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ABSTRACT

EVENT-BASED MULTIMEDIA SYNCHRONIZATION WITH

INTERNET TELEROBOT

By

BooHeon Song

The primary obstacles to making Internet telerobot operation reliable have

been the issues of random and unbounded delay and the possibility of

interrupted connections. The remote operator depends on visual and audio

information to determine the current state of the robot. Most multimedia

synchronization schemes use time stamps and/or a globally synchronized clock,

and have thus far delivered unsatisfactory results. Event Based Multimedia

Synchronization (EBMS), through the use of event stamps, has resolved the

synchronization problem between the remote operator and the robot.

Experiments confirm that the system is portable, asymptotically stable and event

synchronized.
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CHAPTER 1

Introduction

1.1 Background

The past few decades have borne witness to an enormous growth of the

Internet and its related applications. From the first simple networks with

rudimentary capabilities to the worldwide modern Internet, the Earth is becoming

a global community, communicating at the speed of the electron. Nearly all

sectors of business and society are discovering new applications and new ways

that the Internet can assist and augment their purposes.

The primary goal of the earliest Internet applications was to simply publish

information, 9.9., online newspapers. Online newspapers use the lntemet to

reach subscribers much faster than their traditional counterpart. The online

newspaper can be updated instantly, providing subscribers with up-to-the-minute

information, an advantage which has dramatically impacted nearly every

economic and social venue, including personal and business communications,

finance, research and technology, and even medicine.

As related technologies evolve in tandem with the Internet, new

applications seem to arise almost spontaneously. The full potentials to adapt

and use the Internet have yet to be discovered and seem limited only by the

imagination. Using Internet conference tools [10][27], people can communicate



with each other from remote locations. Using Internet collaboration tools [27],

two or more users can type on same document or simultaneously draw pictures

on the same canvas.

Faster processors with bigger memory and a network have fostered the

integration of various multimedia formats, including audio and video. Multimedia

provides a luxurious experience and generally much more comprehensive

information than text alone. Virtual classes and Computer Based Training (CBT)

[3][7][28][29][30] are perfect examples of the marriage between multimedia

applications and the lntemet.

The remote control of robots through the Internet is another of the new

stream of Internet application developments and is the focus of this thesis. The

future possibilities of Internet telerobot control will allow experts to perform

complex robotic tasks in remote or hazardous locations from anyplace with

lntemet access.

The original use of robots controlled through the lntemet was as tape or

CD changers. A remote operator would execute commands and the robot(s)

would change tapes or CDs. These were routine tasks and limited mostly to

moving a robot in a predefined path and within a bounded area. In other words,

the robot could only move in a certain direction and within a certain range.

[1] [2] added more features, expanding the capabilities of controlling

robots through the Internet. [1] [2] designed robot control with force feedback in

real-time and allowed touchable sensory input to be added to Internet robot

applications. Using a feedback joystick, the robot operator can now feel surface



configurations and any other external forces, such as when the robot hits an

obstacle, or when any outside force is applied to the robot, such as hand

shaking. Utilizing this force-feedback, the robot operator can be certain of the

position of the robot at any given time, since any physical contact or outside force

is sensed by the operator. This assurance is absolutely essential when the robot

operator conducts delicate procedures and when a robot maneuvers in a fragile

environment.

[1] also introduced an event-based (versus time-based) synchronization

algorithm that allows the user to synchronize the commands to the robot with the

feedback the operator receives from the robot. Event-based multimedia

synchronization has made Internet telerobotics viable and opens the door to a

multitude of applications.

1.2 Challenges and Difficulties

One of the major problems in implementing Internet based telerobot is that

there exists a variable time delay when using the lntemet. The lntemet has a

random and unbounded delay since it is not a line dedicated for one operation.

Data travels in packets, competing with data from other users, analogous to

vehicles on a freeway. During heavy Internet usage periods, data speeds

decrease, just like rush-hour vehicular traffic. Moreover, the lntemet does not



guarantee a continuous peer-to-peer connection. Interruptions and dropped or

lost packets do invariably occur and are impossible to predict.

In order to further understand the actual delays on the lntemet it is

necessary to first understand that a constant minimum delay exists [14][19] due

to long distances and data transfer speeds. Secondly, random delays exist due

to network congestion. Estimating random delay can be very difficult since the

maximum random delay on the Internet is infinite, known as “packet drop-out.” It

is thus impossible to precisely estimate time delay. Therefore, one cannot rely

on time for synchronization. An event-based synchronization algorithm uses

command and feedback and assigns reference numbers to ensure the operator

is in the same stage as the robot at all times. The system does not allow the

operator to send a subsequent command before receiving the required feedback

from the robot for the last command sent. Further detailed information and

design algorithms from [1] [2] are described in Chapter 2 of this thesis, Algorithm

and Design.

The development of event-based synchronization with force feedback in

real-time is applicable to many lntemet based telerobot systems, such as lntemet

diagnostics, exploration and hazardous material manipulations. However,

operators who control robots are mainly relying on visual and audio feedback,

among other sensory capacities, such as force feedback (haptic), laser, sonar,

infrared and temperature. The synchronization between robot control

applications and visual and audio streams was a critical issue that had to be

resolved before making lntemet based telerobot practical.



Most traditional multimedia synchronization studies have been done using

globally and/or locally synchronized clocks and inserting a time stamp. The

majority of telerobot systems use a dedicated line for their operations so that

network/lntemet delay was not an issue. The synchronization between the

event-based Internet telerobot and the multimedia stream, as presented in this

thesis, has never been done.

1.3 Current State of Knowledge

Much research has been conducted in multimedia synchronization [9] [11]

[14]. This work can be classified into three major categories: intra-stream

synchronization, inter-stream synchronization, and inter-object synchronization

[22].

lntra—stream synchronization is synchronization within a single media. For

example, in video media, intra—stream synchronization helps smooth playback

using techniques such as morphing, rendering, key-framing, buffering, adjusting

playback speeds and scheduling startup times.

Synchronization between more than one medium is called inter-stream

synchronization. For example, audio and video synchronization, also known as

“lib-synchronization,” is an inter-stream synchronization [19].



