v17t17uzwz¢z = f(wquz»tz? Zuz,vz,tz) (61>

where 0y, v, t,.u.0.t. € O are the local descriptors of the output. If the input modalities
are synchronized in time and space then we will have (uy, vy, t,) = (u,v,,t,) = (u,v,t).

Indices from Eq. simplifies into:

Oyt = f(wu,v,h zu,v,t) (62)

Furthermore, if we let modality X to be a spatial signal and modality Z to be a

temporal signal. That gives t, = 1 and u, = v, = 1 and simplifies the Eq. into:

Oyt = f(mu,m zt) (63)

Eq. defines the local descriptor which is the output of the fusion method. Note
that in both Eq. and Eq. , the calculation of o, ,, depends on the input values at
indices u, v, t, which gives an ordered descriptor. Ordered descriptors allow us to exploit
the relations between neighboring terms by using methods such as 3D convolutions. The

goal is to detect targets using spatial images and temporal seismic sensor data, which
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Figure 6.5: Order Preserving Bilinear model: Data from both modalities go through
their respective CNN streams. Resulting features are compressed into lower dimen-
sional vectors by sparse feature reduction and then fused by taking outer product at
every spatio-temporal index. Since the order is preserved, 3D convolutions are lever-
aged. Since every module is differentiable, the whole model is trained end-to-end.

fits into the formulation in Eq. [6.3]

Our model is organized into four sub-components as shown in Fig. : 1) input
sensor signals are processed by dedicated CNNs for each modality (Section ; 2) at
each spatial and temporal index, feature vectors are compressed in their depth dimen-
sion (Section ; 3) outer product is used in each spatio-temporal index to obtain
the bilinear feature vector (Section [6.4.4); and 4) 3D convolutions are used to leverage

neighborhood relations of spatio-temporally ordered terms (Section [6.4.5)).

6.4.2 CNN Features

In previous works, CNNs have been shown to extract useful features for variety of
tasks on spatial [126], temporal [127] and spatio-temporal [43] modalities. CNNs extract
local feature vectors at each spatio-temporal index (u, v, t). The size of the vector depends

on the number of filters in the last convolutional layer, i.e., depth of the layer. For each
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modality at each index u,v,t we have:

x! = [2h, 2, ]t (6.4)

2l = 2], 25, .. 2hp )" (6.5)

The prime (") notations refer to the values before feature selection.

6.4.3 Sparse Feature Selection

The proposed fusion method, explained in Section [6.4.4] generates a high dimensional
vector. Using high dimensional vectors are computationally challenging and can be prone
to overfitting due to increased number of parameters. Within these large number of
features, we want to prioritize which feature pairs are more useful (further discussed
in Section . Therefore, we implement an efficient way to perform spatio-temporal
feature selection by combining sparse 1 x 1 convolutions with bilinear fusion. Moreover,
this method maintains spatio-temporal order. The goal is to compress the input vector
to reduce the dimensions from Eq. [6.4 From here on, we generically use the term
‘reduction’ to represent both feature selection and dimensionality reduction operations.
We define our reduction function r(.) as:

r(w;,v) = Lyp = [x17$27 -'-7xN]T> (66)

where N < N’ so that we obtain a more compact feature vector and we define the each

reduced component x; as the linear combinations of the original vector:

N N
T = ReLU(Z whzy) = max(0, Z whah), (6.7)
k=1 k=1
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X

Figure 6.6: Bilinear CNN model for multi-modal fusion. Feature vectors at each spa-
tial and temporal index is extracted using dedicated CNN streams for each modality.
Outer product over feature vectors extract the second order pairwise relations matrix
between modalities.

where weights w}, are learned over the training and the norm of the weights are regular-
ized using L1 normalization. Compared to L2 normalization or without normalization,
L1 normalization generates a more sparse set of weights which forces the network to
‘choose’ the features that will be included in the summation. By L1 regularization, the
weights |w | are mostly close to zero except a few weights that are multiplying essential
set of features xj. This is similar to LASSO [128] 129] and provides a feature selection

operation. Similarly for the second modality, reducing the vector from Eq.

