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Abstract

This documert describesthe low-level Pip e and ConnectionManager  objects of the Mesh-
Router system. The overall MeshRouter framework provides a general scheme for interest-
limited communications among a number of client processes. This generality is achieved by
a carefully factorized, object-oriented software implementation. Within this framework, the
Pipe and ConnectionManager(base) classesde ned in this note specify the interfacesfor i) ac-
tual “bits on the wire' communications and ii) dynamic client insertions during overall system
execution. Two speci ¢ implementations of the Pipe classare described in detail: a ‘"Memo-
ryPip e' linking objectsinstancedon a single processorand a more general'rtisPip €' providing
inter-processorcommunications built ertirely from the standard RTI-s library usedin current
JSAF applications. Initialization procedureswithin the overall MeshRouter system are dis-
cussed,with particular attention givento dynamic managemen of inter-processorconnections.
Prototype RTI-s router processesare discussed,and simple extensionsof the standard system
con guration data les are preseried.
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1 Context

The generalapplication of interest for the MeshRouter communications architecture is a number of distinct
processegexdianging messagedy way of explicit router processesThis is illustrated in the schematics of
Fig.(1). In the simplest model shown on the left, a single router managesmessagesxcdhangesamong some
number of external clients. This single router model performs poorly for large numbers of clients, and the
more generalcon guration requiresan interconnectedsystem of router processesas suggestedoy the right
hand side of the gure.

Simple System Layered System

Figure 1. Schematic illustration of the basic Router system. External clients (C) exchange messages
through a network of intermediate routers (R).

A high-level description of the overall MeshRouter system s provided in Ref.[1]. The applicability of
this approach to generalproblems of (interest-limited) communications results from a careful factorization
of two aspects of the communications problem:

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 sert from
one processorto another.

Provided that "Raw Communications' is understood to include the assaiated task of recognizing and
responding to connection requestsfrom external processesthesetwo categoriesare the only componerts
of the MeshRouter systemthat depend on speci cs of the client processes. -

The MeshRouter architecture e ects the required Framework, Application factorization through a
straightforward hierarchical object design(C++). The overall systemis built using a number of (abstract)
base classesto encapsulatethe general "Data Primitiv €' and "Raw Communications' componerts, with
daughter classesimplemerting the application specic details. The objects used for the data primitiv es
are described in Ref.[2], with the speci c daughter classusedfor the RTI-s application [3] are presered
there in somedetail. This note provides the corresponding implemertation details for the general "Raw
Communications' tasks, again using RTI-s as a prototype for a speci ¢ implementation.

Section2 describesthe fundamertal Pip e and ConnectionManager classesde ning the data content
and interfacesassumedwithin the overall MeshRouter architecture. Details for two speci ¢ implementa-
tions, the MemoryPip e and rtisPip e, are contained in Section 3.

The actual router processedor the schematic in Fig.(1) are ultimately built from the basic Router
objects from Ref.[1]. This requires additional schemesfor initializing the overall system, presumably from
somesort of data le. The assaiated proceduresand processesiow in placefor the JSAF/R Tl-s application
are described in Section 4.



2 Fundamen tal Objects

A high-level overview of the objectsinvolvedin the schematic router processe®f Fig.(1) is shown in Fig.(2).
Thesefundamental building blocks are described in detail in Ref.[1].
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Figure 2: The fundamertal MeshRouter objects. The dashedline encompasseshe assaiated schematic
router processin the senseof Fig.(1).

The Router objects are the overall managersfor the interest-limited data o w within the MeshRouter
stheme, and the Clien t objects are internal represenations of the remote client processeqthe "C' com-
ponerts of Fig.(1)). As is described in Ref.[1], the implementations of the Router and Client objects are
independert of application-speci ¢ details, such as messaggormats and physical communications meda-
nisms.

Each Client object in Fig.(2) contains an additional Pip e object that managesthe actual data exchanges
with the (remote) client processesPipe objects are described in detail in Section2.1.

The schematic in Fig.(2) is incomplete in the sensethat it suggestsonly the ongoing operations of
the system, ignoring all questions of additions and deletions of remote client processesn the high level
schematic of Fig.(1). Dynamic client managemer is accomplishedthrough an additional classof Connec-
tionManager objects, as described in Sec.2.2.

The Pipeand ConnectionManagerobjects described below are (virtual) baseclassesde ning the general
interfaces used by the higher level objects in the overall MeshRouter system. Speci ¢ instancesof these
objects (including instancesappropriate to the JSAF/R Tl-s application) are described later in Section 3.

There is one nal object involved in data distribution and dynamic client managemen, the Connec-
tionDescriptor  described in Section 2.2.3. This is actually a simple data corntainer and as such is more
properly part of the overall MeshRouter description of Ref.[1]. The brief discussionin Section 2.2.3is in-
cludedto clarify the overall interactions betweenRouters and ConnectionManagersduring dynamic client
managemen, as summarizedn Section 2.3.

2.1 Pipes

As is suggestedin Fig.(2), Pipe objects provide the sole interface between the xed internal message
formats and manipulations of the MeshRouter system per se and the application-speci ¢ requiremerts of
the external clients in Fig.(1). This is accomplishedusing a simple, hierarchical object model, asillustrated
in Fig.(3).

The left part of Fig.(3) indicates the baseclasscontent of Pipe objects, as described in Section2.1.1,
while the right side indicates the instance-speci ¢ (virtual) methods described in Section2.1.2.