Synchronization between continuous and discrete media is called inter-

object synchronization. A slide-show with audio commentary is an example of

inter-object synchronization.

lntra—stream synchronization is a fundamental process required for all

continuous media. One of the characteristics of continuous media is that the

amount of data is very large. Because of this, playing back continuous media

requires many resources such as memory and broad bandwidth. Morphing,

rendering and key-framing are features in video media that allow the system to

capture only key-frames or key-portions of the image, and then draw the

remainder of the image to make playing back smooth. The system does not

record every single pixel in one frame, nor does it record every single frame,

since video images can be regenerated by morphing, rendering, and key-

traming. These features reduce both the size of the media files and the time

required for reading and writing continuous media between hard-drive and

memory. Furthermore, network transfer times can be reduced if data is being

transferred within a single, given network.

Buffering, adjusting playback speed and scheduling startup times are

features that load media to memory for further manipulation, e.g., estimating

playing time, required resources and startup time. Loading media to memory

also results in a faster data feed to the application than reading data from media

storage, such as a hard drive, DVD, tape or CD. Another characteristic of

continuous media is that minor data loss and packet drop, which results in a

slightly degraded image or audio, is not as critical as pausing video frames or



audio segments. A few hundred milliseconds delay or pause results in a stilted

image which annoys viewers [9] and reduces the overall impact of the media

presentation. Therefore, minor data loss and packet drop can be compensated

for or altered in the intra-stream synchronization.

In addition to the features for intra-stream synchronization (morphing,

rendering, key-framing, buffering, adjusting playback speed and scheduling

startup times), more effort must be dedicated to researching improved methods

of transferring continuous media through the lntemet. As previously stated, the

lntemet does not guarantee permanent peer-to-peer connections, and the

unbounded delay issue is significant. Video compression techniques are

frequently used to reduce network transfer times by reducing the size of the files.

Application layer quality of service control, continuous media distribution

services, streaming servers and protocols for streaming media are other major

areas being studied to address the server drop-out problem and clock

synchronization issues.

Media synchronization mechanisms are one of the areas most focused on

when researching stream synchronization through the Internet. Media

synchronization mechanisms are implemented at the application level. Using

existing protocols makes it relatively simple to resolve the problem.

Inter-stream synchronization has been studied by many researchers for

improving efficiency [9][19], mostly as related to audio and video synchronization

for motion picture and music video distribution in stored media. Since it is stored

media and a one-way communication, synchronization is limited to matching



starting and ending times of small segments based on the assumption that both

audio and video media have the same actual playing times [6][8][9].

Inter-object synchronization (synchronization between continuous and

discrete media) can be seen in slide-shows with audio commentary. First, when

creating a slide-show, synchronized time stamps are tagged onto discrete slide

and audio segments. During playback the system compares the time stamps in

the slides with the audio segments and then the operating system controls how

long each slide is shown before switching to the next.

The study presented in this thesis focuses primarily on inter-object

synchronization between a continuous multimedia stream and discrete robot

control applications through the lntemet. In order to achieve a smooth video

stream, intra-stream and inter-stream synchronization cannot be ignored. It is

not hard to find inter-object synchronization studies. Most inter-object

synchronization studies have been conducted as relates to educational media,

such as computer based training and Internet classes [3][7][28][29][30].

However, computer based training and lntemet classes do not require real-time

or interaction.

The most sophisticated synchronization studies have been conducted for

the purpose of improving Internet communications, such as teleconferencing and

Internet chatting [12][27]. Teleconferencing and Internet chatting require

supporting real-time operation and interaction between end-users. However,

strict real-time synchronization can be compromised for and still result in a

smooth conversation. The emphasis in the study presented here is on discrete



robot control and feedback signals. In other words, smooth conversation or

images is not the ultimate goal.

The problem in current multimedia synchronization schemes which has

thus far proved to be unsolvable is the unbounded random delay. As previously

stated, most current multimedia synchronization schemes depend on time

stamps and globally synchronized clocks. When a significant amount of delay

occurs data is discarded without regard to the actual current system status.

Additionally, when operated at very high speeds the system uses its resources to

render information which appears relatively new, time-wise, but is in fact old and

inaccurate, as to the current state of the telerobot.

The objective of this thesis is to achieve the best possible synchronization

between the video, audio and robot feedback signals. Successful event-based

multimedia synchronization allows the user to easily and accurately determine

the current status of robot. This results in overall better performance and control

of the telerobot.

1.4 Outline

Chapter 2 will present event-based planning and control schemes and

how they are applied to control of telerobot and multimedia applications. Also,

system stability analysis and event-synchronization analysis will illustrate that the

system is stable and synchronized utilizing event referencing.



Chapter 3 provides the implementation details of the system and a

generalized description of system hardware.

Chapter 4 describes the details and results of two experiments via LAN:

macro manipulation and micro manipulation. Also presented is an experiment

using macro manipulation between Michigan State University and the Chinese

University of Hong Kong.

Chapter 5 presents conclusions and the current expectations and plans for

future research and experiments.

10



CHAPTER 2

Algorithms and Design

Since none of the existing traditional time-based multimedia

synchronization schemes could resolve the delay issue, a new algorithm was

needed to be applied to multimedia synchronization. In this chapter the event-

based planning and control scheme is introduced. How it is applied to the control

of telerobots and multimedia systems is described. System stability analysis and

event-synchronization analysis are shown to prove that the system is stable and

synchronized regardless of time delay.

2.1 Event-Based Real-Time Control

This section describes and compares traditional time-based and event-

based planning and control schemes. Event-based planning and control was first

introduced in [1] and implemented with an Internet based telerobot in real-time

with force feedback in [2] and other applications [17][18][23][24][25]. Because of

random and unbounded delays, traditional time-based Internet operations cause

instability and de-synchronization of the system [2]. The basic concept of an

event-based control does not avoid or eliminate random and unbounded delay.

Rather, event-based control allows for unexpected or uncertain delays and uses

11



that delay to adjust or modify the original control plan to form the desired input.

Since event-based control is not a function of time, the system is immune to

delay. Event-based control provides stable, robust performance.

