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TECHNICAL MEMORANDUM

Abstract
ECLIPSE is an |.P.-based platform for multimedia telecommunication servicés.an implementation ofhe
feature-modular DFC virtual architecture, in which signalamgd media processing are tightly couplethis

memorandum explains how DFC can be implemented with separate sigaadingedia paths, which are more
efficient and more compatible with I.P. networking.

1. Introduction

Distributed Feature Composition (DFC) is a virtual architecture for the descriptiteleebmmunication
services. Itwas designed for feature modularity, structured feature composition, and managénfeature
interactions [Jackson & Zave 98]The original version hasince been improved to accommodate mobile and
multimedia telecommunication services [Zave & Jackson 00, Zave & Jackson 99].

DFC is thefoundation of the ECLIPSE project [ECLIPSE 9HCLIPSE will include a service-creation
environment for telecommunication servicedew services described and analyzed within this environment will

automatically run on the IP-based ECLIPSE networke signaling layer of the ECLIPSE network hbsen
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implemented and demonstrated extensively, withdimoc implementation of the voice medium [Bosaidal. 00].
This is the first of a series of technical memoranda in whichdeggn a general-purpose media layer for

ECLIPSE. Itwill be the first implementation of the media aspects of DFC.

2. Goalsfor media implementation

The goals for the media layer of ECLIPSE are derived from the go#te gfroject as a whole [Bored al.
00].

Digtributability. In ECLIPSE, the signalingspects of a feature are implemented by execution of a box
program. Sincehis program can run anywhere in the ECLIPSE network, its location can be dheslgnin
response to considerations such as efficieamog ownership.The media aspects of a feature need to be equally
distributable. Itmust be possible to implemehem anywhere in the network, even separated from the box-program
execution that is controlling them.

Sability. Resource configurations, allocation strategies, @timizations will evolve continually over time.
Such resource changes must not require changes to fealgady installed in the ECLIPSE netwerkot even
recompilation.

Efficiency. We use theermmedia switch to describe an implementation component with ports and the ability
to switch, replicate, mute, and sum the media streams throughpbiaseA media switch can implement all the
internal media-processing capabilities of a DFC feature'tbtbe are particularly interested in using media switches
and inter-node bandwidtefficiently. Also, the post-dial setup delay for customer calls is a major concern,
especially since it has been a problem in some previous implementations of IP telephony.

Media synchronization. Different media need to be synchronized within reasonable toleraRoesxample,
audio and video streams between two endpoints should be synchronized to within 100 ms [Jardetzky & Sreenan 95].

Fault tolerance. Fault tolerance, providing a level of reliability suitable for telecommunicationst cover

both signaling and media layers of ECLIPSE.

YIn DFC, in addition to performing these functions for itsalffeature box can also connect to and use control-intensive media-processing
resources [Zave & Jackson OO0Theseresources have interface boxes and behave exactly like other endpoints in EHey, @@ not discussed
further here.
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3. Properties of ECLIPSE

This section documents properties of the ECLIPSE implementation of DFC that are esseh&amexdia

layer, or that have influenced the design of the media layer.

3.1. Object communication

The ECLIPSE software isbject-oriented.For example, each instance of a DFC box program is a software
object. Therds no object migration, so each object resides for its entire lifetime at the network node wilzere it
created.

Any object can send a signal to any other object, provided that the sender has the receiver’s object address.
We use thiscapability, without further comment, to implement communication between the signaling and media

layers of ECLIPSE, and within the media layer of ECLIPSE.

3.2. Channel identifiers

The two ports of a DFC internal call can both attempt to open a media channel within that call
approximately the santéme. If both choose the same channel identifier, then there is channel glare, and one of the
open attempts must fail [Zave & Jackson 99].

In ECLIPSE the possibility of channel glareebminated by means of a conventioA. DFC internal call
always has a caller port and a callee pdthe caller port must choose odd channel identifiers, wthiéecallee port
must choose even channel identifiers.