Figure 3: Scematic decomposition of the Pipe object, with base class manipulations of Messagesand
virtual, instance-speci ¢ methods for raw data communications.

2.1.1 Base Class Metho ds and Data Content

[/ Base Class Object Data ---------------- mme e mes mm eme em s e -
protected:
bool d_status; /' Health and Status Flag
MessageList d_outgoing _queue; /I Messages To Be Sent Out
MessagelList d_incoming _queue; /I Temporary Storage, NewMessages
ConnectionDescr ip tor d_descriptor; /[ Connection Descriptive Data

Figure 4: Object data for the Pipe baseclass.

The essetial data content of the Pipe baseclassis shown in Fig.(4). The two MessagelListobjects
provide temporary storagefor messagexchangeswith the remote client process.Theselists are maintained
in the application-independert form described in Ref.[2]. The status ag distinguishes fully operational
Pipes (i.e., fully established communications “arrows' in the senseof Fig.(2)) from unestablished “open
Pipes'.

The ConnectionDescriptor is a simple data container that species the nature of the underlying
communications link, asrequired to initialize communications within the generalframework of Fig.(1). As
might be expected, the appropriate data content for this low-level "nit' was the subject of considerable
experimentation during design of the overall MeshRouter framework. In the end, it was found best to
implemert this object as a simple data cortainer with two primary accessmethods:

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

The “GetP eer() ' method returns an identi er for the remote end of the communications link in Fig.(2).
In typical applications, this is a host name or IP address, although other interpretations are plausible
(e.g., a simple node namein an MPI-based implemertation). The "GetT yp e()' method returns a string
de ning the type of underlying connection (e.g., \TCP/IP", \UDP", :::). The ConnectionDescriptor
classalso contains an additional data entry and appropriate set/query methods to hold global connection
speci cation data, as maintained within the RouterCong object de ned below in Section2.2.2.

All interactions betweenClient and Pipe objects in Fig.(2) are donethrough baseclassPipe methods.
The essettial, non-virtual methods are listed in Fig.(5).



I/ Message Queue Management----------------- mmes mm mme emem e -

void AddMessagelList( const MessageList& mlist );
void AddMessage(const Message&message);
int RetrieveMessages( Messagelist& messages);

"o Status Interrogation = ---------------- S e e - - -
bool Status() const;
[/ ConnectionDescr ipt or Management----------------- —-m e em e -

void SetConnectionDescrip tor( const ConnectionDescr ipt or & desc );
ConnectionDescr ip tor & GetConnectionDescrip to r( );
const ConnectionDescri ptor& GetConstConnecti onDescript or() const;

Figure 5: Baseclass(real) methods for the Pipe object.

The AddMessageList method simply appendsthe indicated list of messageso the outgoing queueof
Fig.(4) while Retriev eMessages() retrievesall messagesrom the incoming queue (clearing the queue).
The Status() method provides external accesdo the health/status state of the Pipe while the remaining
methods of Fig.(5) provide accesso the ConnectionDescriptor componert of Fig.(4).

There are, in fact, a host of additional baseclassmethods in the current implementation of the Pipe
object. These include debug/print methods and methods to interrogate, prune and clear the outgoing
messagequeue. These additional methods are all extremely straightforward with one exception: methods
to deal with “Priority Messages'.This extensionis discussedin Section2.1.3.

2.1.2 Virtual Metho ds

The instance-speci ¢ virtual interfacesfor the Pipe object arelimited to the three methods listed in Fig.(6):

I ----- Virtual  Interfaces = ---------------- i Tl

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

Figure 6: Virtual/In terface methods for the Pipe object.
From the perspective of the Client, Pipe interactions of Fig.(2), thesethree methods completely specify

the instance-speci ¢ actions for the right hand side of Fig.(3). The assumed/required actions for these
three methods are as follows:

Read(): Look for new incoming user messagesrom the remote client. Reformat these messagesas
MeshRouter messageobjects (using basic Messagemethods, as described in Ref.[2]), and add them
to d_incoming_queue

Write():  If the outgoing MessageListis non-empty, attempt to send somenumber of (reformatted) mes-
sagesto 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 assaiated communications link
to the remote client process,using the speci cations cortained in the ConnectionDescriptor. The
d_status data elemeri must be setto “true' when a successfulkconnectionis established.

The messagereformatting assaiated with the Read() and Write() methods is as described in Ref.[2],
e ecting the translation betweeninternal MeshRouter Messagerepresenations and that expected by the
remote client processes.

The Client objects in Fig.(2) are responsible for invoking the methods of Fig.(6). For example, the
Establish() method is executedif the Pipe::Status() ag is false (subject to additional “persistene& con-
straints, as discussedin Section 2.3). The Read() and Write() methods are invoked regularly for es-
tablished Pipes. The amount of actual data transfers accomplishedper invocation depend on speci cs
of the derived Pipe classimplementation. In particular, the interface speci cations do not mandate that
d_outgoing.queuebe completely drained for ead invocation of Write().

2.1.3 Extension: Priorit y Messages

The Messagelistobjects in Fig.(4) are e ectiv ely operated as simple FIFOs. Messagesare added to one
end of the list, and messagesre retrieved and processedn reverseorder from the other end of the list.
This maintains a senseof (approximate) time ordering for messageprocessingwithin the system.