 

  

y (t) e(t) YE”
Planner ..__., —>~ Controller Robot 7

 

 

       

 
 

 

Figure 2.1 Traditional Time-Based Planning And Control Scheme

The traditional time-based scheme shown above illustrates how feedback

passes the output to the controller so that the original plan can be modified as

needed. The planning process is completed offline and the plan given to the

controller is a function of time. Uncertainties and unexpected events are not

considered by the planner but only become relevant when presented through

feedback to the controller. The major problem the system has is that it does not

perform adequately in a complicated or high-speed environment and it is almost

impossible to modify the original control plan in real-time in response to an

unexpected event [2].

Figure 2.2 describes the event-based planning and control scheme. The

Motion Reference Block is added to the traditional scheme. The planner is not a

function of time. Instead, this scheme uses motion reference directly related to

12



system output to carry sensory information to the planner.

adjusts or modifies the original plan based on system output measurements.

This new scheme solves the two major problems in the traditional time-based

scheme:

a. Since the last motion reference is used as an input to compute the next

operation in the planner, the event-based planning and control scheme

can dynamically adjust for unexpected or uncertain events.

b. Because motion reference is calculated at the same rate of speed as

the feedback control, the event-based planning and control scheme

can perform at a very high speed [2].
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Figure 2.2 Event-Based Planning And Control Scheme
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2.2 Applying Event-Based Real-time Planning and Control

Scheme to Telerobot Control
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This section will describe how the event-based planning and control

scheme is used to design Internet based control of telerobot programs.

Understanding event-based internet telerobots is a prelude to discovering event-

based multimedia synchronization.

One of the key elements of Internet based control of telerobots is that the

operator and remote robot constantly exchange commands and feedback

information through the lntemet. The operator generates and sends a command

to the robot based on the last received information as to the current state (i.e.,

position, environment, outside forces, etc.) of the robot. The robot executes the

command and sends its new state information back to the operator. Figures 2.3

and 2.4 show how that communication process works within the two different

reference schemes.

A traditional time-based planning and control scheme cannot avoid the

buffering effect problem, as illustrated in Figure 2.3. The operator generates and

sends the sequence of commands Vt, Vt+1 ...... Vt+m-1,Vt+m,. The robot

immediately executes the command and sends the new state information back to

the operator. From the initial state to the time the first feedback information Ft+j,

is received, the sequence of commands Vt, Vt+1 ...... Vt+m+n-1, Vt+m+n, are

generated without any information as to how execution of the previous

commands affected the state of the robot. Because of the inherent lntemet

delays, by the time the operator receives the first feedback Ft+j, to be used for

generating the new command Vt+m+n, some of the commands, Vt+1,

l4



Vt+2 ...... Vt+m-1, are still in transmission within the Internet network, having yet

to be received and executed by the robot.

Time

Time

=t+m-l

Time

=t+m

Time

=t+m+n

Figure 2.3
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Buffering Effect on Internet in Time-Based Planning and Control

Scheme
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Feedback F”,- is the latest state information the operator received.

However, Fa; could be far from the actual current state of the robot. Depending

on Internet transfer speeds, Fm- could be the actual current state, but it could also

be the state before the stream of commands Vt+1, Vt+2,,,,,,Vt+m+n4, are executed.

Notice that in the last row of Figure 2.3 the operator received the feedback Fm-

instead of the first feedback Fm, Sending and receiving transfer rates are

independent of each other in the Internet. The command VM, takes n units of

time to transfer from the operator to the robot. However, we cannot estimate the

duration of the transfer of the feedback FM, that is generated at the same time as

the command Van... Hence, the feedback Fm could take less or more than n

units of time.

The problem is that the one or more command and feedback signals are

still in transition, the direct result of random and unbounded Internet delay. Thus,

the newly generated command that is based on the latest feedback information

that the system obtains is incorrect. The operator can be easily disoriented

without having the correct information about the current state of the robot.

An event-based planning and control scheme eliminates the buffering

effect of delay. In Figure 2.4, the operator generates the command V...” and

sends it to the robot based on the feedback information F... Then the robot

receives and executes the command VM and sends the new state information

Fm, back to the operator. Only after receiving the new state information Fm

does the system allow the operator to send the next command.
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By using an event-based planning and control scheme the feedback

received is always the latest state of the robot, regardless of Internet delay.
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Figure 2.4 Buffering Effect on Internet in Event-Based Planning and Control

Scheme

2.3 Applying Event-Based Real-time Planning and Control

Scheme to Multimedia Synchronization

The previous two sections illustrate how an event-based planning and

control scheme is used to design lntemet based control of telerobot systems.

17



This section will describe how an event-based planning and control scheme is

applied to synchronize video and audio streams (multimedia).
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As stated in the Introduction, in order to have an efficient and reliable

telerobot system the inter-object synchronization between the multimedia stream

and the robot control application is a major problem. It is not possible to apply

typical time-based synchronization techniques to the event-based robot control

system since the robot control system functions independently of any time

reference.

The approach presented here has all the features of inter-stream

synchronization in the typical time-based system, but uses event reference

stamps instead of time stamps. Figure 2.5 shows how this process is modeled.

A traditional video and audio server places a time stamp on each image frame

and each audio segment and sends it to a client. The client plays the images

and sounds in the time stamp order.
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In event-based multimedia synchronization a video server and an audio

server obtain an event reference 5 from the robot and attach it to an image frame

l(t) and an audio segment A(t). Then the video server and the audio server send

the event reference tagged image frame l(s) and audio segment A(s) to a video

client and an audio client. The video client and the audio client obtain an event

reference 5 of feedback Fm(s) from the robot client. Before the video client and

the audio client display the image frame l(s) and play the audio segment A(s), the

video client compares the event reference of feedback Fm(s) and the event

reference of image frame l(s). If the event reference of the image frame is

substantially older than the event reference of the feedback signal the video

client discards that frame. Usually, an image frame takes more time to transfer

through a network than a control signal since an image frame contains much

more information than the feedback signal. It is therefore impossible to have an

event reference of feedback that is older than an event reference of image frame

at any time. Depending on the network status and the size of the frame, the

operator must predefine at what point an old frame should be discarded. This

definition can be adjusted.

