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Abstract

This dissertation proposed a novel interaction-based HAR approach. The approach

can be scalable enough to be applied to different indoor scenarios. In this dissertation,

we chose smart home and smart library as the main scenarios. The dissertation

makes a deep analysis on indoor human activity, and finally determines to utilize

the interaction between human and objects to infer the human activity. Because

only in this way, the proposed approach can be scalable, flexible, and avoid of “cold

start” problem which appears commonly in data-driven approaches. The proposed

approach utilized passive RFID technology to recognize the interactions between

human and the objects of daily life. And with the help of machine learning and

deep learning, the proposed approach can combine the recognized low level activities

to infer the high level activities. So that the proposed approach can be applied to

recognize all grain activities including both fine-grain and coarse-grain activities.

Smart Homes are generally considered the final solution for living problem, es-

pecially for the health care of the elderly and disabled, power saving, etc. Human

activity recognition of smart homes is the key to achieving home automation, which

enables the smart services to automatically run according to the human mind. Re-

cent research has made a lot of progress of this field; however, most of them can only

recognize default activities, which is probably not needed by smart homes services.

In addition, low scalability makes such research infeasible to be used outside the

laboratory. In this study, we unwrap this issue and propose a novel framework to

not only recognize human activity but also to predict it. The framework contains

three stages: recognition after the activity, recognition in progress, and activity pre-

diction in advance. Furthermore, using passive RFID tags, the hardware cost of our

framework is sufficiently low to popularize the framework. In addition, the experi-
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mental result demonstrates that our framework can realize good performance in both

activity recognition and prediction with high scalability.

In the library, recognizing the activity of the reader can better uncover the read-

ing habit of the reader and make books management more convenient. In this study,

we present the design and implementation of a reading activity recognition approach

based on passive RFID tags. By collecting and analyzing the phase profiling distri-

bution feature, our approach can trace the reader’s trajectory, recognize which book

is picked up, and detect the book misplacement. We give a detailed analysis of the

factors that can affect phase profiling in theory and combine these factors of relevant

activities. The proposed approach recognizes the activities based on the amplitude

of the variation in phase profiling, so that the activities can be inferred in real time

through the phase monitoring of tags. We then implement our approach with off-the-

shelf RFID equipment, and the experiments show that our approach can achieve high

accuracy and efficiency in activity recognition in a real-world situation. We conclude

our work and further discuss the necessity of a personalized book recommendation

system in future libraries.

Keywords : Wireless sensing, human activity recognition, activity prediction, ac-

tivity of daily living, passive RFID system
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Chapter 1

Introduction

1.1 Smart Environments and Human

In the past decades, the relevant technologies of edge computing, communication,

cloud computing have achieved speedy development. The Micro-electromechanical

Systems (MEMS) have greatly reduced the size weight of various devices. And in

the meanwhile, the wireless communication technology enables such edge devices

to transmit the information to the remote servers without irritating cables. The

improvement of computing power promotes the applications of machine learning and

deep learning algorithms. All the above technologies make it possible for the Internet

of Things (IoT) to obtain data, analyze data, and provide services.

Along with the development of IoT, the population of the world also grows rapidly

in recent years. According to the report of United Nations, the world population will

reach 9.7 billion in 2050, and more than 11 in 2100. The huge population brings not

only opportunities but also great challenges to different countries. Especially today

when the population structure and social form has changed dramatically, people

become more and more independent than ever. Actively or passively, people are

surrounded by electronic equipments.

Thus, we have to think about how to make those equipments and devices improve

our quality of daily life. The answer in this dissertation is to build human-oriented
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smart environments framework to give devices the ability to understand human, and

future completely change the relation between devices and human.

1.1.1 The Trend of IoT

The term of IoT was first mentioned by Kevin Ashton in 1999 to propagate the supply

chain management[1]. However, the definition has changed to be more inclusive in the

past decade[2]. Here, the definition of “Things” includes far more than the hardware

devices. All kinds of knowledge and information that could be sensed and conveyed

by computer belong to “Things”. And the goal of IoT is not only to connect the

“Things” but also to analyze them and make the whole system run automatically.

IoT comes from the concept of ubiquitous computing, which is a network of smart

devices. Thanks to the development of embedded systems, Wireless Sensor Networks

(WSN), real-time analytics, control systems, IoT has been out of the laboratory and

widely applied in different areas.

In industrial area, IoT is used to acquire the data from the connected equipment

to regulate and monitor the industrial systems. Several years before, such industrial

IoT systems can only get the data from the equipments embedded with sensors,

and transmit the data to human. The IoT systems are highly dependent on the

experience of workers and not robust enough. While when Industrial Internet of

Things (IIoT) hugs intelligence, that enables content-aware data processing, the IIoT

systems will greatly improve the efficiency of manufacturing and save more energy[3].

Here, industrial big data plays an important role in IIoT[4]. The intelligent IIoT

manufacturing systems will not rely on human any more, and realize self-configure

for resilience, self-adjust for variation, self-optimize for disturbance.

In agriculture area, IoT applications are used to collect the data of temperature,

rainfall, humidity, wind speed and so on. The data are utilized to provide auto-

matic decision in the farm management. For example, Farmers now can precision

fertilization programs with the help of agriculture IoT system[5].

In infrastructure area, IoT applications are usually utilized to build smart city,
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which can continuously monitor and automatically control the infrastructures like

railway, bridges, parking lots, etc[6]. Another well-known application of IoT is smart

grid, which is used to balance the power usage and energy generation to optimize

energy consumption in the real time[7].

From the above applications, we can see that intelligence and autonomous control

are the key trends of current IoT. Although they are not in the original concept of

IoT, Ambient intelligence (AI) and autonomous control greatly promote the devel-

opment of IoT. IoT systems equipped with AI real-time analysis module can realize

autonomous behavior by collecting and analyze the context information. Thus, the

smart environment systems in the future will not act as a tool of human, but a

reliable partner of human.

1.1.2 Human-oriented Service in Smart Environments

Apart form the above areas, a major application of IoT in consumer area is home

automation, which is so-called “smart home”. All of the technologies are invented to

serve humans, and IoT is no exception. IoT applications in the above areas are used

to improve the efficiency of manufacturing or save energy, which is relative far from

the daily life of ordinary person. While smart home is very closed to everyone’s life,

which make it a most promising application of IoT.

Note that, the “home” here is a generalized concept rather than “house”. In this

dissertation, we define “home” as indoor space where human exists in the daily life,

e.g. house, office, hospital, library, and gymnasium. Smart home systems can be

implemented in these places to provide human-oriented services, which then become

“smart environment”. The services aim to reduce the inconvenience of human and

improve the quality of daily life.

The concept of building a home that can automatically control and manage the

resources for the inhabitants has been put forward many years before. Smart en-

vironment can be considered to be a kind of context-aware system that provides

services based on the knowledge it sensed in home environment. To achieve this
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goal, smart home systems typically utilize a home gateway to connect the controlled

devices and sensors. And now the users can control the system through different

kinds of remote terminals, such as tablet, Web, computers, and mobile phones.

Such smart home platforms enable home devices to collect surrounding data and

communicate with central processing module in bidirectional way. Many companies

have produced their own smart home platforms to take the lead, e.g. Apple Home-

Kit[8], Samsung SmartThings[9], Google Nest[10], etc. A typical scene of such smart

home platforms is to allow users to remote control the home devices through their

smart terminals or voice assistant. For example, users can ask “Siri” to turn on the

light in living room, while they do not neet to get up from the bed. Obviously, it is

not intelligent enough to be called smart home.

Fortunately, smart home can do much more than this in the view of researchers.

For instance, the health care of inhabitants is an essential function of smart home,

especially for the disabled and elder people. In this part, different health care services

represented by fall down detection draw a lot of attention of researchers. The vision

is to realize timely remote health assistance by monitoring the physical conditions

of users[11]. The living conditions control is another function of smart home. Smart

home can automatically control the overall devices to keep the home environment

comfortable, including light, temperature, humidity, etc[12]. Personalized recom-

mendation is also a potential service for users. Based on the behavioral habit, smart

home can provide recommendation and advices to improve the quality of life. Power

saving in smart home is that the electric appliances can be automatically controlled

according to the occupancy of users.

Services including but not limited to the above functions make a real smart home,

compared with existing smart home systems. However, Such services all rely on the

knowledge of the human state. So, the lack of human state sensing becomes the core

restriction that obstructs the current smart home to be real smart.
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1.1.3 Human State Sensing

To achieve real smart home, we need to know the state of human. We divide the

human state into two parts: inner state and external state. The difference between

the two kinds of states is that if the state can change according to human mind.

Such inner state of human can already be monitored in different appropriate

ways. For example, heartbeat is a typical inner state, which can not be directly

controlled by human mind. Smart watches represented by Apple Watch can monitor

not only heartbeat but also electrocardiogram (ECG)[13]. Adib et al. have pro-

posed a wireless sensing technology to monitor the breathing and heart rate without

contact. Panasonic has produced EW-NK63 to measure the calories consumed in

everyday[14].

The external state of human contains more information than the inner state,

which is more important to the smart home. However, monitoring the external state

of human, in other words, human activity in home environment is still a challenge

that requires more research. The existing work is introduced in Chapter 2.

1.2 Statement of Problems

Now, we already know that indoor human activity recognition is a key bottleneck to

make a real smart home. However, existing research does not work well in this area

because of several reasons. In this section, we provide a deep analysis of the reason

why it is hard for computer to monitor the human activity at home.

1.2.1 The Gap Between Human and Computer

As depicted in Figure 1-1, the knowledge of home environment contains two parts:

surroundings and inhabitants. Due to the development of sensing technology, it is

not difficult for smart home to know the state of the surroundings. With those in-

formation, smart home can achieve some degree of automation. However, to provide
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Central 
Processing

Sensing Services

Surroundings Inhabitants

Figure 1-1: A simplified architecture of smart home

human-oriented services, the activity of human has to be taken into consideration.

Unfortunately, there is a natural gap between human and computer. Millions

years ago, human start use tool in hunting and cultivation to rule the world. Today,

human invents computer systems as a tool in all aspects of daily life. The role of

computer is still somehow the same with the stone. Although many kinds of interface

between computer and human have been proposed to help human use computer with

less troubles. One thing is not changed for many years. The computer systems still

work in a positive way, which restricts computer to wait for the order from human.

Computer systems rely on data, which is impossible to get from human directly.

That is to say, the activity of human will not produce data for computer to under-

stand human mind. And this leads to the gap between computer and human.

1.2.2 The Characteristic of Human Activity

The characteristics of human activity also bring troubles to computers to understand

the activity. Here, we clarify them to better solve the problems.

To recognize a human activity, we have to know the habit of the human at home.

Here, we explore the features of human activity at home as follows, and they may
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Activities A_1 A_2 A_3 A_4 A_n… …

Time

(a)

Activities

A_1

A_2

A_3

A_4

A_n… …

A_5

A_6

Time

Time

A_2

(b)

Figure 1-2: Comparison between the existing human activity recognition (HAR)
approaches and the ground truth in the real world. (a) Result of the existing HAR
approaches; (b) Activities in the real world.

be the reasons why it is difficult to build a general HAR approach.

• Concurrency. This is the biggest gap between the result of the HAR ap-

proach and the ground truth in the real world. A human usually performs

different activities concurrently. As depicted in Figure 1-2b, activities A_1

and A_2 are simultaneously in progress—while the existing HAR approaches

are basically discriminative, meaning they can only recognize one result at a

moment, as depicted in Figure 1-2a.

• Multiplicity. It means that the sort of activities could be different as seen

from different granularity. For example, the activity of “cooking” may involve

sub-activities such as “washing vegetables”, “cutting ingredients”, “frying” and

so on. It is difficult to recognize a full-grain-size activity, as the HAR approach

does not even know what kind of activity the smart-home platform needs to

know. In this study, we grade the activities according to the semantic meaning

they have. A high-level activity has more semantic meaning than that of lower

ones [15].
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• Complexity. An object or device could be used in different activities, and an

activity may also use several devices. This means it is not impossible to infer

the activity directly from object usage.

• Diversity. Owing to the difference in cultural, race, region, and even character,

individuals may perform the same activity in completely different ways. This

difference causes huge trouble to the training-based approach, as the trained

model in the laboratory could not be applied to real houses.

• Randomness. Although the individuals have specific behavioral habits, it

is not easy to excavate such patterns. This is because large randomness in

activities exists in daily living, and because the next activity is decided not

only by the current activity, but also by the earlier ones.

The above-mentioned five features render the existing research works impractical

in smart homes. To monitor human activity, we have to face the above five features

to make the solution work well in real world.

1.2.3 The Hierarchical Human Activity

Maslow proposed his theory in psychology about humans’ innate curiosity in his

1943 paper[16]. As depicted in Figure 1-3, Maslow’s hierarchy of needs is usually

portrayed in a shape of pyramid, where most fundamental needs are at the bottom

and the need of self actualization is at the top.

Inspired by Maslow’s theory, we believe the activities of human also follow a

hierarchy structure. Because, human performs the activities according to their mind.

And the mind is from the human need, at the same time. Thus, similar with hierarchy

of needs, different activities of human belong to different hierarchies.

Actually, several researchers have paid attention in this area and form activity

theory. Based on activity theory, an activity is seen as a system of human “doing”

whereby a subject works on an object in order to obtain a desired outcome. Ac-
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Figure 1-3: Maslow’s hierarchy of needs.

cordingly, Saguna proposed a context-driven activity theory to show that complex

activity can be inferred by simple activities[17].