This procedure could easily be generalizedto accommadate tagged “high priorit y' messageswith the
Pipe baseclassrequired to insert recognizedhigh priorit y messagesnto the “next out' end of the internal
messagsdist. Suc a method (AddPriorit yMessage() ) already exists. The shortcomingsin the current
implemertation haveto dealwith the recognition of high priorit y messagessthey o w through the system.

The required extensionsto manage messagepriorities are straightforward. Since the ertire concept
of “messagepriorit y' is application dependert, the task of assigning messagepriorities is properly done
in the Messageln terpreter object of Ref.[2], with an additional Message::GetMessagePriorit  y()
method added to the MeshRouter's basic messageramework. The subsequeh list manipulations within
the Client and Pipe objects would simply interrogate this priorit y tag and insert incoming message®nto
the appropriate endsof the internal lists.

Implementation of priority tags for individual messagess extremely straightforward. (For the specic
JSAF/RTI-s application, for example, priority tags are already part of the standard messageheaders.)
Once individual Messagepriority tags are in place, a variety of application-speci c schemesfor priority
managemen are plausible within the generalmethods of Figs(5,6).

2.2 ConnectionManagers and Related Ob jects

Dynamic client managemen is an essetial requiremert of the MeshRouter framework. In this regard, a
genericstart-up procedurefor the system schematic of Fig.(1) might be as follows:

1. The individual processesassaiated the routers and clients in Fig.(1) are all started inde-
pendently.

2. Certain processeswithin Fig.(1) initiate communications links to appropriate router pro-
cesses.

3. The routers must respond to this requests,thus establishing the communications links.

The ConnectionManager baseclassde ned in Section2.2.1providesthe medanismsfor router responses
to connection requests. For real applications such as JSAF/RTI-s, the simple GetPeer() and GetType()

information of the ConnectionDescriptor object of Section2.1.1is generally not adequatefor complete spec-
i cation of the underlying physical communications. This shortcoming is resolved through the (essetially

singleton) RouterCon g  data container described in Section 2.2.2. Robust operation of the MeshRouter
framework requires a number of additional characterizations of the inter-processorlinks in Fig.(1). This

information is cortained in the Clien tDescriptor object de ned in Section2.2.3.



2.2.1 ConnectionManagers

The ConnectionManagerclassde nes the medanism by which router processedisten for and respond to
connection requestsfrom remote clients. This is implemented through a (virtual) baseclasswith primary
methods as listed in Fig.(7).

I -—--- Primary Interfaces  ---------------- R el IEEEEE SRR

virtual ~ bool Initialize() = 0;
virtual  Pipe* Listen(std::stri ng UniquelD) = 0;
virtual  void Shutdown() = 0;

I - Set RouterConfig --------------- i

void SetConfig(std::st  rin g flavor, RouterConfig& rc );

Figure 7: Interface methods for the ConnectionManagerbaseclass.

The essetial method in this classis Listen() , in which the ConnectionManager is required to de-
tect incoming connection requests, returning a fully initialized Pipe object whenewer such a requestis
detected. This is clearly an application-speci ¢ task. The assaiated rtisPip eConnectionManager for
the JSAF/R Tl-s application is described in Section 3.

The typesof connections(UDP, TCP, MPI, :::) neededin an actual execution assaiated with Fig.(1)
is ideally a run-time decision determined by con guration le information. This is supported through a
straightforward factory procedure,with the essetial method

virtual ~ ConnectionManager* create(std::strin g type, RouterConfig *conf);

creating and returning a concreteConnectionManagerinstancefor the daughter classindicated by the “type'

string. During initialization procedures,the Router objects of Fig.(2) will typically create and store a list

of active Con gurationManager instances based on con guration le specications. During subsequen
operations, the Listen() methods of all instanced ConnectionManagersare executedto detect and process
incoming connection requests.

The remaining base classmethods in Fig.(7) provide additional genericinterfacesfor initializing and
terminating instance-speci ¢ Connection managers. Of particular interest hereis the SetCong() method
at the end of Fig.(7). This is the generalinterface for specifying the lowest-level details of the actual
communications protocols, asis discussedin the following subsection.

2.2.2 The RouterCong Data Container

The needfor an additional Pipe speci cation mecanism is easily appreciated by consideringthe host of
run-time communications options available within the JSAF/R TI-s application: encryption, chedksumming,
and soon. This information must be made available to the Establish() and Listen() methods of Figs.(5,6).

The nature of connection speci cation data is ertirely dependert on details of the user applications in
Fig.(1). It is not feasibleto anticipate all the query methods neededin specic Listen() and Establish()
implemenrtations. As sud, it is not possibleto design a standard “base:daugker' object hierarchy to
maintain the required systemcon guration data. Instead, the MeshRouter framework usesa simple, user-
de ned data container: the RouterCong object.

Aside from constructors and destructors, the MeshRouter framework makes no assumptions on the
nature of this object. It is a compile/link option within the software, with usersresponsible for providing




the appropriate implementation sourcecode. The MeshRouter itself simply passesa pointer to the Router-
Con g object around asneeded.The SetCon g() method for the ConnectionManagerbaseclasslisted in
Fig.(7) is one example. Similar speci cation methods exist for the ConnectionDescriptor object of Section
2.1.1.

The RouterCon g implemertation for the JSAF/RTI-s application described below in Section 3.2.2
provides an instructiv e illustration of this generalobject/in terface.

