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Resumo. O interesse atual em computacéo distribuida para redes geograficas
vem destacando a necessidade de um modelo de programacédo adequado a este
ambiente. Devido a sua natureza assincrona, a programacao dirigida a eventos
fornece um modelo apropriado ao tratamento de falhas e retardos, que séo fre-
guentes neste contexto. Neste trabalho ndés propomos uma arquitetura para apli-
cacOes multimidia distribuidas baseada em um modelo de programacgéo orientado
a eventos. Para evitar problemas de sincronizagdo, inerentes a programagao com
multiplasthreads, optamos por uma abordagesimgle thread, orientada a even-

tos, aliada ao uso de multiplos canais de comunicagdo. Com essa abordagem, o
programador pode definir procedimentos de manipulacdo apropriados para cada
canal, permitindo que a aplicagéo processe concorrentemente fluxos de controle e
de dados. Neste trabalho, discutimos este modelo de programacéao, apresentamos o
sistema implementado sobre ele e descrevemos experiéncias com esta.sist

Abstract.  Current interest in wide-area distributed computing has highlighted
the need for an adequate programming model for this environment. Because of
its asynchronous nature, event-driven programming provides a suitable model for
dealing with the failures and delays that are frequent in this context. In trlswe
propose an architecture for distributed multimedia applications based orean ev
driven programming model. To avoid the synchronization problems that are inher-
ent to multi-threaded programming, the proposed architecture is based on a single-
threaded structure. Instead of multithreading, we opted for the event-orignted
proach allied to multiple communication channels with user-defined handling pro-
cedures to allow the application to deal concurrently with control and d&tanss.

We discuss this programming model, present the system we have implemented
based on this model, and describe the experience we have had with this system.
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cation, event-driven programming, interpreted language

1 INTRODUCTION

Over the last years, we have seen a shift in the focus of distributed comfnaimdocal-area

to large-area networks. However, the programming model that has been lsugeBssful in

the context of NOWSs (networks of workstations), which is the client-server models not
adapt itself well to wide-area distributed systems. In geographicatyilolited networks, there

is no guarantee about the state of the resources, and the synchronous nature of ekent-ser



computing becomes inconvenient. This has led to a renewal of the discussion abimaitizi
paradigms for distributed programming [1, 2, 3].

The event-oriented programming paradigm has been gaining importance over jfeatast
due, specially, to the growth in systems with graphical interfaces.rnow common for appli-
cations to be written in an interface-driven style, which has shittedcontrol of application
flow from the program to the user: Instead of using code that dictates the flowaftexg the
programmer writes code to react to user input, letting the user direct theflogntrol.

Several groups have investigated the applicability of the event-orientadigar to concur-
rent and distributed programming. Early work on Tcl/Tk discusses this comationianodel
as a technique to exchange information between different applications running oneansag|
chine [4]. In this case, events are chunks of code that are executed upon beingded¢ie
Glish system uses scripts as a glue between compiled components, and these otsrgsoke
information to the controlling scripts through events [5]. More recently,tn@coordination
models make it possible for the programmer to define activities (reactiom®) tiaggered by
the occurrence of a communication event on a Linda-style tuple space [6, 7, 8.

Work with the ALua system has investigated the extent to which the evesited model
can be used as a basic model for distributed computing [9]. Messages exchangeddy AL
processes are regarded as chunks of code to be executed by the receivervalaf amhessage
through the network is regarded as an event that can trigger state trangMioAEua process
contains a single thread that handles each event to completion before iesettewnext event;
thus, as in a program with a graphical interface, the structure of an ALua pragrarset of
event-handling functions that modify the current execution state.

This architecture has been successfully employed to build differenibdittd and parallel
applications [9]. In most cases, ALua applications use a dual programming language mode
in which a scripting language, Lua [10], is used to coordinate the interactiorebetaompo-
nents written in C. Lua code handles all communication among processes (atfiorthdedines
the architecture of the application), while C functions handle the CPU-interas¥s tn each
process.