1.3 Dissertation Purpose and Objectives

In this dissertation, I am motivated to fulfill the gap between computer and human,

by giving the computer the ability to understand human. And this will subvert

the traditional relation between computer and human, enabling real smart home

systems. Smart environment systems will be able to run in an active way to provide

human-oriented services without human order. To achieve this goal, this dissertation

is to propose scalable and practical frameworks to recognize human activity. Here,

this dissertation focuses on two scenes: house and library.
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In narrow sense of smart home, we want to not only recognize the human activity

but also try to predict the activity. A new way to control the equipment at home will

be proposed to realize more flexible home control. The final goal of this part is to

make smart home could remember the habit of the inhabitant’s daily life and guess

what the inhabitant wants to do next. With help of this kind of knowledge, smart

home can enable many kinds of functions to improve the quality of human life.

And in the scene of library, we would like to recognize the behaviors of reader

and to further better excavate the reading habit of the readers and bring convenience

to the book management. To accomplish these, we make effort to present the design

and implementation of a reading activity recognition approach with off-the-shelf

equipment.

1.4 Structure of the Dissertation

The remainder of this dissertation is organized as follows:

• Chapter 2. Background and Motivations

In Chapter 2, a review of the existing research in the area of HAR is introduced,

and we than introduce the motivation of our interaction-based HAR which

utilizes passive RFID technology. We briefly introduce the applicability of using

passive RFID technology to detect the human action in different scenarios.

• Chapter 3. Low-level Activity Recognition

Then, Chapter 3 describes a way to recognize the low-level human activity at

home. A novel wireless controller in smart home is proposed as a practical

application. The wireless controller allows user to move the controller to where

they want as easy as blowing off dust.

• Chapter 4. High-level Activity Recognition and Prediction

In Chapter 4, a three-level framework is proposed to recognize and predict

human activity in smart home. The framework enables smart home system
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to monitor human activity in real-time and predict what the user wants to do

next at home.

• Chapter 5. Reading Activity Recognition in Smart Library

After that, Chapter 5 introduces a novel framework to recognize the reading

activity in future smart library. The framework can recognize which book is

picked up and trace the reader at the same time.

• Chapter 6. Conclusion and Future Work

Chapter 6 summarizes the dissertation and discusses the future trends in the

area of HAR.
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Chapter 2

Background and Motivations

2.1 Introduction

In the filed of human activity recognition, there are several categories of existing

research work that are related to our work. And all the existing work inspires us

to propose our work with more efficiency and effectiveness. In this chapter, I will

discuss them in detail.

Inspired by the existing work, we proposed our interaction-based HAR approach

using passive RFID technology. In this chapter, we also discussed the motivations

of our approach, which are mainly about the relation and difference between action

and activity. The main idea of our approach is to detect the action first and then

infer the relative high level activity.

With the help of machine learning and deep learning algorithms, the proposed

approach can not only recognize the full grain human activities in real time, but

also predict the next possible activity at smart home. Moreover, the proposed ap-

proach can be applied to other indoor scenarios. We take library as an example, and

introduce briefly about the interaction-based HAR in smart library.

12



2.2 Human Activity Recognition (HAR) Systems

Several years ago, the concept of smart home has been proposed with the realization

of the great technology development[18]. Now, we say smart home as a general

representative of smart environment that covers different places. Even though the

places are different, the purposes of smart home are the same, which is to provide

an Ambient Assisted Living (AAL) to realize an active interactive environment for

human to improve the quality of life. For example, smart hospitals can monitor the

health state of patient and provide prompt treatment without delay. No mater where

the place is, one basic knowledge has to be acquired by computer systems to realize

smart home, that is the activity of human.

To obtain the reliable and accurate knowledge of human activity, a lot of research

have been done in different ways. However, this is not an easy task. The reasons

has been introduced in the last chapter. While, in this section, we will show the

effort from different researchers in recognizing human activity. For a typical HAR

system, the first task is to obtain the data from different sensors, and then different

algorithms will be utilized to analyze the data to decide what the user is doing. As

depicted in Figure 2-1, if we divide the existing work according to the type of sensors,

there are two kinds of approaches of HAR: vision-based HAR and sensor-based HAR.

While if we divide the existing work based on the type of activity model, there are

also two kinds of HAR: data-driven HAR and knowledge-driven HAR. In this section,

we will introduce them respectively.

2.2.1 Visual-Based HAR

The most widely used way to recognize human activity in the early stage is to utilize

visual data. Usually, visual-based HAR approaches use video cameras to monitor

the actor’s behavior and the relative environmental changes. The video data are

video sequences or digitized image data. The visual-based approaches exploit com-

puter vision techniques to distinguish different activities. They utilize feature extrac-
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Figure 2-1: The categories of human activity recognition.

tion, structural modeling, movement segmentation, action extraction, and movement

tracking to analyze visual data to realize patten recognition[19].

The advantages of visual-based HAR include several aspects. The first is that

cameras are easy to be implemented in different places. Then, the price of cameras

is not that high, so that the cameras could be equipped in a huge amount. The last

is that computer vision in the area of pattern recognition has been well developed in

many years. These advantages make visual-based HAR approaches achieve success

in several scenarios, such as surveillance, robot learning, and security.

To recognize the human activities using video data, one basic idea is to isolate

the human body from the background. The procedure is called back-ground sub-

traction or fore ground extraction. After obtaining the silhouette, the 2D shape of

the silhouette can be used to recognize the activity of human. Veeraraghavan et

al. emphasized the effectiveness of shape features, they utilize the shape features to

recognize the human motion[20]. To alleviate the influence of view-point changes,
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multiple cameras are used to extract silhouettes in different viewpoints in the re-

search of Xu et al[21]. Weinland et al. derived Motion History Volumes (MHVs) by

stacking 4D silhouettes using four orthogonal cameras.

Optical flow is another way to extract silhouettes from a dynamic background.

Activity is represented as a sequence of posture according to the research proposed by

Lu et al [22]. And each key posture was recorded in a key frame. After recognizing

the key posture, they matched the posture sequences with the defined activity to

confirm the specific activity.

An activity video could be treated as a series of images that contain activity

sequences. By concatenating the frames along the time, we can form the 3D Space-

Time Volume (STV). Such STV contains not only spatial information but also time

information. Shechtman et al. proposed an approach to compare volumes based on

their patches. The method requires no prior modeling, while it can still handle the

complex dynamic scenes and detect multiple activities[23].

Instead of extracting the silhouette or STV and encoding them as a whole, local

representations process activity video as a collection of local descriptors. Scovanner

et al. proposed a 3D Scale-Invariant Feature Transform (SIFT) descriptor and utilize

it in HAR[24]. The videos are described as a bag of spatiotemporal words using the

3D SIFT descriptor. Moreover, a feature grouping histogram which groups the co-

occurred words out of the original one is used to build a more discriminative action

video representation and finally used for classification.

Lu et al. utilized principle component analysis (PCA) to project the original

histogram of oriented gradients (HOG) descriptor to a linear subspace. Then, the

descriptor was utilized to track and recognize the activity simultaneously[25].

Apart from the early stage visual-based HAR approaches using RGB cameras,

approaches using depth cameras can achieve more information for recognition. Low-

cost depth cameras have been well developed. And we can easily achieve depth map

with off-the-shelf devices such as Microsoft Kinect[26]. With Kinect SDK, researchers

can directly obtain the skeletal joint positions in real-time. Both the depth map and
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skeletal information can help a lot in HAR problems.

Li et al. introduced the action graph model, which represents activities using

several salient postures serving as nodes in action graph[27]. All activities share

same posture sets and each posture is characterized as a bag of 3D points from

the depth maps. However, involving all the 3D points is computationally expen-

sive; thus, a simple and effective method to sample the representative 3D points is

proposed, achieving over 90% recognition accuracy by sampling approximately 1%

points according to their report.

Wang et al. proposed a depth-based feature called local occupancy pattern (LOP)

to describe the occupancy of the neighborhood of each point. A data mining solution

is also leveraged to select the active joint feature subset for a particular activity.

Then, actionle ensemble which is linear combination of actionlets is achieved to

represent each activity[28].

Although, the existing research to recognize the activity with visual data are

popular in the early stage. The shortcomings of these approaches greatly restrict

the appliance in current smart home. The most important issue is privacy problem.

As introduced above, smart home tend to provide services to human and build an

active interaction. Visual data contain too much sensitive information of the user,

and no one want to be monitored by cameras all the time. No mater in the public

places or private place, the privacy of user need to be well protected. Even though

some research have been done to encrypt the visual data, there is still great risk to

disclose the privacy when the computer systems are hacked and the cameras are taken

control by hackers. Also, the visual-based approaches usually perform well when

they recognize simple activities, which we say low-level activities or actions. When

we deal with high-level activities, visual data will include too much noisy and lead

to mis-recognition[29]. Besides, visual-based approaches rely on high computational

complexity, which makes them hardly to be utilized in different places.
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2.2.2 Sensor-Based HAR

The concept to utilize sensors to recognize the activities has been proposed since

the late 1990s. It was firstly pioneered by the research of the Neural Network house

to enable home automation[30]. After that, extensive research has been undertaken

to explore the use of sensors to create smart appliances and activity recognition in

various scenarios. Thanks to the development of ubiquitous and mobile computing,

HAR with sensors keep receiving attention from researchers till now.

Wearable Device-Based HAR

In the early stage, most research made use of wearable devices to monitor the activity

of users. They attach devices to human bodies, or utilize the portable devices like

mobile phones, to obtain sensor data. In that stage, they can mainly recognize

the physical activities, which are mostly like simple actions, such as walking and

running. Since the wearable devices can be embedded into clothes, shoes, eyeglasses,

and mobile devices, they can easily achieve the information such as body position

and movement. Then researchers can utilize such information to infer the relative

activities.

Accelerometer sensors are the most frequently used wearable sensor to recognize

the human activity. Lee and Mase proposed a dead-reckoning method to determine

the user’s location and recognize the user’s behaviors such as sitting, standing, and

walking, by measuring the acceleration and angular velocity through accelerometers

and gyroscopes[31]. Lukowicz et al. proposed a way to recognize workshop activities

utilizing accelerometers and body worn microphones[32].

Biosensors are also more and more popular in the area of HAR aiming to monitor

the vital signs. Different biosensors can obtain different body information such as

blood pressure, heart rate, EEG, ECG, etc. Researchers have found that when the

human perform different activities, the biological information will change accord-

ingly. Harms et al. identify body posture utilizing the information from a smart
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garment[33]. Similar work also includes [34] and [35].

Now, most smart phones equipped with multiple sensors become the best in-

termediary to obtain the compound data of human. For example, Anguita et al.

provided a public dataset for human activity recognition using smart phones[36].

They utilized smart phones with inertial sensors to collect context information of

the user, and then used Support Vector Machine to recognize different actions. Su

et al summarized the HAR approaches with smart phones in their research[37].

Wearable devices-based HAR approaches achieved great success in monitoring

the actions and gestures of human. However, they suffer from limitations at the

same time. Even though the microelectronics technology has been well developed

for several years, the size of wearable devices still makes troubles to users, especially

to elder and babies. Also, wearable devices have to face the issues include ease of

use, battery life and the effectiveness in the real-world scenarios. Besides, how to

persuade human to ware the additional devices is another practical problem. Last

but not the least, wearable sensors only work well when they are used to recognize

low-level activities. Wearable devices are not suitable in most cases, when we want

to recognize different complex and high-level activities. Because the simple physical

movements information is not sufficient to infer activities that contain mixed physical

motions.

Dense Sensing-Based HAR

To overcome the shortage of wearable devices, dense sensing-based HAR approaches

have become the main trend. Using dense sensing, a large number of sensors, nor-

mally low-cost low-power, and miniaturized, are deployed in a range of objects or

locations within an environment for the purpose of monitoring movement and be-

havior. As dense sensing-based monitoring embeds sensors within environments,

this makes it more suitable to create ambient intelligent applications such as smart

homes[19].

Sensors in smart homes can monitor the inhabitant’s movements and environmen-
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tal changes, so that the undergoing activities can be inferred by the sensor obser-

vations, thus providing in-time context-aware ADL information. Extensive research

has been done in this issue to investigate the applicability of the approach in terms

of sensor types, modalities, and applications.

Tapia et al. used environmental state-change sensors to collect information of

the interaction between human and the objects[38]. Then, they recognized different

activities such as toileting, bathing, and grooming. Wilson and Atkeson used four

kinds of anonymous and binary sensors to simultaneous tracking and recognizing the

activities[39]. Srivastava et al. exploited wireless sensor network to develop smart

learning environment for young children[40].

Although the dense sensing HAR approaches do not require the uses to carry any

devices and they attach abundance of different types of sensors to the objects or fur-

niture to monitor the change of the environment to obtain the ambient information.

The size of the sensors still need to be taken into consideration. Thus, RFID tags

become the best choice to work as dense sensors. However, since the range of RFID

antenna in the early stage is limited, RFID-based HAR approaches require users to

ware a glove or bracelet that equipped with RFID reader and near field antenna

to detect the object usage, while attaching RFID tags to the ambient objects. For

example, Philipose et al. developed iGlove, working as wearable RFID reader that

can detect the usage of specific object with unobtrusive tags[41]. And Fishkin et

al. also developed the similar thing called iBracelet to detect the usage of tagged

objects[42]. In these cases, the wearable RFID readers cooperate with dense RFID

tags to sense the usage information and then infer the related activities.

To obtain the object usage information first, then infer the activity draw more and

more attention in HAR. Patterson et al. proposed fine-grained activity recognition by

aggregating abstract object usage[43]. Hodges and Pollack proposed a way to identify

individuals from their behavior based on their way to interact with the object they

use in daily activities[44]. Moreover, to obtain optimal recognition performance,

wearable devices and dense sensors could work together. For example, Gu et al.
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proposed an approach to collect multi-modal sensor information with both wearable

sensors and object sensors[45]. They could recognize sequential, interleaved, and

concurrent activities using a pattern-based algorithm.