Another ECLIPSE convention prohibits the-use of a channel identifier within a DFC internal c@hcea
call has included the openirand closing of a channe] it cannot include anoth@pen signal with identifierc.

This convention prevents race conditions between old and new uses of

3.3. Fault tolerance

This memorandum includes the interface through which box programmeexpiiiss their media-processing
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intentions and control the media layer of ECLIPSE from the signaling laye€bfPSE. What should happen in
the case of a resource failure in the media layer?

On the one handhe formal definition of DFC assumes a pereand perfectly reliable-implementation.

The general philosophy of the ECLIPSE implementation is to preserve this fiction for the converiidce
programmers. Fauttetection and recovery are provided as a service to the fault-tolerant main system [Bond 00].

On the other hand, it has been predicted that bandwsidittage will be a major source of feature interaction
in multimedia telecommunication systems [Tsa&hgl. 97]. If this prediction proves true in the IP context, then a
few box programmers will want to receive failure reports and to program deliberate resource trade-offs to recover
from them. They will not be satisfied with complete abandonment of service, which is likely to be the effect of
generic recovery strategies.

The best wayo encompass both viewpoints is to allow box programmers to handle exceptions when and only
when they want to.In all other casefailures are reported to a fault manager, which is allowed to over-ride box
programs as it engages in fault recovery.

We specify here the programming interface at the media I&equestdor service can succeed or falWe
assume that other mechanisms not presented here distinguish the requestsughostcome the programmer
wishes to deal withFor all otherrequests, successes are reported to the requesting box program, while failures are
reported to a fault manager which takes over from the blocked box program.

Failure of a media resource that is already in use, i.e., failures not associated with a service request, are always
reported to a fault manageWe assume that no box programmer would wish to have control over these situations at

the cost of having to program for asynchronous interrupts.

3.4. Nonsensical commands

It is also possible for the media layer to receive nonsensicainands-most commonly, redundant oneg/hen
the media layer receivesmmnsensical command, it protects its own integrity by ignoring the command, and keeps
the usage progressing by reporting success to the box program that issued it.

To see why this is the best strategy for handling nonsensical commandsedessary to understand what

causes themOne cause ighe fact that the signaling and media layers communicate with each other, and within
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themselves, using distributed protocol8s we shall see, the design of these protocols occasionally teads
redundant commands, which are not harmful or even significant.

The other cause of nonsensical commands is box-programming However,designing the medikyer to
diagnose programming errors would be a pdea. Becausghe media layer does not have full information about
DFC usages, it cannot detect all programming errbrgthermoresince it would be unusual for a programmer to
program explicit exception handling tieal with his own errors, runtime error detection is not very uséfat.
better to rely on static analysis of box programs to eliminate errors before runtime, and talssigiythe runtime

environment to protect itself from residual errors.

3.5. Media standards

A DFC system can offer any number of mediachmedium is distinct and universah the sense that any
sink for the medium can accept input from any source of the medium [Zave & Jackson 99].

The ECLIPSE media implementation is designed to support a relatively modest numbediaf say less
than ten. Consideringthat theonly interesting media we have heard of so far are voice, video, text, images, and
audio (high-quality sound), this would not appear to be a limitation.

Nevertheless, a huge proliferation of media is possilileould arise because there are many incompatible
versions of the basic media listed aboltecould also arise because of the use of standards such as MPEG, in which
multiple media are intertwined for reasons of synchronization and compression.

The current media implementation discourages such proliferétgmause proliferation is contrary to some of
the primary goals of ECLIPSHiniversal interoperation, feature flexibility, and feature integratiBatherthan

abandon these goals, we accept the challenge of achieving adequate media performance in some other way.

4.  General approach to signaling/media separation

The implementation of each medium separate, at least conceptudllySo we shall describe the

implementation of only one mediumNote that the only place to produce, interpret, split, merge, translate, or

2Nothing prevents the implementation of two distinct media from sharing hardware or even software, providedsttfiatehe distinguishes
between the two.
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otherwise bridge multiple media in a DFC system is in an interface box or a device hiding behind an interface box.