We have identified a new class of applications that can benefit from ALua’s progrgm
model: multimedia applications such as VoD (Video-on-Demand), videoconferenceleor vi
telephone. Leite and colleagues describe a distributed video service thaehampé&emented
with ALua [11]. In this kind of application, the transmission of Lua code is usefuirforsmit-
ting control information, allowing agents to asynchronously receive commands exchtange
code. However, in these applications agents also need to exchange larges sifekata. This
typically involves synchronous (blocking) operations which do not match well with ALua
original architecture: If an agent becomes blocked on an synchronous I/O operatamat
complete the execution of the current event, and pending control events will nothpateedo
be processed. Thus, an agent may deadlock waiting for data that will nevex, arrireact too
slowly to user commands.

One possible solution to this problem would have been to introduce multithreadinguia, AL
reserving a separate thread for control commands. However, this would centiicALua’s
basic design choices.

In this paper, we propose an event-driven architecture that allows us tevitlesloth kinds
of messages — control and data — in one single asynchronous programming model. We have
extended the original ALua system according to this new model. We opted for a sohaion t
maintains the single-threaded structure of ALua agents, but at the samdltmwe agents to



handle different communication channels concurrently. This structure fits Inwigblthe re-
quirements of distributed multimedia applications, since it allows the agermisynchronously
receive different kinds of information. At the same time, we avoid the synchataizproblems
that are inherent to multi-threaded programming.

The remainder of this work has the following structure. In the next Section, weibles
the original ALua system. Then, in Section 3, we discuss our solution for dealing centiyr
with multiple types of messages. Section 4 highlights some charactedtibe multiple
channel ALua architecture and presents a simple example program. Sectiomibedessim-
ple multimedia application using the new system. Next, Section 6 presentspselmeinary
performance measures. Finally, Section 7 contains some concluding remarks.

2 ALUA — BAsIC DESIGN AND EXAMPLES

A program in the ALua system is composed of several processes (alsoagmhts), which may
run in different hosts. ALua follows the event-driven design first advance@ Wl systems:
Each agent runs an event loop, and only acts as a reaction to some event.

There is only one communication primitive between agenssnd operation, which gener-
ates an event in the receiver process (this is similar to the commiamcabddel used in [12],
for instance). There is no explicit operation to receive messages. Téwaeprocess gets
its messages through its intrinsic event loop, like any other event (such assermove or a
key-press event).

What makes ALua quite flexible is what is inside each message, and howenesceact
to communication events. In ALua, each message is a piece of code (vmith@nnterpreted
language). When an agent receives a message, it immediately runs its €ofteist results
in a programming model with the same character of interpreted languages: fNategire,
but highly flexible. Each agent runs a single thread. The event-driven archéquiwvides
responsiveness, while avoiding internal concurrency and its inherent problems.

Next we will see how to implement some common tasks using this model. In our first
example, agem simply sets a value in ageBt

alua.send("B", "n = 50")

This chunk of code will send the message= 50 to agentB. WhenB receives this mes-
sage, it will execute it, setting its global varialsié¢o 50.

Now, if A wants to run some functiohoo over the value oB’s variablen, it does the
following:
al ua. send("B", "alua.send(’ A, format (' foo(%)’, n))")

The message th&gets is
alua.send(’ A, format(’'foo(%)’, n))

Assuming than is still 50, the string f oo( 50) * will be the result of thé or mat com-
mand, and this is the messdgevill send toA. Finally, whenA gets the message and runs it, it
will call function f oo with 50 as an argument.

It is interesting to note that, in our previous examyplep plays the role of aontinuation
for processA; that is, it encompasses whatwants to do upon receiving the valuerof This
continuation-passing style of programming is very frequent in ALua. It alldweswait for its
answer without blocking. Between the tiMesends its message Band the time it gets its
result,Ais free to handle any other incoming event.



