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EXPRESS MATL NO. EL404935398US

JOINING A BROADCAST CHANNEL
CROSS-REFERENCE TO RELATED APPLICATIONS

This application is related to U.S. Patent Application No. ,

entitled “BROADCASTING NETWORK,” filed on July 31, 2000 (Attorney Docket

5 No. 030048001 US); U.S. Patent Application No. , entitled “JOINING A
BROADCAST CHANNEL,” filed on July 31, 2000 (Attorney Docket No. 030048002 US);
U.S. Patent Application No. , “LEAVING A BROADCAST CHANNEL,”
filed on July 31, 2000 (Attorney Docket No. 030048003 US); U.S. Patent Application
No. , entitled “BROADCASTING ON A BROADCAST CHANNEL,” filed
on July 31, 2000 (Attorney Docket No. 030048004 US); U.S. Patent Application
No. , entitled “CONTACTING A BROADCAST CHANNEL,” filed on
July 31,2000 (Attorney Docket No. 030048005 US); U.S. Patent Application
No. , entitled “DISTRIBUTED AUCTION SYSTEM,” filed on
July 31,2000 (Attorney Docket No. 030048006 US); U.S. Patent Application
No. , entitled “AN INFORMATION DELIVERY SERVICE,” filed on
July 31,2000 (Attorney Docket No. 030048007 US); U.S. Patent Application
No. , entitled “DISTRIBUTED CONFERENCING SYSTEM,” filed on
July 31,2000 (Attorney Docket No. 030048008 US); and U.S. Patent Application
o No. , entitled “DISTRIBUTED GAME ENVIRONMENT,” filed on
20 July 31,2000 (Attorney Docket No. 030048009 US), the disclosures of which are

incorporated herein by reference.

TECHNICAL FIELD

The described technology relates generally to a computer network and more

particularly, to a broadcast chamnel for a subset of a computers of an underlying network.

25 BACKGROUND

There are a wide variety of computer network communications techniques such

as point-to-point network protocols, client/server middleware, multicasting network
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protocols, and peer-to-peer middleware. Each of these communications techniques have
their advantages and disadvantages, but none is particularly well suited to the simultaneous
sharing of information among computers that are widely distributed. For example,
collaborative processing applications, such as a network meeting programs, have a need to

5  distribute information in a timely manner to all participants who may be geographically
distributed.

The point-to-point network protocols, such as UNIX pipes, TCP/IP, and UDP,
allow processes on different computers to communicate via point-to-point connections. The
interconnection of all participants using point-to-point connections, while theoretically

10 possible, does not scale well as a number of participants grows. For example, each
participating process would need to manage its direct connections to all other participating
processes. Programmers, however, find it very difficult to manage single connections, and
management of multiple connections is much more complex. In addition, participating
processes may be limited to the number of direct connections that they can support. This
limits the number of possible participants in the sharing of information.

The client/server middleware systems provide a server that coordinates the
communications between the various clients who are sharing the information. The server
functions as a central authority for controlling access to shared resources. Examples of
client/server middleware systems include remote procedure calls (“RPC”), database servers,
and the common object request broker architecture (“CORBA”). Client/server middleware

systems are not particularly well suited to sharing of information among many participants.

In particular, when a client stores information to be shared at the server, each other client
would need to poll the server to determine that new information is being shared. Such
polling places a very high overhead on the communications network. Alternatively, each
25 client may register a callback with the server, which the server then invokes when new
information is available to be shared. Such a callback technique presents a performance
bottleneck because a single server needs to call back to each client whenever new
information is to be shared. In addition, the reliability of the entire sharing of information
depends upon the reliability of the single server. Thus, a failure at a single computer (i.e.,

30  the server) would prevent communications between any of the clients.
The multicasting network protocols allow the sending of broadcast messages to

multiple recipients of a network. The current implementations of such multicasting network
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protocols tend to place an unacceptable overhead on the underlying network. For example,
UDP multicasting would swamp the Internet when trying to locate all possible participants.
IP multicasting has other problems that include needing special-purpose infrastructure (e.g.,
routers) to support the sharing of information efficiently.

5 The peer-to-peer middleware communications systems rely on a multicasting
network protocol or a graph of point-to-point network protocols. Such peer-to-peer
middleware is provided by the T.120 Internet standard, which is used in such products as
Data Connection’s D.C.-share and Microsoft’s NetMeeting. These peer-to-peer middleware
systems rely upon a user to assemble a point-to-point graph of the connections used for

10 sharing the information. Thus, it is neither suitable nor desirable to use peer-to-peer

middleware systems when more than a small number of participants is desired. In addition,

the underlying architecture of the T.120 Internet standard is a tree structure, which relies on
the root node of the tree for reliability of the entire network. That is, each message must pass
through the root node in order to be received by all participants.