4.1. Media statesin DFC

In DFC a call can have any number of bidirectional channels cargyingedium (including none)Each
channel has an identifier and twebannel terminations, one at each port ahe call. A channel termination is
identified by a (port,channel-identifier) pair.

In addition to the normabox ports of DFC, which are now referred tartsrnal ports, each interface box is
regarded as having at least @axternal port. An external port is the place where a line, truni, resource joins the
interface box.Externalports enable us to specify media processing within interface boxes.

Just as ports can now be internal or external, so can chamelsxternal channdl is a media channel
between an external port and a devieEssource, or separate networkn external channel has only one fully
identified channel termination; its other terminatiamn a device, resource, or separate network) has only a channel
identifier, and is consideremhonymous here?

The media-processing state of a lm@n be formalized as a setlofks. Each link is a unidirectional media
connection between two channel terminations; the channel terminations must have distinct ports on the same box.
The links whose sink is a channel terminaiipje) specify those channel terminations at other ports of the bame
whose media streams arriving as input to the box are to be summed andagptiaom the box at the channel
termination(p,c). For exampleconsider a box with ports,, p,, andp; at which voice channels,;, c,, andcy
respectively are operlheset of links

{ ((P2,€2),(P1.C1)), ((P3,€3),(P1.C1)), ((P1,C1).(P2.C2)) }
specifies that the output fro(p4,c4) is the sum of thénputs at(p,,c,) and(ps,C3), the output afp,,c,) is just the
input at(p4,c1), and there is no output gi3,c3). Thus(ps,c1) and(p,,c,) have two-way voice communication;
(p1,€1) can also hedips,c3), while (ps,c3) can hear nothing.

Henceforth pieces of DFC usages in the signaling layer will be referred Biba®s, Dports, Dlinks,

Dchannels, andDcalls. The D- prefix distinguishes them from pieces of thedia layer with similar names and

%It is the intention of DFC that no external port terminate more than one channel of each niédivever,there are many potential reasons for
exceptions to this rule, so we are not building it into the ECLIPSE implementation.
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functions.
Figure 1 shows the Dchannels and Dlinks in a DFC usage. A Dchannel is a dashed line following a call or

externa line, labeled with a channel identifier. A Dlink is a dashed arrow within a box.

FB, LI,

N----@ P{I@- - @®a (1) r{d@----/\

MB, MB,

Figure 1. Dboxesin the signaling layer (top) and Mboxes in the media layer (bottom). The same devices are shown
in both layers.

4.2. Mboxes

In the media layer, each media switch is encapsulated in a software component called an Mbox. The ports of
the media switch are called Mports, and the bidirectional media connections between Mports of different Mboxes
are named Mcalls. Usually we make no distinction between an Mbox and its media switch, as the meaning is clear
from context.

For the medium whose implementation we are describing, each Dbox is given at the time of its creation the
address of an Mbox of that medium. The assigned Mbox implements all of the Dbox’ s processing of that medium.

The Mbox assignment does not change during the lifetime of the Dbox. The dotted lines in Figure 1 show the
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signaling connections between the Dboxes and the Mboxes assigned to do their media processing.

In addition to a media switclan Mbox also includes eontroller and amodel. Thecontroller receives and
responds to commands from Dbox8hemodel is a representation of the current media-processtengs of all the
Dboxes to which this Mbohkas been assignedhe model contains representations of Dchannels and Dlinks, which
have been created by the controller in response to Dbox commands indidathdchannels and Dlinks currently
exist.

In addition to maintaining its model, a controller performs three functions:

¢ If a Dchannel connects two Dboxes with different Mboxes, then the Dchannel apptaanodels of both
Mboxes, and its implementation requires an Mcall betweenvilbeMboxes. The controllers of the two
Mboxes cooperate in creating and destroying the Mcalls required by their médeksxample, inFigure 1
the Dchannel betweefd,11) and(j,11) is implemented using an Mcall between Mpgrtandq of Mboxes
MB, andMB,, respectively.