Another useful way to structure a program in ALua is as a state machine.ustralle this
technique, let us suppose agémteeds to send a message to two other agBrasdC, and then
terminates its own execution when it receives acknowledgment from bolleiof. tA script for
that task follows:
function firstAnswer ()

answer = secondAnswer
end

functi on secondAnswer ()
print("The End")
exit()

end

answer = firstAnswer

al ua. send({"B", "C'}, "alua.send(’ A, "answer()’')")

WhenAruns this code, it sends BxandCthe messageal ua. send(’ A", " answer () ’)
which makes bottB andC send the messagaswer () back toA. WhenA receives the first
answer, it will call functionf i r st Answer , which is the current value of variabnswer .
This function changes the value of the variableswer , so that the next message will call
secondAnswer , and finally finish the execution &.

Typically, when we run an ALua program, we create a “console agent”, that\siopeins
an interactive console to the user, and executes any command typed into tbke cdhsough
this console, a user has the means to dynamically add or change functionality in otte=gas.
For instance, let us suppose we have several agents running a program, and they thkkse
output through functiopr i nt . Now, the user decides to redirect the output from all processes
into its own console, prefixing each output message with an identificationarfdfig. All she
has to do is to type the following code into her console:
prog = [[

print = function (nsg)
al ua. send(" A",
format ("print(’%: %\n’ )", alua.mynane, nsg))
end

11

al ua. send(al |, prog)

(The double square brackdt§. . . ] ] work as literal-string delimiters, mostly like dou-
ble or single quotes, but they allow the string to span several lines.) Eacbsgradll even-
tually receive and run the coda og, which will redefine itspri nt function. This new
pri nt function, when called, sends to procesgwhich runs the console) a message like
print(’ processnane: nsg’ ).

The beauty of this facility is that the user does not need to anticipate such a clhadge
does not need to stop the program. The interpreted language allows her to change the progra
on the fly, with new code created on the fly.

3 MuLTIPLE COMMUNICATION CHANNELS

In the original ALua architecture, a single callback function is employed rigrraessage ar-
riving for a given agent. Because messages contain arbitrary Lua code, the aisengfe



callback that executes this code has proved to be quite flexible in a range ofléippbd9].
However, looking at the demands of multimedia distributed applications, wefiddrihe need

for an agent to handle different messages in different ways. In such apptiegbrocesses typ-
ically exchange large data streams, and it would not be feasible to handle thagreadhough
messages containing Lua code. On the other hand, many of these applications wolyd great
benefit from ALua’s facilities for code distribution and runtime configuration.tkVes decided

to extend the basic ALua model and allow it to define different handlers for eliffenessages.

One important characteristic of the ALua model is its single-threaded earcnodel. This
model imposes a programming discipline on the ALua programmer: The code invoked when a
message is received must not execute blocking operations. If it does, the syiitbetome
blocked and will not handle new incoming events. When extending the ALua model to deal
with data streams, this was an important consideration. The new archéasttomld maintain
an event-oriented approach throughout the handling of all communication.

Once we had identified the need to handle different messages in differentthe@gbyious
guestion was how to associate messages to handlers. One convenient wayfydlsmea mes-
sage is to receive a certain treatment (or service) is through the aemmiinication channels
[13, 14]. In the new ALua architecture, communication channels became objedtsetiAd ua
programmer can manipulate. An agent may now define as many communication clannels
needs and associate different callback functions to each of them. The evenbtle@bserves
the status of a set of communication channels, and triggers the callback funsmesded to
the ones that need handling. One channel — calleddhteol channel — is regarded as having
a distinguished status, maintaining the original function of exchange of Lua code. Wessvil
the expressioMulti-channel ALua to distinguish the new ALua architecture from the original
one. Figure 1 sketches a possible configuration for an application running on Multi-€hanne
AlLua.

agent 3

agent 2

~— control channel
- = communcation channel

Figure 1: Agents using several communication channels.