Note that the dense sensing-based HAR approaches usually have to face different

types of sensors data. To combine those multiple types of data, much more effort need

to be done and more computation ability is required. The RFID-based approaches

can only detect the usage of objects that operated by hands. While there are several

objects do not interact with human in that way. In that cases, the existing work will

fail to detect the object usage. Besides, the dense sensors also have to suffer some

problems such as size, weights, price, communication and battery life. The above

shortages restrict the existing approaches to work only in the laboratory of some

specific scenarios.

2.2.3 Data-Driven HAR

Data-driven HAR can be classified into two main categories: generative and discrim-

inative. In the generative approach, one attempts to build a complete description

of the input or data space, usually with a probabilistic model such as a Bayesian

network. In the discriminative approach, one only models the mapping from inputs

(data) to outputs (activity labels). Generally speaking, discriminative approaches

perform better than generative approaches, but are less interpretable[46].

The naive Bayes classifier (NBC) is the simplest possible generative approach,

which has been proved to perform well in HAR. NBC model all observations as aris-

ing from a common causal source: the activity, as given by a discrete label. The

dependence of observations on activity labels is modeled as a probabilistic function

that can be used to identify the most likely activity given a set of observations. For

example, Maurer et al. proposed a wearable sensor platform to recognize human ac-

tivity and the location with NBC and achieved good performance[47]. There are also

different kinds of generative approaches such as Hidden Markov Model (HMM)[48],

Dynamic Bayesian Networks (DBNs)[49], etc. A drawback of the generative ap-
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proach is that enough data must be available to learn the complete probabilistic

representations that are required.

Perhaps, the simplest discriminative approach is Nearest Neighbor (NN), in which

a novel sequence of observations is compared with a set of template sequences in a

training set, and the most closely matching sequences in the training set vote for their

activity labels. Bao and Intille proposed a method to use NN along with other base-

level classifiers to recognize the human activity with accelerometer data[50]. Recent

years, deep learning methods achieve great success in different pattern recognition

problems. Researchers also utilized deep learning to recognize human activity with

different kinds of sensor data. For example, Ordonez et al. proposed a LSTM-based

model to recognize several human activities with wearable sensor data[51]. Ibrahim

et al. proposed a hierarchical deep temporal model with visual data to solve group

activity recognition problem[52].

Some work combine the above two kinds of approaches to achieve better perfor-

mance. However, no mater generative approach or discriminative approach, they are

all supervised machine learning approaches. They highly rely on the data with fine

label. Unfortunately, it is very difficult to obtain well labeled data in the real world.

Human tend to act the same activity in different ways. Thus, even when the HAR

model is trained in the laboratory with the labeled data from the volunteers, the

model can not be introduced to other scenes. Also, the data-driven HAR approach

usually deal with fixed amount of activities. Because the model is fixed after train-

ing. This makes it impossible to extend the ability of recognizing more activities

than the trained ones. The above shortages lead to that there are still no practical

approaches that can be scalable to different scenes out of laboratory.

2.2.4 Knowledge-Driven HAR

Knowledge-driven HAR is motivated by real-world observations that for most ADL

and working, the list of objects required for a particular activity is limited and

functionally similar. Even if the activity can be performed in different ways, the
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type of the involved objects do not vary significantly. Knowledge-driven activity

recognition is founded upon the observations that most activities, that take place

in a relatively specific circumstance of time, location, and space. Knowledge-driven

HAR approaches usually utilize the domain knowledge and heuristics in activity

modeling and recognition.

There are several kinds of knowledge-driven HAR approaches that have been pro-

posed. The first is mining-based approach. Perkowitz et al. proposed their idea to

do activity modeling from the websites[53]. They generated a total 21300 activity

models which is far more than what we need in smart home. Then Wyatt et al.

continued Perkowitz’s research and created DBN activity models[54]. Mining-based

approaches face two main challenges. It is difficult to deal with synonymous prob-

lem which means that the synonymous words may lead misunderstands. Another

shortcoming is they can not handle different situation and different persons. Mining-

based approaches make use of public data sources, so that they can avoid the “cold

start” problem. However, they are weak in dealing with idiosyncrasies of activities,

since they assume that everyone follows the same way when they perform one activ-

ity. While data-driven approaches have the ability to generate personalized activity

models. But the model generated by them has no reusability for different users.

Another way of knowledge-driven HAR approaches is to use logic. There are a

number of logical modeling approaches and reasoning algorithms in this area. Gener-

ally speaking, they proposed their own activity description logic to model the activity

according to the common sense of the activity, including the subset of the activity,

the sequence of the actions that form the activity, the locations, etc. For example,

Kautz et al. and their first-order axioms built a library of hierarchical plans of ac-

tivities[55]. They treat the activity as a set of actions and set the logic between

them to recognize the activity. Other research make use of Event Calculus (EC)

to recognize the activity. The EC formalizes a domain using fluents, events, and

predicates. In a short, they define the situation of the activity, and they take the

temporal information into consideration. It means that they also define the rela-
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tion between activities, so that they can somehow predict the activity. The work

proposed by Chen and Nugent showed us a EC-based framework to recognize the

activity according to the sensor activations[56].

Also, ontology-based approaches has gained growing interest. They can work with

both vision data and dense sensor data, and achieve good performance, respectively.

For example, Chen et al. proposed and developed an ontology-based approach to

activity recognition[57]. They constructed context and activity ontologies for explicit

domain modeling. Sensor activations over a period of time are mapped to individual

contextual information and, then, fused to build a context at any specific time point.

They made use of subsumption reasoning to classify the constructed context based

on the activity ontologies, thus inferring the ongoing activity. Compared with logic-

based approaches, ontology-based approaches have the same mechanisms for activity

modeling and recognition. However, ontology-based approaches are supported by a

solid technological infrastructure that has been developed in the semantic web and

ontology-based knowledge engineering communities.

2.3 From Action to Activity

As we introduced above, there are a great deal of approaches that try to recognize

the human activity according to different kinds of data. Most of them agree with

that one activity consists of several actions, which is accord with activity theory.

Actually, one activity may consists of several lower level activities, too. To simplify

this issue, we just take the situation in Figure 2-2 as an example.

In Figure 2-2, we can see that the activity is defined by several sub-activities,

which is also called actions. And the action is defined by the semantic information.

For example, one action may imply “4W”, which are “who”, “where”, “when”, “what”.

“4W” describe an objective action and determine the specific one action. And the

actions contain very basic semantic information, while the higher level activities

contain much more complex semantic information. It means that the lower actions
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Figure 2-2: Modification of activity theory.

are more simple and easy to be recognized. Because, the lower actions contain less

human personality. For example, even though people may prepare different food

for their breakfast, they always turn on the gas with similar gesture. If we try to

recognize that the user is making breakfast, the task may be difficult. But, if we try

to sense the gas is being used, it will be much easier.

Thus, the HAR problem can be unwrapped into two problems. The first is how

to sense the lower level actions, and the other is how to combine the actions to infer

the higher level activity. For the first problem, the best way to enable the computer

system to sense the actions is to utilize wireless sensing technology. Because, the

existing work have shown us that approaches with vision data may lead essential

privacy problem, especially in home environment. And the human may perform

activities with so many objects around them. The objects are different from size and

location. So wireless sensing technology can make sure that the system can cover

as many objects as possible. One the other hand, we have to consider the relation

between activity and its related actions. Since people may perform one activity in

different ways, it is not appropriate to utilize fixed pattern to different users. The

best way we believe is to apply machine learning or other data-driven algorithms to

built personalized activity models to different users.
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Table 2.1: Contrast of state of the art wireless sensing technologies for action sensing.

Characteristics Wi-Fi UWB RFID

Low-cost 4 4 4

Perceptive 6 4 4

Multi-function 4 6 4

Non-invasive 4 4 4

Easy to implement 6 6 4

2.4 Interaction-based HAR

After the analysis of activity and action, we propose our interaction-based HAR

approach. As we introduced above, when a user perform one activity, he always

interact with some objects. Our idea is to monitor the usage of these objects to

further infer the action ongoing, and then combine the performed actions to infer

the high level activities. The proposed approach is scalable in two spaces. The first

is that the proposed approach can recognize all grain size activities from high level

to low level. The other is that the proposed approach can be applied in different

indoor scenarios. In this dissertation, we take home and library as examples.

We have introduced that the best way to sense the interaction between user and

objects is to utilize wireless sensing technology, such as: Wi-Fi, Ultra-Wideband

(UWB), RFID. With these technologies, researchers have proposed several work in

action recognition. For example, Wisee [58], WiVi [59], and Witrack [60] recognized

actions with WiFi signal. They succeed in distinguishing various kinds of gestures

at the cost of sophisticated system implementation, and/or specialized and modified

hardware. However, these systems work in short range, and usually require specific

hardware environment. While, passive RFID is an alternative promising technology

to recognize human action with objects.

We summarized the state of art wireless sensing technologies in action sensing,
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as shown in Table 2.1. According to Table 2.1, we will say passive RFID is more

appropriate in sensing human action in indoor environment. Note that, we do not

require user to carry any device in this dissertation, which is a great improvement

than the existing work. We find that when user perform some basic action, the phase

of RFID signal will change accordingly. For passive tag, phase is an attribute which

is collected by the reader in every query. The interactive actions between users and

tags will influence phase value in different aspects. Note that, specific action will

cause the corresponding phase waveform. Thus, it is reasonable to detect the action

by monitoring the phase change.This inspires us to utilize the feature of phase change

to infer the interaction between human and objects with passive RFID tags. Due to

RFID tags can label the objects with their inherent ability, system can easily distinct

which object is being operated by the user. Thus, the usage of all the objects can

be generated in the same way.

As depicted in Figure 2-3, these four pictures represent four actions that affect the

phase value. To show the waveform more clearly, we use unwrapped phase rather than

the original phase. Figure 2-3(a) represents that a hand covers the tag completely.

Figure 2-3(b) represents a finger touches the tag. Figure 2-3(c) represents a finger

sweep on the surface of the tag from one side to the other. Figure 2-3(d) represents a

hand waves above the tag. The reason that different action causes different waveform

will be discussed in later chapters of this dissertation.

After we generate the usage information of all the objects, we then utilize machine

learning algorithm to model the activity with the weight of low level actions. For

some simple activities which only include one object, it is quite easy to recognize

the activity just based on the usage of the relative object. Unfortunately, most

activities include far more than one object. One activity may include several actions

interacted with several objects. Also, one action may belong to different activities,

respectively. This brings great trouble when we try to determine what the user

actually is performing. Because, only knowing the usage of current object is not

enough to infer the high level activity.
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(a) Cover.
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(b) Touch.
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(c) Sweep.
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(d) Wave.

Figure 2-3: Examples of phase change and the corresponding actions.

Interaction-based HAR in smart home

In smart home scenario, there are different grains of activities. For simple activities,

we can directly determine whether these activities are being performed or not by

monitoring the state of RFID tag. We can use this find to replace existing way to

control the home electrical appliance. So we introduce a new RF-Swith to replace

the traditional switch on the wall. Because, simple interactions such as touch, sweep,

are enough to be used to control the switch. And such simple interactions can be

easily detected by passive RFID tags as introduced above. The detail of RF-Switch

will be introduced in later chapter.

While for the complex activities, we introduce tf-idf weight to map the actions

to activities. Even though one action may belong to different activities, we can cal-

27



culate the possibility that one action belong to one specific activity. To generate the

tf-idf weight, we first propose a off-line solution to record the activity log and the

object usage log. With these two kinds of log, we calculate the tf-idf according to the

frequency that one action occurs in one specific activity. The frequency actually sug-

gests that the current action can be seen as a part of which activity. Thus, according

to tf-idf weight, the proposed approach can realize on-line activity recognition.

Moreover, we further explore the habit of human activity. We believe that the

human activity habit tends to follow a personal pattern. And this pattern differs

from each other. Then, we make an assumption that the current activity that the

user is performing has relation with the former several activities. This assumption

according to the common sense that everyone has his own fixed schedule, especially

for some specific occupations, such as students, white collar employees. They have

their own pattern to perform different activities in specific order. What is more,

the activities sequence can be seen as a time sequence. So, we can introduce LSTM

to model this sequence. The reason why we utilize LSTM is that it can utilize

both long and short information to determine the next activity, which just accord

with our assumption. With the help of LSTM, our approach can predict the next

possible activity that the user might perform. This is one of the contribution in the

dissertation that has great improvement to smart home.

Interaction-based HAR in smart library

In the library situation, the proposed interaction-based HAR works in another form.

In home environment, user interact with the object so that we can infer the action

based on the usage. We only care about if the object is being used. While in the

library, readers interact with the tagged books in different way. And this enables us

to infer different activities according the way that the user interact with the book. In

other words, we do not only care about which book is interacted by the reader, but

also care about how it is interacted. Different ways of interactions suggest different

different states of the readers. So that we can recognize the reading activities in the
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library with our proposed interaction-based approach.

What is more, we also explore more in smart library to try to solve the problem

of book misplacement. Even the reader does not pick up any books, he will influence

the RF single of the tags on the books. This enable us to make a reverse recognition

of book state according to this tiny influence. If the book is right at where it should

be, the book state should be the same with its neighbor book. If not, the book then

can be most likely detected as a misplaced book. The whole task does not require

any aware of reader, while the misplaced book can be detected when the reader walks

before the bookshelf.

2.5 Summary

In this chapter, we introduced the background of different approaches in the area

of HAR in detail. If we divide the existing work according to the type of sensors,

there are two kinds of approaches of HAR: vision-based HAR and sensor-based HAR.

While if we divide the existing work based on the type of activity model, there are

also two kinds of HAR: data-driven HAR and knowledge-driven HAR. We introduced

their characteristics and weakness, which inspire us to propose our interaction-based

HAR approach.

Also, we briefly introduced the motivation of our proposed approach. We utilize

passive RFID technology as a tool to sense the interaction between user and objects.

