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A smart home in simple terms is an entity comprising of devices that can be 

controlled via the Internet. As smart homes have greatly penetrated the market place in 

the recent decade, various organizations have developed there own proprietary stack and 

therefore interoperability has become a major bottleneck.  

This has put forth the need to benchmark, that could help evaluate the “smart 

homes.” To address the problem of knowing how smart the home is, there was a need to 

have human-like robot to emulate the person staying in the smart home as this would 

trigger applications based on some specific sensory inputs placed on it.          

This thesis was accomplished in various stages; we have built Robotilda a 

humanoid robot named Matilda that is controlled by a PDA via a wireless network. 

Secondly, we have defined an n-ary tree model (i.e. a tree with up to n metric tree nodes 

as its children which in turn are n-ary trees) that is used to evaluate the smart home. To 

this end, we have performed benchmark tests using an intuitive/binary model in the mock 



x 

smart home at the pervasive computing lab, to evaluate the metric values of various 

metric trees. Further, the benchmark value of the benchmark tree is evaluated by a 

weighted average of the children nodes, in a post order fashion. Finally, an illustration on 

using the general benchmark mechanism to evaluate a component of the smart home, i.e. 

the location positioning system, is demonstrated. This is chosen for illustration purposes 

as Robotilda’s position is determined by the Location Positioning System, which in turn 

invokes various applications in accordance to the location context. 
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CHAPTER 1 
INTRODUCTION 

The steep decrement in the cost of integrated circuits and advances in their design 

over the years, in accordance to “Moors Law” [1], has made the creation of a smart 

device possible with great ease. The expansive growth and penetration of the internet 

with cost effectiveness of the smart devices over the years, has increased adoption of 

smart devices. 

A smart home in simple terms is an entity comprising of devices that can be 

controlled via the internet. For instance, in the pervasive computing lab at UFL [2] the 

mock smart home is the entity and the other house hold items like the microwave, TV, 

bed light, etc are the devices that can be controlled via the internet. The programmability 

and the connectivity of devices entice people to use them in ways that could only be 

dreamt of in the past. smart homes in essence help improve the quality of life of people. 

As smart homes have greatly penetrated the market place in the recent decade, 

various organizations have developed there own proprietary stack for the smart home and 

hence interoperability is a major bottleneck for the solutions developed. This thereby has 

lead to increased need for transparency and portability of the software used to help 

achieve smartness.  

At the pervasive computing lab at UFL, we have envisioned a layered architecture 

for the software used in the smart homes that address the problem of interoperability. 

Openness is achieved as the architecture developed is platform independent. 

Transparency with a layered architecture is achieved as the upper layer could perform the 
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task of reading a location coordinate of the person living just by calling a lower layer’s 

class method without bothering about the intricacies involved in the process of obtaining 

it.  

In recent years, many organizations have developed their own interoperable stacks 

for the smart homes. This has hence put forth the need to benchmark [3], which could 

help evaluate various “smart homes.” To address the problem of knowing which is the 

smartest, there is a need to have human-like robot to emulate the person staying in the 

smart home as this would trigger applications based on some specific sensory inputs 

placed on it.          

This thesis is organized as follows. Chapter 2 presents various initiatives in 

building smart homes. Chapter 3 is an overview of the metrics for benchmarking smart 

homes. Our approach for the solution proposed is presented in Chapter 4. Finally, the last 

chapter, i.e. chapter 5 presents the future work and the conclusions. 
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CHAPTER 2 
SMART HOME SURVEY 

A home or a working environment that includes technology to control the devices 

and the environment could be termed as a smart home. The extent in which the home 

could be controlled is dependent on various factors like: one’s own wish, investment 

willing to make in the technology, etc. In a traditional smart home environment, one 

could have two types of interactions, user initiated or system initiated. For instance, home 

automation can assist a person to control a device in another part of the house, inquire 

into the state of something (e.g. Is the electric light on or off? Is the front door open or 

closed? Is the television on/off? Is the shower on/off?). This can facilitate 

communications and enhance both personal and building security. On the other hand, the 

controller can also suggest appropriate actions when necessary, (e.g. It could prompt, 

should you not turn down the cooker? The tub takes a few minutes to fill up, please wait? 

Your favorite program is aired on television, tune into channel 10? Don’t touch the food, 

the food is hot?) People who have short-term memory problems such as those with head 

injuries or those with Alzheimer’s disease [4] may find the later attribute of the smart 

home very appropriate. 

In this chapter I have discussed a few on going renowned smart home projects like 

the RERC Smart Home Project (UFL), Millennium Project(Berlin) [5], House_n 

Project(MIT) [6, 7], Aware Home Project(Gatech) [8]. One thing in common to all the 

above listed projects is that, all of them have an aim to address, i.e. make living easy for 

people, by using technology as an enabler. 
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2.1 Robotilda Smart Home 

The RERC Smart House (Figure 2.1) occupies about 500 sq. ft. in the University of 

Florida Pervasive Computing Laboratory. The house consists of a bedroom, a bathroom, 

a living room, and a kitchen. This house serves as a development platform and in-

laboratory test bed of a prototype system and applications. 

72.0 x
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(0,0)
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location
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Living area

Kitchen

Bathroom

Bedroom

 
 

Figure 2-1. The RERC Smart House 

 
As indicated in Figure 2.1, four ultrasonic receivers are placed in the ceiling above 

each corner of the house perimeter. Also, four flat panel monitors are mounted on each 

wall to deliver visual messages to the occupant. The mockup house is instrumented with 

other sensors and devices, including J2ME smart phones [9, 10] as user devices, floor 

sensors, water leak sensors, RFID tags, X-10 controlled devices (door, mailbox, curtain, 

lamp, and radio), and networked devices (microwave, fridge, and cameras).  

The heart of the smart house is the ultrasonic location system [11, 12]. Applications 

in the smart home like Modia [13] (essentially, smart controller of all the appliances) use 

for instance the location context information to switch to the appropriate monitor in the 

house. Besides, this context places a key role in determining any sort of anomaly, like 
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falling down on the floor, at home and let the caregiver know if necessary. This 

essentially is done using the logging of the data and analyzing it through an anomaly 

detection algorithm.  
2.2 Millennium Home 

It’s a smart home project initiated by the biotechnology department at the Brunel 

University, along with a group of industry leaders. The goal of this project was to build a 

system that is a fool proof solution to Anomaly detection in homes. 

 

Figure 2-2. Millennium Home Floor Plan 

One of the unique aspects of the Millennium home project is that the person living 

in the smart home is provided with an alarm sensor, which in turn would allow the 
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resident to interact with it. As was described in the technical document of the project the 

following are amongst some of the sensors used in the home: 

• Passive infra-red sensors (PIRs) to detect movement 

• Custom made pressure sensors which will be placed underneath the legs of chairs 
and beds to detect whether the user is sitting or lying down 

• Burglar alarm style sensors on windows and doors 

• A simple custom-made body count sensor on the main entrance to the property so 
that the system will know how many people are in the property at any one time. 