The communication channels are implemented through LuaSocket [15]. LuaSocket is a
library that exports Berkeley sockets to Lua. Integration with the Lua&ditkary allows Lua
code to manipulate sockets directly through a simplified interface. Our mgpi&ation of the
ALua agent is itself mostly written in Lua with calls to LuaSocket, #mel ALua programmer
may also directly access the library if she so wishes.

A set of new ALua functions provides the programmer with the ability to manipukea-c
nels. Functioral ua. new_sr vchannel creates a new TCP server channel. It receives as ar-
guments the port to which this channel must be bound and four callback funaiio@snnect ,
onRead, onWi t e, andonCl ose. When a new connection arrives at this channel, a new
communication channel will be set up between the contacted and contacting dgerntson



onConnect willthen be triggered. The three other functions passed toa. new_sr vcha-
nnel are automatically defined as callbacks for the new communication channel.

Functional ua. new_channel creates a client connection to a TCP server. Besides a port
and host, this function receives as parameters three callback functiomskead, onWite
andonCl ose — that are to be invoked whenever the new channel is ready for reading, writing
or when it is about to be closed. Functiahua. set _handl er allows the programmer to
change the callbacks associated with a given communication channel at any pexecaof
tion. Functional ua. cl ose_channel will trigger theonC ose function associated with
the communication channel passed as a parameter, and close its connectidy, fiiraion
al ua. send has been changed to accept not only an agent’s name, but also a communication
channel as its first parameter.

In order to illustrate the use of communication channels, Figure 2 presentple smalti-
channel ALua program.

In this example, we show a client/server application, where the serviealhasends the
string “Hello!” through a communication channel. The ALua server createGlthent agent
and sends through the control channel a message initializing some of its varialibesgd by
the code the client is going to execute (lines 24-29). Fundiioma. spawn is asynchronous
and its second parameter is a callback function that will be executed deitlaé new agent is
created and properly running. This prevents that messages are sent before themeswraady
to receive them, without making the server wait for the client’s credtarontinue executing
its code.

The server will then create a server TCP channel and define fur@ionect Func as the
connect callback on this channel (lines 32-37). When the client creates a new camnbes
will triggered functionConnect Func on the server. When this happens, a new communica-
tion channel will be set up between server and client, and the servernailyfisend the string
“Hello!” through this channel. After this, the server will again wait for @amamunication or
control event.

On the other side, when the client receives its code (lines 4-13), it wiltera TCP con-
nection to the server and associate functi@adFunc as the read callback on this channel.
When the communication channel is ready for reading, functe@dFunc will be called and
the stringClient received Hello! will be displayed on the screen (line 6) and, using the control
channel, the client will send the codi t () to the server (line 8), so that the server can
terminate the program execution.

The new architecture makes ALua appropriate for applications which mustdrdasje
streams of data because the receiver can invoke potentially blocking inputiopglaside a
callback that is triggered only when there is data available to be readaVdids the need for
blocking on 10 operations.

4 USING MULTIPLE CHANNELS

ALua’s communication model, in which messages are regarded as chunks of Lua cotéer
support for what is sometimes callegak code mobility [2]: the ability of an execution unit in
a site to be bound dynamically to code coming from a different site.

A major asset provided by code mobility is serviagstomization [16]. In conventional
distributed systems that follow the client-server paradigm, servexsda an a priori fixed set
of services accessible through a statically defined interface. It is thfeecase that these sets of
services, or their interfaces, are not suitable for unforeseen client ®edsamon solution to



1 PORT = 6020

2

3 client_code =[]

4 do

5 | ocal readFunc = function(ch, buffer)

6 print("Client received " .. buffer)

7 al ua. cl ose_channel (cchannel)

8 al ua. send(al ua. nyparent, "Exit()")

9 end

10 cchannel = al ua. new_channel (HOSTNAME, PORT,
11 readFunc, nil)
12 print("Client is ready.")

