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Abstract

The MeshRouter architecture supports interest-limited messageexchange within large-scale
distributed simulations. Broad characherizations of the intended types of underlying simula-
tion applications are presented, and the conceptof `interest-limited communication' is carefully
de�ned. The generality of the MeshRouter systemrelieson a strict factorization of application-
speci�c components within an overall object-oriented (C++) framework. This factorization can
be limited to two speci�c areas:underlying data primitiv es(`Message'and `Interest') and the ac-
tual byte exchangemechanisms. This note emphasizesthe application-independent components
and structure of the overall MeshRouter architecture, and the isolation of application-speci�c
details through required methods for a limited number of virtual objects. The JSAF/R TI-s dis-
tributed discreteevent simulation is consideredasa protot ype application of interest, providing
illustrations of both concreteobject instancesand initialization procedures.
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1 Problem De�nition

The MeshRoutersystemprovidesa framework for separate,possiblydisparateprocessesinteracting through
a communications system, as suggestedby the cartoon in Fig.(1).

Figure 1: Schematic illustration of a communications-driven distributed simulation

The schematic in Fig.(1) is, of course,hopelesslygeneral. Without somerestrictions on the associated
communications and processing,any proposed\framework" would be too unwieldy to be useful. Section
1.1 provides a set of additional assumptionsand restrictions on the interpretation of Fig.(1), and Section
1.2 intro duces the notion of \ Router-Directed, In terest-Limited Comm unications " that provides
the basisof the MeshRouter architecture de�ned in the rest of this work and in two companiondocuments
(Refs.[1][2]).

1.1 Applications Of In terest

Within the wide class of applications that might fall under the general rubric of Fig.(1), attention is
restricted to those satisfying a number of additional broad characterizations:

1. The overall computational problem is large, requiring large numbers of coordinated processorsfor its
solution. Thesecontributing processorsde�ne the `Clients' of Fig.(1).

2. Individual clients cooperate through explicit messageexchanges.

3. Nothing in the overall problem needbe homogeneous,including

(a) Individual client capabilities and/or responsibilities.

(b) Messagesizes,rates, etc.

(c) Individual Source, Destination communications protocols (TCP/IP , proprietary SPP, etc.)

4. The overall computation/sim ulation is e�ectiv ely time-stepped, with current actions by a client pro-
viding inputs for subsequent actions by other clients.

Added to this list is an essential overall requirement:

Scalability

Larger and larger underlying problemsaremodeledby (simply) attaching more and more clients
to the the communications cloud in Fig.(1).
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It should be noted that this scalability requirement itself can imply additional elements of heterogeneity.
For example, high-�delit y modeling of someaspect of the overall problem might require a tightly-coupled
parallel computational engine interacting as a single client with the rest of the more loosely distributed
calculation. (This is the schematic intent of the `checkerboard thingy' at the right in Fig.(1)).

1.2 Router-Based Comm unications

As the number of clients in Fig.(2) increases,the overall messagetra�c increases. In order to achieve a
scalablesystem, there are, in fact, two additional requirements:

Fundamen tal Scalabilit y Assumptions

1. Individual clients in Fig.(1) needto seeonly a limited subsetof the full data tra�c. That
is, the \ In terest " of an individual client is limited.

2. The communications network can be madeaware of the interests of the individual clients.
This is accomplishedthrough explicit interest declaration messagesgeneratedby the client
as part of the overall data streamsfor Fig.(1).

It should be noted that the �rst assumption is an essential restriction on the underlying problem itself, not
merely a simpli�cation for purposesof communications. If the data of interest to any one client are not
limited, then the computational capabilities of the associated processorwill be overwhelmedasthe problem
sizeincreases.No clever communications network can achieve scalability if individual client processesneed
to seeall the data, all the time.

Figure 2: Schematic illustrations of a Router processand interest-limited data exchangebetweena Router
and one of its clients.

Interest-limited communications can be implemented through a system of intermediate `Routers' as
illustrated by the schematic on the left in Fig.(2). There are a number of aspects for these Routers that
can remain unspeci�ed for the moment. For example, several routers might be implemented as separate
threads on a singleprocessoror the router associated with a speci�c client might changeduring an extended
execution. The essential elements of the Router model for present purposesare illustrated in the right-hand
part of Fig.(2) and can be stated as follows:

Requirements

1. At any point during overall program execution, a particular client processexchangesdata with a
speci�c router. (The `Data' arrow on the right-hand side of Fig.(2) is actually bi-directional.)

2. The client can inform its router of the subset of interest states that are relevant, and the router
delivers to the client only those data that match this interest declaration.
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3. The interested-limited communications in Fig.(2) could, optionally, be bi-directional. That is, the
routers should be capable of informing the client of the interest state of the \rest of the world", in
order to suppressgeneration of irrelevant messagetra�c from the client. (This optional additional
capability assumes,of course,somedegreeof `interest awareness'on the part of the client processes.)