2.2.3 Clien tDescriptors

In order to support generalinterconnection schemesamong routers and clients, it is necessaryto intro duce
one additional object describing the “character' of individual communications links in Fig.(1). This is the
role of the Clien tDescriptor  object de ned in Ref.[1]. The ClientDescriptor is a simple data corntainer
with straightforward accessmethods such as:

bool ClientDescriptor :: IsDataSource() const
bool ClientDescriptor :: IsDataSnk () const
bool ClientDescriptor :: IsUpper() const
bool ClientDescriptor :: IsPersistent() const

As wasnoted above, the ClientDescriptor is not, strictly speaking, part of the the Pipe/ConnectionManager
framework itself. Instead, ClientDescriptors are contained within the Client objects of Fig.(2) and are used
to managemessageo ws during generalRouter, Client interactions.

The “IsPersistert()' ag is relevant for purposesof this note, asit ultimately controls invocations of the
Pipe::Establish() method of Fig.(6), as described in the following section.

2.3 Operational Details: Lost and Found Clients

In order to indicate how the various objects and methods of the previous sectionsare all tied together, it
is useful to consider a brief, high-level overview of initializations and operations of the schematic router
processwithin the dashedboundary of Fig.(2). The focusin this sectionis on dynamic client managemen
within the MeshRouterframework. Normal communications in the senseof the Read() and Write() methods
of Fig.(6) are automatically invoked by the higher level Router and Client objects of Ref.[1],

Router Initializations

The router processinitializes the appropriate RouterCon g data object of Section2.2.2and then initializes
two internal lists from the con guration data:

1. A set of applicable ConnectionManagers(Section 2.2.1).

2. An initial set of known client processesspeci ed by ‘type' and “peer' valuesin the sense
of the ConnectionDescriptor object of Section2.2.1

The initial clients from the con guration le are all tagged as “persistert' in the senseof Section 2.2.3.
ConnectionDescriptors and (unestablished) Pipe objects are created. A Client object with this Connec-
tionDescriptor and Pipe is created and added to the Router object's internal client list.

In practice, router initialization typically involvesthe creation of speci ¢ instancesof ConnectionMan-
agerand Pipe objects from simple (i.e., character string) speci cations within the con guration data. This
is accomplishedthrough a standard (C++) factory formalism, with Pip eFactory and ConnectionF ac-
tory baseclassesand appropriate speci ¢ derived instances.



Ongoing Operations: Existing Clien ts

The Router periodically examinesits list of assaiated Clients, looking for clients with false values of
Pipe::Status() in the senseof Fig.(5). The action taken on encourtering such a “broken pipe' dependson
the IsPersistert() ag assaiated with the Client object:

Persistent Clien t: An attempt is made to establish the indicated connection through the
Pipe::Establish() method of Fig.(6).

Non-P ersistent Clien t: The assaiated Client object is removed from the router's internal
list and destroyed.

Ongoing Operations: New Clien ts

The Router periodically steps through its list of assaiated ConnectionManager objects, exercising the
Listen() method of Fig.(7) for each manager. If a non-null Pipe is returned, a new Client object is created
for that Pipe and addedto the router's client list. All Client objects createdin this manner are marked as
Non-Persisten, in the senseof Section 2.2.3.

3 Specic Implemen tations

This section describes the two speci ¢ instances of the general Pipe and ConnectionManager formalism
now available within the MeshRouter software: the MemoryPip e and the rtisPip e.

3.1 MemoryPip es

The MemoryPip e classis usedto support communications betweendistinct Router objects instancedwithin

a single executable process,as in the high-level "MeshT riad ' object described below in Section 4. The
intent is simply to tie together two Pipe objects in the senseof Fig.(4) with, e.g., the d_.incoming_queue
list of one MemoryPipe assa@iated with the d_outgoing queueMessageListof a speci c MemoryPipe at the
other end of the communications link (noting that MemoryPip esalways exist in tightly-coupled pairs).

I - Object Data --------------- el il
private:
MemoryPipe *d _partner; /I Other "End" Of Pipe
MessageList *d _read ist; /I My Sent Messages
MessagelList *d _write _list; /I My Incoming Messages

Figure 8: Additional object data for the MemoryPipe class.

The additional object data neededfor the MemoryPipe object is almost trivial, as shown in Fig.(8).
Thesepointers are initially all null and are set (pairwise) by the additional method

bool Bind( MemoryPipe&other);

The Bind() method is invoked onceper pair. Two additional MessageListsare created for the read/write
lists of one object. The read/write lists of the other, partner object are simply setto these samelists in
reversedorder.

The actions of the fundamertal Read() and Write() methods of Fig.(6) are extremely simple:



Read(): All queuedmessagedn d_write _list are transferred to the base-clasgl_incoming_queue
MessagelListof Fig.(4)

Write(): All queuedmessagesn d_outgoing queueare transferred to d_read_list.

(These actions perhapsclarify the peculiar naming convertions in Fig.(8) with, e.g.,d_readlist assaiated
with Read() actions in the partner MemoryPipe.)

In practice, the full ConnectionManager apparatus of Section 2.2 is not used within typical router
processesnvolving MemoryPipes. For example,the MemoryPipeswithin the MeshTriad object of Section
4 are simply createdin pairs, bound, and inserted into the appropriate (persistert) Client objects.