13 end

14 1]

15

16 function Exit( hosts)

17  al ua. cl ose_channel (schannel)
18 alua.exit_all ()

19 print(’ The End’)

20  exit()

21 end

22

23 do

24 al ua. spawmn({"Cient"}, function (hosts)

25 | ocal defines=format("PORT = %; HOSTNAME = ' %' ",
26 PORT, al ua. | ocal host)
27 alua.send("Client", defines)

28 alua.send("dient", client_code)

29 end)

30

31 -- Server Code

32 | ocal Connect Func = function(ch)

33 al ua. send(ch, "Hel l o!'")

34 al ua. cl ose_channel (ch)

35 end

36 schannel = al ua. new_srvchannel ( PORT, Connect Func,
37 nil, nil, nil)

38 print("Server is ready.")

39 end

Figure 2: A simple multi-channel ALua program.



this problem is to upgrade the server with new functionality, thus increasingtsabmplexity
and its size without increasing its flexibility.

The ability to request the remote execution of code helps to increase sewteilitly with-
out affecting the size and complexity of the server. In this case, in tlaetserver actually
provides very simple and low-level services that seldom need to be changedlidiitecan
compose services to obtain a customized high-level functionality that nieegsecific needs
[16].

In the same way, components that are able to link code dynamically can extegdebet
interaction they support, increasing system flexibility. Toele on Demand paradigm enables
the components to retrieve code from other remote components, providing a flexible way t
extend dynamically the behavior of a component [2].

Active networks is one area that can benefit from this type of flexibility [17]. Onisof
primary goals is to facilitate network evolution [18]. The ability to injeew code into de-
vices, possibly built on top of a set of existing services, provides systermghetflexibility of
evolving in unanticipated ways.

In ALua, the agents are able to link code dynamically, extending the types of inbertiey
support. As we discussed in the previous section, when a channel is created intiAd_uaer
can associate callbacks with some events. Any agent can dynamically chasgecallbacks.
This ability adds to the system a flexible and powerful configuration mechanism.a@me
can send to other agent(s) a chunk of code, defining a function, and the code to asBisciate t
new function with a channel callback. In this way, it can change the behavior of theelita
which it is connected, according to its needs.

In order to illustrate dynamic redefinition of callbacks in ALua, we presehtgnres 3 and
4 a client-server application that sorts a sequence of numbers. Due to sgacéoas, we left
the initialization code of the agents out.

In Figure 3, the server creates a TCP channel and defines funCbomect Func, Read-
Func, andW i t eFunc as the connect, read and write callbacks on this channel (lines 40-41).
A new client connection will trigger functioBonnect Func on the server. When this happens,
a new communication channel is set up between server and client, and thérggalzes some
data structures to manage the data exchange in that channel (lines 2-3). Thalserdefines
a default sort function that will be used to sort the data exchanged via this chaned)(IThe
client can change this function at any moment (as we will show later).

Whenever the client sends some data over the new channel, fuiRgtahFunc will be
triggered on the server. This function will insert the received data is¢hassociated with this
channel ¢h. dat aSet ), unless an EOS (end of sequence) terminator is received. In this case,
the server will sort the data received in that channel and set actagh@veDat a) indicating
that the sequence is already ordered (lines 7-15).

Whenever a channel is immediately available for writing, the function astsatwith write
events is called. In our example, functigwi t eFunc will start to send the sorted sequence
back to the client, one number at time, after the fidig haveDat a is set. When there is no
number left to be sent, the server closes the channel (lines 17-25).