The event-based multimedia synchronization approach to inter-object

synchronization is quite different from the typical inter-object synchronization,

such as that used in a slide-show. Most slide-show applications synchronize

their discrete slides based on the continuous voice stream phase. In order to

maximize smoothness of the voice stream, playing back a slide in exact time is

tolerable, but playing the correct slide with respect to the voice is highly
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emphasized. Conversely, in the event-based approach a continuous video

stream is compromised to match the discrete control and feedback signal. In

many cases the movement of the robot requires precise measurement but the

visual feedback does not.

2.4 System Stability Analysis

Unlike many other tele—operating systems that use time-based reference,

Xi, in [1], analyzed stability of the system using the following theorem:

Theorem 1

If a system is asymptotically stable with time t as its motion reference

base, and if motion reference 3 is a (monotone increasing) non-decreasing

function of time t, then the system is (asymptotically) stable with respect to

the new motion reference 5.

The only required condition is that the system is asymptotically stable with

time t as its action reference. Since the motion reference s is to tag audio

segments and video frames. This is a counter that indicates the number of

forces. felt by an operator. The motion reference 3 is a non-decreasing function

of time t. In short, the number of commands executed and the number of

feedback signals received are not going to decrease at any moment since



commands executed cannot be undone. Moreover, since audio segments and

video frames obtain motion reference 5 from the robot server, through the

synchronization, motion reference s is a non-decreasing function of time t. This

approach allows the theorem to be applied to various operations and

environments because the system is totally independent of the time reference.

2.5 Multimedia Event Synchronizatlon Analysis

As previously stated, time-based systems are primarily used for

multimedia synchronization. In order to analyze the event-based multimedia

synchronization it is first necessary to define an event-synchronized system [2].

Definition 1

An event-synchronized system is one in which all the signals (control,

feedback, audio, video and any other sensory feedback) always refer to

the same event-based reference with controlled tolerance.

According to the definition, a system must be designed in such a way that

all the multimedia streams have the same event reference as the control and

feedback signals. However, it is not feasible to have the same event reference.

A video frame and an audio segment usually take a much longer period of time to

transfer than to do control and feedback signals. Therefore, a certain tolerance

should be allowed in the feedback signal and multimedia synchronization. In this
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study an audio segment is played and a video frame is displayed if the difference

between its event reference and the event reference of the feedback signal is

within a certain predefined tolerance range. Video frames and audio segments

not within this tolerance range are discarded.

Using event referencing is the most significant difference between an

event-based and a time-based synchronized system. Additionally, Definition 1

includes a control signal, a feedback signal, audio, video and any other sensory

feedback. Since an event-based planning and control scheme eliminates the

buffering effect of delay, an event-based system ensures that the command a

robot receives is the most recent command sent. By the same token, an event-

based system with multimedia synchronization ensures that the feedback, audio,

video and any other sensory feedback an operator receives accurately

represents the most recent/current state of the robot. Thus, the operator and the

robot are always synchronized regardless of time delay.

To verify the system is consistent with Definition 1, all the signals (control,

feedback, audio, video and any other sensory feedback) rendered by the robot

and the video and audio clients should have same event reference within the

controlled tolerance.

Figure 2.5 shows how the system satisfies Definition 1. Since the robot

client blocks sending another command Fh(s+1) before obtaining its feedback

signal Fm(s), the robot client always renders signal Fm(s) with the latest event

reference s. The video and audio clients compare event references with the

robot client and discard old information before rendering what they subsequently
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received. As a result, the video and audio clients render signals l(s) and A(s)

with the latest event reference 3.
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CHAPTER 3

System Implementation

This chapter will illustrate how the event-based system was implemented.

During the experimentation phase the robot server and client from previous

studies was used [2][23][24][25]. For a video and an audio tool an existing open-

source code application was modified. Details of software implementation are

shown in this chapter. The system is portable and different hardware was used

for each experiment to demonstrate versatility. General hardware will be shown

here but details will be illustrated in the next chapter. Figure 2.5 shows the entire

system block diagram.

3.1 General Hardware Implementations

One of the goals when developing the event-based system software was

that it be independent of specific hardware, enabling it to be used in various

environments and scales. Thus, system hardware is not specified in this section.

- Joystick:

A programmable force feedback joystick connected to the robot client. It

collects and sends commands to the robot client. The joystick also

renders force feedback to the operator, simulating tactile sensations.
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Robot, Audio, and Video Client (Local PC):

Ordinary PC with monitor, sound card and speakers, and a network

connection. The PC communicates with the robot, audio and video

servers. It displays video images on a monitor and plays audio segments

through the speakers.

Robot:

More than one robot was used for experiments. All were equipped with

multiple force feedback sensors. The robot communicates with and

executes commands received from the robot client and send force

feedback signals back to the robot client. The robot. also sends event

references to the audio and video servers.

Video and Audio Server (Remote PC):

This study utilized an ordinary PC with a camera and a microphone

attached. The PC obtains event references from the robot. The PC

captures and sends video images and audio segments to their respective

clients through the network.

Camera:

Ordinary CCD camera connected to the video server.
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- Microphone:

Ordinary microphone connected to the audio server.

The robot, video and audio servers do not need to be placed in the same

machine as long as they are in the same LAN. When they are located in the

same machine the communication method uses shared memory. When they are

not located in the same machine the communication method is TCP socket

connection.

3.2 Robot Server and Robot Client Implementation

Both the hardware and software of event-based telerobot with force

feedback from previous studies [2][23][24][25] was adapted for this study. The

details of the event-based telerobot are only briefly mentioned here since the

Robotics and Automation Laboratory at MSU developed event-based telerobot

with force feedback and previously published numerous papers

[1 7][1 8][23][24][25].
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Figure 3.1 Robot Server and Robot Client Flow Charts

The required modifications for event-based synchronization with

multimedia and robots were minimal. The robot server had to communicate

simultaneously with both the video and the audio servers. (Note: the robot

server is written in C++ and is running on OnX.) The robot client needed to be

able to communicate with both the video and the audio clients. The robot client
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is written in Microsoft Visual C++ and its OS is Windows 2000. Briefly described,

the robot server sends event references to both the video and audio servers.

The robot client sends event references to the video and audio clients.