¢ At anyinstant, the media output at an Mport should be the sum of the inputs from some set of other Mports of
the same Mbox.This set can beomputed from the Mbox’s modelt is the responsibility of the controller to
keep this computationpdated at all times for all Mports, and to control the media switch so that the actual
outputs matctthe computed valued-or example, in Figure 1 all Mports are labeled with the correct output
sets.

* The implementatiomf external Dchannels requires Mcalls, for example the Mcalls from Mpootsandr in
Figure 1. Fromthe perspective of DFC and the model that reflects DFC, external Dchanaalpened at
provisioning time and are persistent thereaffelomthe perspective of the implementation, on the other hand,
the Mcalls implementing them might be intermittetfitis the responsibility of the controllés bridge this gap
by gathering and storing all the necessafgrmation about an external Dchannel at provisioning time, and
maintaining a corresponding Mcall at least when it is needed.

These three functions are mostly straightforward, and we do not prescribe exactiigeyomre performedWe

merely note a few subtleties in the course of a complete explanation of Mbox models.

4.3. Justification
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The next sections give the details of the approach we have just sketched, followed by an interim evaluation
and a discussion of future work. Before plunging into the details, however, we explain what we see as the key
advantages of this approach.

There is no required relationship of any kind between the configurations of Dboxes and Mboxes, either in
number or location. Fewer Mboxes are usually better than more Mboxes, and it is usually best to give a Dbox an
Mbox in the Dbox’ s own network node. But there are many good reasons for exceptions to these heuristics, and the
implementors retain al degrees of freedom.

The Dbox programming interface to the media layer is determined only by DFC and the philosophy of
ECLIPSE with respect to fault tolerance. It does not depend on other, less stable, characteristics of ECLIPSE such
as alocation and optimization strategies (which will be implemented primarily in the media layer). The interface
should remain unchanged as these strategies evolve, which would mean that box programs can also remain
unchanged.

Inevitably Mboxes must execute distributed algorithms to carry out the intentions of the signaling layer.
There is a potential for very complex algorithms that are difficult to understand and verify. Initially, at least, this
approach requires nothing more complex than cooperation between two Mboxes to create and destroy an individual
Mcall.

Finally, for all portions of a DFC usage whose Dboxes have the same Mbox, media processing is centralized

and optimal.

5. Mbox model content

A model in an Mbox is adynamic graph. Figure 2 isan expansion of the bottom part of Figure 1, showing the
models within the Mboxes.

Nodes in the graph represent Dchannel terminations. A node on the border of the model has been allocated an
Mport, while a node in the interior has not. There are two types of edge: aplain line represents a Dchannel, while an
arrow represents aDlink.

Depending on the assignment of Mboxes to Dboxes, there are two types of internal Dchannel:

¢ A Dchannel connecting two Dboxes, both of which have the same Mbox, for example the Dchannel between
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MB, MB,

Figure 2. Mboxes in the media layer containing models. Mport alocations (n, o, p, g, r) are given to elucidate the
correspondence to Figure 1.

(b,5) and (c,5). The Dchannel appearsin that Mbox’s model. Neither of its Dchannel terminations lies on the
border of the model.
¢ A Dchannel connecting two Dboxes, each of which has a different Mbox, for example the Dchannel between

(d,11) and (j,11). The Dchannel appears in the models of both Mboxes. 1n each model, the remote Dchannel

termination (the one whose Dbox has a different Mbox) is on the border of the model and has an Mport

alocated to it. The remote Mbox is recorded in the border node’s label. The Dchannel is implemented with
the help of an Mcall between the two Mboxes, joining the M ports allocated to the border nodes.

In an ECLIPSE system, the models related to a particular medium are a projection of the current DFC usages
onto that medium alone. This projection leaves out some important information, as mentioned in Section 3.4, most
notably which Dports belong to which Dboxes. Nevertheless, the structures of the usages are till faintly visible in
constraints on how models can be formed:

* A Dchannel termination can touch at most one Dchannel.
* Thetwo terminations of a Dchannel must have distinct ports.