Different interactions may cause different influence to the phase of RFID signal,

which is a physical attribute of the RFID signal. Passive RFID technology enables

us to monitor the actions without any requirement to the user, that can be seen as a

device free approach to human. Our proposed approach can not only recognize the

human activity in real time, but also predict the next possible activity in the home

environment, which makes it a great improvement in home activity recognition.

For simple activity recognition, we proposed RF-Switch to work as a flexible home

controller that greatly reduce the inconvenient of traditional fixed switch on the wall.
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This part is introduced in detail in Chapter 3. And for complex activity recognition,

we proposed RF-ARP to translate RF signal of tags on the daily objects to human

activity, which will be introduced in detail in Chapter 4.

Besides, we also apply the idea to library to recognize the reading activities. This

provides more knowledge to book management systems to enable several promising

applications, such as personalized book recommendation and smart book replace-

ment. This work is introduced in detail in Chapter 5.
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Chapter 3

Low-level Activity Recognition

3.1 Introduction

In smart home environment, all of the devices are in the charge of unified platform.

Through this, smart home can achieve the goal of home automation. The platform

and devices are connected through different kinds of wired and wireless technologies,

that the platform can easily get the state of the devices and control them at the

same time. However, the interface between platform and human is far more complex

than it is between platform and devices. Some research have been done in this area.

Basically, they try to combine the smart home platform with human mind through

audio[61], video[62] and action sensing[63]. Both audio-based and video-based inter-

actions may bring privacy problems to users, especially in home environment. Action

sensing methods usually require users to carry some additional equipments around or

to act in specific region, which make it hard to implement in the real life. Thus, we

turn to look for a feasible way to replace the current widely used controller: switch.

When it comes to traditional switch, it is not difficult to cite some examples

of its advantages, such as stable, convenient and easy to carry out. While under

the concept of smart home, the traditional switch seems not that appropriate in the

future. The position of switch is fixed once it is installed which may cause troubles to

elderly and children. Even if the inhabitant are not used to the place of the switch,
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the switch can hardly be moved. And human may get electric shock when touch

the switch with a wet finger, not to mention the influence to the beauty of home

decoration. Therefore, a exquisite, flexible and scalable switch is needed in future

smart home.

In this paper, we design a novel switch for smart home using passive Radio

Frequency IDentification(RFID) tags. Passive RFID tags is completely battery-free,

which make it possible to be quite thin and small, and can even be customized

into arbitrary shape[64]. Thence, the tags can be attached everywhere without any

brackets and can be moved easily. Besides, the tag ID is long enough to be encoded

for every device in one’s home. Futhermore, the Ultra High Frequency(UHF) RFID

technology works on the frequency between 858MHz and 930MHz, that will not effect

the other commonly used wireless communication in home environment like Wi-Fi.

All the above characteristics make RF-Switch a qualified substitute of current switch

and the design of RF-Switch will be introduced in the next section.

3.2 RF-Switch: A Novel Wireless Controller in Smart

Home

3.2.1 Home Control Systems

To support more intelligent and adaptive home services, it has the potential to enable

user to control consumer home devices used in everyday life in different channels.

Now, more and more home control systems tend to build intelligent agents to control

the home devices according to the inhabitants’ command in different ways. For

example, we can already talk with “Siri” to turn on the light in living room. And we

can ask “Alexa” to turn down the power of the air conditioner whenever we want.

Home control systems are always there to listen to the user command, and control

the home device instead of the user.

Note that, these kind of intelligent home control systems always require the user
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to interact with them by audio. This indeed can reduce some effort to the user when

they would like to talk with a machine. However, there is amount of people who do

not like to talk with a machine agent in their daily life. Besides, in some specific

scenes, it is not appropriate to talk loudly at home. For example, we do not want to

disturb our parter when we get up at night.

Also, some work enable user to control the home devices remotely with their

smart terminals, such as smart phones, smart watches, and laptops. However, we

usually do not carry these smart terminals at home all the time. In this sense, we

start to think about the revolution of traditional home controller on the wall. We

build a home control agent that works as flexible controller that do not require the

user to change their traditional habit to control the home devices.

3.2.2 Architecture of Wireless Controller

In this section, we present the architecture and design of RF-Switch in detail. The

verification experiment is implemented using the ImpinJ R420 reader and Alien ALN-

9654 tag.

As depicted in Fig.3-1, RF-Switch works with the help of smart home platform.

RF-Switch is in charge of sensing the intention of inhabitant and sending the com-

mands to smart home platform, then the platform is responsible for the control of

devices in the smart home.

In this paper, we consider that all of the control commands consist of two basic

commands: on-off control and volume control. For example, the ordinary light only

has two state, thus it only needs on-off control. While the modern light can change

the brightness, then it needs volume control. More complicated commands may

need several RF-Switches work in collaborative way and this will be discussed in the

future work. Next, we present our design of both on-off control and volume control

separately.

33



Smart Home Platform

Devices

RFID Reader

Tags

Figure 3-1: The architecture of RF-Switch. Note that RF-Switch can be accessed
into different kinds of smart home platform.

3.2.3 On-Off Control

In this part, we introduce how RF-Switch can realize on-off control. Actually, it is

because of the structure electric circuit that passive RFID tag does not need battery.

As shown in Fig.3-2(a), passive RFID tag is composed of RFID chip and tag

antenna. The chip is in the red circle and the other part is antenna. Firstly, tag

antenna receives the wireless signal from the antenna of reader, and the chip can

get the most power from the tag antenna when the chip impedance and the reader

antenna impedance are conjugately matched[65]. It means if the chip can not get

power from the tag antenna, the tag will not response the reader’s request even if it

is covered by the reader’s effective range.

Based on this, a simple but effective and easy to carry out idea comes to our

mind. We remove the chip a little bit from its original position. Then add two

leading wires to both the chip and antenna, as shown by the blue lines in Fig.3-2(b).

We can see from the picture that the wires are close to each other but not connected

34



(a) The structure of original passive RFID tag.

(b) The redesigned tag structure.

Figure 3-2: The structure of tag.

with each other. This means in this state the tag can not be seen by the reader,

thus this state can represent “off”. When a finger touch the middle of the tag, the

skin will connect the four wires together. Since the skin of human can be treated

as conductor, the chip will receives energy from the antenna and send the response

back to the reader. In this situation, the tag can be seen by the reader, thus this

state can represent “on”. In this way, RF-Switch can works as a on-off controller.

3.2.4 Volume Control

In this part, we introduce how RF-Switch can realize volume control. To control the

volume, RF-Switch should have the ability to send continuous mutative commands

whose value can cover a range from the minimum to the maximum.
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θ = mod(2π
2d

λ
+ θT + θR + θTAG, 2π) (3.1)

In a basic RFID system, the reader transmits continuous-wave signals to the tags,

and then receive backscattered signals from the tags. The phase value of RF signals

calculated by Eq.5.1 describes the offset between the transmitted and received signals,

which depends on the round-trip(2d) and hardware-specific factors[66]. Usually, the

switch is fixed while working. Therefore, the round-trip distance is fixed. Phase can

be seen as a continuous feature of tag.
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Figure 3-3: Sweep a finger from left to right on the surface of a tag.

We assume the human body can also absorb RF signal as the antenna does. When

the finger touches different parts of the tag, θTAG will change correspondingly. The

verification experiment proves our assumption. As shown in Fig.3-3, we collect phase

data while sweeping a finger on the surface of the tag’s antenna in 5s-8s. The blue

line is the unwrapped phase value. It changes from less than 6 to nearly 9. And if the

finger stops moving, the phase value does not change any more. This phenomenon

is explained in the latest research [67]. The finger does change the impedance of the

tag and futhermore changes the θTAG and θ finally. Thus, by monitoring the phase
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value of a tag, RF-Switch can control the volume.

3.3 Experiments and Results

Table 3.1: The performance of RF-Switch on different materials.

Materials Wood Plastic Glass

On-off 50 50 43

Volume up 50 49 38

Volume down 50 50 34

To test the usability of RF-Switch, we implement it with the off-the-shelf devices

at office scenario. We put the RFID antenna on the ceiling of the room to continu-

ously monitor the phase of the passive RFID tag, which acts as a movable controller.

And we ask a volunteer to interact with the tag, just as the same when he does with

traditional controller on the wall. Then, we take a record of the actions that our

RF-Switch have recognized and compare with the ground truth actions log. Also,

to verify that the RF-Switch can work on wall built by different material. We chose

three kinds of common material to represent the wall: wood, plastic, and glass. We

ask the volunteer to repeat the action 50 times, respectively. If the user action is

correctly recognized by RF-Switch, we count a right recognition. The overall perfor-

mance is shown in Table 3.1.

From the Table 3.1, we can see that the proposed RF-Switch can recognize the

on-off control and volume control with a relative good performance when it is put

on the wood and plastic. However, when it is attached on the glass, the accuracy of

recognition drops greatly. According to our analysis, we ascribe this to the weakness

of the RFID tag we use. There are several kinds of tags produced by Alien. The tag

we use in this work can suffer from the signal absorb with wood and plastic, however,

it is not suitable with glass. If we chose another kind of tag that match with glass,
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we believe the performance will be as good as wood and plastic.

3.4 Summary

This paper presents a novel RF-Switch to replace the currently used switch. RF-

Switch utilizes the characteristics of passive RFID tag to realize both on-off control

and volume control for smart home platform. In the future, we will implement RF-

Switch in our test house and attach it to different smart home platforms.
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Chapter 4

High-level Activity Recognition and

Prediction

4.1 Introduction

Over the last few years, the Internet of Things (IoT) has been greatly developed with

the help of mobile computing, edge computing, and cloud computing. One of the

most representative applications of IoT is smart home, which has good prospects in

the future. In a typical smart home system, all the resources and devices can be con-

trolled by the smart home platform. The long-term goal of smart home is to achieve

automatic control according to both environment and inhabitant. Owing to the ad-

vances in sensing technology, it is not difficult to obtain the environment data such as

illumination, temperature, and humidity. However, still no practical solution exists

to recognize human activity at home to enable scenario-based smart services [68].

To enable the smart home platforms to know more about their host, human activity

recognition (HAR) has become an urgent challenge for the researchers.

Unlike the online consumer activity, the activity of daily living (ADL) usually

cannot produce any data for a computer system, thereby causing a gap between in-

habitant and smart home system. To bridge this gap, the existing work has shown us

a bright direction. The interaction between human and devices could be the channel
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to recognize the human activity. Wearable devices have already been widely used in

recent years. Such devices equipped with different kinds of sensors and microproces-

sors are worn on the human body to monitor the state of humans [69]. Represented

by Apple Watch, smart watches and smart wristbands can recognize simple activi-

ties such as waving hands and sitting still [63, 67, 70]. However, such activities do

not contain any semantic meaning, and their recognition can be more appropriately

called either gesture recognition or action recognition [71]. In this study, we define

these kinds of activities as low-level activity. These activities cannot be used di-

rectly by the smart home system to provide scenario-based services. Another way

to detect the interaction between human and devices is to attach sensors to objects

used extensively by humans [38]. However, smart electronic sensors rely on batteries,

thus the size of these smart sensors is not sufficiently small to be attached to all the

devices, not to mention their price along with their maintenance cost. It is worth

noting that passive radio frequency identification (RFID) tags seem to have the abil-

ity to replace such sensors. In addition, several works have been proposed to prove

that passive RFID tags offer a good way to detect object usage [72, 73]. Based on

these research works, our work achieves even further results of object–usage-based

activity recognition.

In this study, we first deeply analyze the characteristics of human activity in

home environments. This further clarified the goal of HAR in smart homes; the

goal is to provide scenario knowledge to the smart home platform to achieve human-

centered automatic service. Then, we propose an RF-ARP framework recognize and

predict the human activity in smart homes, as depicted in Figure 4-1. Different from

address-resolution protocol (ARP), which translates an IP address to MAC address,

our RF-ARP translates a wireless radio frequency (RF) signal to the human activity.

The proposed RF-ARP framework mainly contains three stages: recognition after the

human activity, recognition in progress, and activity prediction in advance. In the

first stage, we utilize passive RFID tags to detect the interaction between human

and device and recognize a high-level activity by combining those low-level activ-
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ities. In this stage, we can record the activities of the inhabitants. Furthermore,

in the second stage, we weight the device based on term frequency–inverse docu-

ment frequency (tf-idf) to ensure the significance of each device to each activity.

In this way, we will not have to give the recognition result after the completion of

the activity—while, in the third stage, we already have the activity log. Thus, we

could use the long short-term memory (LSTM) network to model the ADL of the

inhabitant. In this manner, the proposed framework will be able to predict the next

activity that, perhaps, happens after the current activity. We finally test our frame-

work using off-the-shelf equipment and an open-source database, followed by proving

the effectiveness and efficiency of RF-ARP.

Building such a system involves several challenges. The first one is to achieve

object detection without using wearable devices. The existing work usually uses a

wearable RFID reader to detect the object usage according to the distance between

the object and the hand of the human [72]—while, in our work, we use a fixed long-

distance antenna to cover as much region as possible, leading to the invalidation of

the previously reported method. Therefore, we propose a way to detect object usage

by phase, which is a physical feature of the RFID signal. The second challenge is

the recognition of concurrent activities. We introduce a task-oriented generative ap-

proach rather than a discriminative approach; therefore, the recognized result could

be more than one activity. In addition, traditional machine learning methods rely

on training data, causing the so-called “cold start” problem. However, our approach

utilizes the prior knowledge to define an activity, thus the training data are not re-

quired in the first stage. Thus, the upper stages could be in motion after sufficient

data have been produced in the first stage.

Compared with the existing work on activity recognition in the smart home,

our framework has multiple advantages regarding different aspects. First, scalability

is the most important strength of our approach, which is reflected in two aspects.