3.3 Video Server and Video Client Implementation

VIC [10] was used as both video server and client. VIC was developed by

the Network Research Group at the Lawrence Berkeley National Laboratory in

collaboration with the University of California, Berkeley. VIC is not only an open

source code but also provides all the latest intra—stream synchronization features,

such as rendering and key-framing, with new Intra-H.261 codec and Real-Time

Protocol (RTP) [10]. RTP takes care of bandwidth and packet loss problems on

the protocol level [21]. VIC is flexible and readily adapted to this study. It can

handle a variety of codecs, such as MPEG and JPEG, and many different kinds

of image capturing devices. Integrating VIC with the robotic system was easily

accomplished. (Note: VIC is written in C and C++. It comes in both UNIX and

Windows versions.)

Microsoft Visual C++ was used to modify VIC in Window 2000. VIC was

modified to obtain event references from a robot server and a robot client and to

tag an event reference to each image frame. The robot and video clients are

placed in the same local PC. The robot client places an event reference into

shared memory to be collected by the video client. Figure 3.2 shows basic
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functions built in VIC for event-based synchronization of video server and video

client flow charts.
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3.4 Audio Server and Audio Client Implementation

The Robust Audio Tool (RAT) [31][32][33] was used as both audio server

and audio client. RAT is an open-source audio conferencing and streaming

application and can accommodate different rates and quality codecs. It uses

sender-based packet loss recovery schemes, such as inter-leaving and

redundant audio transmission. RAT also utilizes receiver-based loss

concealment to mask packet losses [33]. RAT is smart enough to dynamically

adjust bandwidth and sound quality relative to network conditions [31].

RAT is written in C and Microsoft Visual C++ was utilized to modify it in

Windows 2000. The modifications to RAT are the same as those implemented

on VIC. RAT was modified to obtain event references from a robot server and a

robot client. Also, it was modified to tag an event reference to each audio

segment. (Note: robot and audio clients were located in the same local PC.)

A robot client places an event reference into shared memory to be

collected by an audio client. Figure 3.3 shows basic functions in RAT for event-

based synchronization of the audio server and the audio client flow charts.

For both audio and video servers, the structure of their data headers has

been modified to include an event reference tag. Another process is spawned to

receive event references from the robot server and place them into shared

memory. Both audio and video modules use the same shared memory to

minimize resource use.
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CHAPTER 4

Experimentation

A number of experiments were conducted to ensure that the system is

stable, portable and efficient, and to confirm that it provides an event-based,

synchronized visual and audio presentation to the operator. This section will

present three experiments:

a. macro manipulation via LAN

b. micro manipulation via LAN

c. Internet macro manipulation between Michigan State University and

the Chinese University of Hong Kong.

In order to test system versatility various configurations of commonly

available hardware were used during the experimentation phase. To learn how

the system responds at different rates the robots were operated at differing

tempos, decreasing and/or increasing the time duration between commands.

The same three experiments were performed using the original VIC and

RAT (without event-based stamping) as a control. The results and comparative

analyses illustrate improved telerobotic performance using event-based

multimedia synchronization.
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4.1 Macro Manipulation via LAN

The macro manipulation via LAN experiments were designed so that the

majority of communication takes place on the LAN in the Robotics and

Automation Laboratory at Michigan State University. The experiments did not

require any specific condition or constraint for the network since event-based

synchronization is designed to overcome delays and packet loss.

Before commencing each experiment, network status was tested. The

status was observed by pinging 64 bytes packets, each packet sent 100 times.

The network testing results for the first set of experiments are as follows:

1. Between robot server and multimedia server: packet loss =1%

loss; approximate round trip times: minimum = 10ms, maximum = 772ms,

average = 68ms.

2. Between network multimedia client and multimedia server: packet

loss =0°/o loss; approximate round trip times: minimum = Oms, maximum

= 10ms, average = 0ms.

3. Between network robot client and robot server: packet loss = 1%

loss; approximate round trip times: minimum = 0ms, maximum = 672ms,

average = 51 ms.
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Figure 4.1 General Structure of Macro Manipulation via LAN

The robot operator was not asked to perform any specific tasks during the

experiment but to just move the robot freely at various rates. As seen in Figure

4.1, both the audio and video servers are located in the same machine and

communicate with the robot server using TCP socket connection.



 

Device Specifications
 

Joystick

Phantom Joystick 1.5

6 degree of freedom (dof) position

3 dof force rendering

 

Local PC

Microsoft Mpeg-4 Video Codec

Crystal WDM audio

Windows 2000 professional

500Mhz CPU

128M RAM
 

Robot

Puma 560

ONX

with force/torque sensors

Nomadic XR 4000

Linux

with wireless ethernet card,

infrared, ultrasonic and laser sensors  
 

Remote PC

Windows 2000 Professional

2Ghz

256M RAM

 

 

Camera Logitech Quick Cam Pro USB

  Microphone  Logitech desktop microphone   
Table 4.1 Hardware Specifications of Macro Manipulation via LAN

36

 



 

 

 

   

Bandwidth 1 28kbps

Frames-per-second 8

098)

Picture quality 10
 

Table 4.2 VIC Settings for Macro Manipulation via LAN

 

 

 

 

 

 

 

   

Audio encoding u-Iaw

Repair scheme pattern match

Sample rate conversion high quality

Maximum delay 2000 ms

Minimum delay 0 ms

Channel Mono

Sample rate 8 khz
 

Table 4.3 RAT Settings for Macro Manipulation via LAN

We conducted two macro manipulation via LAN experiments. The first

control experiment was conducted without multimedia event-based

synchronization. The second utilized multimedia event-based synchronization.

4.1.1 Macro Manipulation via LAN without Multimedia

Synchronization

Figure 4.2 shows robot server and robot client performance. Time values

in the x-axes are not matching between the server and client, nor is matching

required. The event reference increases with time. This demonstrates the

Theorem 1 hypothesis from section 2.3, System Stability Analysis. Each set of

graphs are shown side-by-side, using the same time duration, for comparison.
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Manipulation via LAN without Multimedia Event-Based Synchronization
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Figure 4.3 shows video server and video client performance. The first set

of two graphs illustrates performance In time versus event reference. The

second set illustrates behavior in time versus image frame index. Depending on

the rate at which the operator sends control commands to the robot, a number of

video frames which have same event reference can be incrementally increased

or decreased.
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Figure 4.4 shows performance between the audio server and audio client.