T(Z;) =2zt = [Zlv 22, "'zM]Ta (68)
M’ M’

2z = ReLU(Z wh.2,) = max(0, wakz,'g) (6.9)
k=1 k=1

6.4.4 Order Preserving Bilinear Fusion

Reduced CNN features (Eq. and Eq. are fed into the fusion layer. At each
spatial and temporal index, local feature vectors from both modalities are fused by taking

the outer product. The fusion function at each spatio-temporal index u € U,v € V.t € T
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can be written as:

Ounit = [(Tuw, 2t) = vectorize(azu,vth) (6.10)

At each index, we have length N vector x,,, and length M vector z;. Outer product

between these feature vectors generate the N x M second order pairwise features matrix:

121 T122 12 M

T Ta221 T2Zo ToZ M
TyvZ; = . (6.11)

INR1 INR2 ... INRM

We stack the rows together in lexicographical order, i.e., N x M dimensional matrix

into an M N x 1 vector. This gives the fused feature vector at each spatio-temporal index.

Oyt = [017027 ...OMN]T =
T (6.12)
r1z1 ... T1EM ... EINZ1 ... INZM

We repeat this operation for each spatial index u, v and temporal index ¢ and obtain

the fused second order feature vector at every combination of indices u, v, t.

Differentiability for Backpropagation

This fusion operation is differentiable for gradient operations and it is end-to-end
trainable. In this section we show how the gradient can be backpropagated to each
modality stream. Let L denote the cross-entropy loss function. Then by chain rule, we

obtain:

doq doq
Oz oz N
OL  OL dou.:  OL 613)
8wu,u aou,v,t amu,v 80“7’Uyt .
dom N dom N
Oxq oz N
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oL

where 3
Ouy,v,t

can be calculated using chain rule of derivatives for layers between loss L
and the outer product. Each partial derivative in the matrix can be written as:
do,  0(xs24)

. - Om (6.14)

where p=1,... MN,q=1,..,.M,r=1,..,N and s = 1,.., N. For s = r, this simplifies
into:
do,  O(z,2,)

—= = Z

oz, o0z, !

(6.15)

For s # r, Eq. becomes 0. Gradients before this layer can also be calculated by the

regular CNN chain rule. g—th can be calculated similarly for the second modality.

Effects of Feature Selection

The outer product generates a high dimensional feature vector at each index 0y, ;.
To handle the high dimensionality, we pool the convolutional features before the outer
product operation by feature selection (Section . When Zgzll wha, > 0 and
le‘ill wj.lzl’ > 0, multiplying the terms from Eq. and Eq. yields for each x;z;
in Eq. [6.12

N’ M’ N M’
_ E x ../ E z J __ § E xz .l
k=1 =1 k=1 =1

where each wif = wjw}. Otherwise, the x;z; = 0. This shows that output of reduced
fusion operation is linear combinations of the second order interactions of the original
feature vectors before the feature selection operation 7, 2.

Weights of 1 x 1 convolutions wj, w? are trained with L1 regularization, hence they

are individually sparse (Section [6.4.3)). Therefore, this ensures that when multiplied,
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the produced set of weights are also sparse and the product wj,w? is non-zero only if
corresponding features k,! from each modality z}, z; are individually important for the

task which is similar to sparse representations[130].

6.4.5 3D Convolutions

Since the outer product operation is repeated for every combination of the spatial
(u,v) and temporal (¢) indices, output of the fusion operation is a spatio-temporal feature
tensor as shown in Fig.[6.5] This tensor allows us to use shared weights that stride across
spatial and temporal dimensions, i.e., 3D convolutions, to reduce the total number of
parameters and chances of overfitting by exploiting spatio-temporal correlations. In the
tensor, at every spatio-temporal index, we have a feature vector of length M N which is
the output of the outer product between length M vector « and length N vector z. In the
3D convolutions, this dimension corresponds to the depth of input. The intuition behind
keeping the spatio-temporal order is that certain activations in certain combinations of
spatial and temporal indices complement each other. By having all the second order pairs

as features at each index, we can find feature pairs that are sufficiently discriminative.

6.5 Implementation Details

In a surveillance setting, viewpoints and conditions vary for cameras and sensors, and
surroundings can change the detected signature of the seismic sensors. To take this into
account and to make the model generalizable, we split the data such that camera views
(angle, background) and seismic sensors that are used in test set are different than the
ones in training set. Fach person in the field wears a GPS sensor. Using the location
information we label the samples as positive when a person is within 15 meters of a

seismic sensor. This results in 69483 negative and 16481 positive samples in training set
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and 26064 negative and 6440 positive samples in test set.