Figure 4 presents the client code. The client creates a TCP connection towibe asel
defines function®ReadFunc, Wi t eFunc, andFi nal Func as the read, write and close
callbacks on this channel. The client also sets the sorting algorithm thabevilsed on the
server. In our implementation, we use three sorting algorithms. The firstrapemented in
the server, is an exchange sort implementation. The two others are mergebouieksort



1 function Connect Func(ch)

2 ch. haveData = nil

3 ch. dataSet = {}

4 ch.Sort = sort

5 end

6

7 function ReadFunc(ch, data)

8 | ocal val ue = tonunber (data)

9 if (value ~= ECS) then

10 tinsert(ch. dataSet, val ue)

11 el se

12 ch. Sort(ch.dataSet, 1, getn(ch. dataSet))
13 ch. havebData = 1

14 end

15 end

16

17 function WiteFunc(ch)

18 if (ch.haveData) then

19 al ua. send(ch, tostring(ch.dataSet[1]))
20 trenmove(ch. dat aSet, 1)

21 if (getn(ch.dataSet) == 0) then
22 al ua. cl ose_channel (ch)

23 end

24 end

25 end

26

27 function sort(a, |ow, high)

28 | ocal mnv, pos

29 for i =1, high do
30 mnv = ali]; pos =i
31 for j =i, high do

32 if (a[j] < minv) then

33 mnv = af[j]; pos = j

34 end

35 end

36 a[i], a[pos] = a[pos], ali]

37 end

38 end

39

40 server = al ua. new_srvchannel (port, Connect Func,
41 ReadFunc, WiteFunc, nil)

42 print("Server is ready")

Figure 3: Sorting a sequence of numbers: Server code



[19, 20]. The client chooses the sorting algorithm based on the value sbthieal g variable,
which receives a random value when the master agent creates each dlrentlat aSet
variable contains the sequence to be sorted, whiletlSet variable will contain the ordered
sequence sent by the server.

Before sending the sequence of numbers to the server, the client decides whistheiniy
to redefine the server’s default sorting algorithm or not (basesborn al g). Depending on the
value of the variablsor t al g, the client will choose a new sort algorithm among mergesort,
quicksort in ascending order or quicksort in descending order (lines 30, 33, and 36).

The quicksort algorithm is implemented to sort the sequence in ascending orddrgbut t
client can redefine theonpar e function to sort the sequence in descending order (lines 37-
39).

To redefine the sorting function of a channel, the client uses funatio. addFunct i on
(lines 31, 34, and 40). This function is to be executed in the server and refmivggrameters.
The first two are the Internet address (IP) and the port that identifies this ¢h@heehird pa-
rameter is the field of this channel that is to be redefined, and the last parasnetstring that
defines the new function.

If the client decides to change the sorting algorithm for its channel, it will seadntrol
message to the server with the corresponding code (line 43-45).

When a write event happens, tiéi t eFunc function will be trigged and the client will
send a number of the sequence to the server (lines 5-14). After the whole sequencenhas be
sent (line 8), the client sends a EOS (end of sequence) value to the servé®) @ind sets a
terminator indicating the end of the sequence (line 10). When the communication ckgannel
ready for reading, functioReadFunc will be trigged and the value received from the channel
will be saved in theor dSet variable (line 2). Finally, when the communication channel is
about to be closed, functiddi nal Func will be trigged and the values kept in tloe dSet
variable will be printed (lines 16-23).

We can extend the ideas used in this small example to a more realisitig sethe context
of a multimedia application. To do this, we report to the work of Baldi and colleaf2H,
who investigate the benefits that mobile code and active networks may bringdppheation
domain of videoconferences. The architecture they propose relies on three poirdsritoor
provide customization and scalability. The first of these points, and the one elatsd to
mobile code facilities, is enabling the user to “upload” application code intoghees thus
changing its behavior anmistomizing it to her needs. This facility would be directly available
in any application developed with ALua: The multiple channel architectuosvaldifferent
code and behavior to be defined by each client that connects to the server. Theipoesibil
defining new functions to be used for reading and writing data to sockets all@ndetifering
and discarding to be defined on a per-channel basis.