The first horizontal row graphs illustrate behavior in time versus event reference.

Second row graphs illustrate behavior in time versus audio segment index. As

with video, depending on the rate an operator sends control commands to a

robot, a number of audio segments which have same event reference can be

changed.
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experimentation with multimedia event-based synchronization.

4.1.2 Macro Manipulation via LAN with Multimedia
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Figure 4.5 shows how the robot server and robot client performed during

As with the

previous control experiments, time values in x-axes are not matching between
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server and client but the event reference increases with time. These results are

consistent with hypothesis of Theoreml.
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Figure 4.6 Behavior of Video Server and Video Client during Macro

Manipulation via LAN with Multimedia Event-Based Synchronization

Figure 4.6 shows video server and video client performance. The first row

graphs illustrate behavior in time versus event reference. Second row graphs

illustrate behavior in time versus image frame index. Depending on the rate at

which the operator sends control commands to the robot, a number of video
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frames which have same event reference can be incrementally increased or

decreased.
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Figure 4.7 Behavior of Audio Server and Audio Client during Macro Manipulation

via LAN with Multimedia Event-Based Synchronization

Figure 4.7 shows audio server and audio client performance. The first row

of graphs illustrates behavior in time versus event reference. Second row graphs

illustrate behavior in time versus audio segment index. Just like video,

depending on the rate an operator sends control commands to a robot, a number

of audio segments which have same event reference can be changed.
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4.1.3 Analysis of Experimental Results

For better comparison, examine event references in the robot client and

video client. Figure 4.8 from the experiment without event-based synchronization

and figure 4.9 from the experiment with event-based synchronization show quite

different presentations. Figure 4.8 shows that the event reference gap between

the robot client and video client are divergent. This gap is caused by lntemet

delay. This implies that the latest image the operator received was not the image

captured at the same moment the latest feedback was generated by the robot.

Therefore, the operator can easily lose the current status of the robot.

Figure 4.9 shows that the largest event reference gap between the robot

client and video client was tour, which is within the experiment’s predefined

tolerance. This illustrates that the latest image the operator saw was the image

captured at the same moment the latest feedback was generated by the robot.

This was within the predefined tolerance.

Similar results were returned from the audio client, as shown in figures

4.10 and 4.11. Therefore, with event-based multimedia synchronization, the

operator is assured that all the feedback information—such as force feedback,

audio and video—are rendered at the same moment they are captured.
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4.2 Micro Manipulation via LAN

The Micro Manipulation via LAN experiments were designed in such a

way that the majority of communication was within the LAN in the Robotics and

Automation Laboratory at Michigan State University. It was identical to previous

experiments (Micro Manipulation via LAN) except that the operator maneuvered

a small needle instead of the Puma 500 robot. Changing the scale of the robot

allowed further testing of system portability. The micro manipulator can move 32

nanometers at a time and video was obtained with a microscope utilizing 20X

magnification.

The experiments did not require any specific condition or constraint for the

network since event-based synchronization is designed to overcome delays and

packet loss. The network testing results for the first set of experiments are as

follows:

1. Between robot server and multimedia server: packet loss =0%

loss; approximate round trip times: minimum = Oms, maximum = 1ms,

average = Oms.

2. Between network multimedia client and multimedia server: packet

loss =0°/o loss; approximate round trip times: minimum = Oms, maximum

= Oms, average = Oms.
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3. Between network robot client and robot server: packet loss = 0%

loss; approximate round trip times: minimum = Oms, maximum = 1ms,

average = Oms.

   

 

MSU LAN

Figure 4.12 General Structure of Micro Manipulation via LAN
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Device Specification Picture
 

Joystick

Microsoft SideWinder

Force Feedback Pro.

3 dof position

2 dof force renderiqu
 

Local PC

BGhz CPU

650M RAM

Windows XP Professional

 

Micro robot

manipulator

Windows 98

446 Mhz CPU

’ 64M RAM .

SIGNATONE Computer

Aided Probe Station

In a floating table

environment

 

Remote PC

Windows XP

Professional

BGhz CPU

650M RAM

 

Camera

Sony SSC-DC$OA

ExwaveHAD Color Camera

Attached to Mitutoyo FS60

optical microscope

 

  
 Microphone  Logitech desktop

microphone

 

  
Table 4.4 Hardware specifications of micro manipulation via LAN
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The robot operator was instructed to manipulate the needle at differing

rates. As seen in figure 4.12, both the audio and video servers were located in

the same machine. The two servers communicated with the robot server using

TCP socket connection. VIC and RAT settings were as follows:

 

 

 

Bandwidth 128kbps

Frames-per-second 1 6

098)

Picture quality 1   
 

Table 4.5 VIC Settings for Micro Manipulation via LAN

 

 

 

 

 

 

 

 

Audio encoding u-law

Repair scheme pattern match

Sample rate conversion High quality

Maximum delay 2000 ms

Minimum delay 0 ms

Channel Mono

Sample rate 8 khz   
Table 4.6 RAT Settings for Micro Manipulation via LAN

Two micro manipulations via LAN experiments were conducted. The first

experiment used no multimedia event-based synchronization and the second

utilized multimedia event-based synchronization.
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4.2.1 Micro Robotic Manipulation via LAN without Multimedia

Synchronization

Figure 4.13 shows robot server and robot client performance. Time

values in the x-axes are not matching between the server and client, nor is

matching required. The event reference increases with time. This demonstrates

the Theorem 1 hypothesis from Section 2.3, System Stability Analysis. Each set

of graphs are shown side-by-side and represent identical time periods.
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Figure 4.13 Behavior of Video Server and Video Client during Micro

Manipulation via LAN without Multimedia Event-Based Synchronization

In Figure 4.14, the first set of two graphs illustrates performance in time

versus event reference. The second set illustrates behavior in time versus image

frame index. Depending on the rate the operator sends control commands to

the robot, a number of video frames which have same event reference can be

increased or decreased.
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Figure 4.15 shows performance between the audio server and audio

client. The first row graphs illustrate behavior in time versus event reference.