From the visual input, a 100 x 100 region that is centered at a seismic sensor location
(known a priori) is cropped from each camera frame. From seismic signals we extract
our data points as 1 second intervals with 50% overlap. For the video data, we compute
optical flow (OF) across the frames representing the same 1 second interval with the
seismic signal. We choose to extract OF instead of raw RGB frames as the task is
to detect a walking person. This simplifies the visual input and focuses the model on
classifying the motion in the scene.

Magnitudes of these OF frames are averaged and used as the input to the proposed
method. By averaging OF frames the spatio-temporal modality video is compressed into
a spatial representation that encodes the temporal motion information. This approach
reduces the noise levels in the optical flow as irrelevant changes across consecutive frames
will be filtered out by averaging and it simplifies the computational requirements. This
approach is further investigated and compared to LSTMs in Section [6.6.6]

To measure the performance of our methods, we report the precision, recall and F1-
score values for the positive class. Recall values measure the detection accuracy whereas
Precision measures the rate of false positives. In a data as unbalanced as ours, reporting
both recall and precision becomes important. Since the negative class has significantly
more samples than the positive class, high accuracy in detecting negative samples might
still mean high false positive rates. For example 90% accuracy in negative test samples
still means 26064 x 0.10 = 2606 false positives which is 40% of the total number of
positive samples.

All models are trained using TensorFlow [79] and optimized using ADAM optimizer[77].
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6.5.1 Single Modality CNNs

For extracting useful features from both seismic and visual data, we independently
train modality specific CNNs for the detection task and analyze their performances.

Since there are no similar works using seismic sensors to be used for transfer learning,
a randomly initialized 1-dimensional (temporal) CNN is trained for the seismic modality.
This model is comprised of 6 Convolutional layers with a maxpool layer after every 2
layer and 2 fully connected layers for classification.

For the visual modality, we leverage the Inception V3 network architecture explained
in [86] and initialize the network with weights that are pretrained for ImageNet [2]. Since
this network is trained on RGB images and trained to detect ImageNet-specific features,
we use earlier layers instead of the full architecture. Earlier layers in a CNN extract basic
features such as edges, corners and these features are more generalizable. In [I31] the
authors quantified the generality and specificity of the layers and showed that the earlier
layers are more generalizable. In [I32] an OF CNN for action recognition is initialized
using weights from a model trained for ImageNet. In our case, for the OF CNN we use
the first five convolutional layers from Inception V3 model and initialize the weights from

a ImageNet trained model.

6.5.2 Order Preserving Bilinear Fusion

The proposed approach (Fig. consists of two dedicated streams of CNNs for
each modality (Section , their corresponding sparse feature selection layers (Section
, outer product between outputs of the two streams at each spatio-temporal index
to preserve the order (Section [6.6.2)), 3D convolutions (Section and a final fully
connected layer for classification. We refer this model as Order Preserving (OP) Bilinear

Model.
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Architectures used for the modality dedicated CNN streams are the same architectures
as the single modality models defined in previous section. This allows us to initialize the
model weights with pretrained weights from single modality models. Each CNN stream
is followed by sparse feature selection and the fusion is achieved by order preserving outer

product operation. Since the proposed outer product fusion is differentiable, as shown in

Section the whole model is fine-tuned in an end-to-end fashion.

6.6 Experiments and Results

In the following sections, we conduct a series of experiments to analyze the perfor-
mance of each module in our method. First, we report experiments on the single modality
CNNs and analyze the effects of dimensionality reduction. Then, we demonstrate the
superior performance of the proposed bilinear fusion method compared to single modality
models and alternative fusion methods. Furthermore, we compare the order-preserving
methods that exploit 3D convolutions with their fully connected counterparts. Finally,

we compare our visual approach with a LSTM approach.