It would be desirable to have a reliable communications network that is
suitable for the simultaneous sharing of information among a large number of the processes

that are widely distributed.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a graph that is 4-regular and 4-connected which represents a

broadcast channel.

Figure 2 illustrates a graph representing 20 computers connected to a broadcast
channel.

Figures 3A and 3B illustrate the process of connecting a new computer Z to the

broadcast channel.

25 Figure 4A illustrates the broadcast channel of Figure 1 with an added

computer.

Figure 4B illustrates the broadcast channel of Figure 4A with an added

computer.

Figure 4C also illustrates the broadcast channel of Figure 4A with an added
30  computer.
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Figure 5A illustrates the disconnecting of a computer from the broadcast
channel in a planned manner.

Figure 5B illustrates the disconnecting of a computer from the broadcast

channel in an unplanned manner.

5 Figure 5C illustrates the neighbors with empty ports condition.
Figure 5D illustrates two computers that are not neighbors who now have
empty ports.
Figure SE illustrates the neighbors with empty ports condition in the small
regime.
10 Figure SF illustrates the situation of Figure SE when in the large regime.

Figure 6 is a block diagram illustrating components of a computer that is
connected to a broadcast channel.

Figure 7 is a block diagram illustrating the sub-components of the broadcaster

component in one embodiment.

Figure 8 is a flow diagram illustrating the processing of the connect routine in
one embodiment.

Figure 9 is a flow diagram illustrating the processing of the seek portal
computer routine in one embodiment.

Figure 10 is a flow diagram illustrating the processing of the contact process

routine in one embodiment.

= Figure 11 is a flow diagram illustrating the processing of the connect request
routine in one embodiment.

Figure 12 is a flow diagram of the processing of the check for external call
routine in one embodiment.

25 Figure 13 is a flow diagram of the processing of the achieve connection routine

in one embodiment.

Figure 14 is a flow diagram illustrating the processing of the external
dispatcher routine in one embodiment.
Figure 15 is a flow diagram illustrating the processing of the handle secking
30  connection call routine in one embodiment.
Figure 16 is a flow diagram illustrating processing of the handle connection

request call routine in one embodiment.
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Figure 17 is a flow diagram illustrating the processing of the add neighbor

routine in one embodiment.
Figure 18 is a flow diagram illustrating the processing of the forward

connection edge search routine in one embodiment.
Figure 19 is a flow diagram illustrating the processing of the handle edge

proposal call routine.
Figure 20 is a flow diagram illustrating the processing of the handle port

connection call routine in one embodiment.
Figure 21 is a flow diagram illustrating the processing of the fill hole routine in

10 one embodiment.
Figure 22 is a flow diagram illustrating the processing of the internal dispatcher

routine in one embodiment.
Figure 23 is a flow diagram illustrating the processing of the handle broadcast

message routine in one embodiment.
Figure 24 is a flow diagram illustrating the processing of the distribute

broadcast message routine in one embodiment.
Figure 26 is a flow diagram illustrating the processing of the handle connection

port search statement routine in one embodiment.
Figure 27 is a flow diagram illustrating the processing of the court neighbor

20  routine in one embodiment.
Figure 28 is a flow diagram illustrating the processing of the handle connection

edge search call routine in one embodiment.
Figure 29 is a flow diagram illustrating the processing of the handle connection

edge search response routine in one embodiment.
25 Figure 30 is a flow diagram illustrating the processing of the broadcast routine
in one embodiment.
Figure 31 is a flow diagram illustrating the processing of the acquire message

routine in one embodiment.
Figure 32 is a flow diagram illustrating processing of the handle condition

30 check message in one embodiment.
Figure 33 is a flow diagram illustrating processing of the handle condition

repair statement routine in one embodiment.
7/31/00
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Figure 34 is a flow diagram illustrating the processing of the handle condition
double check routine.

DETAILED DESCRIPTION

A broadcast technique in which a broadcast channel overlays a point-to-point

5 communications network is provided. The broadcasting of a message over the broadcast
channel is effectively a multicast to those computers of the network that are currently
connected to the broadcast channel. In one embodiment, the broadcast technique provides a
logical broadcast channel to which host computers through their executing processes can be
connected. Each computer that is connected to the broadcast channel can broadcast

10 messages onto and receive messages off of the broadcast channel. Each computer that is
connected to the broadcast channel receives all messages that are broadcast while it is
connected. The logical broadcast channel is implemented using an underlying network
system (e.g., the Internet) that allows each computer connected to the underlying network

system to send messages to each other connected computer using each computer’s address.