 

Besides, the system initiated events, the project also implemented various user 

initiated events for instance, a multimodal interface, based around speech, is one of which 

used to relay user initiated events to the underlying system. The system communicates to 

the resident through on the following means: 

• Loudspeakers placed in all rooms 

• The television screen (activated though a computer) 

• The telephone, which can ring the resident (activated though a computer) 

The resident will also communicate with the system through: 

• Voice recognition 

• The activation of environmental sensors (e.g. shutting a door) 

• A yes/ no button for simple communications 

In order to enable voice recognition, a capability to being able to control some 

noisy domestic equipment using the X10 protocol is provided too. Shown in Figure 2.2 

are some of the key sensors used in the Millennium home.  
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2.3 House_n Project 

The House_n consortium at MIT has designed a unique “living laboratory” (Figure 

2.3) shared research facility called the PlaceLab. This is sighted in various references to 

be one of the very first initiatives on smart home environments. Hundreds of sensing 

components have been installed in nearly every part of the home, which is a one-bedroom 

condominium in a residential building. These sensors are being used to develop 

innovative user interface applications that help people easily control their environment, 

save resources, remain mentally and physically active, and stay healthy.  The sensors will 

also be used to monitor activity in the environment so that researchers can carefully study 

how people react to new devices, systems, and architectural design strategies in the 

complex context of the home.   

 

Figure 2-3. Placelab 

The home is occupied by volunteer subjects who agreed to live in the home for 

varying lengths of time.  While they occupy the facility they will have no contact with 

researchers, and the laboratory has been designed so that data can be analyzed off the 

site. Researchers will have the capability to monitor nearly every aspect of life in the 
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home, particularly what people are doing and the interior and exterior environmental 

conditions.  Tools for the semi-automatic annotation and pruning of data aids researchers 

studying the enormous amounts of data acquired daily by the laboratory.  Some 

occupants are studied living in their own home environments as well using a portable 

toolkit of sensors that has been developed by MIT researchers. These devices make 

remote monitoring of people in their own homes possible for some period of time before 

and after they enter the PlaceLab in order to investigate pre and post-occupancy behavior 

changes.  

In essence, the project essentially is used to investigate the following questions 

about human behavior, among others: 

• What influences the behavior of people in their homes?  

• How can technology be effective in the home context for long time periods?  

• Can technology and architectural design motivate life-extending behavior changes?  

• To what degree can measurements of activity in the home be quantified in a way 

useful for creating new computer applications for the home?  

• How can technology be used to simplify the control of homes of the present and 

future, save resources, and improve health?  

• What influences how people adjust to new environments?  

• How do people learn in the context of the home?  

• What new innovations for the home would most fundamentally alter the way we 

live our everyday lives?  

To be able to delve into various areas of research like proactive health care, 

analyzing activities of daily life, monitoring using biometric devices, testing indoor air 
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quality, privacy protection, etc for the smart home environment, various components like 

microcontroller and light sensor, motion sensor, humidity sensor, smoke detector, IR 

illuminator, IR motion sensor, CO2 sensor, barometric pressure sensor, IR transmitters 

microphones, 1-wire network connection, Ethernet connection, and power are 

incorporated into the living-home.  

2.4 Aware Home 

The Aware Home is a project initiated by Georgia Institute of Technology. It is also 

referenced along with the House_n project to be one of the very first in the smart home 

research initiative. This home has essentially two identical and independent living spaces, 

consisting of two bedrooms, two bathrooms, one office, kitchen, dining room, living 

room and laundry room. In addition, there is a shared basement with a home 

entertainment area and control room for two centralized computing services.  

 

Figure 2-4: Aware Home 
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The reasons for building two independent living spaces are to allow for controlled 

experiments with technology and to allow inhabitants to live on one floor while 

prototyping or providing demonstrations on the other floor. The initial occupants are 

students involved in the research project living in only one floor of the house. A longer-

term goal is to have both floors occupied by a family or elderly occupants, as these are 

the targeted groups of there research. These occupants will give more realistic feedback 

on the performance of systems within the house. This systems includes sensors like 

human position tracking using ultrasonic technology, RF technology [14] and video, 

recognition through floor sensors and vision techniques among various other sensors 

similar to the other smart home initiatives discussed previously. 
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CHAPTER 3 
METRICS TO EVALUATE THE SMART HOME 

This chapter talks about the need to benchmark and the metrics we consider 

important for benchmarking a smart home [15, 16]. To motivate in this direction, some of 

the questions that come to mind while considering getting oneself a smart home are the 

following: 

• Would the smart home be intervening in my daily tasks? 

• Would the smart home allow me to interact with it to perform a specific task (for 

instance, tell the air conditioner to lower the temperature, tell the fireplace to switch 

on/off)? 

• Would I be able to switch the smart home to non smart mode when desired (This 

conserves a lot of energy (power/cost))? 

• Would I be able to change the smartness level of the home, say not allow a 

particular feature to work for a given period of time? 

• Is my privacy lost? 

• How easy is it to upgrade the system with new features (I have a new feature like a 

smart floor added to the existent system, how easy is it to integrate it to the existent 

home?)? 

• Is the smart home adaptable to additions made, with ease (I have one more person 

in the smart home joining me for a certain period of time, one expects the home to 
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be able to accommodate him i.e. help him take full advantage of the smartness of 

the home?)? 

• Does having a smart home lower my self-confidence?  

• Is the smart home secure enough from intruders, as it’s always on the network? Do 

I have authentication mechanisms to ensure my system doesn’t get compromised? 

• Is the smart home making living easier for me, i.e. is the smart home an enabler? 

• Is the smart home cost-effective?  

These are just a few of the innumerous questions that one has in his/her mind. To 

address the above questions we need a model to analyze the smartness of the home. In the 

pervasive Computing Lab here at UFL, we have come up with a few metrics to help 

evaluate a smart home. I have assumed that there are two inhabitants in the smart home 

named Alice and Bob for illustrative purposes. The following would state and give a brief 

description of the metrics. 

3.1 Intrusiveness  

If Alice or Bob are scheduled to have the medicine and the medicine box is empty, 

the assumption is the smart house would get them refilled before the medicine box is 

empty and hence the box is never to be seen empty. If this didn’t happen and the house 

expects the intrusion of the person living in getting the medicine box refilled, there is 

great dependency by the smart home for events to be performed. In sum, the smart home 

should be proactive towards a given task and not dependable on its residents for periodic 

tasks like medicine box refilling. 
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3.2 Scalability 

Alice bought the smart house from a third party, i.e. with a proprietary stack built 

(i.e. the software used to achieve smartness in the house, typically called stack in 

computer science terms) by say “XYZ”. Later Alice got married to Bob and Bob’s 

presence/addition to the house has to be noted into the smart environment.  We need to be 

able to add new features to the house with ease. In the Alice/Bob’s world it should never 

be the case where in a change to the whole system has to be performed to get Bob into 

the system. In sum, scalability to a given system is generally considered to be one of the 

prerequisites to help achieve market presence.    

3.3 Heterogeneity 

When Alice gets an additional smart component say a refrigerator and fits it into 

the smart home and then Bob gets another i.e. a smart microwave and fits it into the 

system, they should not have problems installing them into the system because both the 

components were not made by the same manufacturer and also not the same company 

that provided the smart home for Alice and Bob. The smart home should be able to 

accommodate technologies from various providers i.e. “XYZ” could have its own smart 

gas/electricity system installed and fitted into the smart home made and assembled by 

“ZYX”. 