The simplest \one router handles everyone" con�guration suggestedon the left-hand side of Fig.(2)
can serviceonly a limited number of clients. As the overall problem size increases,scalability results from
networks of interconnected routers. This can be done in a number of ways, with two particular models
illustrated by the schematics in Fig.(3). The number of basic units that can be servicedby a single router
is limited. In the Tree approach, the overall system grows both horizontally and vertically as the overall
problem size increases. In contrast, the scaling model for the Mesh Topology involves only horizontal
replication of the basicunit, with scalingachieved through multiple connectivity paths in the upper router
layers.

Figure 3: Examples of di�eren t communications topologies. The dashedboxes indicate the basic `scaling
units'.

The general MeshRouter architecture described in this note can implement either of the multi-router
networks of Fig.(3) as an appropriate limiting case.

1.3 Historical Con text: The SAF Simulations

The MeshRouter architecture is an extension of earlier work directed towards scalable implementations
of Semi-Automated Forces (SAF)[3]-[5] simulations. Indeed, the Mesh Topology in Fig.(3) provided the
framework for SAF implementations on ScalableParallel Processors(SPPs) in the `SF-Express' project[6].
There is value in somecomments of this earlier work.

The various SAF simulations (JSAF[5] , OneSAF[4], ModSAF[3], etc) are distributed, discrete event
simulations in which most of the client processorsfor Fig.(1) are responsible for simulating the activities of
somelimited number of entities (truc ks, tanks, etc.). Entities on di�eren t simulators interact through ex-
plicit messageexchange. In the earliest ModSAF applications, with limited total entit y count, all messages
were simply dumped onto a broadcast network and examined in turn by all processors.As the underlying
problem grew, a number of di�eren t techniqueswere explored to deal with the increasingcommunications
burdens, such as the router-basedsystemwith explicit interest declarations intro duced in the Ref.[6]. The
initial, somewhat ad hoc implementations of interest-limited communications within the ModSAF soft-
ware (e.g., multicast IP) have given way to more formalized systemsunder the High Level Architecture/
Run-Time Interfaces(HLA/R TI) [7]-[9] framework.

There are a number of di�eren t ways in which to view this work within the context of ongoing SAF
research and development[10].

The SAF application itself is certainly the r̀aison d'etre' for this particular pieceof research. Ongoing
e�orts to apply the SAF program to very large simulations with million-entit y `background' populations
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require SPP and/or cluster computing together with scalable, interest-limited communications. Indeed,
the MeshRouter software itself is being written and packaged as an optional additional communications
component for future releasesof the RTI-s software package.

However, the MeshRouter systemis designedto implement e�cien t, interested-limited communications
for general applications, not simply variants of the SAF family. The key to any claim of generality is
the careful, object-oriented designof the system,with application-speci�c issues(e.g., \What is interest?")
segregatedinto a daughter instancesfor a small number of baseclasses.The emphasisin this document and
in its two companiondocuments[1][2] is on the factorized general framew ork , and the RTI-s application
servesprimarily to illustrate the model for implementing the required, application-speci�c speci�c daughter
classeswithin the overall system.

Moreover, it would be misleading to characterize the MeshRouter system as merely a repackaging of
existing or near-term RTI-s capabilities in better software wrappers. Ongoing applications of SAF tools to
\urban warfare" environments with very largenumbersof background entities areencountering a number of
fundamental problems. The cleanerFramework, Application factorizations within the MeshRouter can, in
fact, enablea number of signi�can t improvements and extensionsin JSAF applications of current interest.
Theseinclude:

1. Wide-area router networks can be matched more closely to the underlying networks of physical
communications links. (Performancesof tree networks, for example, are clearly sensitive to the
geographicallocation of the root node.)

2. The MeshRouter framework can support carefully tailored, possibly parallel I/O to communication-
intensive components of the overall simulation.

An important example in this latter category is the \Sim ulation of the Location and Attack of Mobile
Enemy Missiles" package (SLAMEM) of Toyon Research Corporation [11]. The essential problem here
is the modeling of sensorsystemsthat can seelarge fractions of the playing �eld. The techniques used
in the SLAMEM software to distribute signal processingcalculations among client simulators are only a
partial solution, and truly scalable simulations of the sensorsystems modeled in SLAMEM might well
require signi�can t extensionsof the standard RTI-s messageexchangeprocedures. It is suggestedthat the
MeshRouter framework provides a good, cleanly-separatedstarting point for the neededcommunications
generalizations.

2 Problem Factorization

There are two areas of the general, interested-limited communications model of Figs.(1,2) in which the
details of the associated client processesare obviously essential:

Data Primitiv es: The nature of basic, low-level constructs such as\Message" and \In terest".
Raw Comm unications: The formats, protocols, etc. by which raw setsof bits are sent from

one processorto another.

Theseare, in fact, the only application-speci�c constructs in the MeshRouter package. The overall system
is implemented using an object-oriented (C++) framework. The application-speci�c data primitiv es and
communication pipesare then implemented asspeci�c instancesof (abstract) baseclassesthat fully specify
object interactions.