6.6.1 Impact of Sparse Feature Reduction

For each modality, two different models are trained. Initial models use convolutional
layers followed by fully connected layers. These models are labeled as ‘Seismic’ and
‘Visual’ in the tables. Additionally, we train models with the sparse feature selection
method explained in Section [6.4.3] We add the feature selection layer between convo-
lutional and fully connected layers. These models are labeled as ‘Seismic Reduced’ and
‘Visual Reduced’ in the tables. These models demonstrate the effect of the proposed
feature reduction method compared to their regular versions

Table shows that sparse feature selection (reduced models) from Section [6.4.3]
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provide a slight trade-off in performance for computation efficiency for computing bilinear
features. In the Visual CNN, the reduction in number of parameters are significant with

this reduction method.

’ Model H Recall \ Precision \ F1-Score ‘
Seismic 0.90 0.87 0.89
Seismic Reduced 0.89 0.86 0.88
Visual 0.82 0.89 0.86
Visual Reduced 0.78 0.89 0.83
OP-Bilinear Fusion | 0.97 0.96 0.96

Table 6.1: Precision, Recall and F1-Score values for single modality models and the
proposed fusion method.

6.6.2 Fusion Compared to Single Modalities

Table compares the proposed fusion method against single modality models. This
table shows that the proposed method achieves modality fusion efficiently and provides
the best performance in terms of accuracy (Recall) and false positive rate (Precision)
compared to single modality models. Fig. compares the method with other select
models by plotting Precision-Recall curves. This plot demonstrates that our model is
the best performing classifier since OP-Bilinear curve achieves the best Precision-Recall
trade-off at every point.

Fig. shows 3 sets of data samples. The first set shows the cases where both
Visual and Seismic models fail but the fusion model correctly detects the target. In both
samples, OF captures a weak motion and seismic sensor captures noise-like signals, but
the fusion method detects the person nevertheless. The second set shows the samples
where Visual model fail but Seismic and OP-Bilinear models correctly detects the target.
Similarly, the third set shows the samples where Seismic model fails but Visual and

OP-Bilinear model detects the target. This demonstrates that the fusion model achieves
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Figure 6.7: Examples of correct detections from the OP-Bilinear Model where single
modality models fail. Red arrows indicate the targets. In (1) both Visual and Seismic
Model fail to detect, (2) Visual model fails while Seismic model correctly detects the
target and (3) Seismic model fails while Visual model correctly detects the target.

robust detection even when the input from a single sensor deteriorates.

We further compare the fusion model to the single modality models. As the distance
between the target and the sensors increase, the performance deteriorates. Table
demonstrates that the proposed OP-Bilinear Fusion model is more robust to distance.
The fusion model can effectively incorporate the information from the complementary

modality when one modality degrades with range.

6.6.3 Effects of Initialization

In Section [6.4.4) we have derived the gradient for the proposed outer product opera-
tion. Since the gradient exists, the whole model is end-to-end trainable. In the previous
section, we showed the results of the proposed method by initializing the model with single

modality CNN model weights and fine-tuning the whole model. To investigate end-to-end
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| Distances From Cameras(meters) || 50-80 | 80-110 | 110-140 |

Visual Reduced 0.96 0.93 0.74
OP-Bilinear Fusion 0.98 | 0.96 0.95

| Distances From Sensors(meters) [ 0-5 [ 510 | 10-15 |
Seismic Reduced 0.96 0.93 0.80
OP-Bilinear Fusion 0.99 | 0.97 0.93

Table 6.2: Recall rates for different distances from the cameras and seismic sensors.
Even though the performance of OP-Bilinear model also decreases with range, the
change is not as significant since it incorporates the information from the complemen-
tary modality.
training, we train a model using the same architecture, except the filter weights for the
model are randomly initialized. Table compares the performance of the end-to-end

trained network with the model that is fine-tuned on pre-trained weights. This shows

that pre-training achieves a slightly better performance than random initialization.

’ Model H Recall \ Precision \ F1-Score ‘
End-to-End OP-Bilinear 0.95 0.95 0.95
OP-Bilinear Fusion 0.97 0.96 0.96

Table 6.3: Precision, Recall and F1-Score values for different initialization methods.

6.6.4 Comparisons with Fusion Methods

We compare our proposed OP-Bilinear Model with multiple late fusion approaches,
feature concatenation approaches and state of the art Orderless Bilinear methods.