* Thetwo terminations of a DIink must have distinct ports.
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* There cannot be a Dlink and a Dchannel joining the same two Dchannel terminations.
We also impose a constraint on models to ensure that there is no redundancy and no leftover garbage:
¢ Atleast one of the two Dchannel terminations of a Dlink must be touching a Dchannel.
An Mbox model is not a normal directed graphj it can be converted to a directed graph by means of the

following three-stegransformation.Figure 3 shows the result of applying the transformation to the moddBof

in Figure 2.

MB,

Figure 3. A directed graph corresponding to an Mbox model.

(1) Replacesach node with two nodes, one with the additidalaélin and one with the additional labelt. If
the Dchannel termination has a Dpaingse directions should be interpreted with respect to the Dbox to which
the Dport belongs.If the Dchannel termination has no Dport, thdgections should be interpreted with
respect to the relevant device or resource.

(2) Replacesach Dlink from Dchanndkrminationt, to Dchannel terminatioty, by a directed edge froift,,in)
to (t,,out).

(3) Replaceeach Dchannel between Dchannel terminatjoand Dchannel terminatidn by a directed edge from
(t1,0ut) to (t,,in) and a directed edge frofty,out) to (tq,in).

The significance of the directed grapghthat it defines media flow straightforwardhAt any instant, the
media output at Mpontin, should be the surof the inputs of all the Mports, such that Mporim, is allocated to

Dchannel terminatioh;, Mport m, is allocated to Dchannel terminatiby and(t,,in) is a predecessor @f;,out).

This is well-defined even if the directed graph has cycles, which is a possibility.
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It may prove appropriate for the ECLIPSE implementation to store Mbox models in the directed-graph form
of Figure 3, rather than in the more compact domain-specific form of FiguECRIPSEwould then be able to
compute Mbox outputs using previously developed graph algorithms.

In the signaling layer, externBlichannels are created by provisioning operatidiise media layer must have
corresponding provisioning operations to put external Dchannels into the models of the Mboxes assigned to their

interface Dboxes.

6. Mbox model commands

There are six commands that express all the manipulations of a particular media thatcarbperorm by
itself. Thesecommands open ardose Dchannels and Dlink8y issuing these commands to its Mbox, the Dbox
ensures that the Mbox will create representations of the correct Dchannels and Dlinks in its mad#|,iarfect,
implement them.Dchannelterminations in the models and Mcalls in the implementation are both manipulated as
part of the semantics of these commands.

A Dbox issues a sequence of commands to its Mbox, and must wait for the reply tmeechnd (either
ack or nack) before sendinganother command.The sequence of commands executed by an Mbox is an
interleaving of commands from the various Dboxes to which it is assigned.

For each command we discuss its arguments, which Dbox issues it, antieh@hox gets the argument
information. Foreach command we also give a precondition and postcondifieaprecondition states what must
be true for the command to be considered execut#idexplained in Section 3.4, if the precondition is satisfied
then the command is ignored and acknowledgeithe Dbox as if it had been successflihe postcondition states
the effects of executing the commaaod the Mbox model and McallsAs explained in Section 3.3, if all these
effects cannot be achieved, any partial effects are reversed, and a negative acknowisdggnetd the Dbox or a
fault manager.

The command

openl i nk( db: Dbox, f r om Dchannel_termination, t o: Dchannel_termination)
is issued by a Dbox to add a Dlidetween two of its own Dchannel terminatiorfSor the command to be

executable, the Dports of the Dchannel terminations must be distigx, there cannot already ke Dchannel
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joining the same two Dports, or a Dlink joining the same two Dchannel terminations in the same direction. Also, at
least one of the Dchannel terminations must already exist in the model.

The effect of the openl i nk command is to add to the model a Dlink from the f r omargument to the t o
argument. If one of the two Dchannel terminations does not already exist in the model, it is added.