The data primitiv esassumedwithin the MeshRouter are described in detail in Ref.[1], including speci�c
realizationsof theseobjects for the RTI-s application. Raw data-transfersareencapsulatedin a small subset
of (virtual) methods for the \Pip e" object de�ned in Ref.[2]. Brief summariesof the data primitiv es are
presented in Section 2.1.

The basic router processesof Fig.(2) can be implemented in terms of a very limited number of objects,
including the Pipe class. Thesebuilding blocks of the MeshRouter are intro ducedin Section2.2, with more
detailed descriptions and interface speci�cations given in Section 3.
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2.1 Low Level Primitiv es

The MeshRouter packageusesthree basicclassesto encapsulatethe application-speci�c nature of messages
and the interest of client processesin the context of Fig.(1):

class Message: A simple container holding client messagesas simple setsof bytes, with addi-
tional accessto byte count and messagetype.

class MessageIn terpreter: A virtual class with interfaces to extract the size in bytes and
type (i.e., Ìnterest Declaration' or `Other') from a user message.

class In terest: A virtual classto maintain and manipulate the interest declaration messages
associated with a client process.

The Messageobject is nominally a simple data container, augmented with a memory management
system and a related MessageListobject for managing collections of individual messages.The MessageIn-
terpreter object is used to �ll the Messageobjects from user data messages,including the particular task
of identifying and tagging the interest declarations messages.

The Interest object (a virtual baseclass)speci�es three setsof basicinterfacesfor interest manipulations:

Translation: Methods to i) initialize the Interest object from an interest declaration message
and ii ) create a valid user messagedescribing the state of the Interest object.

Assessmen t: A simple interest assessment method:

bool Interest::HasInte res t( const Message&message)

Interest-limited data exchangeis implemented entirely in terms of this one method.

Manipulation: A limited set of methods to form collective interest statesfrom interest objects
associated with individual clients, such as the union of a set of interest objects.

The interface assumptionsand requirements for these fundamental objects are de�ned in more detail
in Ref.[1]. Speci�c implementations of the (virtual) MessageInterpreter and Interest objects for usewithin
the RTI-s framework are also presented.

2.2 High Level Ob jects

Figure 4: The fundamental MeshRouter objects. The dashedline encompassesthe associated schematic
router processin the sensefor Fig.(2).

The MeshRouter software implements the router processof Fig.(2) using a limited number of software
objects to manipulate the fundamental data objects of the previous section. A schematic of the primary
objects within the system is shown in Fig.(4).
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The Router object in Fig.(4) maintains the list of clients interacting with the router process.This list
is, in general,dynamic, with clients attaching to and disassociating from the Router during the courseof
execution. The Router object also managesthe overall `time evolution' of the system, directing speci�c
activities of the associated Client objects.

The Clien t object in Fig.(4) providesthe Router's internal representation of the generalclient processes
of Figs.(1,2) and is the primary point of interest-basedmessage�ltering. The Client object maintains the
interest state of the (remote) client process,and forwards outgoing messagesto the client processonly if
the basic `HasInterest()' constraint is satis�ed. The Client object also maintains a `Rest of The World'
interest state and can transmit this interest to the client process(thus suppressingsuper
uous message
tra�c from the remote client).

The Pip e object provides the interface betweenthe internal world of Messages(MessageLists)within
the MeshRouter and the real world \bits on a wire" communications of the full communications system
of Fig.(1). The (virtual) Read(), Write() methods for Pipe objects complete the Framework, Application
factorization within the MeshRouter implementation. Thesemethods needto deal with a number of issues,
such aspacket sizing, check summing, etc., depending on the expectations of the remoteclient process. The
hierarchical Pipe object model provides a simple, isolated point for dealing with this application-speci�c
requirements without any impact on the rest of the MeshRouter framework.

The next section provides a more careful description of the data content and primary methods for
the Router, Client, and Pipe objects. Before doing this, however, a warning/ap ology on the notation
may be in order. In particular, the terms `client' and `router' now have dual meanings,referring to both
generalprocessesin regardsto Fig.(1) and speci�c software objects. Thesedual meaningsare not entirely
compatible. For example, the router processis implemented using a Router object that itself contains
Client objects. The client processesin Fig.(1) are simply messagesourcesand sinks and are in a strict sense
completely independent of the Client objects usedwithin a router. The distinction betweena client process
and a Client object should be clear from both context and capitalization/punctuation. (Alternativ e object
naming schemes,such as \AbstractedClien tRepresentation" were consideredbut rejected as unnecessarily
pedantic complications.)

3 Ob ject Speci�cations And Responsibilities

The content and operations of the basicobjects in Fig.(4) are most easilyunderstood working from right to
left in the schematic, moving from elementary user messagesup to the full `choreographer' responsibilities
of the Router object.