3.4 Security 

Alice and Bob do not want intruders to access the system. The maintenance guy of 

the smart refrigerator could occasionally peek into the system and see if everything from 

the smart refrigerator’s perspective is functioning alright. If say Chuck now tries to 

intrude into the system and try control/modify a few system components, he should be 

forbidden from doing so, besides notifying the residents/service providers of a possible 
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intrusion (this is achieved by using an authentication module in the system). The security 

of the home could be achieved by restraining the access in a very “sand box” like 

manner. The home could define protection domains, for instance in the smart 

refrigerator’s case, the maintenance guy though given ability to get into the system and 

watch the smart refrigerator’s performance from time to time, is not allowed to get into 

the smart microwaves domain. This by en large is achieved by defining boundaries for 

the systems in use by the house. In sum, security is becoming increasingly important to 

create a complete fool proof system. 

3.5 Remote Maintenance 

As was just pointed out in the previous metric, the system after bought from the 

third party has to undergo maintenance, to achieve good performance from time to time. 

It’s said that most of the companies achieve good top line benefits if their after sales 

service is good. To help this happen the system should have a provision to help 

maintenance people have access to the component. Besides, there should be an eventing 

mechanism in the system to notify the maintenance people of any potential hazard 

detected in the system to help be proactive/reactive in there job.  

3.6 Atomicity 

If the house has sequence of operations performed for a given context. Say if the 

person is in the kitchen in front of the stove at location (x, y), the following events like 

the stove preparing itself to heat up, the over head light switching on, the exhaust fan 

getting switched on, the music system getting switched on, etc should get performed in a 

sequence. All these happen in a sequence only when the given person, in our case Alice is 

at the location (x,y) and in front of the stove. We can’t come across a situation where in 

all the above accept the exhaust getting switched on, this would be inappropriate to the 
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cooking event. Hence the system should have a property of all or none getting performed, 

i.e. either all the events dependent on a given context (a set of location /time/ person) 

none of them being performed, also in the later case throwing an exception to the 

maintenance guy/owner of that particular system to perform the maintenance/checking 

operation. 

3.7 Durability 

As was mentioned for the previous metric, We have a sequence of events 

performed in an all or none fashion if and only if one is sure all of them are functioning 

properly and not being used by other’s at that instant. By this we mean the event should 

be done once the commitment of the system to the given context is achieved.  

3.8 Isolation 

If say both Alice and Bob want to perform a given event on the system, both the 

events are serialized to achieve isolation i.e. achieve serial execution of the tasks, hence 

there are no conflicting operations though there are two or more events happening at the 

same time. Indeed, this is what happens at the architecture level. But at the processor 

level, we have the both events performed concurrently as the whole system is built on a 

shared memory single processor system. Besides, isolation is also associated with 

adaptability i.e. making the smart home smart based on what is needed to the given user. 

3.9 Privacy 

People living in a smart home are afraid of compromise to there privacy as the 

whole system is hooked up to the internet. Hence it’s extremely important to help the 

residents be aware of the fact that they are monitored if done so.  This at least does away 

with the fact of being conscious in a smart environment. Besides, the residents should 

have full control on whether to allow others to monitor the smart home or not. 
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3.10 User Friendliness/Experience 

The house should  not be complicated to use for the residents, say if Alice wants to 

use the smart tub and is not able to figure out how to use it, the whole premise of making 

it smart to help achieve great end user experience is useless. Hence the smartness 

incorporated in the environment should easily sink into the daily deals of the resident. 

3.11 Controllability 

Alice should be able to control a microwave in the same conventional manner if he 

wants to. Hence the conventional way of doing things should not be lost because of the 

incorporation of smartness into the device. For instance, if Alice wants to use the smart 

microwave by operating on the digital buttons he should be able to do it despite 

incorporation of RFID, etc technology to read the food items and set the time for the 

cooking automatically. 

3.12 Anomaly Detection 

The smart home should be able to detect if there is any sort of anomalies in the 

environment and determine the appropriate action to be taken. Say, if Alice is observed 

falling more than a specified (threshold specified in the system) number of times by the 

system, using anomaly detection algorithms on the data that is logged at the home 

computer for a given period of time, Alice’s personal care taker should be informed of 

this by the system. 

3.13 Latency 

The time taken for a given event to be performed should be within human 

acceptable range. Typically the human reaction time for an event is 2/3 rd of a second. If 

events take approximately within this time to perform the action, then the system is said 

to achieve six sigma level of performance. Although it’s impossible to achieve this in real 
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systems where the latencies range typically from one to five seconds, smart home system 

developers for good are increasingly concentrating on reducing the latency associated 

with the system 
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CHAPTER 4 
IMPLEMENTATION 

4.1 Test Bed 

4.1.1 Robotilda Smart Home Architecture 

Most of the smart environment initiatives have focused on specific technologies to 

build the smart spaces, overlooking a long-term, systematic plan for space evolution and 

interoperation. A wide variety of devices and services from different manufacturers and 

developers will constitute the future pervasive computing environment [17] where 

platform and vendor-independence would inevitably be an issue.  

Portability and interoperability can be enabled through the concept of services [18, 

19, 20] (i.e. application components) and context awareness [21]. Services from different 

sources can interact via a standardized service interface, even though they are unknown 

to each other. Context information and events will provide an anchor for the service 

interaction as well as for the intelligence of the smart environments. As illustrated in 

Figure 4-1, our middleware architecture for smart environments centers on context-aware 

service discovery issues. 

4.1.2 Context Discovery 

Our reference architecture has at the lowest layer, the smart house sensor/device 

driver modules. The layers above this could use the platform dependent service offered 

by the lower layer modules in a very transparent manner. The context layer in our 

architecture defines context in the form tuples like <location, time, etc>. The layer above 
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the context layer is the generic services layer, which in turn defines a set of services that 

could be used by the applications written on top of it. 

 
 

Figure 4-1. Reference Middleware Architecture for Assistive Environments 

The context information is continuously stored in the context information manager 

that maintains the context database. An entry in the Service Repository represents a 

service in the smart space. The service is essentially represented in the form of service 

name, attributes, contextual property.  

4.1.3 Services and Applications 

To support rapid application development and facilitate service composition, our 

middleware provides a set of generic services. As indicated in Figure 4-1, they are 

discovered and used by other core services or applications. The following is our current 

list of generic services. 

• Voice recognition service provides voice-to-text translation service to other 

services and applications. 

• Camera vision service tracks object movements in the camera’s view. 

• Event broker service delivers an application-specific event to subscribed clients, 

when a certain condition specified in terms of context information becomes true. 
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• Location service provides the location information (e.g. x and y coordinate) of 

Robotilda or objects being tracked. 

• Automated/scheduled task service performs scheduled or triggered tasks (e.g. 

reminders, alerts, etc) if their condition is met.  

• Space sensing service monitors the placement and movement of objects in the 

house, and is able to present the information with regard to the house floor plan. 

This service may be useful for a map application, or it can be used to locate a 

certain object in the house. 

• Persistent storage service stores streaming sensor data that may be used for trend 

analysis, historical context extraction, and statistics later on. 

• Web Service service is a proxy to access Web Services [22] in the Internet. For 

instance, a grocery shopping application makes use of this service to order some 

food from online Web Service shops.  