The command

cl osel i nk(db: Dbox, f r om Dchannel_termination, t 0: Dchannel_termination)
is issued by a Dbox to remove a Dlink between two of its own Dchannel terminations. For the command to be
executable, the Dlink must exist. The effect of the command is to remove the Dlink. Also, if thisleaves a Dchannel
termination in the model unconnected to anything, then that Dchannel termination is removed as well.

The commands

open2l i nk(db: Dbox, ct 1: Dchannel_termination, ct 2: Dchannel_termination)
cl ose?l i nk(db: Dbox, ct 1: Dchannel_termination, ct 2: Dchannel_termination)

are not strictly necessary, as their effects could be achieved by openl i nk and cl osel i nk, but they handle a
common case more conveniently. The open2l i nk command is just like the openl i nk command except that it
opens two Dlinks between the two Dchannel terminations, one in each direction (if one of the two Dlinks already
exists, then the command is considered executable, but only the nonexistent Dlink is added). The cl ose2l i nk
command is just like the cl osel i nk command except that it closes two Dlinks between the two Dchannel
terminations, one in each direction (if only one of the two Dlinks still exists, then the command is considered
executable, but only the existent Dlink is removed).

The command

openchan( db: Dbox, mb1: Mbox, ct 1: Dchannel_termination, nb2: Mbox, ct 2: Dchannel_termination)
is issued by a Dbox to open a Dchannel. The Dbox has received an open in the signaling layer (actions and
congtraints in the signaling layer are discussed further in Section 7). The open signal must be augmented with two
additional arguments b: Mbox, in which the sending Dbox sends its assigned Mbox for the medium being opened,
and ct : Dchannel_termination, in which the sending Dbox sends the termination for its end of the Dchannel. The
receiving Dbox assembles the openchan command using its own Mbox and Dchannel termination for nmb1 and

ct 1, and the received Mbox and Dchannel termination for b2 and ct 2.4

“Currently the ct argument in the open signal is redundant, as the receiving Dbox could reconstruct this information by other means. We are
preparing for future optimizationsin which it will not be redundant.
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For theopenchan command to be executable in the Mbox that receives ittvtheDchannel terminations
must have distincDports and the same Dchannel identifi&qso, neither Dchannel termination can already be
touching a DchannelAlso, the two Dports cannot be joined by a Dlink.

The effect of the@penchan command in the Mbox that receiviéss to add a Dchannel to the Mbox model,
along with the Dchannel terminations if they are not already pre#etiie two Mbox arguments are the same, then
neither node is a border node, and this is its only effect.

If the Mbox arguments are different, on the othand, then there must be many other effects, some of them
side-effects on the Mbox named inb2. Thereare several ways to achieve sugte-effects. Considering
concerns such as ease of Dipypgramming, security, and synchronization, the best approach is for fitdoto
achieve them by communicating directly with Mbdx2 in the media layer.

In themodel ofb1, ct 2 must be a border nodén the model ofhvb2, the Dchannel betweert 1 andct 2
must also appear, wittt 1 as a border noderinally, the Mports allocated to the two border nodes must be joined
by an Mcall. Mbox mb1 does not acknowledge tlipenchan command until all of this has been accomplished
successfully.

The command

cl osechan(db: Dbox, ct : Dchannel_termination)
is issued by a Dboto close a DchannellThe Dbox has received@ ose in the signaling layer at the Dport and for
the Dchannel identifier combined in the argumeint Forthe command to be executable, a Dchannel terminated at
ct must exist.

The effect of thecl osechan command in the Mbox thaeceives it is to remove the Dchannel from the
Mbox model, along with either Dchannel termination if it is not touching a l&iko, if any Dlink is left with both
Dchannel terminations untouched by Dchannels, then the Dlink is remévsal. if removal of aDlink leaves a
Dchannel termination untouched by Dlink or Dchannel, then the termination is removed.