The intent in this section is to provide a su�cien t overview of the the objects and object interactions
in the MeshRouter architecture that claims of \factorized generality" are at least plausibly demonstrated.
This means that the following discussionsare a bit detailed, focusing on the data content and essential
methods of the (C++) objects of the MeshRouter software system.

3.1 Pip e Ob jects

Pipe objects are responsible for actual user messagetransmissionsto and from the remote client processes
of Fig.(1). This requires detailed knowledge(indeed, excruciatingly detailed knowledge) of all lowest level
nits of the communications model. The Pipe object is ultimately required to speak precisely the language
expected by the remote clients, including any optional dialects such as checksumming, Kerberos, and so
on.

Communications generality is achieved through a simple object inheritance model, as shown very
schematically in Fig.(5). The overall structure of the implied classhierarchy is as follows:

� All methods for Messageexchange between a Pipe and other objects in the MeshRouter package
(speci�cally , the Client objects) are implemented as methods in the Pipe baseclass.
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Figure 5: Schematic decomposition of the Pipe object, with base class manipulations of Messagesand
virtual, instance-speci�c methods for raw data communications.

� The actual data transmission(read/write) methods are purely virtual methods in the Pipe baseclass.

� The Client objects are responsible for periodically exercisingthe data transmission methods, so that
data packets actually 
o ws through the system.

3.1.1 Data Con ten t and Fundamen tal Metho ds

// ----- Base Class Object Data ---------------- -- --- -- --- -- --- -- -- --

protected:

bool d status; // Health and Status Flag
MessageList d outgoing queue; // Messages To Be Sent Out
MessageList d incoming queue; // Temporary Storage, NewMessages
ConnectionDescrip to r d descriptor; // Connection Descriptive Data

Figure 6: Object data for the Pipe baseclass.

The essential baseclass data for a Pipe object are shown in Fig.(6). The two MessageListsprovide
temporary input and output storage for messagesexchanged over the communications link. The status

ag is required to be true if and only if the actual communications link is fully functional.

The additional `ConnectionDescrip tor ' object is a small data container that speci�es the nature of the
communications link. After someexperimentation, the object was implemented as a simple string holder
with accessmethods:

const std::string ConnectionDescrip tor :: GetPeer ()
const std::string ConnectionDescrip tor :: GetType()

These strings specify, respectively, the `other end' of the communications link (t ypically as a network
address) and the type of connection (e.g., \TCP/IP", \UDP", : : : ). The ConnectionDescriptor is used
during aystem initializations and when an open Pipe (i.e., data member d status is false) attempts to
establish itself.

The primary methods of the Pipe classare listed in Fig.(7). The �rst two methods (implemented in
the baseclassitself ) simply transfer Messagesto and from the temporary MessageListobjects contained
in the Pipe baseclass. The required actions for the three virtual methods are as follows.
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// ----- Message Queue Management---------------- --- -- --- -- --- -- -- --

void AddMessageList( const MessageList& mlist );
int RetrieveMessage s( MessageList& messages );

// ----- Virtual Interfaces --------------- --- -- -- --- -- --- -- --- -- -- --

virtual bool Read() = 0;
virtual bool Write() = 0;
virtual bool Establish() = 0;

Figure 7: Primary methods for the Pipe object.

Read(): Look for newincoming usermessagesfrom the remoteclient. Reformat thesemessages
as MeshRouter messageobjects (using basic Messagemethods, as described in Ref.[1]),
and add them to d incoming queue.

W rite(): If the outgoing MessageListis non-empty, attempt to send somenumber of (refor-
matted) messagesto the remote client process.Successfullytransmitted messagesare to
be removed from d outgoing queue.

Establish(): If the current Pipe::Status() is false, attempt to create the associated commu-
nications link to the remote client process,using the speci�cations contained in the Con-
nectionDescriptor. The d status data element must be set to `true' when a successful
connection is established.

Taken together with the (virtual) data primitiv es of Section 2.1, the three virtual methods in Fig.(7)
complete the basic Framework, Application factorization within the overall MeshRouter framework.

3.1.2 Remarks

The generality of the virtual interfaces in Fig.(7) is not to be confusedwith the simplicit y of the method
implementations for speci�c daughter classes.As has been noted above, these methods must produce or
processdata streamsin precisely the format expected by the client processes.Depending on the nature of
the client processesin Fig.(1), the requirements on the virtual Pipe methods can be substantial.

The JSAF/R TI-s application provides some insights into the work involved in constructing concrete
instancesof the Pipe baseclass. The current RTI-s implementation provides object libraries implementing
a number of steps (e.g., messagebundling). The actual communications procedure are speci�ed in a set
of run-time con�guration �les (so-called\RID" �les, short for "RTI Initialization Data" in the parlance of
Ref.[6])

One reasonableapproach is to build a concrete `RtisPipe ' class using the available RTI-s objects
and methods[2]. The initial applications of the MeshRouter framework to the JSAF simulation use this
approach. There are somemild annoyances,such asworking around the assumeddiscrete-event `scheduler'
that is buried deepwithin the RTI-s implementation, but the approach is fairly safein the sensethat the
Pipe instancesconstructed in this manner can be kept in synch with ongoing embellishments in the RTI-s
libraries.