Although the other points in Baldi’s architecture are not strongly related toatwesfof
this paper, it is interesting to observe how ALua stands in regard to themsedoad point,
more related to active networks, is running the server on intermediate nodes oétwork,
where it can use the information managed by the device to become aware of tiseo$tite
network andadapt to it; doing this in ALua would, of course, depend on support for running
Lua at intermediate nodes. Lua would be an appropriate tool for this purpose, sinsmdilis
and has a small memory footprint. Besides, Lua is extremely easy toaicgeviith existing
services, and can be used as a glue language between predefined components [10je Also, t
event-driven nature of ALua makes it convenient to write applications éeafve notifications



function ReadFunc(ch, data)
tinsert(ordSet, data)
end

function WiteFunc(ch)
i f (haveData) then
al ua. send(ch, tostring(dataSet[i]))
if (i == getn(dataSet)) then
al ua. send(ch, tostring(EQCS))
haveData = nil
end
i =i +1
13 end
14 end
15
16 function Final Func()
17 local str = format(" %", ordSet[1])
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18 for i = 2, getn(ordSet) do
19 str = format ("%, %", str, ordSet[i])
20 end

21 print(format("sorted array [%]", str))
22 al ua. exit()

0/6) " ,

23 end

24

25 dataSet = {310, 285, 179, 652, 351, 423, 861, 254, 450, 520, 310}
26 i = 1; ordSet = {}; haveData = 1

27 ch = al ua. new _channel (host, port, ReadFunc, WiteFunc, Final Func)
28

29 local code; local ip, p = ch:getsocknane()

30 if (sortalg == "quicksort") then

31 code = format ("al ua. addFunction(’ %', %, 'Sort’', 9%)",

32 ip, p, quicksort Def)

33 elseif (sortalg == "nergesort") then

34 code = format ("al ua. addFunction(’ %', %, 'Sort’, %)",

35 i p, p, nergesort Def)

36 elseif (sortalg == "gsn') then

37 code = [[ conpare = function(a, b)

38 return a<p»b

39 end ]]

40 code = code..format("al ua.addFunction(’ %', %, ’Sort’,

41 ip, p, quicksort Def)

42 end

43 if (code) then
44  al ua. send(server, code)
45 end

Figure 4: Sorting a sequence of numbers: Client code



about necessary adaptations. The third point in Baldi’s design principles isrenéidi server

to migrateto a different node as a consequence to adaptation. Although ALua processes cannot
explicitly migrate, it is easy to write an application in which theveersends its state and code

to another ALua process.

5 EXPERIENCE WITH RTP

To experiment with Multi-channel ALua, we have integrated an RTP libmaiy. tRTP (Real-

time Transport Protocol) was developed in the Audio-Video Working Group of the [&Td,

has been published as an RFC [22]. RTP provides end-to-end network transport functions
suitable for applications transmitting real-time data, such as audio, vidsimnatation data,

over multicast or unicast network services. RTP does not address resogreaties and does

not guarantee quality-of-service for real-time services. The data transpaugimented by a
control protocol (RTCP) to allow monitoring of the data delivery in a manneabtalo large
multicast networks, and to provide minimal control and identification functiongp].

We used an RTP library that was developed at Lucent Technologies and isdistelyuted
[23]. The library provides a high level interface for developing applicationsrtteke use of
RTP and offers a large number of functions. Only a few of those have been incorportied i
first experiment with Multi-channel ALua.

The RTP functions we added to ALua include functions for initializing the libraatyirsy up
addresses on which RTP data should be sent and received, and actually sendaeasar
data. The core functionality of the protocol is implemented by functions whichveees a
parameter the data that has been read from a socket. In our ALua+RTP agesdgdticallback
function associated with an RTP socket reads the data from the socket anihibkes the
appropriate RTP library function. In this way, the RTP library functions, orityrtesigned to
be invoked in a synchronous environment, and the ALua programming model were integrated.

This integration of RTP into ALua environment enables the agents to exchangeneal-t
data with each other. To experiment with Multi-channel ALua and RTP, we bavelp a
sample video application. This application involves servers, which hand & deams
obtained in real time, clients, which receive such streams and didptay on the screen, and
proxies, which are clients that are capable of forwarding the receivedalathdr clients.