Average Fusion: We compare our results with a simple confidence score averaging
late fusion method. This is a widely used method due to its simplicity [120, 43, [119].
In this method, we take the confidence scores from individually trained models ‘Seismic’
and ‘Visual’ from Section and average them to get the final score for each datapoint.
Results are labeled as ‘Average Fusion’ in Table [6.4]
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Dempster Shafer Fusion: We compare our results with a more sophisticated late
fusion method, Demster Shafer theory [133]. This theory is a framework for reasoning
with uncertainty and generally applicable to sensor fusion models. We implement this
model similar to [I34]. We assume more uncertainty for visual modality than seismic
modality, e.g. 35% versus 15%, due to noise and resolution. The results of this framework
are shown in Table [6.4] with label ‘Demster Shafer Fusion’.

Compared with these late fusion methods, our proposed fusion method is able to
model the relations between the modalities and achieve better performance. Table
demonstrates that the proposed OP-Bilinear fusion model achieves higher detection rate
(Recall) with lower false positive rate (Precision).

Concatenation-Fully Connected: Many multi-modal fusion [117, 118, 135] and
feature fusion [I120] methods concatenate the feature vectors from CNNs and classify the
results using fully connected layer. This simple stacking of feature vectors compresses
the spatial or temporal order since the features at every index are stacked into a single
vector. Note that such operation does not exploit correlations in the spatial or temporal

order. The output of this fusion can be expressed as:

Oyt = [01,02, -"0M+N]T =

T (6.17)
|:ZE1 . TN 21 ... ZM:|
and vectors at each spatial and temporal indices are also stacked into a vector as:
T
[01,1,1 o Oyt e OU,V,T} (6'18)

Results of this model are provided in Table[6.4]and Fig.[6.8lunder the label ‘Concatenation-
FC’. The results show that the OP-Bilinear method achieves better performance than

the Concatenation model by extracting bilinear features and preserving order.
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’ Model H Recall ‘ Precision ‘ F1-Score ‘
Average Fusion [43, [120] 0.90 0.92 0.91
Dempster Shafer Fusion [134] | 0.93 0.95 0.94
Concatenation-FC [118, 120] 0.91 0.89 0.90
OP-Concatenation 0.93 0.90 0.91
Orderless Bilinear [122] 0.87 0.90 0.88
OP-Bilinear Fusion 0.97 0.96 0.96

Table 6.4: Precision, Recall and F1-Score values for different fusion methods and
proposed method. Cited papers use similar (multi-modal or feature) fusion methods

to our experimentation models.

Orderless Bilinear Descriptor: Bilinear pooling methods [122] 124], 123, [125] use

sum pooling over spatial indices to pool the second order feature tensor into an orderless

feature representation. Inspired by this idea, we sum the output of the outer product

operation @, ,z; from every spatial and temporal indices.

T
E Ty 2, =

u,v,t

T121

X221

X122

XToz2

INZ1 TNZ2

T12Mm

TozZM

TNZM

(6.19)

Results of these fusion models can be seen in Table [6.4] and Fig. [6.8] The results

demonstrate that the proposed method achieves the highest recall and precision rate

among alternative fusion methods.

Additionally, we observe that Orderless Bilinear

model performs worse than the Concatenation. This is due to the summation approach

over all the spatio-temporal indices in the former model loses the information instead of

achieving fusion.
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Figure 6.8: Precision-Recall curves show that OP-Bilinear Fusion achieves the best
detection rate and fewest false positives.

6.6.5 Impact of 3D Convolutions

In this section we investigate the merits of 3D convolutions. Since the model is
order preserving (OP), output of the fusion model is a spatio-temporal tensor. This
tensor allows us to leverage 3D convolutions to reduce the total number of parameters
and chances of overfitting by exploiting spatio-temporal correlations. We demonstrate
this by comparing OP models that exploit 3D convolutions with corresponding fully
connected models on two different fusion approaches, i.e., concatenation and bilinear
feature descriptors. Table demonstrates that models that preserve order achieve
superior performance in both fusion approaches.