The first aspect is that we allow the smart home platform to define all kinds of

activities as it needs. This is great progress, as the activity recognized by the existing
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work may be not what the smart home platform requires. In addition, the sort of

activities could not be changed in the previously conducted work on HAR. The other

aspect is that our approach could work in different houses, even when the objects

and devices are different from each other. However, the existing work cannot migrate

the trained model to adjust in a new environment, limiting the model to only work

in the laboratory. In addition, our activity prediction stage is going further than

the current HAR in smart homes. This may largely promote fully automatic smart

homes in the near future. The next strength is that our three-stage framework

unwraps the task to recognize the high-level activity from wireless signal data. This

brings huge flexibility because every stage can be optimized independently or even

replaced by other algorithms. For example, we can substitute the LSTM model in

the third stage with any other time-series data-mining algorithm because the labeled

data provided by the first stage can be used to train different models. The last

strength of our framework is that both the cost of RFID tags and the computational

complexity are sufficiently low to implement our framework in the current houses

without much effort.
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Activity prediction with LSTM

Stage 3

Activity recognition based on weighted usage data

Stage 2

Home activity definition

Object usage detection through RFID

High level activity recognition

Stage 1

Figure 4-1: Three-stage framework to recognize and predict human activity in a
smart home.

4.2 Off-line Activity Recognition

4.2.1 Definition of High-Level Activity

To ensure that the result of HAR is required by a smart home platform, the best

solution is to grant the smart home platform the authority to define what it needs to

know. Thus, we make a rule to enable such authority. The definition of an activity

includes only the objects used in that activity. For example, television has a semantic

meaning that greatly indicates the activity of “watching TV”.
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4.2.2 Object Usage Detection

In this section, we present a way to detect the object usage by using passive RFID

tags and transform the physical-signal data to binary-state data.

Passive RFID tags are small and sufficiently cheap to be widely used in applica-

tions such as logistics and warehousing [74, 75]. Moreover, researchers have found

that RFID tags can be used to detect the object usage by attaching them on objects

used every day [76]. Fazzzinga et al. even utilized RFID tags to trace the objects both

online and offline [77] [78] [79]. This may considerably help in object–usage analysis.

Several years before, Philipose et al. used a glove equipped with a near-field RFID

reader to do such work by the state of readable and not of the tags [80]—while, in our

work, we selected a long-distance antenna and ultra high frequency (UHF) reader to

perform the same task. The reason is that a fixed long-distance antenna can cover

a large area and scan all the tags in the area almost simultaneously. Furthermore,

some objects are not used by hand, such as chairs and beds. In addition, we do not

require the inhabitant to wear any devices, thereby reducing the inconvenience to

the inhabitant.

Several systems have been proposed for achieving object–usage detection via a

UHF RFID reader [81, 82]. In these systems, the received-signal-strength indicator

was merely used to distinguish the state of the tags; note that state is not a stable

parameter. Our previous research explained that the RF phase of RFID tags can

better reflect both the spatial attribute and the interaction between human and

tagged objects [83].

Phase is a back-scattered RF-channel parameter, which can be continuously read

by a UHF RFID reader. In our work, we use Impinj R420 (Seattle, USA) as the reader

to obtain the phase value. According to our previous research, phase is sensitive to

the interaction between human and RFID tags. As depicted in Figure 5.1, different

interactions change the phase value in varying degrees. Figure 5.1a depicts the

condition in which there is a human passing by the object with an RFID tag—while,
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in Figure 5.1b, the human walks to the object and picks it up, then puts it back to

its position and walks away. This inspires us to use the dispersion of the phase data

in a sliding window to distinguish among the interactions. We have then proved that

only if the object is picked up will the tag state be revised as “1”, irrespective of

how close the people are standing or passing by the object. Because phase is more

sensitive to distance than interferences or reflections, even when several people are

close to one another, their interactions with the objects could be detected correctly.

The detailed analysis of this phenomenon is proposed in our previous work [83].
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Figure 4-2: Interactions and the corresponding phase changes. (a) Passing by; (b)
Picking up.

Apart from the above-mentioned interactions, people also interact with heavy

furniture such as a bed and sofa without moving them. In spite of this, in these

cases, the object usage can be detected by the phase. UHF RFID readers are able to

scan the tags several times in a second. In our verification experiment, the average

sampling rate for each tag is 12 times per second. Although the reader can keep

receiving the back-scattered signal when the tag is interfered, it cannot see the tag
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while the tag is completely blocked. This enables us to use the following simple way

to detect such interactions:

covered = if((t0 − t1) > T ), (4.1)

where t0 represents the current timestamp, t1 represents the timestamp of previous

round scanning, and T is the threshold of the tag state. In this study, we set T as 1

s to ensure enough sufficient sensitivity to detect short-term interactions. For some

specific objects such as bed, we can increase T to detect the right interaction. Note

that, when the tag works as a switch, one more step is required to translate the

interaction to the equip state. The relevant details were introduced in our previous

work [84].

Thus far, we have introduced the way to detect object usage, and Table 4.1

presents the way to determine the object–usage state. When the tagged object is

covered or picked up, it means the object is being used, and thus the usage state

is set to “1”. Otherwise, when the tagged object is interfered or still, it means the

object is not being used; thus, the usage state is set to “0”. As depicted in Figure 4-3,

the matrix with a white background color is an example of object–usage array.

Table 4.1: Object-usage detection via interaction.

Usage Tag State Interaction Objects

1
Covered Sitting, lying, blocking Chair, bed, sofa, switch, etc.

Picked up Picking up Knife, toothbrush, chopsticks, etc.

0
Interfered Passing by All

Still Absence All
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Figure 4-3: Object-usage state vector changes with time, and we can generate “On
queue” and “Off queue”, respectively.

4.2.3 Activity Fusion and Segmentation

As depicted in Figure 4-3, after detecting the usage states of the objects, we built two

queues to store the detected usage states. The “On queue” contains the object ID

and the timestamp that the object starts using—while the “Off queue” contains the

object ID and the timestamp that the object stops using. At this stage, the length

of the queues is fixed as one day. It means that the task of this stage is to make a

record of activities performed during the last one day.

We now consider “watching TV” as an example, where O2 represents the televi-

sion. At t− 5, the television is turned on, and it is turned off at t. Therefore, we can

say that the activity of “watching TV” has been performed; in addition, the start

time is t − 5 and the end time is t. However, this is a merely single-object activity.
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In general, a high-level activity tends to include more than one object. Therefore,

we set the start time as when the first object is used, and the end time when the last

object stops being used. However, we cannot obtain the correct end time because

the activity may be interrupted by other activities. In this case, we are confused

regarding the time at which the activity ends.

To overcome the aforementioned problem, we treat the object in the definition

individually as a subset of the set that contains all the objects. In addition, two

strategies are proposed to determine the start and end times, as depicted in Figure 4-

4. In Figure 4-4a, there is no “On” action between t1 and t3, meaning that the activity

is ongoing continuously, although the usage of O1 ends before the usage of O2 starts.

Therefore, we can merge the two subsets to a new subset. The start time is still

the timestamp of the first object in the “On queue”, and the end time is set as the

timestamp of the last object in the “Off queue”. When the next object belonging to

the same activity starts to be used, we check the interruption in the same way as

above. If there is still no interruption, then we keep merging the subset to the former

subset and reset the end time. However, when there is an interruption, we use the

strategy depicted in Figure 4-4b. We can see that, between t1 and t5, O3 has been

used at t3. Thus, in this case, the activity is interrupted by another activity. We,

therefore, cut the relationship between the current subset and the former one that

belongs to the same activity. The former subset has finished at t2, so the end time

is set to t2. Moreover, the current subset becomes the initial subset, and the start

time is t5. However, the end time is t6 and may be rewritten by the later subset too.
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(a)

(b)

Figure 4-4: We propose two strategies to determine the start time and end time. O1

and O2 are objects that belong to one activity, and O3 belongs to some other activity.
(a) No interruption between two objects; (b) Interruption between two objects.

The reason why we chose these two strategies is because we wanted to recognize

the activity as accurately as possible and reflect the real scene. Suppose, while cook-

ing in the kitchen, that the inhabitant hears a phone call. After receiving the phone

call, he resumes cooking. The former HAR approach can find it difficult to dis-

tinguish such a short-term activity from a continuous activity—while our strategies

could record the ground truth in detail. Moreover, we allow each activity to create

its own object set independently, so that the processes of HAR are also independent,

even if an object may be involved in several processes. In this way, the multiple

concurrent activities can all be recorded simultaneously.

4.3 On-line Activity Recognition

In the last section, we recognize the activity in an offline manner—while, in this

section, we introduce an online approach that recognizes the activity in progress.
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In the first stage of our framework, we define an activity by using the objects

that are only used in that activity. Although it can record the log of activities that

have been performed efficiently, the precision of the start and end times is not so

satisfactory. In addition, the definition of activity has limitations. Many objects

can not be included in the definition because they might be used in more than one

activity. Thus, we introduce an approach to extend the definition of an activity, and,

subsequently, recognize the activity based on the new definition.

In previously conducted research works, tf-idf was commonly used in both natural

language processing and information retrieval [85, 86]. It is a numerical statistic

that is intended to reflect how important a word is to a document in a collection or

corpus [87]. Owing to the ability to reflect the importance of element in frequency,

we utilize the tf-idf to weight the objects according to the definition of activities.

Before calculating the tf-idf value of each object, we have to generate the training

data. In the first stage, the interval between two activities is large because of the very

strict activity definition. Therefore, we extend the start time of one activity to the

end time of the former one and extend the end time of the activity to the start time

of the last one. The objects used to exist between two activities are involved in the

definitions of the activities on both the sides of the usage. In this way, the definition

of an activity is extended considerably.

Without loss of generality, we represent the set of objects O as

O = {o1, o2, ..., on},

where n denotes the number of objects. The set of activities A is denoted as

A = {a1, a2, ..., am},

where m denotes the number of activities. In addition, we define the set of activities

in the process as P ⊆ A.

In the activity log data, we count the frequency of every objects oi (i ∈ n) that
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has been used in a specific activity aj and note it as gji . Note that that our only

concern is whether the object has been used in one round of the activity, ignoring the

number of times it has been used. If the object is used more than once in one round

of activity, we still count one for one round. Moreover, to reduce the noise caused

by the activity–definition extension, we use the follow equation as a high-pass filter:

gji =


0, gji < z ∗max(gji ),

gji , otherwise,

(4.2)

where z denotes a threshold set as 0.5 to control the filter in our work. The higher

we set the value of z, the stricter the definition of an activity becomes. Particularly,

if we set z as 1, the activity definition will be the same as that in the first stage.

The term frequency tf j
i can be calculated using the follow equation:

tf j
i =

gji∑n
i=1 g

j
i

. (4.3)

Moreover, the inverse document frequency idf j
i can be calculated using Equa-

tions (4.4) and (4.5)

idf j
i = log(

m∑m
j=1 fi,j(T )

), (4.4)

fi,j(T ) =


0, gji = 0,

1, otherwise.

(4.5)

After obtaining tf j
i and idf j

i , the tf -idf
j
i then can be calculated as follows:

tf − idf j
i = tf j

i ∗ idf
j
i . (4.6)

Using the training data, we can finally generate a weight matrix that illustrates

the importance of each object to different activities. Then, we utilize this matrix to

51



realize online activity recognition.

Similar to the first stage, when a new object usage is detected, the object ID i

(i ∈ n) is put into the “On queue”. Subsequently, we start to check the weight matrix

to obtain the maximum tf−idf j
i and the corresponding j. In other words, the weight

matrix tells the most possible activity, as the object is most representative to that

activity. Then, we need to check the set of activities in the process P to verify whether

this activity is in set P or not. If it is in set P , we do not need to change anything

and, thus, we keep waiting until the next object–usage–state change. However, if the

activity is not in set P , we then add the activity ID in P and note the start time of

this activity with the current timestamp.

When the usage of a new object is detected to have ended, we also need to check

the weight matrix with the object ID i. We retrieve the activities whose tf− idf j
i are

not 0, and then we withdraw all the relevant activities from the set P and set their

end times, respectively. In addition, if the next activity is a part of the activities that

have just been withdrawn, we merge them together as the first stage does, and then

we set their end time to empty.

Note that the log of recognized activities is essential to determine the weight

matrix. Moreover, to ensure the effectiveness of the proposed approach, the log data

should be as large as possible. Furthermore, when a new activity or new device is

involved, the weight matrix can to be updated automatically.

4.4 Activity Prediction with LSTM Model

In the last section, we introduced the way to recognize the activity in real time.

However, in this section, we will go further to predict the activity that may happen

later. In the second stage, we obtain the log of activity with the weight matrix.

In addition, owing to our manner of segmenting the activities, some activities may

end simultaneously. Note that, for a real-world situation, several activities may

be going on at the same time. However, we believe that those activities will not
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start together. Therefore, we utilize the start times of the recognized activities as a

sequence to represent the order of activities.

In this research, we treat human activity prediction as a time sequence prediction

problem. We believe that the inhabitants perform different activities in a relatively

fixed pattern. For example, according to the activity log, there is an inhabitant who

always watches TV after having dinner. Therefore, if the inhabitant is detected to

be having dinner currently, then his/her next activity is most probably watching

TV. Such a problem with predicting next state based on the current state can be

solved using the classical machine learning approach. Nevertheless, the next activity

is related with not only the current activity but also the previous ones. Therefore,

we introduce deep learning to solve this problem. The recurrent neural network

(RNN) performs well on spatial temporal predicting problems, such as location pre-

diction [88]. LSTM networks are a special kind of RNN, and they are proved to

be more efficient than RNN [89]. LSTM networks can memorize both long and

short-term knowledge, thereby tallying with the human mind.

As depicted in Figure 4-5, these are spread LSTM networks. X0 − Xt in this

study represent the activity log, and h0−ht represents the prediction result, which is

the next activity. We can see that, when the time stamp is t, the input of the model

is the current activity Xt and the past knowledge remembered from t − 1 to t − n.