The second row graphs illustrate behavior in time versus audio segment index.

Just like video, depending on the rate an operator sends control commands to a

robot, a number of audio segments which have same event reference can be
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Figure 4.14 Behavior of Video Server and Video Client during Micro Manipulation

via LAN without Multimedia Event-Based Synchronization
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Figure 4.15 Behavior of Audio Server and Audio Client during Micro Manipulation

via LAN without Multimedia Event-Based Synchronization
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4.2.2 Micro Manipulation via LAN with Multimedia

Synchronization

The second experiment was micro manipulation with multimedia event-

based synchronization.
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Figure 4.16 Behavior of Robot Server and Robot Client during Micro

Manipulation via LAN with Multimedia Event-Based Synchronization

Figure 4.16 shows robot server and robot client behavior in experiments

with multimedia event-based synchronization. Time values in x-axes are not

matching between server and client but the event reference increases with time.

These results are consistent with hypothesis of Theorem1.

In Figure 4.17, the first row graphs illustrate behavior in time versus event

reference. Second row graphs illustrate behavior in time versus image frame

index. Depending on the rate at which an operator sends control commands to

a robot, a number of frames which have same event reference can be changed.
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Figure 4.17 Behavior of Video Server and Video Client during Micro

Manipulation via LAN with Multimedia Event-Based Synchronization

In Figure 4.18, the first horizontal set of graphs illustrates behavior in time

versus event reference. The second row graphs illustrate behavior in time

versus audio segment index. As stated previously, depending on the rate at

which the operator sends control commands to the robot, 6 number of audio

segments which have same event reference can be changed.
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Figure 4.18 Behavior of Audio Server and Audio Client during Micro

Manipulation via LAN with Multimedia Event-Based Synchronization

4.2.3 Analysis of Experiment Results

For analysis, compare event references in the robot client and video client.

The variation between Figure 4.19 and figure 4.20 show different results, based

on improved performance when using event-based versus time-based

synchronization. Figure 4.19 shows that the event reference gap between the

robot client and video client diverge significantly. As stated previously, the
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divergence can be attributed to Internet delay. This implies that the latest image

the operator received was not the image captured at the same moment the latest

feedback was generated by the robot. Because of this, the operator can easily

lose the current status of the robot when using a time-based synchronization.

Figure 4.20 shows the largest event reference gap between the robot

client and video client to be four, again, within the predefined tolerance. This

implies that the latest image the operator saw was the image captured at the

same moment the latest feedback was generated by the robot.

However, the results between using and not using event-based

multimedia synchronization does not show the same significant difference as

seen with the macro experiments via LAN. The reason is that the micro telerobot

system takes place in a very reliable and fast network, as compared to the macro

telerobot system.
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Figure 4.19 Robot Client and Video Client Micro Manipulation via LAN without

Event-Based Synchronization
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4.3 Internet Macro Manipulation with the Chinese University of

Hong Kong

The lntemet Macro Manipulation with the Chinese University of Hong

Kong experiments were designed so that the majority of communication utilized

the lntemet. The task was for an operator in Hong Kong to control the robot in

the Robotics and Automation Laboratory at Michigan State University. The

experiments did not require any specific condition or constraint for the network

since event-based synchronization is designed to over come delays and packet

loss. The network testing results for the first set of experiments are as follows:

1. Between robot server and multimedia server: packet loss =0°/o

loss; approximate round trip times: minimum = 10ms, maximum = 821 ms,

average = 58ms.

2. Between network multimedia client and multimedia server: packet

loss =2% loss; approximate round trip times: minimum = 275ms,

maximum = 313ms, average = 278ms.

3. Between network robot client and robot server: packet loss = 1%

loss; approximate round trip times: minimum = 295ms, maximum =

1046ms, average = 346ms.
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Figure 4.23 General Structure of Macro Manipulation with the Chinese

University of Hong Kong
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Device Specifications Picture
 

Phantom Desktop V 3.1

Joystick 6 dof position

3 dof force rendering

 

Microsoft Mpeg-4 Video Codec

Crystal WDM audio

Local PC Windows 2000 professional

' 500Mhz CPU

128M RAM
 

Puma 560

QNX

With force/ torque sensors

R°b°t Nomadic XR 4000

Linux

With Wireless Ethernet card,

Infrared, Ultrasonic, laser sensor

 

Windows 2000

Remote PC 1.4Ghz CPU

515M RAM

 

Camera Logitech Quick cam pro USB  
  Microphone Logitech desktop microphone     

Table 4.7 Hardware Specifications of ln-House Macro Manipulation with

the Chinese University of Hong Kong

61



The robot operator was directed to move the robot freely, within the

bounded area, at varying rates. As seen in figure 4.23, both the audio and video

servers are located in the same machine. They are communicating with the

robot server using TCP socket connection. Settings were as follows:

 

 

 

 

Bandwidth 3072kbps

Frames-per-second 30

698)

Picture quality 1   
Table 4.8 VIC Settings for Micro Manipulation with

the Chinese University of Hong Kong

 

 

 

 

 

 

 

 

Audio encoding u-Iaw

Repair scheme pattern match

Sample rate conversion high quality

Maximum delay 2000 ms

Minimum delay 0 ms

Channel Mono

Sample rate 8 khz   
Table 4.9 RAT Settings for Micro Manipulation with

the Chinese University of Hong Kong

Two Internet macro manipulation experiments were conducted. The first

experiment was the control and used no multimedia event-based

synchronization. The second utilized multimedia event-based synchronization.

4.3.1 Internet Macro Manipulation with the Chinese University of

Hong Kong without Multimedia Synchronization
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Figure 4.24 shows how the robot server and robot client performed. Time

values in the x-axes are not matching between the server and client, nor is

matching required. You can see the event reference increases with time. This

demonstrates the Theorem 1 hypothesis from section 2.3, System Stability

Analysis. Each set of graphs are shown side-by-side, using the same time

duration, for visual comparison.
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Figure 4.24 Behavior of Robot Server and Robot Client of Macro

Manipulation with the Chinese University of Hong Kong without Multimedia

Event-Based Synchronization

Figure 4.25 shows how the video server and video client performed. The

first set of two graphs illustrates performance in time versus event reference.