The existing, incomplete MemoryPip eConnectionManagetimplemertation is basedon a simple “pending
gueue' formalism:

1. Each endof aMemoryPipe, MemoryPipeconnectionis regardedas persistert' in the senseof Section
2.2.3. This meansthat both endswill evertually invoke the Establish() method of Fig.(6)."

2. When the rst side of the MemoryPipe pair executesthe Establish() method, an appropriate "Mem-
PipeRequest' object is created, cortaining descriptors to both ends of the assaiated link and a
pointer to the requesting MemoryPipe.

3. When the secondside of the link eventually executesEstablish(), the assaiated queuedrequestis
found, the two pipesare Bound(), and the status ag for ead pipe is setto true.

In practice, the shortcoming in the current implementation hasto deal with the way in which the "Get-
Peer()' strings from the two MemoryPipes are paired together. The correct solution would involve lists
of assaiated pair namesin somesort of con guration le. Since dynamic MemoryPipesare not usedin
existing MeshRouter applications, this extensionremains undewveloped.

3.2 rtisPip es

Unlike the MemoryPipe of the preceding section, the rtisPip e is a full implementation of all the general
capabilities of Section 2. This implemenrtation is is important for seweral reasons:

1. The underlying communications primitiv esare regardedas “castin stone'. That is, the MeshRouter
formalism is required to adapt to RTI-s constraints, not the other way around.

2. Giventhe careful, Framework, Application factorization within the overall MeshRouter framework,
it is, in fact, fairly straightforward to construct the required Pipe and ConnectionManagerinstances
ertirely from objects within the standard RTI-s library.

3. The resulting \R Tl-s/Meshrouter" system is compatible with ongoing, independert developmerts
within RTI-s itself and is thus appropriate for usein ongoing JSAF/R Tl-s applications, such as the
Joint Urban Operation (JUO) activities described in, e.g., Refs.[3][4.

In view of thesecharacterizations (and claims), the descriptions below are a bit detailed. Relevant aspects
of the RTI-s framework are givenin Section3.2.1. The next thee subsectionsdescribe the implementations
of the RouterCon g, Pipe, and ConnectionManagerobjects within the RTI-s framework. Some plausible
re nements on this initial, largely vanilla implementation are mentioned in Section 3.2.5

3.2.1 Basic Considerations

The RTI-s usesa exible “data_path' framework for messageexchangesamong clients, as indicated in the
schematic ow diagram in Fig.(9). User message®nter the RTI-s services,are processedby a number of
intermediate processingsteps (‘data ow _nodes), and evertually go out onto the actual communications
network. The processis repeated (reverseorder of the data ow _nodeg on the receiving end.



Figure 9: Schematic illustration of data ow betweenclients in RTI-s.

The overall communications ow for Fig.(9) is implemented through a linked list of data ow _node
objects. The type/order of thesenodes, as well as node-speci ¢ parameters(e.g., Kerberosauthentication
for the TCP node) are all speci ed in the standard RTI-s "RID' initialization data le.

This suggestsa straightforward implementation model for the neededrtisPip e object:

1. The rtisPip e classinherits from both the MeshRouter Pip e base classand the RTI-s
datapath _node class.

2. The RouterCong object for RTI-s must provide suitable accesgo the RID le.

There is, in fact, only one signi cant complication, and that hasto do with enumerated interest manage-
mert.

The "MultiEm ulate ' data ow node in Fig.(9) is the standard RTI-s module for enumerated interest
managemen. It is necessaryto make the interest-state information processedand maintained in the
MultiEm ulate node available to the broader MeshRouter framework. (Put dierently, a standard RTI-s
data o w absorbs/usesincoming interest declarations while the MeshRouter framework needaccesgo these
declarations). A very simple solution to this “disappearing interest' problem is preserted in Section 3.2.3

3.2.2 The RouterCong Object and Pip e Creation

Conceptually, the RouterCon g object for RTI-s MeshRouterimplementations is little more than a wrapper
around the standard RTI-s RID object. This meansthat all the standard librid and liburlreader function-
ality of RTI-s is transparently available, including run-time identi cation of the appropriate RID le from
ervironment variables.

The actual RTI-s RouterCon g implementation is essetially that of a singleton. Only one actual
instanceis created during an execution, and all subsequeh instancessimply point to the initially instanced
object.

Fragmerts from the rtisPip e object de nition are showvn in Fig.(10), illustrating the multiple inheri-
tance mertioned in the previous section. The interest hereis on the constructor. All rtisPip e instancesare
created through an rtisPip eFactory instance of the generalfactory formalisms noted in Section 2. The
essetial creation method for any PipeFactory hasthe form:

Pipe* PipeFactory::.cre ate(
std::string type, /I Identifier (TCP, UDP,..)
std::string hostname, // Peer Identifier
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class rtisPipe : public Pipe, public dataflow _node
f

public:

rtisPipe(data _path *);

virtual  void receive(ldm _buf *buf);

virtual  void remote _subs_changed();

private:

data _path *path;
g
Figure 10: Esserial structure and data of the rtisPip e class.
RouterConfig *conf ); /[ Additional  Configuration Information

When an rtisPip e is created by an rtisPip eFactory, the RID speci cations are usedto create the ertire
data path speci cation (i.e., the nature and ordering of the appropriate componert “processingboxes' in
Fig.(9)), and this path is stored in the created rtisPip e object through the explicit constructor.