For Pipes connectedto external client processes,it is clearly a good idea to basethe implementation
upon the communications software of the underlying applications. The situation for Pipes connecting
distinct router processesin full communications networks (e.g., Fig.(3)) is a bit lessclear. For example,the
standard RTI-s implementation absorbsand processesincoming interest declarations while the full Router
and Client operationsof Sections3.2and 3.3 require that theseinterest declarations
o w all the way through
the communications Pipe. Again, a short-term solution here is not di�cult. A `RouterToRouterRtisPip e'

8



could be built using the standard RTI-s objects, excluding the one object in the standard data chain that
performs interest-screeningand interest updates. At a minimum, e�cien t Router-to-Router Pipescan be
built without buying into all the messagememory management framework assumed/required for RTI-s
client processes.

One can easily imagine a software world with a huge number of speci�c daughter classesfor the Pipe
baseclass. This is not, in fact, a bad situation. Consider again the implicit overall problem implied by
Fig.(1): very large simulations using widely distributed computational assets.Large problems will require
large router networks, possibly built up from sub-networks similar to the examplesshown in Fig.(3). The
communications demands on the individual links of a complicated network will be very di�eren t, and
an optimal network would undoubtedly use di�eren t communications primitiv es (i.e., di�eren t daughter
objects of classPipe) for the di�eren t links.

The Pipe interface speci�cation in Fig.(7) provides a clean, well-factorized procedurefor implementing
the overall MeshRouter systemwith communications methods that are tailored to the various levels in the
overall network con�guration.

3.2 Clien t Ob jects

The Client objects in Fig.(4) are essentially interest-aware tra�c managersfor the remote client process
at the other end of the communications pipe. This object has three high-level responsibilities:

1. Maintain relevant Interest state declarations for the external client (both the current interest decla-
ration for that client and the interest state describing what the rest of the world wants to hear).

2. Perform the actual interest screeningof messagessent to the remote client.

3. Periodically 
ush the associated Pipe object (i.e., exercisethe Read() and Write() methods), so that
messagesare actually exchangedover the communications links.

Implementation of the Client object is quite straightforward, with object data and basic methods as
speci�ed in Sections3.2.1 and 3.2.2.

3.2.1 Data Con ten t and Clien tDescriptors

The basic data content of a Client object is shown in the header fragment in Fig.(8).

// ----- Object Data ----------------- --- -- --- -- -- --- -- --- -- --- -- -- --

private:

Pipe* d pipe; // Actual Messaging Connection
Interest *d myinterest; // Interest From Other End
Interest *d world interest; // ROWInterest To Other End
ClientDescriptor d descriptor; // Client Characterization

Figure 8: Essential object data for classClient.

There is one Client object for each client processof a router, in the schematic senseof Fig.(2). The
Client object holds the communications Pipe associated with its client process,and maintains the current
interest statesassociated with that client. (`d my interest' is the interest of the remote client process,while
`d world interest' contains the interest state of the `Rest Of World' (ROW), from the perspective of the
remote client.)
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The schematic Router, Client connectionsin the left-hand part of Fig.(2) are not egalitarian, and the
additional `ClientDescriptor' object in Fig.(8) holds a variety of discretecharacterizations of the associated
client processes.Theseare accessedthrough a number of simple methods:

bool ClientDescriptor :: IsRoute r() const
bool ClientDescriptor :: IsDat aSource() const
bool ClientDescriptor :: IsDat aSink () const
bool ClientDescriptor :: IsUpper () const
bool ClientDescriptor :: IsPer si ste nt () const

Client manipulations by the Router object of Section 3.3 vary according the valuesfor these
ags. In this
regard, the overall segregationof a Router's Clients into \Upp er" and \Lo wer" partitions is worth clarifying.
Interconnected router networks, such as the Mesh Topology of Fig.(3), can have closedcommunications
loops, and additional rules basedon the Upper$ Lower classi�cation are required to prevent in�nite data
cycling. For example:

Messagesreceived from a Lower Data Sourceare sent to all Data Sinks.

Messagesreceived from an Upper Data Sourceare sent only to Lower Data Sinks.

The ÌsPersistent() ' method determinesthe Router's actions on encountering a `broken pipe' - meaning
Pipe::Status() = false: Routers attempt to re-establish connections to persistent clients while simply
discarding non-persistent clients with broken pipes.

The valuesassociated with a ClientDescriptor object areall setduring initialization, with simpledefaults
(non-router, non-persistent lower data source/sink) associated with the `user' client processesof Fig.(1).
The simple ClientDescriptor object provides a powerful, 
exible generalization of the hard-wired router
types(\Primary", \P opUp", \PullDo wn") in the original SF-Expresswork [6].

3.2.2 Clien t Metho ds

Ignoring again a host of object management and utilit y methods, the essential actions involving Client
objects are managedthrough the limited set of methods listed in the header fragment in Fig.9.