It means the model can predict the next by using not only the current activity but

also several past activities. This just accords with our assumption that an activity

does not happen randomly and that the motivation of the next activity is what the

human has done currently. In this way, the prediction accuracy of LSTM is higher

than that of the classical machine learning approach; as in the case of the former,

more knowledge is considered to model the activity habits of inhabitants.
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Figure 4-5: Activity sequence and recurrent neural network (RNN) model.

In addition, we also apply the method in the second stage to the process of

prediction. Besides modeling the activity habit, we also utilize LSTM to model the

object–usage habit. Therefore, the next object that might be used by the inhabitant

can also be predicted using LSTM. Then, we find out the relevant activities associated

with the object. Finally, we find the intersection of two prediction results to further

improve the prediction performance. By knowing the current activity and the current

objects in use, we can predict the next activity with a relatively high accuracy.

4.5 Experiments and Results

In this section, we show the performance of the proposed three-stage framework in

recognizing and predicting the activity of the inhabitant. As we have unwrapped the

HAR task into three stages, we test performance of all the three stages, respectively.

To evaluate the activity recognition performance, we conducted an experiment on

an open source dataset. The dataset generated by Ordonez [90] includes 10 ADLs

performed by the inhabitant on a daily basis in their own house for 21 days. We se-

lected this dataset because most sensors in this dataset can be replaced by RFID

tags to represent the usage in a similar manner.
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4.5.1 First Stage

In the first stage, the task is to record the activities that have been performed. There

are two key factors that considerably govern the effectiveness of this stage. The first

factor is whether the object usage can be detected correctly, and the second one is

whether the activity can be labeled properly.

We attach two RFID tags to two commonly used objects: chair and toothbrush.

Subsequently, we ask the volunteer to perform a specified interaction with the objects

50 times, respectively, and note the tag states and the corresponding object–usage

states. Because both “interfered” and “still” represent no object usage, we treat them

as one interaction. In Table 4.2, we set the following:

• TP represents that the usage is correctly detected;

• TN represents that the interference is correctly detected;

• FP represents that the interference is detected as a usage by mistake;

• FN represents that the usage is detected as an interference by mistake.

Table 4.2: Result of object–usage detection.

Objects TP TN FP FN

Chair 50 49 1 0

Toothbrush 49 47 3 1

Subsequently, the average object usage detection accuracy can be calculated

as 97.5%. Moreover, the precision and recall are 96.1% and 99%, respectively.

The usage–detection performance is sufficiently good to prove that RFID tags can

be used to detect the object usage.
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In the experiment, we first find out the objects that are the exclusive represen-

tatives for each activity. We then label the data with the activity ID by using those

special objects. If the labeled time interval between the start time and the end time

has an intersection with the ground truth label, we see it as an appropriate match.

The activities that have representative objects can be recognized properly as long as

the object usage is detected correctly. However, we find that very few activities can

be recognized in this manner, as most of the activities do not have exclusive repre-

sentative objects. Therefore, we fail to evaluate this part in the first stage, so we

have to move to the second stage of our framework to recognize all kinds of activities.

4.5.2 Second Stage

In the second stage, we also utilize the Ordonez dataset to verify our method.

The dataset is used for training and testing, respectively.

In the training part, we first classify the object–usage data according to their

corresponding activity ID, and each activity contains several representative objects.

Subsequently, we calculate the weight of objects in an activity to generate the weight

matrix. In the testing part, we use the proposed approach to generate the activity

log. After that, we compare the activity log with the ground truth activity log. If the

label in ground truth log matches the recognized log, we take a count of TP for this

labeled activity ID. However, if the ground truth activity ap is recognized as another

activity aq, we take a count of Fp,q.
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Table 4.3: Example of verification matrices of TP , FN and FP . TP represents
the quantity of true positive; FN represents the quantity of false negative; and FP
represents the quantity of false positive.

Activity ID 1 2 3 FN

1 TP1 F1,2 F1,3 FN1

2 F2,1 TP2 F2,3 FN2

3 F3,1 F3,2 TP3 FN3

FP FP1 FP2 FP3 -

Here, for easy understanding, we use the verification matrix to represent the

recognition result in this stage, as presented in Table 4.3. As shown in the table,

FN is the sum of the row elements apart from the TP in that row, and FP is the

sum of the column elements apart from the TP in that column. FN represents the

false negative to the activity, and FP represents the false positive to the activity.

Then, the precision and recall can be calculated by Equations (4.7) and (4.8):

precision =
1

m

m∑
j=1

TPj

TPj + FPj

, (4.7)

recall =
1

m

m∑
j=1

TPj

TPj + FNj

. (4.8)

The confusion matrix of the recognized activities is presented by Table 4.4.

The activity IDs 1–10 represent 10 activities: leaving, toileting, showering, sleeping,

breakfast, dinner, lunch, snack, spare time/TV, and grooming. From the confusion

matrix, we can see that the activities having representative objects, for example,

activities such as toileting and showering, can be recognized accurately.

According to the calculation, the average precision of our framework in the second
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stage is 85.0%, and the average recall is 87.9%. In the experiment, we find that the

primary element reasonable for false recognition is the temporal-sensitive activities.

From Table 4.4, we can see that activities No. 6 and No. 7 are misidentified as

each other three times, respectively. They represent “lunch” and “dinner”, and they

are the representative temporal-sensitive activities. In the dataset, activities “break-

fast”, “lunch” and “dinner” are treated as three different activities. Although they

are different in the temporal space, the representative objects associated with these

activities are similar. However, our proposed framework does not consider the tempo-

ral knowledge, thereby making it difficult to distinguish those activities. We believe

that it is not fair to divide such temporal-sensitive activities merely according to the

time because the inhabitants have different daily schedules—for example, if we set

the lunch time as from 11:00 a.m. to 1:00 p.m. In addition, the inhabitant may just

get up at 11:00 a.m. and have the meal. If we only judge according to the time, it

should be “lunch”. However, “breakfast” means the first meal of the day that causes

a conflict. Therefore, to recognize such temporal-sensitive activities, we would like

to combine the related activities in our future work.
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Table 4.4: Confusion matrix of recognized activities.

Activity ID 1 2 3 4 5 6 7 8 9 10

1 37 0 0 0 0 0 0 0 0 2

2 0 91 0 0 0 0 0 0 0 0

3 0 0 11 0 0 0 0 0 0 0

4 0 0 0 28 0 0 0 0 0 0

5 0 0 0 0 22 0 0 0 1 0

6 0 0 0 0 0 11 3 0 0 0

7 0 0 0 0 0 3 13 1 0 0

8 0 0 0 0 0 1 1 45 0 0

9 1 0 0 0 0 0 0 2 98 1

10 2 0 0 0 0 0 0 0 0 92

We checked the original activity data, and found that “leaving” is recorded before

the inhabitant leaves the house. This means that, when the inhabitant starts to pre-

pare to leave, the interactions are treated as related to “leaving”. In addition, “leav-

ing” is often performed after “grooming”. The segmentation between “leaving” and

“grooming” is not noted precisely. Some objects are therefore mistaken as represen-

tative of “leaving”. This leads to the fact that “leaving” is confused with “grooming”,

and it could be solved by adjusting the definition of activities.
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4.5.3 Third Stage

In the process of prediction, we first need to adjust and clean the original data. We

treat the same activity that repeats in a short time as a pseudo record and merge

them together. Furthermore, we delete some false records that do not meet the

common sense. Then, we normalize the data to use it to train the LSTM model.

Unlike the second stage, in the third stage, the initial 70% data are utilized for

training and the remaining 30% data are for testing.

In the experiment, we build a typical LSTM model on TensorFlow-GPU with

Keras as the high-level API. The training epoch is set to 10,000 to ensure the model

is well trained. The LSTM model contains four layers: one input layer, two hidden

layers and one output layer. The loss is set as ascategoricalcrossentropy, and the

optimizer as adam. The timestep and neurons in the hidden layers are hyperparam-

eters. We adjust the hyper parameters to ensure optimal performance of the model.

We find that the test accuracy reaches its optimal value when timestep equals 3.

This means that the LSTM model can utilize the past three activities to predict the

next activity and achieve the highest accuracy, which accords with our assumption.

Furthermore, the accuracy begins to decrease after that, meaning that the pattern

of activities can not be too large; otherwise, too much noise will be used.

We also compare our model with the classical Naive Bayes method, as depicted

in Figure 4-6. Because the Naive Bayes method only uses the current one activity to

predict the next activity, we can see that our solution achieves much higher accuracy

than that of Naive Bayes. The top two prediction accuracy reaches 65.2%. More-

over, when we apply the method to the process of prediction in the second stage,

the accuracy will be as high is 78.3%.
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Figure 4-6: Accuracy of Naive Bayes and long short-term memory (LSTM) solution.

4.6 Summary

In this study, we presented RF-ARP, which is a three-stage framework to deal with

the issue of HAR in smart homes. According to the object–usage, our framework can

infer the high-level activities and further predict the next possible activity. With-

out any requirement to the inhabitant, the proposed framework can be widely pro-

moted to a different house at a relative low cost and using less energy. The framework

is evaluated on an open source dataset of ADL. The recognition precision can reach

85.0% and the prediction accuracy is 78.3% in the condition of two inhabitants.

Compared with the existing work, our framework performs better.

However, there are still some limitations to our current framework. The frame-

work finds it difficult to handle the activities having temporal semantic meaning.

This is because our activity recognition method is mainly based on the spatial knowl-
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edge. In the future, we would like to move forward a single step to lead the temporal

knowledge into our framework. Moreover, we would also like to implement our RF-

ARP framework in a living environment to further verify its ability to work in the

situation of different and multiple inhabitants, as the dataset used in this study is

based on a single-user environment only. In addition, a standard activity definition

library needs to be built to reduce the trouble of “cold start”.
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Chapter 5

Reading Activity Recognition in

Smart Library

5.1 Introduction

Today, the Internet of Things (IoT) has created changes in various industries. With

the help of perception, the core of the IoT, an increasing number of services have

become intelligent and efficient. For example, personalized recommendations have

been applied to improve consumer services. In most cases, only knowledge from

online interaction is used, which is not sufficient. However, more offline activities

such as reading in the library can be utilized to promote this kind of application,

especially with the development of a large-scale RFID system[91]. Reading activity

can be inferred by monitoring the state of books, providing more accurate book

recommendations to the reader and assisting the library in book management.

The concept of a smart library had been put forward several years ago. Research

has been conducted both in industry and academia. Min proposes his conceptual

model of a next generation library information service, which is an all-encompassing

infrastructure utilizing cloud computing[92]. Toivanen introduces a book-finding

system based on RFID, consisting of a portable handheld reader and customized

tags[93]. Markakis designs an RFID-enabled library management system using a
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fixed low specific absorption rate antenna[94]. Shangguan uses spatial-temporal

phase profiling collected by a mobile antenna to detect the misplacement of books in

the library[95]. Liu proposes an RF-Scanner which is a robot with an RFID antenna

that can localize the book and detect the book if it is lying down[96]. Among these

studies, the Min study pays more attention to information communication[92], the

Toivanen and Markakis efforts only help the reader find a specific book[93][94], and

the Shangguan and Liu proposals lay special emphasis on book misplacement[95][96].

None of these studies involve recognizing reader activity.

Our long-term goal is to develop a context-aware system that can automatically

recognize reader activity in real time and provide personalized services to the reader

according to the specific activity in the smart library. Several technologies can be

utilized to build such a system, e.g., RFID, computer vision, and Wi-Fi. In this

study, we focus on reading activity recognition based on the phase profiling of passive

RFID. RFID phase is a physical attribute of the return signal from a passive RFID

tag. It is collected by the RFID reader in every query of a tag. The detail of the

RFID phase is introduced in Section ??. We analyze the feasibility for detecting

activity in the library using RFID phase in theory. Then, we find that the variation

of RFID phase can reflect the interaction between the reader and the book. We can

determine the state of the book through the variation of phase in a sliding window.

So, we process the phase signal of tagged books and distinguish different activities

with thresholds. Furthermore, to evaluate the effectiveness of our approach, we

implement the approach on a bookshelf in which there are 50 books in total, and the

COTS reader and UHF tags are used to obtain the phase.

There are several challenges in such a system. The first is that the external size

and behavioral characteristics are different for each reader. This makes it impossible

to train the model for a specific reader. To address this challenge, we use different

features to describe the phase profiling rather than use it directly. The second chal-

lenge is that the system should operate in real time. We put the antenna on the

top of each bookshelf and kept scanning the tags on the books continuously. The
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computational complexity is low enough to guarantee real-time operation. The third

challenge is versatility. According to [96], book misplacement detection should be

considered. Our approach can not only detect the activity of the reader but also has

the ability to detect the misplaced book, without any other equipment.

There are three main advantages to our approach over the prevalent waveform-

based activity recognition, such as described in [63]. First, only when the distance

between the reader and the bookshelf is short enough is the phase waveform identifi-

able while the reader walks before a book. According to the verification experiment,

our approach still works even for a distance greater than 80 cm. Next, the compu-

tation complexity of our approach is significantly much lower, because our approach

does not have to generate a particular waveform for each activity. Last, but not

least, people may pick up a book in different ways, causing totally different phase

waveforms.

5.2 Preliminaries and Inspiration

The basic idea of our approach is to recognize activity based on the amplitude of the

variation of RFID phase. This section provides a detailed analysis of factors that

can affect phase value. We suggest that the phase of a tag is determined by three

aspects: distance, angle, and multi-path effect.