4.1.4 Prototype 

We have based our assistive environment infrastructure on the Open Services 

Gateway Initiative (OSGi) that provides a managed, extensible framework to connect 

various devices and services. By defining a standard execution environment and service 

interface, and by promoting dynamic discovery and collaboration of devices and services 

from possibly different sources, the goals of openness and extensibility of the smart 

house are attainable. In this sense, the OSGi framework is an ideal match for our need for 

an extensible software infrastructure that can adapt to changes (such as declining health 

conditions over time and the introduction of new devices, sensors, and services.) 

Moreover, we have found the framework’s connectivity support to the outside world to 
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be another noteworthy feature, which supports remote control and diagnosis applications 

by family members and caregivers.  

An OSGi environment (to be exact, an OSGi Service Platform) is made up of a 

Java virtual machine [23], an OSGi Framework, and a set of bundles. The Framework 

provides general-purpose, secure support for deploying extensible and downloadable 

Java-based service applications known as bundles [9]. Running on top of a Java virtual 

machine, it provides a shared execution environment where bundles are installed, 

updated, and uninstalled without requiring the system to be restarted. The Framework 

also manages dependencies among bundles and services to facilitate their interaction. A 

bundle may register zero or more services with the Framework’s service registry, which 

are discovered through the registry by others. The service registry provides a simple 

service discovery functionality based on a service interface name and a collection of 

key/value pair properties. The basic functionality is being extended to support the 

contextual property and context-aware service discovery feature of our reference 

architecture. The registry’s need of context information handling and update is backed by 

the underlying CIM. The smart house device/sensor drivers in Figure 4-1 are 

implemented as OSGi device bundles, and all other components, including the 

Applications, the Generic Services, and the CIM, are mapped to a separate service 

bundle. 

The assistive space built on the OSGi framework provided a solid infrastructure so 

that our application development team could focus more on integrating the smart phone 

(and by extension, the resident) with the smart environments and various pervasive 

computing applications.  
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4.2 Humanoid Robot Approach 

4.2.1 Making of Robotilda 

The idea to have a robot in the demo house has occurred to us, when we have 

realized that we needed to do extensive testing and benchmarking of the software 

hardware involved in the smart home. This eventually addressed the following concerns 

that we had. 

• How to entice someone to live in the house, while testing the smart home? 

• How to have people see what the person living in the house can see, while 
demonstrating remotely? 

The secondary goal was addressed by having a camera incorporated on Robotilda. 

The camera comes with an application program which helps people see what Robotilda 

sees remotely. This is accomplished as the cam has an IP-address hard-coded through the 

serial port. 

4.2.2 Design of Robotilda 

These are the following goals that I have met with the help of Steve and Harsha:- 

• It is able to move 

• It is able to see 

• It is able to avoid collision 

• It has a universal Power supply 

• It is controlled via  a IPAQ/Computer 

• It is able to have a IPAQ on it for processing outsourcing 

We started the making of Robotilda by designing the base on which it rests. The 

base has two wheels and motors along with some smart IC’s for the robust 

communication with the other parts. The wheels are connected to the wind shield motors 
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that are pulse wave modulated. This enables us to have variable speeds on the wheels. To 

be precise, I was able to have the speed vary from 0-255, i.e. we could have 256 

variations of the speed. The motors are connected to drivers that are in turn connected to 

the ATMEGA 128 [24] processor. The ATMega 128 processor is the brain of Robotilda, 

i.e. here is where the c program that controls the robot is residing, i.e. once we have a 

sensory data input the c program could instruct the motors to take appropriate actions. 

Besides I have also incorporated a few bump and IR sensors [25], these help avoid the 

collision. The IR sensors work as they have a lower limit on the distance that an object 

could be placed with the robot, it works by emitting an infrared signal and receiving it 

back to calculate the distance of the obstacle. The bump sensors work by just a binary 

value, they are set when hit to an obstacle and otherwise not set.  A block diagram of the 

system is shown in Figure 4-2. 

 
 

Figure 4-2. Block diagram for the Base 
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4.2.3 Components 

In order to actuate Robotilda, we used two 12V DC gear head windshield wiper 

motors. We control the steering of Robotilda by sending separate PWM values to each 

motor. In order to control these motors, we used two TECEL D100-B Motor Driver 

Boards [26]. These boards are capable of powering each motor with 25 Amps of current. 

These boards use three control lines which make these motor driver boards easy to use. 

The IN1 and IN2 pins control the direction of the motor, and the EN pin accepts PWM. 

Figure 4-3 and Figure 4-4 show how we connected the motor drivers to the motors.  

 
 

 

 

Figure 4-3. Tecel Motor Driver 

Enable  IN1 IN2 Action 
H L L Fast Motor 

Stop 
H L H Forward 

H H L Reverse 

H H H Fast Motor 
Stop 

L X X Free 
Running 
Motor Stop 
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This truth table (Figure 4.3) demonstrates the functions provided by the TECEL D-

100b board.  

4.2.3.1 Bump Sensors 

Because there are many available I/0 pins on the Progressive ATMega 128 board, 

we connected each of the 6 bump switches directly to Port B. We connected one end of 

the switch to ground and the other end of the switch went directly to our Progressive 

board. We have also activated an internal pull-up resistor on the ATMega 128, so that the  

 
 

Figure 4-4. Robotilda 

pin would only go low when the switch is pressed. Based on the location of the switch, 

we decided which direction we would have Robotilda move when the switch is pressed. 

These switches are mainly used for obstacle avoidance. 

4.2.3.2 IR Proximity Detectors 

The IR detectors that we used for the Robotilda are the Sharp GP2D120. These 

sensors have the capability of locating obstacles between the distances of 4 to 30 

centimeters. The output of this device is analog, and is updated approximately every 

32ns. On Robotilda, we used three of these IR proximity detectors. We mounted all three 

in the front of the platform, since Robotilda would primarily be traveling forward. 
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4.2.3.3 Controller 

We have used the Atmega 128 processor for the purpose of controlling the robot. 

Atmega 128 [27] is a low power CMOS 8-bit microcontroller based on RISC 

architecture. By executing greater number of instructions for a given block, the 

throughput is considerable higher than its counterparts. 

The ATmega128 provided the following features: 128K bytes of In-System 

Programmable Flash with Read-While-Write capabilities, 4K bytes EEPROM, 4K bytes 

SRAM, 53 general purpose I/O lines, 32 general purpose working registers, Real Time 

Counter (RTC), four flexible Timer/Counters with compare modes and PWM, 2 

USARTs, a byte oriented Two-wire Serial Interface, an 8-channel, 10-bit ADC with 

optional differential input stage with programmable gain, programmable Watchdog 

Timer with Internal Oscillator, an SPI serial port, IEEE std. 1149.1 compliant JTAG test 

interface, also used for accessing the On-chip Debug system and programming and six 

software selectable power saving modes. The Idle mode stops the CPU while allowing 

the SRAM, Timer/Counters, SPI port, and interrupt system to continue functioning. The 

Power down mode saves the register contents but freezes the Oscillator, disabling all 

other chip functions until the next interrupt or Hardware Reset. In Power-save mode, the 

asynchronous timer continues to run, allowing the user to maintain a timer base while the 

rest of the device is sleeping. The ADC Noise Reduction mode stops the CPU and all I/O 

modules except Asynchronous Timer and ADC, to minimize switching noise during 

ADC conversions. In Standby mode, the Crystal/Resonator Oscillator is running while 

the rest of the device is sleeping. This allows very fast start-up combined with low power 

consumption. In Extended Standby mode, both the main Oscillator and the Asynchronous 

Timer continue to run. 
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The ATmega128 AVR is supported with a full suite of program and system 

development tools including C compilers, macro assemblers, program 

debugger/simulators, in-circuit emulators, and evaluation kits. 