3.2.3 Pipe Read() and Write() Implemen tations

There is no distinction between “data’ and “interest’ messagesn the overall MeshRouter Pipe::Read()
and Pipe::Write() methods of Section 2.1. The Client objects in Fig.(2) identify and processthe interest
declaration messagesind manageoverall interest-limited messagesxdchange.

The implementation within RTI-s is a bit dierent in that interest managemen is done by one of the
data ow _nodes in the overall data path (speci cally, the "MultiEm ulate' box in Fig.(9)). This requires
di erent processingproceduresfor interest and non-interest messageswithin the Read() and Write() im-
plemertations.

Non-In terest Messages

The RTI-s pacagesuser messagegi.e., "byte strings’) using a general Ildm_buf data cortainer. Write()
and Read() for these messagesnvolveslittle more than translating:

MeshRouter Message, RTI-s Idm_buf

and then invoking basic data o w_node I/O methods inherited through Fig.(10):

Write(): Create an Idm_bufand Il it from the Messagecontents, using standard methods of
the data_path *path elemen of Fig.(10). Sendit o into the full data path. Releasethe
bu er and delete the sert messagdrom d_outgoing.queuecomponert of Fig.(4).

Read(): Accept an incoming l[dm_buf object from the RTI-s processingof Fig.(9). Create and
Il a Messageobject to hold this data and push it onto the d_incoming_queuelist of the
Pipe object.

The description of Read() is actually only notional. The RTI-s processesncoming messageghrough
a callbadk medanism (method ‘receive())). The processingdescribed above is actually done in the
rtisPip e::receiv e(ldm_buf* ) method. The rtisPip e::Read() method simply exercisesthe standard RTI-s
scheduler to ensurethat receive() is invoked.
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Interest Messages

As noted previously, the MultiEm ulate node in the standard RTI-s data o w chain enforcesinterest-limited
communications. This meanstwo things:

1. The declaredinterest state of the remote end is maintained within the MultiEm ulate data o w nodes.

2. Remote interest declarations are completely processed/absorked in the MultiEm ulate node.

Someadditional work is neededto make the remote interest declarations visible to the overall MeshRouter
system. The simplest solution is to leave standard MultiEm ulate interest processinguntouched and then
generateadditional “incoming' message$o MeshRouter layersto re ect interest changes.

The required additional messagegenerationis accomplishedthrough the “remote_subschanged()' method
in Fig.(10). This is a standard RTI-s callbadk invoked when the MultiEm ulate node in Fig.(9) detects a
changein the remote interest declaration. The rtisPip e versionof the callback simply createsan appropriate
interest Messagefrom this state and addsit to the d.incoming_queuelist of Fig.(4).

A similar, ‘redundart’ reliance upon MultiEm ulate is also used for outgoing interest declarations dur-
ing rtisPip e::Wkite(). When an incoming interest messages processedby Write(), it is converted to an
RTI-s interest declaration object and passedto the MultiEm ulate data ow node through the standard
data ow _node::setsubs() method. The MultiEm ulate node in Fig.(9) will evertually regenerateand send
the outgoing interest declaration messagdo the remote process.

3.2.4 Connection Managemen t

The RTI-s already implements proceduresfor data-driven speci cation of “listeners' for all manners of
connection request processing,as neededfor an rtisConnectionManager. This leadsto a straightforward,
multiple-inheritance implementation, asshown by the headerfragmert in Fig.(11).

class rtisPipeConnecti onMarmger : public ConnectionManager, public newpath client
f
public:
virtual  void newpath(data _path *path);
private:
void SetServer(server *s);
std::list<Pipe* > newconnections;
server *d_server;
g

Figure 11: Esserial structure and data of the rtisPip e class.

The RTI-s detectsand processesiew connectionrequeststhrough an asyndronous callback procedure,
with the relevant method:

void newpath _client:new _path(data _path *path);

The callbac instance for rtisPip eConnectionManagercreatesa new rtisPip e for the speci ed path, sets
the peer and type ags, and then pushesthe created pipe onto a temporary list (the “new_connections'
data elemert in Fig.(11). The rtisPip e::Listen() method (Fig.(7) tickles the connection path and, if the
temporary list is non-empty, returns (and pops) the front entry.

The RTI-s server object (d_server) in Fig.(11) doesall the real work assaiated with recognizingand
processingexternal connection requests. This componert of Fig.(11) is created within the standard

ConnectionManage™* create( ... )
method for the rtisConnectionManagerFactor, as discussedin Section2.2.1.
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3.2.5 Plausible Extensions

Implementation of RTI-s versions of the Pipe and ConnectionManager classeswas ultimately straight-
forward, given the multiple-inheritance object designsin Figs.(10,11) and availability of the full RID le
information through the RouterCon g implementation of Section 3.2.2. The RTI-s, MeshRouter integra-
tion is cleanand essetially completein the initial implementation, with the exception of a few hard-wired
values (e.g., the libmcast version number).

One neededextension of the current formalism has already beenmertioned in Section 2.1.3. Oncethe
Messageln terpreter object Ref.[2] has beengeneralizedto support user-de ned messagepriorities, the
pending queue manipulations of Section 3.2.2 will require minor extensionsto support priorit y-modi ed
messageo ws.