If neither of the Dchannel terminations of the remoWthannel is a border node, then these are the only
effects. Ifoneof the terminations is a border node, on the other hand, then the Mbox receivarigpechan
command must communicate with the Mbox named in the border node to réineosame Dchannel from its

model, and to destroy thelcall associated with it.The Mbox receiving thecl osechan command does not
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acknowledge it until all of this has been accomplished successfully.

Instead of issuing a single one of these six commands, a Dbox can also send a sequence of Dlink esmmands
a unit. The commands are executed in the order giv&he sequence must succeed fail as a unit, so if a
command fails, no further commands in the sequence are attenfRétder,the Mbox undoes the previous

commands in the sequence, and sentsck for the whole.

7. Constraints on Dbox behavior

Dbox programmers are responsible for the correctness of the media layer, anirafsaintaining
synchronization between the signaliamgd media layersin this section we present additional constraints on which
media commands Dboxes issue, and when they issue them.

A Dbox that receives ampen signal must issue aspenchan command, if and only if it is going to respond
to the open with an oack. Furthermorejt must receive amck from its Mbox forthe openchan before
responding with theack. Theserules help ensure that the signaling layer "thinks" there is a media channel when
and only when there is one.

A Dbox that receives al ose signal must issue @l osechan command. Furthermor&, mustreceive an
ack from its Mbox for the cl osechan before responding with thel oseack. Theserules alschelp ensure that
the signaling layer "thinks" there is a media channel when and only when there is one.

If there is a race between twd ose signals in the signalinayer, then twal osechan commands will be
issued for the same DchanndRecallingthat a redundant operation on an Mbox model is simply ignared
regarded as successful, this should not cause any problems.

For anopenl i nk command to be executable,l@ast one of its Dchannel terminations must already exist in
the model. A box programmer should take care that alldpenl i nk commands aréssued only when they are
executable.

Apart fromthis, a Dbox has no built-in obligations whatsoever concerning Dlink comm#nslmply issues
the Dlink commands it need® perform its function. In particular, the model constraints and command
pre/postconditions are designed so that no garbage is left over if a Dbox dies with Dlinks left in the model.

In addition to having the media layer be correct, we would alsdtlikebe fast. This also can be influenced
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by Dbox programming We shallillustrate the point by showing a fast form of transparent media behavior, in which
a Dbox continues a media channel without attempting to affect it in any way.

The key issue in this example is easy to see from the rule "A Dbox that recepq@srasignal must issue an
openchan command, if and only ift is going to respond to thepen with anoack." How does a transparent
Dbox know how itis going to respond to its incomimgpen until it receives a response to its outgooqen from
downstream? Fqourposes of faster media setthpe Dbox can assume that the media channel will be required, and
eagerly issue thepenchan before knowing this for sure.

We consider a Dbokwith callee portp, and callerport p,. The successful case is shown in the message-
sequence chart of Figure 4, where Dipdxa process along with its predecessor in the Ushged itssuccessor in
the usagg+1l. Thereis also a procestor the Mboxm assigned to all three Dboxes (the sharing is just for

convenience-the point of this example would not change if the Dboxes had different Mboxes).

1 o | .
open
openchan \\\\7;\75“\\77j§\‘€>
CGem(p o), mey | (oM (P2

oack
e
oack — |
Ml)

Figure 4. A fast way of achieving transparent media behavior.

In Figure 4 the originabpen arrives at portp, of j with channel identifierc;. Dbox j immediately

®In this example, we do not consider the possibility of resource failufes.Dbox is behaving transparently with respect to a media channel, it
will definitely be delegating this form of exception handling to a fault manager.
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propagates thepen, choosing channel identifier, to prevent glare.Thenj immediately issues the two media
commands to implement the sectiohthe media channel that it controll doing this, it is assuming that it is
going to respond to its incomingpen with anoack. Theassumption proves correct, because its outga@ipgn
receives aroack in return. Dboxj does not send itack upstream until it has received both @ack from
downstream in the usage andaark from mfor its final media command.