Order Preserving Concatenation: In this model, we adjust our order preserving
approach to concatenation methods. We concatenate the features from each modality

at every spatio-temporal index as in Eq. However, instead of stacking the vectors
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’ Model H Recall ‘ Precision ‘ F1-Score ‘
Concatenation-FC 0.91 0.89 0.90
OP-Concatenation 0.93 0.90 0.91
Bilinear-FC 0.95 0.75 0.85
OP-Bilinear Fusion || 0.97 0.96 0.96

Table 6.5: Precision, Recall and F1-Score values for Order Preserving (OP) fusion

methods and their fully connected orderless variants. OP methods exploit 3D convo-

lutions, other methods do not.
further (as in Eq. [6.18]), we use these concatenated vectors as spatio-temporal local
descriptors with M + N length feature vector o,,: at each index (u,v,t). Since the
spatio-temporal order of descriptors is preserved this allows us to use 3D convolutions to
exploit correlations. Tables [6.4] [6.5] show the results of this model under the label ‘OP-
Concatenation’ and demonstrates that order preserving concatenation performs better
than simple concatenation.

Bilinear-Fully Connected: In this model, we replace the 3D convolutions from the
model in Section[6.6.2) with fully connected layers and fine-tune the network similarly with
pre-trained CNN weights. This effectively removes the weight sharing of 3D convolutions,
which removes the order-preserving aspect of the model and makes the model prone to
overfitting.

Table demonstrates the improvement in performance with preserving order on
Bilinear Feature descriptors. OP-Bilinear model results with significantly fewer false

positive rates, i.e, much higher precision compared to fully-connected method.

6.6.6 Averaging OF and LSTM Comparison

Our visual input is the magnitudes of OF vectors averaged over a time interval. Ex-
tracting OF from low-resolution cameras generate noisy inputs. Additionally, for this

application, location and existence of the motion is as important as the evolution of
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the motion. Spatial location of the motion captured among subsequent frames does not
change drastically and averaging over a short time interval allows OF magnitudes to
compress the motion captured while reducing the noise. This generates a low dimen-
sional, compact feature description. However, a more complex and higher dimensional
approach is capable of an incrementally better performance. Recurrent Neural Networks
(RNNs) and Long-Short Term Memory (LSTMs) models have been shown to achieve
good performance on variety of tasks [136} 137, [62]. We compare the performance of our
averaged OF model with an LSTM model. In the LSTM model each input frame (OF
Magnitude) goes through the convolutional part of the "Visual’ model from Section m
and the outputs of the consecutive frames are fed into an LSTM cell similar to Activity
Recognition model in [136]. Table shows the performance of the LSTM compared to
averaged OF visual model. This demonstrates that averaging reduces the dimensionality
and has slightly better false positive rates compared to small improvement in detection
performance of LSTMs. Additionally, for low-power strategic scenarios, processing every
frame through a CNN model may not be possible(which is required in LSTM) whereas
taking an average over a time interval and processing only this compact snapshot is more

feasible.

’ Model H Recall \ Precision \ F1-Score ‘

Visual 0.82 0.89 0.86
LSTM 0.86 0.86 0.86

Table 6.6: Comparison of the visual and LSTM model.

6.7 Conclusions

In this work, we introduced an OP-Bilinear Fusion method to jointly leverage sensor

data and imagery. By conducting a series of experiments we analyzed the impact of
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each module. We demonstrated that our feature selection algorithm makes the fusion
method feasible by effectively reducing dimensionality with only a small tradeoff in single
modality detection performance. We showed that our fusion model performs improves
performance over models trained on single modalities and demonstrated that the fusion
is beneficial. We compared the proposed fusion method with the traditional multi-modal
and feature fusion methods and achieved better performance with the proposed method.
Finally, we compared our approach of averaging OF frames to a more complicated LSTM
approach and showed that by averaging multiple OF frames the sequence information is
not lost and the model performs similarly.

The proposed method demonstrates the benefits of retaining the order when using
a bilinear operator with video and seismic signals. However, the principle of preserving
structural order with bilinear operators may be extended to any combinations of spatial
or temporal data sources since the formulation in Eq. is generic. Furthermore, by
replacing the outer product operation with tensor product operation, method can be
expanded for more than two modalities. where tensor product of three feature vectors

can be expressed as T' = a ® b ® ¢ where T} ; ;, = a;b;cy.
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Discussions

7.1 Discussions

In this thesis, we presented novel detection methods for analyzing videos and modeling
actions in various settings. We have introduced and evaluated methods for human/object
detection in challenging settings, atomic action detection in short video segments and
human-object interaction detection in images. Our novel machine learning models com-
bined relational structure between concepts as attention mechanisms and achieved state
of the art results in their tasks. Combining object detectors/trackers with the action
detection algorithms, our action detection system is one of the first systems in computer
vision area to achieve real-time processing over a video streams to detect actions.