A somewhatawkward low-level problem hasto deal with the data transfer

[ RTI-s Idm_buf]) [ MeshRouter MessageOb j ]
neededin rtisPip e::Read(). There are two problems:
1. The e cien t Idm_buf methods for data extraction are private.

2. The methods in Ref.[2] for initializing a MessageOlp assumethat data are presered in a corntiguous
byte array.

The rst problem was solved by extending the set of friends for class Idm_buf to include the needed
MeshRouter objects. This appearsto be a standard procedure within th RTI-s code, as the friend list
for Idm_buf is quite lengthy. It should be noted that the additional friends for Idm_buf were the only
modi cations to the RTI-s sourcecode neededfor the rtisPip e implemertation. o

A short-term solution of the secondproblem was implemented in terms of an explicit MessageOW ini-
tialization method given an Idm_buf object. This works, but stretchesthe overall Framework, Application
factorization of the MeshRouter architecture. A cleanerimplemertation, using a hierarchy of "Message-
Help er' classesjs under developmert.

A nal re nement worth pursuing hasto dealwith the multiple processingof interest declarationsnoted
in Section 3.2.3. The interest declaration reformatting and interest state maintenance tasks done by the
MultiEm ulate node in Fig.(9) are already done by the Client objects in Fig.(2). It may be possible to
specify simpler data o w chains for MeshRouter processorswithout the MultiEm ulate node.

4 Protot ype Router Pro cessesand Initializations

Figure 12: Examples of di erent communications topologies. The dashedboxesindicate the basic “scaling
units' in the context discussedin Ref.[1].

The Meshrouter architecture supports a variety of topologiesfor the communications network linking
the client processes. Two particular examplesare illustrated in Fig.(12). The solid circles in Fig.(12)
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represen full router processesn the senseof Fig.(1). The concernin this sectionis the construction of
theseprocessedrom basic MeshRouter objects and the run-time initialization of the processegor the RTI-s
application.

The Tree Topology in Fig.(12) is, in fact, already supported and usedwithin the JSAF/R Tl-s applica-
tion. The run-time con guration is basedon a simple “vertical hierarchy', with the RID le specifying the
“upper' communications partner for ead elemen (simulator or router) in the network.

The Mesh Topology in Fig.(12) represeris a more complex communication network derived from the
scalable SFExpresscommunications model introducedin Ref.[5]. The basic building block in this network
is a set of simulators assa@iated with three routers (called “Pop-Up’, "Pull-Down’, and "Primary', top to
bottom within the dashedbox). While all data o ws within the tree topology are essetially egalitarian,
those assaiated with the communications links for the meshdi er depending on the router type. (This is,
in fact, the rationale for the ClientDescriptor object de ned in Section2.2.3.)

Section 4.1 presens a set of plausible extensionsto the standard RID le connectivity speci cations
capable of supporting both topologiesof Fig.(12). An assaiated MeshRouter object suitable for imple-
merting any of the schematic routers (solid circles) in Fig.(12) is preserted in Section4.2.

However, implementation of the full Mesh Topology in Fig.(12) with separate processorsdedicated to
ead router is not particularly e cient. (It was found in Ref.[5], for example, that the loads on Pop-
Up and Pull-Down routers are small, even for large mesh con gurations with a few dozen basic triads.)
A more e cient procedure involves three Router objects implemented within a single processor. This
MeshT riad model is described in Section 4.3, providing an e ectiv e reimplemertation of the scalable
SFExpresscommunications framework for JSAF/R TI-s applications.

Finally, Section 4.4 describes a single executable processfor the RTI-s/JSAF application that imple-
ments either the MeshTriad or MeshRouter execution model (run time decision) as well as a variety of
standard, interactive consolefeatures from RTI-s.

4.1 RID File Extensions

The standard RTI-s RID formalism speci es communications links within a “connectivit y_map' com-
ponert of the larger “stream _manager ' segmen within the RID le. The assumedsyntax within this
segmen is summarizedin Fig.(13).

(stream _ manager

(connectivity _map
(node "hostl" "type" "host2")
(node "hostl" "type" "host2")

Figure 13: RID le stream_managerand connectivity_map components.

The intent/consequencesof an individual \(no de:::)" entry within the connectivity_map is asfollows:

The processon hostl is to initiate a connection of the speci ed type (TCP, UDP, ...) to the
(upper) processon host 2, where \upp er" refersto the standard vertical hierarchy implicit in
the Tree network of Fig.(12).

In order to generalizethe stream_managerto support the richer communications topology of the meshnet-
work, a new ‘mesh _-map ' componert hasbeendeweloped, with basic syntax/con tent as shown in Fig.(14).
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(mesh.map
(mesh
(primary "hostl" "type" popup "host2")
(primary "hostl" "type" pulldown "host2")
(pulldown "hostl" "type" popup "host2")

Figure 14: lllustration of the proposed mesh _map' extensionto the stream_managerRID le segmerm.
Multiple meshsegmers can exist within a single meshmap.

Before addressingspeci cs of Fig.(14), it seemsfair to characterize these extensionsas a real \w ork
in progress". The syntax and nomenclature in Fig.(14) is clearly derived from the structure of the old
SFExpressarchitecture and, indeed, the generalizedRID speci cations in Fig.(14) wereimplemented with
the specic intent of seamlesslyaccommalating SFExpress-like router networks within standard RTI-s
procedures. The model in Fig.(14) is adequatefor this limited task. Howevwer, it doesnot support a number
of obvious extensionswithin the overall MeshRouter framework, such asadditional “shadav routers' in the
schematic of Fig.(12) to provide somelevel of fault tolerancewith respectto router failures. In this regard,
the additional RID semartics in Fig.(14) are best regardedas provisional.