We have used the Win AVR development environment to write/debug and compile 

the code. The details of Win AVR are discussed in the “environments used” section.  

 

Figure 4-5. Avr Bootloader 

After the compilation, the object code was to be uploaded to the ATmega 128 

processors memory. This, was achieved using the Bootloader, i.e. an AVR Bootloader 

1.9.0(Figure 4-5), there was a setting in the GUI of enabled us to set the baud 

rate/communication port of transfer of the object code. A baud rate of 19200 
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bytes/second and com2 port of the computer on which the transfer is made from, were 

selected. 

Besides, the port connections for the IR’s and the Bump Sensors, which take in the 

various inputs from the sensors, there are USART’s (Universal Synchronous 

Asynchronous Receiver Transmitter) that take a serial input from an external device. We 

had connected the Compaq IPAQ to USART_0, the other USART i.e. USART_1 was left 

idle. As was shown in the Block diagram of the Processor, all the components on 

Robotilda essentially connect to Atmega Processor if some sort of processing of the 

components input is to be done.         

4.2.4 Software in Robotilda 

4.2.4.1 Programming the ATmega 128  

I had programmed the Atmega128 in C. The various header files of the C class 

used are   avr/io.h, avr/interrupt.h, avr/signal.h, string.h, avr/pgmspace.h. The io.h was 

used to enable the printf(), etc. functions, besides the general i/o functions. The 

interrupt.h and the signal.h are the two files needed to accept the sensory interrupts 

caused. The string.h included to use the string functions. The pqmspace.h is included to 

help allocate memory on the ATmega128 processor.  

The key functions written to enable the moving of Robotilda possible in a very 

transparent way are the following:- 

configuremotors(): This function is used to configure the motors take input from a 

particular pin. Also, the LED’s on the Atmega128 are used to help know various stages 

of the program traversal as by blinking them at appropriate times in the traversal.    
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init_UART(): This function is used to initialize the UART’s for accepting input’s from a 

serial port. Amongst the essential quantities initialized like setting the transmit/receive 

the baud rate is set to 19200 as was specified, for the baud rate in the bootloader. 

checkbump():It’s is used to check if there was a collision from the backside of Robitilda, 

as the bump sensors are placed on the back side. Once, there is some sort of collision on 

one of the bump sensors, moving routines like right(), straight(), left(), etc are called to 

move away from the object that it collided from. 

checkir():Similar to checkbump(), this is used to see if there is any object in the front in a 

range of 4-5 inches and would avoid the collision with that object by backing off. The 

functions used to achieve this are similar to what are used in the checkbump() case. 

Wait(int):It was used to make the processor wait for a given time before calling the 

following command in the instruction sequence. This enabled discretization of various 

actions performed by the processor on Robotilda.   

Movement Functions:This has left(), hardleft(), right(), hardright(), straight(), back(), 

stop(). As the name suggests, these functions are essentially used to move Robotilda to 

the left, right, straight, backwards and stop it from moving respectively. 

Besides these, there are couple of system functions used like sei(),cli(), output(), inp(); 

which are essentially used to set global interrupts, clear bits on the pins, output certain 

hexadecimal value, read a particular input respectively.  

4.2.4.2 Software for the IPAQs 

The interface for the IPaq essentially has buttons to control the robot. As can be 

shown in figure below, the controller connects to the server on the robot on the IP address 

specified on the server IP address button and the port number specified by the Server Port 

button. I also incorporated the buttons to connect and to disconnect with the server IPAQ, 
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as I could have multiple users connect to the server at a given time on a time sharing 

basis. TCP doesn’t allow multiple connections on a given IP and port number. The 

functions of the other buttons are as mentioned below:   

 

Figure 4-6. IPAQ Controller Interface 

Slow: It’s used to slow down the robot using the button, this helps in varying the speed of 

the robot from 0-255, i.e. since I used PWM the speed could range from 0-255. 

Speed: This is used to speed up the robot using the button, this also as specified above 

helps in varying the speed of the robot from 0-255, i.e. since I used PWM the speed could 

range from 0-255. 

Front: It’s used to move the robot in the forward direction. This along with speed/slow 

buttons could help me achieve  the requisite movement for the robot. 

Back: It’s used in moving the robot in the backwards direction. Again this is mentioned 

above is used in conjunction with the speed/slow buttons to achieve the movement that I 

needed. 

Stop: This is used to freeze the robot to a stand still position. 
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Figure 4-7. IPAQ Server 

As shown in the figure above after the program is downloaded into the Compaq 

IPAQ using the serial port of the IPAQ, from the computer. The program is run from the 

files folder, by clicking on the executable just loaded onto the Compaq Ipaq. This then 

gives the interface of the controller as shown in the previous figure, to help control the 

robot. 

4.2.4.3 Configuration and Setting 

The Cisco wireless LAN card was configured using the client utility that was 

provided by Cisco. The utility after installed was placed in the start/programs/cisco 

folder.  
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Besides, I have used a utility to know the IP address set to the IPAQ. vxUtil is 

available for free on the web. This after installation has been placed in the start/programs/ 

communication folder. The “I” button has been activated to know the various wireless-

LAN settings that the IPAQ has. For the Ad Hoc network I first chose the network type to 

be infrastructure-less network and named the network by ICTA i.e. the SSID, the 

respective names of the IPAQ’s as Robotilda and Mat. Besides, the other settings were, 

no gateway, no encryption, no LEAP, subnet mask as “255.255.255.0”. The only 

difference to have this work for an infrastructure mode is to change the mode of 

operation to infrastructure mode, besides setting up the gateway information. 

4.2.5 Development Environment 

4.2.5.1 Visual Studio .NET 2003 

With time handheld devices are becoming more capable. Processors are getting 

faster, and devices at the low end of the market now come with 32kb of RAM, compared 

to 16kb a short while ago. Also, diverse networking technologies like Wireless Lan 

802.11, Bluetooth, Infrared, etc are built into the device. 

With so much of sophistication in the attributes incorporated into the new 

generation handheld devices, there was an increasing need for a framework that could 

give in a managed execution environment for the device. Microsoft Inc, during the 

beginning of year 2000 had released .NET Compact Framework [28] to address the need 

to manage execution environment for handheld devices. 

The .NET Compact Framework is for devices with the following characteristics:- 

• A capable CPU 

• RAM for program and data storage 

• Persistant Storage such as RAM disk 
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In essence the .NET Compact Framework is a “lite” version of the full, desktop 

.NET framework. It includes a compatible subset of base class libraries of the full .NET 

framework, and it also adds in a few new ones that are specifically designed for mobile 

devices. The .NET Compact framework also has a new implementation of the common 

language runtime, built from ground up to run efficiently on small devices that are 

constraint in both memory and CPU power and which must conserve battery power. 