Figure 5 shows what must happen when the eager, optimistic assupipties false.On receiving onack
from downstream, Dbokfirst propagates itipstream to minimize end-to-end signaling delBypox | then issues a
cl osechan command to close the Dchannel that it erroneously opeNetk thatit is not necessary fgrto issue
a cl ose?l i nk command, because the closing of the Dchannel reithove the Dlinks from the mode
automatically. Notealso that it is safe to send tbeack before sending thecl osechan or receiving arack of

it, because there is no possibility that an end-to-end media channel can exist, even transiently.

1 0 | .
open
openchan \\\\7;\75“\\77j§\‘€>
CGem(p o), mey | (oM (P2

P17, C1), (P2, C2))
onack
P
onack

Ml)
cl osechan

Figure 5. Recoveryafter a fast way of achieving transparent media behavior goes wrong.
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8. A modest optimization

In Figure 1, the input media stream at Mpgoi$ not being used for anything, as carsben from the fact that
p does not appear in the output setny Mport ofMB;. In this caseMB; can signal tdVIB, to stop transmitting
from its Mportq (recall that the identifier ofMB, is stored in theDchannel termination to which is allocated).
When the situation changes and the inpyt & needed once agaiklB; can signal tdVB, to start transmitting.
This simple optimization conserves inter-ndsndwidth. A mute/unmute signal is ignored if it arrives after the

associated Dchannel has been closed.

9. Interim evaluation and future work

Digtributability. The media implementationf a feature is completely distributablét can be located
anywhere inthe network. The only limitation is that the Mbox used by a Dbox must be chosen when the Dbox is
created, and cannot be changed afterward.

Sability. Once the initial plan is completed (see also [Cheung et al. 00]), Dbox programming willbe
insulated from changes to ECLIPSE.

Efficiency. Media switches are natonstrained by this scheme, so they can be deployed across the network
efficiently.

The technique illustrated in Figures 4 andlbws segments of the media path to be set up in parallel with
each other and witsome of the signalingWe hope that, as a result, post-dial setup delay will be determined mainly
by delayin the signaling layerDelayin the signaling layer is a significant concern to the ECLIPSE project, so it is
important that the media layer not make the problem worse.

Concerning the important issue of inter-ndadwidth, there is still much work to be dorieor one thing,
the efficiency of this scheme depends a great deal on how Mboxes are assigned to Dbere® casef is
obvious—line interfaces and feature boxes in the source and target zones of their adshesksll be given
Mboxes on the line’s access nedpBut in many other cases it is ndVe need a plan for the harder cases, such as
feature boxes subscribed to mobile addressesUntil we have such a plan, we will not know how serious is the

limitation that the Mbox used by a Dbox must be chosen when the Dbox is ¢reated.

SA piece of good news: At the time a free Dbox is created, the Mbox assignments of other Dboxes already in the usage can be taken into account.
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However the Mbox allocation goes, ig clearly the case that Mports, inter-node bandwidth, and other
resources can be wasted by hairpifaiture work will show how to avoidor remove hairpins in many cases
[Cheung et al. 00].

Media synchronization. We have done nothing so far, and can only hope that the approach presented here
proves compatible with this requirement.

Fault tolerance. A strategy for handling media-layer resource failures is already integrated into this work.
We still need to explore other dimensiaofsfault tolerance, for example the effects of node faillFailure of a
node might cause a portion @fusage to malfunction, with as-yet-unknown effects on both the signaling and media
layers.

In another vein, we are also concerned about errors ialtfegithms described her&Ve intend to use the
Alloy Constraint Analyzer [Jackson 00] to verify that the pre- and postconditions of the model operations are
necessary and sufficient to preserve the model constrdmtaddition, there are many other model properties to
explore. Forexample, it seems that every path through the directed-graph famodlel (Figure 3) should have a
strict alternation between edges derived from Dchararelsedges derived from DIlink#\s we explore further and
further from the core constraints, it becomes harder and more imprtantlerstand exactly where responsibility

for preserving a desirable property lies.
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