5.2.1 RF Phase Values

In a typical RFID system, the reader transmits a continuous-wave signal to the tags

and then receives a backscattered signal from the tags. The phase value of the

RF signal describes the offset between the transmitted and received signal, which

depends on the round-trip (2d) and hardware-specific factors[66]. Parameter d is the

distance between the antenna and tag. For a standard phase-distance model, the

hardware-specific factors include three parts: θT , θR, and θTAG, which represents the

transmission circuit, receiver circuit, and tag reflection characteristic of the reader.
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Furthermore, the RF phase is a periodic function ranging between 0 and 2π. Thus,

the phase value θ of a tag measured by the reader can be expressed as:

θ = mod(2π
2d

λ
+ θT + θR + θTAG, 2π) (5.1)

where λ is the signal wavelength[97]. The phase value is a common attribute that

is supported by most COTS RFID readers, e.g., ImpinJ R420[98]. Note that the

hardware-specific factors are constant since the devices are produced. Phase mea-

surement contains random errors in real-world situations, and different tags have

different levels of random errors following a Gaussian distribution, with a standard

deviation of 0.1 radians. As denoted in Eq.5.1, the phase is linear to the distance

between the antenna and tag, ignoring the random error.

For example, ImpinJ R420 can be set to work at 920∼926 MHz with 16 channels.

Thus, λ is approximately 320 mm, and θ will repeat if the distance is larger than

160 mm. In particular, when the θ is near 0 and keep decreasing, θ jumps from 0 to

2π, and vice versa. This is called the "phase jump".

Eq.5.1 only considers distance, ignoring the phase deflection caused by the ro-

tation of tags. For most phase-based application, Eq.5.1 works well. However, the

rotation of devices has to be considered in our situation to distinguish different ac-

tivities, which will be discussed in the next subsection.

5.2.2 Rotation of Tags

The phase of a tag is affected by the relative orientation to the reader antenna. This

observation is mentioned in the Wei study, published in 2016[99]. To reinvestigate

this phenomenon, we conduct an experiment as illustrated in Fig.5-1.

As depicted in Fig.5-1, we place a slim tag 1 m in front of a reader antenna. The

center of the antenna and tag is aligned to ensure that the distance between the

antenna and tag does not vary. Then, the tag is rotated along each axis. Moreover,

the tag is placed facing the antenna on the both front and side to investigate if the
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Z
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Antenna

Figure 5-1: Measuring the phase of a tag rotating along each axis.

posture of tag influences the phase or not.

The result is shown in Fig.5-2. In Fig.5-2(a), there is only one line, because, when

the tag is rotated along the Z-axis, the posture of the tag does not matter. We can

see that the phase does not change much while rotating along the Z-axis. However, it

does shifts periodically when it is rotated along the X-axis and Y-axis as it is shown

in Fig.5-2(b) and Fig.5-2(c). The phase changes linearly with rotation along the X-

axis and nonlinearly with rotation along the Y-axis, and the phase jumps twice per

period. Wei[99] explains this phenomenon with the polarity of RFID antennas. The

tag’s antenna is usually designed as a dipole, which is linear-polarized along the tag

body. However, most RFID readers’ antennas are circular-polarized. They comprise

two perpendicular dipoles, fed with a signal of a 90◦ phase difference to ensure that

they can read tags from a variety of angles. Thus, when the tag rotates, the phase

of the signal received will change. Moreover, the signal traverses a round-trip, so the

corresponding phase shift, measured by the reader, doubles. This means that the

phase will change by π when rotating around both the X-axis and Y-axis by 90◦.

Furthermore, we find that whether the tag is facing the antenna on the front or side,
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(a) Rotate the tag along Z-axis

(b) Rotate the tag along X-axis

(c) Rotate the tag along Y-axis

Figure 5-2: Measured phase of a tag rotating along three axes.
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Figure 5-3: Measuring the phase under multi-path effect.

the phase changes in the same pattern.

5.2.3 Multi-path Effect

The RFID signal is a kind of radio wave with specific frequency. So, it undergoes the

multi-path effect as other radio waves do[100]. The wireless signal is radiated to all

directions rather than in a line. While some signals go directly to the destination,

other signals are reflected by surroundings and then proceed to the destination. Thus,

different paths are generated. The multi-path effect is caused by the difference in

the distance of these paths. The multi-path effect influences the phase according to

Eq.5.1.

To better understand the multi-path effect, we monitor the phase under the multi-

path effect in a real-world situation as described in Fig.5-3. A tag is placed 2 m in

front of the antenna. P1 is the line-of-sight(LoS) path. A man walks along a straight

line, parallel with P1, and the gap between P1 and the man is L. Thus, the signal

reflected by the man will generate a new path, P2-P3. The man repeats walking

along the line, changing L from 10 cm to 110 cm. The phase measured by the reader

is shown in Fig.5-4. From this figure, we can see that even when the distance between
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Figure 5-4: The phase changes while L is set from 10 cm to 110 cm. The phase in
the red frame is affected by the multi-path effect.

reader and book is 80cm, phase data can still reflect this motion. This range is large

enough to cover the entire bookshelf from top to bottom.

From Fig.5-4, we can see that the rangeability of the phase becomes decreasingly

smaller with the growth of L. When L reaches 110 cm, it is hard to distinguish

between the multi-path effect and random error. There are two reasons for this

phenomenon. First, when L increases, the propagation fading F increases accordingly

based on wireless communication principles[101]. F is calculated as follows:

F = 10log(
λ2

16π2d2
) (5.2)

where d is the length of the path between the transmitter and receiver. The prop-

agation fading may make the signal transmitted from the transmitter along P2-P3

invisible to the receiver sometimes. Thus, when L increases, there is no specific wave

shape since L is larger than 30 cm.
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Another reason is that the multi-path effect occurs when the path is within the

Fresnel Zone[101]. A Fresnel zone is an ellipsoid whose foci are the transmitter and

the receiver. Radius r of the circular cross section of the Fresnel Zone is given by:

rn =

√
(
d

2
+
nλ

4
)2 − (

d

2
)2 (5.3)

where d is the distance between the transmitter and receiver and λ is the wavelength.

Particularly, n is the Fresnel Zone number which is commonly smaller than 12. That

is why when L is larger than r12, the multi-path effect does not occur. It is clear

that the length of the path within a Fresnel Zone becomes shorter as L increases.

It is noteworthy that if the line along which a man walks is parallel to the LoS, the

line will not stride across more than one Fresnel Zone. This means that the range of

phase variation caused by the multi-path will never exceed 2π.

Inspiration: Previously, we analyze three aspects that can bring about changes

to the phase value. Specifically, activities in the library imply these aspects more

or less. This inspires us to infer the activity by monitoring the transformation of

the phase value. Although there are some applications based on RFID phase ap-

plied to areas, such as object use detection[102][103], gesture recognition[63], and

indoor localization[66], this study is the first to involve activity recognition in the

library according to the intensity of the variation of phase. Details of our system are

expounded in the next section.

5.3 System Design

In this section, we present the details of our approach to detect the activity based on

RFID in the library. Our approach utilizes the RFID reader antenna placed on the

top of the bookshelf to monitor the phase value of tags attached to books. We first

provide an analysis of the relation between activity and phase transformation. Then,

a method based on the phase value distribution is proposed to infer the activity as
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Figure 5-5: The architecture of activity recognition approach. F1, F2, F3 and F4 in
the second picture represent four features respectively. The upper line is an example
of walking before a book and the under line is an example of picking up a book.
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shown in Fig.5-5. We first collect phase data of every tag by an RFID reader and

describe the dispersion of the phase data in a sliding window with four features.

After feature fusion and postprocessing, we utilize thresholding to differentiate the

states of each book and then recognize the corresponding activity of the reader.

5.3.1 Activity Definition

In this study, we consider the reader in the library who wants to choose books at the

bookshelf and then leaves to read as the target. Generally speaking, such a behavior

in the library follows a common process. First, the reader walks to the area where

there are books he has interest in. Next, the reader will pick up books one by one

and read for a while to find out the ones that he prefers to read through. Then,

he will take the books to the reading area. After reading, he replaces the books to

where they were. This process actually contains four activities: walking before a

book, picking up books, taking books away and putting books back. Because the

RFID antenna has a limited examination area, it is easy to detect whether one book

is taken away or put back through the tag visibility. Thus, the challenge is how to

distinguish the first two activities from each other. Of course, there is also the static

status, which means that no one comes into the examination area.

According to the analysis in Section 5.2, it is clear that walking before a book

only causes the multi-path effect. Meanwhile, picking up a book will change both

the tag angle and the distance between the tag and antenna. When the reader walks

before the bookshelf, the book on the bookshelf is labeled "Walking", no matter if

the reader is walking with books or without books. The book picked up by the reader

is continuously labeled "Picking" until it is put back on the bookshelf. If no one is

moving before the bookshelf, all the books are labeled "Silence". Thus, the system

is able to recognize the reader activity through the book state.

Furthermore, the reader sometimes returns the book to the wrong place. In this

study, we propose a nearly zero-cost way to detect the misplacement of books.
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Figure 5-6: The white antenna is placed at a 45◦ angle to the ground to ensure it
can cover as much region as possible, because of its fan-shaped radiation regions.

5.3.2 Data Collection

We carry out this approach in one bookshelf on which there are 50 books in total,

as depicted in Fig.5-6. The books are placed closely to each other in one row, to

test the robustness of the system under the mutual interference of tags. We collect

RFID data using an ImpinJ R420 reader with only one antenna, setting the reader

to max-through power and dual-target search mode[104]. The slim tags are attached

to the back of each book. The reader keeps querying the state of each tag within

the examination area. The RFID reader is set to only query the tags whose ID exist

in the predefined list, so that the other books do not impact the specific bookshelf.

In our situation, the mean sampling rate for each tag is about 12 times per second.

In Fig.5-5, blue circles represent the phase data of one tag, which fluctuate with

different activities.

Actually, the attributes of the RFID signal include not only the phase but also

the received signal strength (RSS) and Doppler shift. However, our pretest result
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shows that the Doppler shift is not accurate enough for our purposes, which was also

mentioned by [105]. Moreover, it is difficult to combine RSS with different activities

in theory. Thus, we just use the phase to achieve our goals.

Nevertheless, the pretest highlights a bug while measuring the phase. As shown

in Fig.5-7, the measured phase happens to generate a deviation of π randomly, which

is called the "half-wave effect". This will produce some fake phase values. Although

some filters can overcome this, they are not portable to an online system. Thus, we

constructed a regularized equation to solve this issue:

pr = (po +mod(po + π, 2π))− π (5.4)

In the above equation, po is the original measured phase value, and pr is the regu-

larized phase value. Regularization first generates the mean value of the true phase

value and the fake phase value. Then, it considers the values from 0.5π ∼1.5π to

0∼2π. Regularization does not need to distinguish if the phase is fake or not. Note,

regularization does not affect the tendency of the phase, even though it changes all

of the phase values. In this study, only the dispersion of phase value is important.

Thus, regularization will double the dispersion, which is good for our approach.

5.3.3 Phase Dispersion of Activity

Other than the phase waveform-based activity recognition approach[63], we recognize

the activity based on the phase dispersion within a sliding window. As depicted in

Fig.5-5, "Picking" causes much more violent dispersion than "Walking". To quantify

this phenomenon, we first extract the features to describe the phase dispersion. Then,

we use the weighted summation method to fuse the features into a deviation index.

After postprocessing, we can finally generate the recognition decision.

The traditional way to recognize the activity using RFID is based on the specific

phase waveform caused by relative gesture. There are several reasons why the use of

the waveform-method is not appropriate in the library. First, the distance between
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Figure 5-7: Half-wave effect and the regularization. The blue circle is the original
phase value and the red star is the phase after regularization.

the reader and book has to be short enough that it can generate a stable waveform

when the reader walks before a bookshelf. As shown in Fig.5-4, the distance has

to be less than 20 cm, which is impractical in a real scenario. Also, people may

pick up a book in different ways, along with the fact that the stature of each reader

is different. This makes it impossible to produce a congruent waveform when the

reader picks up a book. Nevertheless, our approach will not suffer from the above

problems.

There is the challenge of calculating the amplitude of the variation of phase. As

introduced in Section ??, the phase value is a periodic function, called the wrapped

phase, which causes the traditional functions not to calculate accurately. So, we have

to unwrap the phase before computing the deviation. Here, we utilize a common way

to solve this problem called the One-Dimensional Phase Unwrapping method[106].

This method is efficient and has a low computational complexity. It assumes that the

difference between two adjacent sampling points over π is negligible. This is feasible
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since the phase is measured constantly, and the sampling rate is high enough.

The traditional indexes to weigh the dispersion include the standard deviation,

range, entropy, and coefficient of variation. In this study, we mainly use the first three

features to describe the phase dispersion. Furthermore, the arithmetical average

deviation of phase values in a sliding window can also be used as a feature. For a

phase dataset (X) in a sliding window, the intensity of the phase variation can be

described by the following indexes.

Phase Standard Deviation

In statistics, the standard deviation is used to quantify the amount of variation

or dispersion of a set of data values. Generally, the standard deviation σ(X) is

calculated by the following equations:

µ =
1

N
(x1 + · · ·+ xN) (5.5)

σ(X) =

√√√√ 1

N

N∑
i=1

(xi − µ)2 (5.6)

Phase Range

The range is used to describe the scope of random variables. After phase unwrapping,

the range of phase can be calculated directly by the difference between the maximum

and the minimum.

R(X) = max(X)−min(X) (5.7)

Range is easy to understand and calculate. However, it is sensitive to noise.

Thus, other indexes are necessary.
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Phase Entropy

Entropy can be used as an expression of the randomness of a system. In our approach,

we use entropy H to describe the phase value distribution as below.

H(X) = −
n∑

i=1

p(xi)logp(xi) (5.8)

It is known that the phase value varies between 0 and 2π. We divide the range

into n equal portions, and p(xi) are the quantities of the phase value that are within

a specific portion. In this study, we set n equals to 10 and e as the base, serving

as the default parameters. According to information theory, the larger the phase

entropy is, the more evenly the phase values are distributed.