Returning to speci cs of Fig.(14), the three dierent entry typesfor \Hostl To Host2 comm uni-
cations of specied Type" in the the map fragment distinguish the three classesof router to router
connections( and ClientDescriptors) neededin the Mesh Topology model of Fig.(12). In particular,

Primary To PopUp: The upper router is a data sink but not an interest sink for the lower
router.

Primary To Pulldo wn: The upper router is a data sourceand an interest sink.

PullDo wn To PopUp: The upper router is a data source and an interest sink, with the
additional provision that the two routers must not be part of the sametriad in the sense
of Fig.(12)

Extended RID le semariics and parsing are done in an auxiliary RouterConnectivit y object within
the MeshRouter. In addition to the most basic entries listed in Fig.(14), this object supports a number
of shorthand proceduresfor specifying ertire router triads. Of particular interest is the speci cation of an
entire MeshTriad process(Section 4.2) with a single entry

(triad \hostname" "type")

within a “(mesh::: )" componert of Fig.(14).

Finally, it is worth noting that the \t ype" entries in Fig.(14) are a bit more extensive than those of the
standard RID connectivity_map of Fig.(13). In particular, the "MemoryPipe' connectivity of Section3.1is
supported, provided that the two host entries in the connectivity ertry are the same.

4.2 The MeshRouter Ob ject

The essetial content and tasks of high-level objects assaiated with either a single router or a triad for
Fig.(12) are straightforward:

Data Initialization:  Createand bind the required ‘Messageln terpreter ' object from Ref.[2].

Router Initialization: ~ Create and initialize the appropriate Router object, accordingto RID
le speci cations.
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Op erations: Repeatedly exercisethe router's “Tic k() ' method until the overall processis
terminated.

Data initialization involvesa few basic methods from Ref.[2]. Ongoing operations are described in Section
4.3. The concernin this section is initialization of a single (generic) Router object in the senseof any of
the solid circlesin Fig.(12).

The router initialization task is straightforward. An instance of the RouterCon g object from Section
2.2.3is created and two lists are extracted:

1. The setof all “listener' entries from the RID le.

2. The setof all connectivity ertries (Figs.(13,14)) whose rst hostnamematchesthe current
process.

The rst list de nes the set of appropriate ConnectionManagers from Section2.2.1. These are created
using an appropriate factory medcanism and passedto the Router object (using the AddConnection-
Manager() method described in Ref.[1]).

The secondlist de nes the router's set of "Persistert Clients', in the sensede ned in Section2.3. For
ead entry in this list, an appropriate (open) Pipe is created, and a ClientDescriptor is created and set
accordingto details of the assaiated connectivity_map or mesh.map entry. A Client object is created for
the (Pip e,ClientDescriptor) pair and inserted into the Router.

4.3 The MeshT riad Object

The MeshTriad Object cortains three Router objects: The Primary, PopUp, and PullDown routers for a
singletriad in the MeshTopology con guration of Fig.(12). The Primary, PopUpandPrimary, PullDown
connections within a triad are done with MemoryPipes. These pipes are created and fully con gured
explicitly during MeshTriad::Initialize().

ConnectionManagerand (persistert) Client initialization is complicated by the fact that there are two
distinct typesof connectionrequeststhat must be managedduring MeshRouter::Tick():

1. Connection requestsform PullDown routers on di erent MeshTriad processes.
2. Connection requestsfrom other (unknown) processes.
The rst category de nes clients for the PopUp router while those in the secondcategory must be added

instead to the Primary router.
The solution to this client segregationproblem is straightforward:

1. The entire “(mesh...)' segmen of Fig.(14) assaiated with the current process/hostis processedand
a list of all remote triad hostsis established.

2. Persistert Clients connecting the PullDown router to PopUps on all other triads are created and
addedto the (local) PullDown router.

3. ConnectionManagersare created from RID speci cations and stored in a list maintained within the
MeshTriad object itself.

Subsequeh connection requestsare managedexplicitly during MeshTriad::Tick(). The origin of the con-
nection requestis comparedwith the stored list of triad host names. Connectionsfrom known triad hosts
are attached to the PopUp router. All others are sernt to the Primary.
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4.4 The MeshRouter/R TI-s Pro cess

The generic program main() ' for incorporation of the MeshRouter framework within JSAF/R Tl-s appli-
cations is extremely simple:

1. A few global objects (e.g., RouterCon g) are initialized.

2. The appropriate high level object (MeshRouter or MeshTriad) is created, according to
command line speci cations and initialized from RID speci cations.

3. A main executionloop is started, contin ually invoking the Tick() method for the instanced
object from step 2.

The actual implemenrtation within the existing MeshRouter sourcecode incorporatesone signi cant exten-
sion.

An additional, tickable “Console'object has beencreated, with an appropriate instance (RtisP arser-
Console ) for the JISAF/R TI-s application. The Consoleobject is initialized ate the start of execution, and
the notional

for(;;) Tick();

processingin step 3 above executesthe Tick() methods for both the router/triad and the console. This
procedure supports easyimplementation/access of many of the standard, run-time monitoring capabilities
available within RTI-s.
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