A master ALua agent controls the application. As execution progresses, thisspgents
ALua agents on participating machines and configures them, using the control chamal, to
as servers, clients, or proxies.

The servers obtain real time JPEG streams from a SunVideo subsystemhi2a4umnVideo
subsystem is a real-time video capture and compression subsystem for Sun s3&AdRE,
which captures, digitizes, and compresses video signals from video sourcessudbo cam-
eras. It is designed to work closely with applications that use the fasilif the XIL Imaging
Library, which in turn provides functions to decompress and display video [25].

In our experiments we are using JPEG baseline sequential. The agents are rurgung in
and Linux platforms. The agent configured as server captures the video, comptesses i
sends it across the network to other agents. The clients receive the data a6t usatines
to decompress and display the data, reconstructing the image. Besides disfiiayieceived
data, the clients can forward the data, acting as proxies. We are usingtwaicasunication
to transfer the data flows between the agents.

Figure 5 shows a diagram of the architecture used in this experiment. We havenot s
the control channels, as they are always available between any two ageateavd/yet to



investigate this application further, tackling situations that demand motieeofiexibility it
offers and measuring performance. However, this initial experiment shthaéthe new multi-
channel architecture results in an easy-to-use distributed programmingaobis in well with
real time video applications.

SUNVideo card XIL functions
+ XIL functions + display
JPEG JPEG
v data data
RTP session
servel agent client agent
RTP session
client agent
RTP session
proxy agent IPEG
data
XIL functions
+ display

Figure 5: Agents exchanging control information and RTP messages.

6 PERFORMANCE OF MULTI-CHANNEL AL UA

To get a rough estimate of the performance of Multi-channel ALua, we ran a vepjesex-
periment, in which an ALua program downloads a file from a server written an€Cwrites
the received data to a new file. We compared the execution time of this Alogagon to that
of an equivalent program written in C and also to that of a third program writtestandard
(sequential) Lua.

We measured the execution time for this program and its C and Lua counterpavts, do
loading a file with approximately 80 megabytes. The results are shown in Table 1.

The observed performance of the ALua agent was very good. The average running time of
the ALua program is less than 10% more than that of its C counterpart. The overhiad of
event-driven model, in which a callback function is invoked each timedesa is detected on
the socket, is also very small, as can be seen by comparing the execugsrof the sequential
Lua program to that of the ALua agent.

Average (sec) Standard Deviation

C 26.3 0.3
Sequential Lua 27.9 0.2
ALua 28.7 0.3

Table 1: Execution times for clients downloading an 80Mb file.

As mentioned in the beginning of this section, this is a simple experiment and cagizaly
us a general idea of Multi-channel ALua’s performance. We must now extend our panfoem
measures, mainly conducting experiments with more realistic settingsyimg multimedia
applications such as the one we described in Section 5.



7 FINAL REMARKS

In this work we discussed an architecture that allows a single-threggdidation to deal con-
currently with different streams of information and control. The implenteriaf the Multi-
channel ALua system follows this architecture, associating the flexilmfityansmitting Lua
code through a main control channel to that of allowing the programmer to define funaions f
handling data streams on secondary channels.

The ability of an ALua agent to link code dynamically and redefine callbacks assdci
with channels adds to the system a flexible and poweful configuration mechanism eflamus
change channel behavior and, in this way, customize the service according to heitigsces
The customization can take place at different levels: The programmerdefanye a specific
behavior for each channel or a single behavior to be used by the agent in any of the channels it
establishes.

The integration of Multi-channel ALua with an RTP library allowed us to expent with
the architecture we proposed and observe its suitability in a multimediacapph. The per-
formance of Multi-channel ALua, although observed only in a preliminary experirappears
to be quite promising.

We are now working on more elaborate experiments involving Multi-channel ALua and
RTP. The development of different multimedia applications exploiting the poteftalde mo-
bility in terms of user customization will allow us both to conduct more elaegrarformance
measures and to evaluate the current programming interface.
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