Visual Studio 2003 includes the software and tools needed to create applications that run 

on devices where the .NET compact framework is installed. The components necessary to 

install the .NET Compact Framework on the handheld device install onto the desktop 

computer when visual studio 2003 is installed. 

Visual Studio .NET 2003, is a comprehensive development tool for creating the 

next generation of applications. Developers can use Visual Studio .NET to: 

• Build the next-generation Internet.  

• Create powerful applications quickly and effectively.  

• Span any platform or device.  

Visual Studio .NET is the only development environment built from the ground up 

to enable integration through XML Web services. By allowing applications to share data 

over the Internet, XML Web services enable developers to assemble applications from 

new and existing code, regardless of platform, programming language, or object model. 

4.2.5.2 WIN AVR 

For Robotilda to have intelligence incorporated in it, we have used ATMEL 

processors to talk to various motors and sensors like the infrared/bump sensors. The key 

advantage of using the processors from ATMEL is the ability of it to be programmed in a 

very well defined  high level language like c/c++.  
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WinAVR [29] includes a set of tools like avr-gcc (the command line compiler), 

avr-libc (the compiler library that is essential for avrgcc), avr-as (the assembler), avrdude 

(the programming interface), avarice (JTAG ICE interface), avr-gdb (the de-bugger), 

programmers notepad (editor) and a few others. These tools are all compiled for 

Microsoft Windows and put together with a nice installer program. The version of 

WinAVR is essentially the version of the compiler AVRGCC, For example currently 

WinAVR includes version 3.3 of avr-gcc.  

4.3 Benchmarking and Experiments 

The concept of benchmarking a smart home has evolved from the fact that the 

customer/manufacturer of the smart home needs to know if the technology used is good 

enough, given the requirements of the smart home. 

Table 4-1. Binary Analysis of Benchmarking Metrics 
Metrics Favorable(Yes) 

UnFavorable(No) 
Description 

Security [18, 19] Yes(1) We have not incorporated any security 
mechanisms into the system for the mock home 
at this moment but are using the security 
modules provided by the OSGI platform for the 
actual home integration of technology.  

Atomicity [20] Yes(1) This is ensured by the OSGI platform i.e. in 
similar lines as the operating system ensures 
atomicity for the applications running above it 
(the scheduler of the OS ensures every 
application gets there time slice to perform the 
operation on the occurrence of the event).  

Durability [20] Yes(1) The OSGI platform ensures that the operation 
is performed when an operation is triggered by 
a user or a sensor. 

Intrusiveness 
 

Yes(1) Most of the components in the mock smart 
home are triggered by events i.e. we have 
followed an event-driven model. This ensures 
there is minimal intrusiveness from the user’s 
side to perform a given operation. 

Scalability [20] 
 

Yes(1) We have given at most importance to this while 
developing the software for the smart home. 
The idea of our integration of new components 
into the smart home is performed with great 
ease because of the software/hardware 
scalability incorporated into the design. 
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Table 4-1--Continued. 
Metrics Favorable(Yes) 

UnFavorable(No) 
Description 

Heterogeneity [20] Yes(1) We have with great ease used technologies 
from various manufacturers [5, 9, 15] and have 
no platform dependent issues coming across 
while in the process of integrating these into 
the system. 

Remote Maintenance No(0) As of now we have not incorporated remote 
maintenance into the system. We plan to 
incorporate the remote maintenance into the 
system for the actual home that is to be built. 

Isolation No(0) As of now we have not incorporated remote 
maintenance into the system. We plan to 
incorporate the remote maintenance into the 
system for the actual home that is to be built. 

Privacy Yes(1) We have not compromised on the privacy of 
the home user by giving unauthorized access of 
the home to others. 

User Experience Yes(1) We have performed usability tests by having 
people perform tests of various components in 
the house and have achieved 85% acceptance 
level. 

Controllability Yes(1) Though we have incorporated smart 
components that are triggered by the operating 
context (Microwave operated after the RFID 
reader [15] reads the food package), we have 
not disabled manually operating the smart 
components. 

Anomaly Detection  No(0) We have not enabled this feature in the mock 
home that we presently work on but plan to 
incorporate this in the actual home being built. 

Latency Yes(1) Avoiding unaccepted time latency is the major 
concern for most of the developers in the field 
of smart environments. We have tried our level 
best in decreasing the time latency associated in 
the given event in the smart home. 

 

To understand and motivate this concept in smart environments, we have 

performed benchmarking analysis using an N-ary tree model in similar lines to threat 

modeling [30] performed in security aware systems.  To this end, we proposed and 

performed a detailed study in the mock home built at the pervasive computing lab in the 

Computer Science Department, University of Florida (UFL).  First of all in our model, 

we have tabulated the metrics (Table 4-1) and the binary value associated in accordance 

to their being addressed in the mock smart home. Later, we have illustrated in Table 4-2 

one essential metric of the smart home: “The Latency”.  Our benchmarking mechanism 



36 

 

for the smart home enables sub-component benchmarking as well. For instance, our 

model helps benchmark the “Location Positioning System” in the smart home using the 

generic benchmark mechanism. This is achieved by having Robotilda’s position trigger 

application’s like appliances control in the mock smart home and tabulating the latency 

associated with various applications, we then following the general benchmarking 

mechanism to evaluate it. 

 Table 4-2. Smart Home Latency Chart 
 Application Min-Latency 

(Sec) 
Max-

Latency(Sec)
Average 

(Sec) 
No of Simulations 

TV 5.5 6.3 6.0 6 
Curtain 5.7 6.5 5.9 6 
Microwave 2.7 3.1 2.8 6 
Radio  4.0 4.9 4.5 6 
Bed Light 2.1 3.7 3.1 6 
Door Lock 0.9 1.3 1.0 6 
Home Camera 2.4 3.0 2.7 6 
LPS-TV 5.2 5.5 5.3 6 

 

Table 4-2 has as columns the various applications, the minimum latency, the 

maximum latency observed in the tests carried out for an hour (i.e. six tests). It also has 

the Average and the number of simulations performed in the tests during that period.  

In the following description I give a general idea on how the various application 

latencies are evaluated. 

• TV: We have associated time latency for TV to be the time it takes for the TV to 
switch on/hop channels, after a command is issued from the J2ME phone. 

• Curtain: We have associated time latency for curtain to be the time it takes for the 
curtain to open/close, after a command is issued from the J2ME phone.  

• Microwave: We have associated time latency for the Microwave to be the time it 
takes for the Microwave to start the cooking operation after it reads the RFID from 
the food item. 
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• Radio: We have associated time latency for radio to be the time it takes for the 
radio to start/stop, after a command is issued from the J2ME phone.  

• Bed-light: We have associated time latency for the light to be the time it takes for 
the light to turn-on/turn-off, after a command is issued from the J2ME phone.  

  
• Door Bell: We have associated time latency for the Door Bell to be the time it 

takes for the Home System to prompt the user of the open/close of the door. 

• Home Camera: We have associated time latency for the camera to be the time it 
takes for the camera to show the picture of the person on the TV display when the 
door bell rings.  

• LPS1 -TV: We have associated time latency for the LPS-TV to be the time it takes 
for the LPS to switch on an appropriate TV in accordance to the position of the 
person in the smart home. It performed by controlling Robotilda’s movements in 
the smart home using the IPAQ; this in turn switches the appropriate monitor in 
accordance to Robotilda’s position.     