// ----- Primary Operations Methods ----------------- -- --- -- --- -- -- --

void SendMessagesToRemot e( const MessageList& out messages );
int GetMessagesFromRemot e( MessageList& in messages );
bool RemoteInterestHas Changed() const;
const Interest& GetClientInteres t( );
void SetWorldInterest( const Interest& w interest );

Figure 9: Fundamental methods for classClient.

SendMessagesToRemote () and GetMessagesFromRemote( ) are the primary drivers for interest-limited
messageexchange. The GetMessagesFromRemote( ) method retrieves incoming Messagesfrom the Pipe
and appends non-interest messagesto the speci�ed MessageList(in messages). Interest declarations are
extracted from the Pipe's messageset and used to update the internal representation (d my interest) of
the remote client's interest. The current state of d my interest is used to select the subsetof the nominal
outgoing messagelist in SendMessagesToRemote( const MessageList& out messages ) that actually go
out the Pipe object.

Note that the Client object manages all bookkeeping related to the remote client's interest dec-
larations. Remote interest declarations are identi�ed and extracted from the MessageListsretrieved
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from the Pipe and used to restrict outgoing data messages. The RemoteInterestHa sChanged( ) and
GetClientInteres t() methods in Fig.(9) provide accessto this interest state. The `Rest Of World'
(ROW) interest (d world interest) in Fig.(8) is a di�eren t matter. This interest state can determined
only by the Router that managesthe Client object, and the SetWorldInterest( ) provides the meansfor
the Router to update ROW interest. The Client object comparesthe speci�ed interest (w interest) with
its cached value (d world interest). If interest has changed, d world interest is updated and an outgoing
interest declaration messageis generatedand sent to the Pipe.

3.3 Router Ob jects

The Router objects in Fig.(4) managethe overall operations of the MeshRouter system,with two high-level
responsibilities:

1. Client Management

(a) Listening for new connection requests.
(b) Identifying and removing `deadclients'.

2. Data Flow Management.

These tasks are actually done by the mid-level objects within the MeshRouter design, and the essential
data content of the Router object is, accordingly, rather limited, as shown in Fig.(10).

// ----- Object Data ----------------- --- -- --- -- -- --- -- --- -- --- -- -- --

private:
Interest *d mylower interest; // Union, Lower Client Interest
Interest *d myupper interest; // Union, Upper Client Interest

ClientList d clients; // List Of Associated Clients

std::vector<Conne ct ion Manager *>
d listeners; // Connection Listeners

Figure 10: Essential object data for classRouter.

The two Interest objects in Fig.(10) are storage areas for the collective interest states of the Router's
upper and lower Clients, and the `ClientList' is a straightforward list of all currently de�ned clients for the
router. The basic Data Flow Management operations of the router are accomplishedby straightforward
manipulations of theseobjects, as is described in Section 3.3.2.

The `ConnectionManager'in Fig.(10) is a newobject/concept, and is involvedin the Client Management
responsibilities of the Router, as described in Section 3.3.1.

3.3.1 ConnectionManagers and Dynamic Clien ts

Robust operation of the schematic in Fig.(1) requires dynamic client management - meaning simply the
abilit y to add and/or remove individual client processesduring execution. The Establish() methods for
Pipe and Client objects in Figs.(7,9) are part of this capability. System con�guration �les will typically
specify the destination of a communications link (i.e., the GetPeer() content of the ConnectionDescrip to r
object in Fig.(6)), and Client objects are responsible for opening/establishing thesecommunications links.

The Router objects in Fig.(4) needto listen for and respond to theseConnection requests.This is done
through a set of ConnectionManager objects, with individual ConnectionManagerslistening to connections
for individual Pipe classes(TCPPipeConnectionManager, MemoryPipeConnectio nManager, : : :).
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// ----- Primary Interfaces ----------------- --- -- -- --- -- --- -- --- --

virtual bool Initialize() = 0;
virtual Pipe* Listen(std::str ing UniqueID) = 0;
virtual void Shutdown() = 0;

Figure 11: Primary methods for the ConnectionManagerclass.

The ConnectionManager is implemented as a purely virtual base class, with interface speci�cations
de�ned by the methods listed in Fig.(11). The primary operational method is Listen() in which the
ConnectionManager responds to new connection attempts from remote processesand returns a (fully
initialized) Pipe object whenever a new requesthas beendetected and processed.The Initialize() and
Shutdown() methods provide hooks for overall set up and termination of the (proto col-speci�c) manager.

The ConnectionManager classis a �nal piecein the overall Framework, Application factorization that
has been stressedthroughout this document. The steps needed to implement a new communications
procedure into the overall MeshRouter framework are limited to:

1. Designand implement the appropriate derived Pipe class,including the essential Read(),
Write() and Establish() methods for the virtual interfacesin Fig.(7).

2. Design and implement the associated ConnectionManager derived class,enabling Router
objects to respond to Establish() requests.