The second set illustrates behavior in time versus image frame index.

Depending on the rate the operator sends control commands to the robot, a

number of video frames which have same event reference can be increased or

decreased.
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Figure 4.26 shows performance between the audio server and audio

client. The first row graphs illustrate behavior in time versus event reference.

Second row graphs illustrate behavior in time versus audio segment index. Just

like video, depending on the rate an operator sends control commands to a

robot, a number of audio segments which have same event reference can be
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Figure 4.25 Behavior of Video Server and Video Client during Macro

Manipulation with the Chinese University of Hong Kong without

Multimedia Event-Based Synchronization
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Figure 4.26 Behavior of Audio Server and Audio Client of Macro

Manipulation with the Chinese University of Hong Kong

without Event-Based Synchronization



4.3.2 Internet Macro Manipulation with the Chinese University of

Hong Kong with Multimedia Synchronization

The second experiment tested macro manipulation with multimedia event-

based synchronization.
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Figure 4.27 Behavior of Robot Server and Robot Client of Macro

Manipulation with the Chinese University of Hong Kong

with Event-Based Synchronization

Figure 4.27 shows how robot server and robot client behave in

experimentation with multimedia event-based synchronization. Just like previous

experiments, time values in x-axes are not matching between server and client

but you can see the event reference increased with time. It also satisfies the

hypothesis of Theorem 1.

Figure 4.28 shows how video server and video client behave. In the first

row, graphs illustrate behavior in time versus event reference. In the second

row, graphs illustrate behavior in time versus image frame index. Depending on

66



the rate an operator sends control commands to a robot, a number of frames

which have same event reference can be changed.

Figure 4.29 shows how audio server and audio client behaved. In the first

row, graphs illustrate behavior in time versus event reference. In the second

row, graphs illustrate behavior in time versus audio segment index. Just like

video, depending on the rate an operator sends control commands to a robot, a

number of audio segments which have same event reference can be changed.
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Manipulation with the Chinese University of Hong Kong
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Figure 4.29 Behavior of Audio Server and Audio Client of Macro

Manipulation with the Chinese University of Hong Kong

with Event-Based Synchronization

4.3.3 Analysis of Experimental Results

Compare the event references in the robot client and video client. Figure

4.30 and figure 4.31 show quite different presentations. Figure 4.30 shows the

event reference gap between robot client and video client are not constrained. In
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fact, the gap between robot client and video client are caused by the Internet

delay, which is random and unbounded. This implies that the latest image the

operator received was not the image captured at the moment of the latest

feedback robot made. Therefore, the operator can be easily loose current status

of the robot. On the contrary, in Figure 4.31 the largest event reference gap

between the robot client and the video client was two, which is the tolerance

predefined for the experiment. This implies that the latest image the operator

saw was the image captured at the moment of the latest feedback the robot

made within the predefined tolerance. Figures 4.32 and 4.33 present similar

results. Therefore, with the event-based synchronization the operator has an

assurance that all the feedback information, such as haptic force feedback, audio

and video, are rendered at the same moment as they are captured.
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Figure 4.30 Robot Client and Video Client Macro Manipulation with the

Chinese University of Hong Kong

without Event-Based Synchronization
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Figure 4.31 Robot Client and Video Client of Macro Manipulation with the

Chinese University of Hong Kong with Event-Based Synchronization
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CHAPTER 5

Conclusion and Future Work

5.1 Conclusion

Twenty years ago the idea of anyone other than multi-national companies

and large nations being able to speak with and view real-time images of another

person thousands of miles away was science fiction—pure speculation. Today, it

is a common practice for the average computer user. Internet telerobotics is just

one of the recent developments exploiting this worldwide network. Telerobots

allow the operator to not only see and hear what is happening on the other side

of the world, they can touch, move and interact with the remote environment.

Force feedback offers a simulation of tactile sensations. Telerobots allow a

person to interact with a remote location to an unprecedented degree. It could

be said to be the next best thing to being there.

But before telerobots become commonplace certain obstacles must be

overcome. The operator depends on visual and audio information that is

transmitted through the Internet. Without the correct information, synchronization

is severely impaired. The primary obstacle is the random and unbounded delay

inherent within non-dedicated Internet connections. Time-based synchronization

schemes proved unsatisfactory. In response, the event-based synchronization

scheme was hypothesized and developed to render the delay issue irrelevant.
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This study and its experiments illustrate how an event-based planning and

control scheme was applied to multimedia synchronization. Quite simply, the

time issue was removed from the equation and replaced with events. Numerous

experiments in different environments and scales were conducted. The results

were consistent and as predicted: event-based multimedia synchronization

offers performance that is superior to time-based schemes. Post-experimental

analysis confirmed that the system is portable, asymptotically stable and event

synchronized.

The possible usage of the event-based system is vast and unexplored.

Virtual classes and computer training will not be limited to listening and speaking.

Students from around world will be able to build a gingerbread house as a team,

interacting with each other in a way never before possible. Perhaps consumer

robots will become commonplace and the professor on sabbatical in Europe or

Asia will be able to talk to, pat and feed his dog back home. Radioactive,

contaminated or other hazardous sites could be accessed and cleaned without

risk to human life. Perhaps, a physician will be able to perform complex

procedures at remote locations without ever leaving his or her office. The farmer

could work his fields in three different states at the same time. The paraplegic

could explore his favorite city. But perhaps the most humanistic possibility is that

it will somehow bring people closer together, to make our lives better.

5.2 Future Work

The short-term focus of future research is to improve system performance.
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First, 008 must be integrated into the video system. The LAB at MSU has

previously published research on changing the fps dynamically according to

network status [18]. However, that has not yet been integrated into the system.

By increasing or decreasing the fps amount of data exchanged can be adjusted

accordingly. This will have a direct effect on network bandwidth usage.

Second, in addition to changing fps, picture quality and reservation of

bandwidth can be degraded or upgraded dynamically, in response to network

status. By doing so, the amount of data exchanged can be adjusted as it is when

changing fps. This also will have direct effect on network bandwidth usage.
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