From the table we also get the values associated with the Location positioning 

system for benchmarking the location positioning system module. We have restricted 

ourselves to switching on the appropriate TV in accordance to the location provided by 

the Location Positioning System. Though in reality we presume there could be many 

applications dependent on the Location Positioning System for the input state.  

Finally, we have performed the benchmark value evaluation using a thirteen-ary 

tree model.  We have followed a bottom-up approach in determining the benchmark 

value associated with the smart home. This was achieved by categorizing benchmarking 

of a smart home into various phases as described below: 

• Phase I: Determining various metrics that evaluate the Benchmark 

• Phase II: Sketch the Metric-Trees for each of the Metric 

• Phase III: Evaluate the Metric-Value for each of the Metric-Tree 

                                                 
1 LPS stands for Location Positioning System 
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• Phase IV: Sketch the Benchmark-Tree for the Smart home 

• Phase V: Evaluate the Benchmark for the Smart Home 

I would discuss in detail each of the above mentioned phases in the following 

sections.2 

4.3.1 Determining Various Metrics that Evaluate the Benchmark 

This is the phase that was discussed in the section for “Metrics to evaluate the 

smartness of the home”. In sum, we have proposed a set of thirteen metrics, each of 

which is essentially a node in the benchmark tree for the smart home (Table 4-1).3 

4.3.2 Sketch the Metric-Trees for Each of the Metric 

We have in this phase drawn thirteen metric trees for each of the metrics to 

evaluate the Metric-Value associated with the metric tree.  A Metric-Tree in simple terms 

is a tree rooted with the metric and whose children are in general, the attributes of the 

metric. To illustrate the idea, I have tabulated the metric trees corresponding to each of 

the metrics in Table 4-3. 

Table 4-3. N-ary Analysis of Benchmarking Metrics  
Metrics Metric Tree Description 

Security 

 
 

Security Metric tree has as it’s 
attributes the three pillars of 
security. Going by the Intuitive 
Model, in a smart environment 
we have assigned 4:3:2 weights 
to the three essential attributes. 

 

                                                 
2 Please note that having a bottom-up strategy in evaluating a benchmark is just an issue of choice, one 
could as well perform the analysis in a top-down fashion. 

3 Please also note that this generates a thirteen-ary tree and in general terms could lead to N-ary tree, 
depending on the metrics one proposes (we have proposed thirteen metrics in our model). 
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Table 4-3. Continued.  
Metrics Metric Tree Description 

Security 

 
 

Security Metric tree has as it’s 
attributes the three pillars of 
security. Going by the Intuitive 
Model, in a smart environment 
we have assigned 4:3:2 weights 
to the three essential attributes. 

Atomicity  

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed).  

Durability  

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Intrusiveness 
 

 

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Heterogeneity  

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Scalability 
 

 

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1/0. 

Remote- 
Maintenance 

 

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 
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Table 4-3. Continued.  
Metrics Metric Tree Description 

Isolation  

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Privacy  

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

User 
Experience 

 

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1/0. 

Controllability  

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Anomaly 
Detection 

 

 

We have considered all the 
metrics other than Security and 
Latency to be a one node tree 
i.e. a leaf node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Latency  

 

We have associated Latency 
Metric Tree to have two com- 
ponent N-ary–trees (Applianc- 
es / Others). Each of these 
components is given a weight 
to the link in accordance to the 
intuitive model. Also, each leaf 
nodes of the Appliance and 
Others trees are evaluated using 
a binary model.  Further, the 
links between the Appliance 
\Others trees and their children 
are weighted using an intuitive 
model. 
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4.3.3 Evaluate the Metric-Value for Each of the Metric-Tree 

In this phase we have evaluated (as shown in Table 4-4) the value corresponding to 

each of the metric from the Metric-Tree. We have followed a Binary Model4 and an 

Intuitive Model5 to calculate the value associated with each node. The general idea behind 

evaluating a value to a node is bottom up, i.e. in a post-order fashion (evaluate the 

children before evaluating the root). 

Table 4-4. List of Metric Values 
Metrics Metric value 

Security 0 
Atomicity 1 
Durability 1 
Intrusiveness 1 
Scalability 1 
Heterogeneity 1 
Remote Maintenance 0 
Isolation 0 
Privacy 1 
User Experience 1 
Controllability 1 
Anomaly Detection 0 
Latency 1-0.38 

 

The metric values for the metric trees are evaluated using Tables 4-1 and Table 4-2 

for the mock smart home. The Latency Metric tree is evaluated using a weighted 

accumulation technique, i.e. each of its children is evaluated to determine their 

normalized value, after which we found the weighted cumulative of all the children.  

                                                 
4 In a Binary Model, we associate 0/1 value with each leaf node in the Metric-Tree 

5 In an Intuitive Model, we associate an intuition driven value to each of the links between the tree node 
and its children 
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4.3.4 Sketch the Benchmark-Tree for the Smart Home 

In this phase we have sketched (Figure 4-8) the benchmark-tree for the smart home 

i.e. a thirteen-ary tree in our model. We have further illustrated the Associate Matrix 

(Table 4-5) for the Benchmark Tree. 

 

Figure 4-8. Smart Home Benchmark Tree 

The calculation for the High, Medium, Low values is performed via an intuitive 

approach. I have illustrated it in Figure 4-9. 

Table 4-5. List of Metrics Precedence 
Metrics Associated Identifier 

(Value) 
Precedence 

Security a(0.1) High 
Atomicity      b(0.063) Medium 
Durability     c(0.063) Medium 
Intrusiveness d(0.1) High 
Scalability e(0.1) High 
Heterogeneity  f(0.05) Low 
Remote Maintenance     g(0.05) Low 
Isolation     h(0.05) Low 
Privacy i(0.1) High 
User Experience j(0.1) High 
Controllability      k(0.063) Medium 
Anomaly Detection l(0.05) Low 
Latency m(0.1) High 
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Calculating the High, Medium, Low values 
 
Eq 1: 6* High + 4* Medium + 3* Low = 1.0 (law of equilibrium) 
Eq 2: High > Medium > Low (law of semantics)  
 
By Intuitive Model: 
3* Low = 0.2, 4*Medium = 0.2, 6*High = 0.6 
 
Hence, 
Low = 0.063 
Medium = 0.05 
High = 0.6/6 = 0.1  

Figure 4-9. H/M/L Calculation  

4.3.5 Evaluate the Benchmark for the Smart Home 

We have followed a cumulative approach in finding the benchmark value (Table 4-

6) associated with the given smart home.  