3.3.2 Essential Router Metho ds

Leaving initialization and con�guration issuesaside for the moment, Router operations are driven by the
three basic methods listed in Fig.(12).

// ----- Operational Components---------------- -- --- -- --- -- --- -- -- --

int ListenForConnec tio ns();
void DistributeData();
void UpdateInterestSta te s() ;

Figure 12: Fundamental methods for classRouter.

The ListenForConnect ion s( ) method loopsover the ConnectionManagers in d listeners, invoking the
Listen() method for the various typesof connections. A non-null Pipe* return for the method in Fig.(11)
indicates a successfullyprocessedconnection request. A new Client object is then created and added to
the Router's list of active clients.

DistributeData( ) is little more than a double loop over the active clients, requesting new messages
from each client using the GetMessagesFromRemote( ) method in Fig.(9) and then sendingthesemessages
to (nearly) all other clients using SendMessagesToRemote () . The only restrictions on these messagere-
transmissionsare those implied by the ClientDescriptor 
ags, as discussedin Section 3.2.1. Due to the
e�cien t memory management layers for Messageobjects described in Ref.[1], there is very little overhead
associated with transient `Messageduplications' during thesenesteddata redistribution loops.

The Messageobjects retrieved and redistributed during DistributeData() exclude interest declara-
tions. As was discussedin Section 3.2.2, the Client objects extract and processthe incoming interest dec-
larations from the client processes,returning only the non-interest messages.The Client processingduring
DistributeData() will generallyresult in modi�ed client interest states,and the UpdateInterestSt ate s( )
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method in Fig.(12) ensuresthat the total interest picture for all clients is completeand current. This method
�rst recomputesthe total upper and lower interest states (d my lower interest and d my upper interest) in
Fig.(10) and then loopsover all data sourceclients, recomputing the `RestOf World' interest state relevant
for that client, and updating this interest declaration using the SetWorldInterest( ) method of Fig.(9).

4 Op erations and Initializations

As with many object-oriented systems,a genericprogram `main() ' for a router processinvolvesnot much
more than two conceptually simple steps:

1. Create an appropriate Router object and do a bit of initialization stu�.

2. Repeat a standard operations cycle until directed to end overall execution.

In most cases,this standard structure is accompaniedby a number of application-speci�c embellishments,
such as interrupt handlers. This is the anticipated model for realizing the genericrouter processof Fig.(1),
and simple main routines exist for the JSAF/R TI-s application.

This section exploressomebroad generalitiesfor a generic`program main()', as might be usedto build
a concrete router processfor Figs.(2,3) from the fundamental objects available within the MeshRouter
software. Ongoing operations are driven by the Router::Tick() method described in Section 4.1 and
the Client management proceduresin Section 4.2. Initialization of a Router processfrom con�guration
data is clearly application-speci�c and not, strictly speaking, a well-de�ned task within the MeshRouter
framework. The discussionof Router initialization in Section 4.3 is basedon the JSAF/R TI-s application,
but is su�cien tly high-level to illustrate the actions required for Router initializations for other applications.

4.1 Time Managemen t and `Tic k()'

The most convenient picture for MeshRouter operations is that of a (loosely) time-stepped simulation, and
the inner loop for ongoing execution with an instanced/initialized Router (`myrouter ') typically contains
a code fragment like that shown in Fig.(13).

while(ContinueRun ni ng)
f

double timenow = MeshUtilities::Wa llC lo ckTime( );
myrouter.Tick(time now);

g

Figure 13: Typical Router operations code fragment.

The timenow variable is assumedto be somemeasureof the current time in seconds.The reasonfor
intro ducing a notion of time at all is e�ciency:

1. Someof the object methodsdescribedabove(in particular, Pipe::Read() and Pipe::Write()
are likely to be slow operations.

2. The very simplistic timing control in Fig.(13) is adequatefor controlling the frequencyat
which theseI/O methods are invoked.

The Client objects from Section 3.2 contain additional data elements specifying minimum time delays
betweensuccessive low-level Read() and Write() attempts over the Pipe, and time-stepping directed by the
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Router is su�cien t to ensure that the actual communications primitiv es are exercisedoften enough, but
not excessively.

The actions taken by Router::Tick( timenow ) are straightforward:

Router::Tic k() Activities

1. Advancethe `operations' time of all the Clients to the speci�ed value.

2. Possiblemanagement (additions or deletions) to the list of associated Client objects.

3. Messagemovement among the Clients.

4. Interest state updates.

The last two tasks are doneusing the DistributeData() and UpdateInterestSta tes () methods already
described in Section 3.3.2. The client management in the second item is a bit more complex, and is
described in the next subsection.