Chapter 2 provides an overview of the relevant tasks, datasets and methods and gives
the required background for the following chapters. This chapter starts by describing the
re-emergence of neural networks in image recognition tasks with the availability of large-
scale datasets and GPUs for processing. This is followed by an overview of datasets and
architectures for object detection tasks as this task is closely related to action detection.

Finally an overview on previous action detection methods and large-scale datasets is
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provided.

Even though object detection and action detection tasks are closely related, a fun-
damental difference is that action/interaction detection usually requires the analysis of
the surrounding context. Chapter 3 addresses this fundamental difference by presenting
a novel action detection architecture which models the surrounding context for each de-
tected actor. This is achieved by utilizing an attention mechanism which considers the
current actor and the surrounding context instead of looking at the actor individually.
Additionally, this chapter showed that the proposed action detection system can transfer
to various input settings (e.g.: surveillance videos, autonomous car videos etc.).

Previous detection methods usually follow an end-to-end approach where to whole
task is learned from the data. However, when the task can be clearly broken down into
multiple sub-tasks, modularity can be a better solution. Chapter 4 addressed this by
presenting a modular approach to action detection. This chapter combined the atomic
action detector with object detection and tracking modules and analyzed the framework.
The framework achieved real-time performance while combining multiple, computation-
ally expensive modules. The framework is tested on various application cases. Building
on top of this framework, this chapter presented the complex activity detection pipeline
by combining the atomic action detection with a rule based model analyzing spatial
relations between humans and objects.

Due to challenges in the annotation process, video action datasets usually don’t con-
tain explicitly annotated interactions. Even though interaction labels exist, they do not
explicitly annotate the interacted objects or humans. To study such interactions, Chap-
ter 6 focuses on the Human-Object Interaction detection task on images. Building up
from the rule-based spatial configurations, this chapter presented a novel neural network
model which can utilize the spatial configurations of the human-object pairs and their

structural connections. The presented model exploits spatial configurations between hu-
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mans and objects to generate attention on each human-object pairs. These attention
values quantify the types of relations between the pairs.

Detection of actions inherently depends on the detection of actors/humans. When-
ever the human detection fails, further analysis of input videos become challenging. To
study human detection in difficult settings, Chapter 7 focused on the surveillance task
of detecting humans in a very large area by leveraging multi-modal sensor data. Low
resolution visual videos are fused with a low-cost seismic sensor recordings to detect
humans walking in the field. Low-resolution videos are recorded from a high resolution
camera with a wide field of view (FOV) which is placed close to a power source but far
away from the field with targets. This requires visual detection frameworks to search
for small (few pixels) objects on a large field. Seismic sensors on the other hand can
provide reliable information about their close surroundings and can easily be distributed
on a large field. This allowed the data from a seismic sensor to improve the detection of

cameras in regions where camera view and sensor range intersects.

7.2 Future Directions

Few-shot learning for action detection: The atomic action detection task has
a significant imbalance between the action classes. Frequent classes have hundreds of
thousands of instances where as some classes only have a hundred. Few-shot learning
methods can help this task as these classes with fewer samples can be learned more
effectively if the learning algorithm is designed for those cases.

Temporal Context for action detection: This thesis mostly analyzed spatial
context of actions while modeling the temporal scale only on short intervals. However,
longer temporal context have essential information about the actions as well. Models

that can utilize longer temporal contexts have the potential to improve this task greatly.
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Detection of complex activities: Detection of complex activities and analyzing
longer temporal context is a challenging task. One major issue in this setting is the lack
of datasets to effectively test the models. Collecting and annotating such datasets is
challenging due to high cost, privacy issues and lack of interesting actions. Additionally,
until recently, atomic action models were lacking in the community as well. Detection of
atomic actions is the initial step for detecting complex activities and with such models
including our presented model in this thesis, complex understanding of videos can be

achieved in the future.
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