Table 4-6. Cumulative Metric Matrix  
Metrics Metric Value Weighted Metric Cumulative Value 
Security 0 0 0 
Atomicity 1 .063 .063 
Durability 1 .063 .126 
Intrusiveness 1 .1 .226 
Scalability 1 .1 .226 
Heterogeneity 1 .05 .276 
Remote Maintenance 0 0 .276 
Isolation 0 0 .276 
Privacy 1 .1 .376 
User Experience 1 .1 .476 
Controllability 1 .063 .539 
Anomaly Detection 0 0 .539 
Latency 0.62 0.062 0.601 
   0.601 
 

4.4. Benchmarking the Location Positioning System 

In this section we have demonstrated how one could benchmark a given component 

(Location positioning system) of the smart home using the general benchmarking model 

discussed in the section 4.3. We have very much followed the general phases (I - V) of 

the smart home benchmarking mechanism to determine the benchmark value 
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corresponding to the Location positioning system. The phases that we have followed in 

benchmarking the Location Positioning System are the following:- 

• Phase I: Determining various metrics that evaluate the Benchmark 

• Phase II: Sketch the Metric-Trees for each of the Metric 

• Phase III: Evaluate the Metric-Value for each of the Metric-Tree 

• Phase IV: Sketch the Benchmark-Tree for the Location Positioning System 

• Phase V: Evaluate the Benchmark for the Location Positioning System 

4.4.1 Determining Various Metrics that Evaluate the Benchmark 

In this phase we have determined which of the thirteen metrics (in general n 

metrics) proposed for the smart home benchmarking would be relevant for benchmarking 

the Location Positioning System. This is illustrated in Table 4-7. 

Table 4-7. List of Needed Metrics  
Metrics Needed(Yes) 

Not-Needed(No) 
Security No 
Atomicity Yes 
Durability Yes 
Intrusiveness No 
Scalability Yes 
Heterogeneity Yes 
Remote Maintenance No 
Isolation No 
Privacy No 
User Experience No 
Controllability No 
Anomaly Detection No 
Latency Yes 

 

As tabulated in the figure, the metrics that do not have any significance in 

benchmarking the location positioning system are marked with a “NO” and the ones with 

have significance are marked with an “YES”. 
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4.4.2 Sketch the Metric-Trees for Each of the Metric 

We have in this phase drawn metric trees for each of the metrics significant to 

benchmarking the location positioning system. I have tabulated the metric trees 

corresponding to each of the metrics in Table 4-8. 

 
Table 4-8. Lps Metric Matrix 
Metrics Metric Tree Description 

Atomicity  

 
 

We have considered all the 
metrics other than Latency to 
be a one node tree i.e. a leaf 
node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Durability  

 

We have considered all the 
metrics other than Latency to 
be a one node tree i.e. a leaf 
node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Heterogeneity  

 

We have considered all the 
metrics other than Latency to 
be a one node tree i.e. a leaf 
node. Hence the value 
associated to it goes by Binary 
Model i.e. 1(if addressed)/0(if 
not-addressed). 

Scalability 
 

 

 
 

We have considered all the 
metrics other than Latency to 
be a one node tree i.e. a leaf 
node. Hence the value 
associated to it goes by Binary 
Model i.e. 1/0. 

Latency  

 

We have associated Latency 
Metric Tree to have two com- 
ponent N-ary–trees (Applianc- 
es/Others). Each of these 
components is given a weight 
to the link in accord-ance to the 
intuitive model. Also, each leaf 
nodes of the Appliance and 
Others trees are evaluated using 
a binary model.  Further, the 
links between the 
Appliance\Others trees and 
their children are weighted 
using an intuitive model. 
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4.4.3 Evaluate the Metric-Value for Each of the Metric-Tree 

In this phase we have evaluated (as shown in Table 4-9) the value corresponding to 

each of the metrics from the Metric-Tree. We have followed a Binary Model6 and an 

Intuitive Model7 to calculate the value associated with each node as was described in the 

general smart home benchmarking mechanism. Also the idea behind evaluating a value to 

a node remains bottom up, i.e. post-order (evaluate the children before evaluating the 

root). 

Table 4-9. List of lps Metric Values 
Metrics Metric value 

Atomicity 1 
Durability 1 
Heterogeneity 1 
Scalability 1 
Latency 0.5 

 

The metric values for the metric trees are evaluated using Table 4-7 and Table 4-8, 

for the mock smart home.   

4.4.4 Sketch the Benchmark-Tree for the Location Positioning System 

In this phase we have sketched the Location Positioning Benchmark Tree (Figure 

4-10) for the smart home i.e. a five-nary tree in our model. We have further illustrated the 

Associate Matrix (Table 4-10) for the Location Positioning Benchmark Tree. 

 

                                                 
6 In a Binary Model, we associate 0/1 value with each leaf node in the Metric-Tree 

7 In an Intuitive Model, we associate an intuition driven value to each of the links between the tree node 
and its children 
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Figure 4-10. Location Positioning System Benchmark Tree 

The calculation for the High, Medium, Low values is performed via an intuitive 

approach. I have illustrated it in figure 4-11. 

Table 4-10. List of lps Metrics Precedence 
Metrics Associated Identifier 

(Value) 
Precedence 

Atomicity a(0.15) Medium 
Durability b(0.15) Medium 
Scalability d(0.3) High 
Heterogeneity c(0.1) Low 
Latency e(0.3) High 
 

Calculating the High, Medium, Low values 
Eq 1: 2* High + 2* Medium + 1* Low = 1.0 (Law of Equilibrium8) 
Eq 2: High > Medium > Low (Law of Semanticsl9)  
 
By Intuitive Model: 
1* Low = 0.1, 2*Medium = 0.3, 2*High = 0.6 
Hence, 
Low = 0.1, Medium = 0.15, High = 0.6/2 = 0.3  
Figure 4-11. lps H/M/L Calculation 

4.4.5 Evaluate the Benchmark for the Location Positioning System 

We have followed a cumulative approach in finding the benchmark value 

associated with the given smart home. This is illustrated in Table 4-11. 

 

                                                 
8 Law of Equilibrium, it is a law that associates equality between the LHS and the RHS. 

9 Law of Semantics, it is a law that mathematically describes the semantic context.   
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Table 4-11. List of lps Cumulative Metrics 
Metrics Metric Value Weighted Metric Cumulative Value 
Atomicity 1 .15 .15 
Durability 1 .15 .3 
Scalability 1 .3 .6 
Heterogeneity 1 .1 .7 
Latency 0.5 .15 .85 
   0.85 
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CHAPTER 5 
CONCLUSION AND FUTURE WORK 

Having a benchmarking mechanism to evaluate a technology/product is not new; 

we have used it in this thesis, to move a step forward in the direction of evaluating the 

smart homes. To perform this evaluation, we have used a Robot to simulate a living 

person in the mock smart home (smart home to benchmark). 

 One of the key aspects of our work is the idea of evaluating the benchmark using 

an N-ary tree model, which in turn is evaluated using a binary/intuitive model. The binary 

model is used to evaluate the leaf nodes in the N-ary tree, which evaluates to either 

1(implemented)/0(not-implemented). The Intuitive model is used to evaluate the non-leaf 

tree-nodes in a post-order fashion by weighted accumulation of the evaluated children. 

The value of root node i.e. the benchmark tree node is the evaluated benchmark value of 

the smart home. We have not made any conclusions about what are the best values to 

have in terms of the benchmark value. This model essentially helps determine the best 

smart home, in a given list of smart home specifications. 

In our approach for benchmarking a smart home using a humanoid robot we have 

used an intuitive model to evaluate a non-leaf node in the N-ary tree. We plan to use an 

alternative approach which is more robust and calculation transparent, i.e. we plan to 

develop a tool that gives the values for the various metric nodes in the N-ary tree by 

performing live tests on the home computer. 
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