4.2 Clien t Managemen t

The MeshRouter supports dynamic client management - meaningsimply that the client processesin Fig.(1)
are allowed to appear, disappear, reappear : : : during the courseof execution. To support dynamic manage-
ment capabilities, the Clients associated with the Router object in Fig.(3) are divided into two categories:

Persisten t Clien ts: Clients that are known and fully speci�ed from the systemcon�guration
data. This means,in particular, that all aspectsof the underlying connection(the speci�c
Pipe class and the contents of the ConnectionDescrip tor of Section 3.1.1) are fully
speci�ed.

Dynamic Clien ts: Clients that arenot speci�ed in the Router's con�guration data but instead
appear as explicit connection requeststo Router during the courseof execution.

Given this distinction betweenPersistent and Dynamic Clients, the actions taken in the secondtask of
the Router::Tic k() Activities list from the previous section are straightforward:

1. The Router �rst loops through its list of Clients, looking for Clients with a broken Pipe. If the Client
associated with a brokenPipe is not Persistent, that Client is immediately deletedfrom the client list.
Connectionattempts for brokenPersistent Clients aredone,asneeded,within the DistributeData( )
method of Fig.(12).

2. The Router then loops through its collection of ConnectionManagers (data element d listeners in
Fig.(10), invoking the Listen() method of Fig.(12). A non-null Pipe return indicates a successful
new connection. A Dynamic Client is created for the Pipe and added to the client list.

The Router is responsiblefor initiating and maintaining operational connectionsto its persistent Clients.
Dynamic clients are treated as transients, serviced while they are around but forgotten when/if they
disappear.

The Pipe::Establish() and ConnectionManager::L is ten () methods are generally slow operations
involving network communications. For purposesof overall e�ciency , Router object has a data element
specifying minimum times betweenconsecutive invocations of thesemethods.
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4.3 Initialization and Con�guration Files

From the perspective of the MeshRouter system itself, there are two essential tasks that must be done
prior to starting the genericexecution loop of Fig.(13).

1. The set of Persistent Clients must be created, including fully-speci�ed Pipe objects for the
underlying communications links and the discreteConnectionDescriptor 
ag valuesfor the
Client objects.

2. The set of active ConnectionManagersin Fig.(10) needsto be populated.

For simple applications, this could be done with a limited number of hard-wired, speci�c main routines.
The more general(and palatable) solution requiresa single `program main()' for all router processes,with
initialization data retrieved from system con�guration data �les.

It is di�cult to imagine a truly generalsolution to the initialization problem for generalapplications in
the senseof Fig.(1). Instead, he approach to �le-driv en initialization in the current MeshRouter software
is a perhapsbest described as an experimental patchwork basedin part on the initialization requirements
of the JSAF/R TI-s application.

The current MeshRouter initialization system is built upon two additional objects:

class RouterCon�g: A data container for holding initialization �le data.

class RouterConnectivit y: An interpreter object that caninterrogate the RouterCon�g data,
and return valuesfor a number of initialization-sp eci�c queries.

It should be stressedthat theseare not `objects' in any nice, hierarchical C++ sense.Individual instances
of theseobjects needto be designed,implemented, and linked for speci�c applications of the MeshRouter
system.

The RouterConfig object is intended to be a container for initialization data. For the JSAF/R TI-s
application, it simply holds a copy of the of the RID. Object initialization and accessmethods are all
application speci�c. The RouterCon�g object is made available to the ConnectionDescriptor and Connec-
tionManager objects within the MeshRouter so that application-speci�c aspects of the communications
primitiv esare available for speci�c Pipe creations.

While all aspects of Pipe initialization can be safely hidden in an otherwise unde�ned object, the
initialization of the Persistent Clients for a Router requiresan interface for extracting speci�c information
from the RouterCon�g object. These required interfacesare provided by the RouterConnectivit y object.
The RouterConnectivit y object has only an explicit constructor:

RouterConnectivit y:: Rout erConnecti vit y( RouterConfig& conf )

and a number of query methods to extract information.
The `appropriate queries' neededfrom the RouterConnectiv ity object are subject to ongoing re�ne-

ments, but needto include items such as:

1. What kind of Router am I?

2. What kinds of ConnectionManagersdo I need?

3. What are my Persistent clients?

4. What are my Persistent clients of a speci�c kind?

The conceptof `kind' in items 1 and 4 is a bit vague,but generically refersto selectingsubsetsof the clients
for di�eren t valuesof the ClientDescriptor characterizations from Section 3.2.1 (e.g., IsDataSource() ).

The RouterCon�g and RouterConnectivit y objects currently usedfor the JSAF/R TI-s application are
adequatefor initializing either of the two overall communications topologiesshown in Fig.(3) (assuminga
straightforward addition to the standard RID syntax to de�ne meshconnectivity). For the tree case,this is
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fairly straightforward, asall Routers behave the sameand each Router has,at most, onePersistent Client -
the Router above it in the network. Initializations within the meshtopology are clearly more complex, with
Routers having several Persistent Clients of di�eren t types. The existing initialization scheme is 
exible
and reasonablysimple. Moreover, the JSAF/R TI-s example provides a simple casestudy for the similar
objects that would be required for other applications of the MeshRouter system.
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