Phase Average Deviation

δ(X) =

∑n−1
i=1

∑n
j=i+1 |xi − xj|
n∗(n−1)

2

(5.9)

The phase average deviation δ(X) is the mean value of the differences between

any two phase values. This index can reflect the stability of the phase values in a

sliding window.

Feature Fusion

Feature fusion merges all the features together to generate a robust index for recog-

nition.

M(X) = exp(c1σ(X) + c2R(X) + c3H(X) + c4δ(X)) (5.10)

Finally, the comprehensive deviationM can be calculated by Eq.5.10, where cj is

the weight of features. In Fig.5, we can see that four features describe the dispersion

in different degrees. With feature fusion, the mixed set of indexes has the dramatic

ability to discriminate the book state.
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5.3.4 Thresholding

In this study, we first need to detect if there is an activity. Then, we further recognize

if the activity is picking up a book or not. If a book is not picked up, the activity

must be walking before a book. To ensure the system can achieve good instantaneity,

we choose thresholding rather than a complex machine learning technique.

On the grounds of the analysis in Section ??, if the surroundings are steady,

the phase value will not change. However, the phase measurement contains random

errors in real-world situations, causing the phase to follow the Gauss distribution

instead of an accurate value. So, we have to first obtain the phase dispersion in a

static condition. We assume that the feature that describes the phase distribution

also follows the Gauss distribution. Thus, we can use the upper limit of each tag

phase feature distribution function to detect if there is an activity. If the value of

the feature is greater than the upper limit, it is assumed that there is an activity.

Another threshold is needed to distinguish between walking before a book and

picking up a book. This threshold is generated by a large number of experiments.

As discussed in the previous section, picking up a book will change both the angle

of tag and the distance between tag and antenna. Therefore, the phase dispersion

of picking up a book is definitely larger than walking before a book. Therefore,

we let several people who are different in stature walk before the bookshelf many

times and collect the phase data at the same time. Then, we find the maximum

phase dispersion with this phase data. Hence, the maximum value can be used as

a threshold. However, we find that this does not work through experiment. The

reason is that when the reader picks up a book, it will influence the neighboring

books. Thus, the deviation index of these books will increase. So, we change the

strategy. The volunteer is asked to pick up books successively from the first book

to the last several times. Meanwhile, we record the phase values of all the books,

and their deviation indexes are computed. Then, we count the maximum deviation

index for all the books except the book picked up. Finally, we repeat a few times to
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generate the final maximum for every book and use this as the threshold.

In Fig.5-5, the purple broken lines represent the threshold to distinguish the

activities. Note that in the implementation, we set two parameters according to

the pre-experiment for the two thresholds to generate a better result. The final

experiment shows that the thresholds can be used universally.

5.3.5 Postprocessing

Using a threshold can distinguish different activities; however, it is quite essential to

achieve a higher recognition postprocessing rate. We find that the deviation index

calculated by Eq.5.10 is not a smooth function. Sudden drops and rises will cause

incorrect recognition decisions. We process the deviation index with the following

steps:

Smoothing

We set two sliding windows w1 and w2, for each deviation index point. When a

deviation index is generated, we check the deviation indexes in w1. We use the

maximum in w1 instead of the current deviation index. This can filter out the sudden

drops. Later, we compare the index with the thresholds to generate a pre-decision.

Then, when a recognition pre-decision is generated, we check the pre-decisions in w2.

If they are equal, the pre-decision is true; otherwise, it is a sudden rising noise.

Merging Adjacent Instances

If a book is picked up several times, while the reader is standing right in front of the

bookshelf, we treat the activity as one time. This may happen when the reader is

trying to compare two books with each other.
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5.4 Experiment and Evaluation

To evaluate the proposed approach, we carry out some experiments. The performance

is judged by recognition accuracy, as shown below:

Pa =

∑N
i=1Ati

N ∗m
(5.11)

Pb =
Ati

m
(5.12)

where N is the quantity of books which is 50 in this paper, Ati is the amount of

correct recognitions of book i, and m is the frequency of test activities. Eq.5.11

represents the overall accuracy and Eq.5.12 represents the partial accuracy. Note

that, if there is no one walking before the bookshelf, the system will stay silent.

After 1 hour, there was no false positive. Thus, our approach works very well to

detect the existence of the reader.

In the first part, we test the performance of detecting "Walking". We ask five

volunteers who differ from each other in both height and weight to walk past the

bookshelf from left to right and in the opposite direction 25 times. Then, the accuracy

is calculated with Eq.5.11, as shown in Table 5.1. In this part, we only use Eq.5.11,

because all the books are in the same situation for the activity "Walking".

Table 5.1: Performance of detecting walking past.

Volunteers P1 P2 P3 P4 P5

Accuracy 97.28% 95.92% 96.76% 96.88% 95.84%

From this table, we can see that our system performs well for detecting "Walking".

Moreover, this recognition is only achieved for an individual book, separately. If we

mearge the results for the adjacent books together, the accuracy may be even higher.

In the other part, we test the performance of detecting "Picking". We ask a
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volunteer to walk to the bookshelf, randomly pick up a book, put it back, then walk

away. This is repeated 50 times. The two results in Table 5.2 reflect the partial and

the overall accuracy. For the former one, we only consider the books that have been

picked up. The partial accuracy is calculated by Eq.5.12, wherem means the number

of test activities which equals to 50. Ati represents the successful recognition of book

i. For the latter one, we consider all the books in the calculation with Eq.5.11. For

the chosen book, "Picking" is the right recognition. Meanwhile, for the other books,

"Walking" is the right recognition. That is to say, this overall accuracy can be used

to measure the global performance of the proposed system.

Table 5.2: Performance of detecting picking up.

Result Partial Overall

Accuracy 96% 92.2%

The overall accuracy is 92.2%, which is lower than the first part of the experiment.

This is because when a book is picked up, it will affect the neighboring books. In

future research, we will try to avoid this error.

5.5 Misplaced Book Detection

As mentioned above, the misplacement of books in the library causes difficulty in

book management. How to detect misplaced books is a challenge for the future smart

library. Note that books in the library are strictly ordered by their IDs to ensure

that readers can find a specific book easily. The approach proposed by [95] utilizes

the relative localization of RFID tags to locate the misplaced books. However, the

approach needs to sweep all the books repeatedly, which results in a high workload in

a large library. Our proposed work can greatly reduce the area that needs to be swept,

because if none of the books in the area is picked up, there will be no misplacement.

Furthermore, we present a zero-cost approach to detect the misplacement remotely,
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Figure 5-8: The sequence of time slot that caused by reader’s movement reflects the
order of books.

which can also work in real time.

We believe that when a reader walks before a bookshelf, it will cause phase vari-

ation successively to the books in one row. Through monitoring the phase deviation

of each tag on the books, we can generate the order of the books. The basic idea

is that once a reader walks before a bookshelf, our system can check the order of

the books one time. If this order does not match the original order of the books,

the misplaced book can be detected easily. In this way, the system can check the

misplacement in real time, without any extra devices or extra work of the staff.

As shown in Fig.5-8, our activity recognition model can obtain the time slot that

the reader walks before a book. We use the timestamp corresponding to maximal

deviation point within the time slot to mark the order of the book. After the reader

walks before a row of books, there will be a sequence on the timeline. This sequence

represents the order of books in a row. However, the result of the verification experi-

ments shows that the sequence does not necessarily correspond to the order of books.

The distance n between the misplaced book and its original position influences the
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performance of our proposed approach. Thus, a trade-off between accuracy and re-

call is performed by redefining the book misplacement. If n is less than limitation

N , we do not treat it as a misplacement. In this study, we set N equal to 10, which

is acceptable in the actual scene. To further reduce false detection, we label it a true

misplacement only if the book is reported as a misplacement three times.

In this way, our approach can monitor the entire area in real time. The main

advantage of this approach is that the reader is not hindered, which allows the library

to be open continuously. On the contrary, the approach relies on the reader without

any additional requirements. Theoretically, the more readers there are in the library,

the more efficiently our approach works. Although it is a coarse-grained detection

approach, it also can be used in cooperation with other robot-based methods to

reduce the cost both in time and energy.

5.6 Summary

In this study, we analyze the feasibility of detecting activity in the library using

RFID phase, in theory. Then, we find that the variation of RFID phase can reflect

the interaction between the reader and the books. Subsequently, we process the

phase signal of tagged books and distinguish the different activities with thresholds.

Finally, we implement our approach to evaluate the performance and overall accuracy,

which reaches 92.2%. Also, we present a way to detect the book misplacement that

works in passive mode.

Our proposed system can detect a reader’s existence with very high accuracy and

in real time. This makes reader location tracing possible, which is of great importance

in a smart library. Any indoor localization-based method may be introduced into

the library, thanks to the high accuracy of localization with books. Furthermore,

the system can navigate the reader to the desired book with the shortest path.

Moreover, the library can adjust the book position based on the statistical result of

reader trajectories.
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In the future, we will focus on the personalized book recommendation system.

This will bring benefit to both the library and reader. The library can acquire

the demand of a specific book and put the popular one in a prominent position to

attract more readers. The system can also help the reader to find what he might

be interested in, not only based on the borrow record but also on the pick record

from him and other readers. Similar personalized recommendation systems have

been put forward in other areas. In this vein, the Han study on in-store shopping

recommendations is worth learning. Han proposes CBID[103], which is a customer

behavior identification system. With CBID, a store can discover a popular item and

its relation to a customer’s movement pattern. This is what we want to achieve in a

future smart library.
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Chapter 6

Conclusion

6.1 Discussion and Conclusion

To recognize the human activity will greatly improve the ability of intelligent indoor

IoT systems. Smart IoT systems represented by smart home will provide human-

oriented service in different scenarios in the near future. While how to make the

computer systems to understand human mind and activity still face a lot of chal-

lenges. Even though inner state of human can already be monitored in different

appropriate ways. High level human activity is so complex that can hardly be com-

prehended by computer, because of the diverse semantics in variety of activities.

This builds the gap between human and computer, naturally. And the character-

istic of human activity, include concurrency, multiplicity, complexity, diversity, and

randomness, make great trouble for computer systems to recognize the human activ-

ity. Besides, the hierarchical human activities covering fine-grain and coarse-grain

activities, make it difficult to define the activity in a suitable way.

Inspired by the existing work, this dissertation proposed a novel interaction-based

HAR approach. The approach can be scalable enough to be applied in different in-

door scenarios. In this dissertation, we chose smart home and smart library as the

main scenarios. The dissertation makes a deep analysis on indoor human activity,

and finally determines to utilize the interaction between human and objects to infer
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the human activity. Because only in this way, the proposed approach can be scalable,

flexible, and avoid of “cold start” problem which appears commonly in data-driven

approaches. The proposed approach utilizes passive RFID technology to recognize

the interactions between human and the objects in daily life. And with the help of

machine learning and deep learning, the proposed approach can combine the rec-

ognized low level activities to infer the high level activities. So that the proposed

approach can be applied to recognize all grain activities including both fine-grain

and coarse-grain activities.

In the smart home scenario, the passive RFID technology is used to monitor the

usage of daily life first, and to record the activity log accordingly. Thanks to the tf-

idf weight, which we treat as the possibility of one action belongs to one specific high

level activity, the proposed approach can recognize the human activity in real time.

What is more, we also utilize the LSTM to model the habit of the inhabitant, which

represents the pattern of the activity in daily life. With the modeled pattern, the

proposed approach can predict the next possible activity that the inhabitant might

perform. The whole framework can be seen as a smart agent that can understand the

human activity and keep eyes on the inhabitant without any privacy problems. And

the framework can cooperate with existing smart home platforms to enable them

provide more personalized and intelligent service to human.

In the smart library scenario, the passive RFID tags on the back of the books are

utilized to monitor the reading activity in the library. The proposed approach does

not require the reader to carry any extra devices, while monitoring which book have

been picked up to take a look. Knowing this knowledge, more sensitive personalized

book recommendation can become true. Since the system can aware of what the

reader might have interest in according to the books that has been picked up for

trial reading. Moreover, the proposed approach can help the book management

locate the misplaced book with the unawareness help from the reader. In this way,

much effort on book management can be saved since locating the misplaced book is

a tough task for librarians in the past.
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6.2 Directions and Future Works

This dissertation proposed an interaction-based HAR for indoor scenarios using pas-

sive RFID technology. In the future, the proposed approach can be applied to more

different scenarios, such as office, hospital, gymnasium. And for different scenarios,

the activities of human are different. So the approach need to be adjusted to adapt

to those scenarios. For example, what the boss wants to know about the employee

might be the working state of them. While, in the hospital, the state of patient

might be helpful to doctor to determine the treatment. Thus the proposed approach

is promising to show the ability in more scenarios.

Also, the proposed approach can be seen as a smart agent in the smart indoor

systems. Even though the approach can understand the human activity, how to

format the recognized knowledge is another challenge. Only when the knowledge of

human activity is formalized, the upper systems can make use of such knowledge

without trouble. And formalized knowledge will make the approach universal to

different systems.

About the human activity, there is still more we need to do. The proposed

approach can be used to recognized and predict the human activity. While we can

hardly know if the activity is performed correctly. This issue is very urgent and

waiting to be solved in the area of fitness. With the development of society, sharing

economy becomes a new trend all over the world. Among them, the shared gym

favored by the urban employee has achieved success in some big cities. The users

are allowed to do exercise in a small closed space alone without any disturbing from

others. The good privacy protection will make such shared gym more popular in

the future. However, there is also a risk to allow users to exercise by themselves.

The incorrect posture may lead to huge damage to human body. Thus, to monitor

the action precisely rather than just to know what the action is, becomes a topic

that needs more research. Thus, we would like to explore new solution with wireless

sensing in the future works.
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