Thus, the broadcast technique effectively provides a broadcast channel using an underlying
= network system that sends messages on a point-to-point basis.
The broadcast technique overlays the underlying network system with a graph

of point-to-point connections (i.e., edges) between host computers (i.e., nodes) through

which the broadcast channel is implemented. In one embodiment, each computer is
£ 20 connected to four other computers, referred to as neighbors. (Actually, a process executing
on a computer is connected to four other processes executing on this or four other
computers.) To broadcast a message, the originating computer sends the message to each of
its neighbors using its point-to-point connections. Each computer that receives the message
then sends the message to its three other neighbors using the point-to-point connections. In
25 this way, the message is propagated to each computer using the underlying network to effect
the broadcasting of the message to each computer over a logical broadcast channel. A graph
in which each node is connected to four other nodes is referred to as a 4-regular graph. The
use of a 4-regular graph means that a computer would become disconnected from the
broadcast channel only if all four of the connections to its neighbors fail. The graph used by
30  the broadcast technique also has the property that it would take a failure of four computers to
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divide the graph into disjoint sub-graphs, that is two separate broadcast channels. This
property is referred to as being 4-connected. Thus, the graph is both 4-regular and 4-
connected.
Figure 1 illustrates a graph that is 4-regular and 4-connected which represents
5 the broadcast channel. Each of the nine nodes A-I represents a computer that is connected to
the broadcast channel, and each of the edges represents an “edge” connection between two
computers of the broadcast channel. The time it takes to broadcast a message to each
computer on the broadcast channel depends on the speed of the connections between the
computers and the number of connections between the originating computer and each other
10  computer on the broadcast channel. The minimum number of connections that a message
would need to traverse between each pair of computers is the “distance” between the
computers (i.e., the shortest path between the two nodes of the graph). For example, the
distance between computers A and F is one because computer A is directly connected to
computer F. The distance between computers A and B is two because there is no direct
connection between computers A and B, but computer F is directly connected to computer B.
Thus, a message originating at computer A would be sent directly to computer F, and then
sent from computer F to computer B. The maximum of the distances between the computers
is the “diameter” of broadcast channel. The diameter of the broadcast channel represented
by Figure 1 is two. That is, a message sent by any computer would traverse no more than

two connections to reach every other computer. Figure 2 illustrates a graph representing 20

computers connected to a broadcast channel. The diameter of this broadcast channel is 4. In
particular, the shortest path between computers 1 and 3 contains four connections (1-12, 12-
15, 15-18, and 18-3).

The broadcast technique includes (1) the connecting of computers to the
25  broadcast channel (i.e., composing the graph), (2) the broadcasting of messages over the
broadcast channel (i.e., broadcasting through the graph), and (3) the disconnecting of

computers from the broadcast channel (i.e., decomposing the graph) composing the graph.

Composing the Graph

To connect to the broadcast channel, the computer seeking the connection first

30 locates a computer that is currently fully connected to the broadcast channel and then

[03004-8002/81.003733.099] -7- 7/31/00

0008



establishes a connection with four of the computers that are already connected to the
broadcast channel. (This assumes that there are at least four computers already connected to
the broadcast channel. When there are fewer than five computers connected, the broadcast
channel cannot be a 4-regular graph. In such a case, the broadcast channel is considered to
5 bein a “small regime.” The broadcast technique for the small regime is described below in
detail. When five or more computers are connected, the broadcast channel is considered to
be in the “large regime.” This description assumes that the broadcast channel is in the large
regime, unless specified otherwise.) Thus, the process of connecting to the broadcast
channel includes locating the broadcast channel, identifying the neighbors for the connecting
10 computer, and then connecting to each identified neighbor. Each computer is aware of one
or more “portal computers” through which that computer may locate the broadcast channel.
A seeking computer locates the broadcast channel by contacting the portal computers until it
finds one that is currently fully connected to the broadcast channel. The found portal
computer then directs the identifying of four computers (i.e., to be the seeking computer’s
neighbors) to which the seeking computer is to connect. Each of these four computers then
cooperates with the seeking computer to effect the connecting of the seeking computer to the
broadcast channel. A computer that has started the process of locating a portal computer, but
does not yet have a neighbor, is in the “seeking connection state.” A computer that is
connected to at least one neighbor, but not yet four neighbors, is in the “partially connected

state.” A computer that is currently, or has been, previously connected to four neighbors is

in the “fully connected state.”

Since the broadcast channel is a 4-regular graph, each of the identified
computers is already connected to four computers. Thus, some connections between
computers need to be broken so that the seeking computer can connect to four computers. In
25 one embodiment, the broadcast technique identifies two pairs of computers that are currently

connected to each other. Each of these pairs of computers breaks the connection between
them, and then each of the four computers (two from each pair) connects to the seeking
computer. Figures 3A and 3B illustrate the process of a new computer Z connecting to the
broadcast channel. Figure 3A illustrates the broadcast channel before computer Z is
30 connected. The pairs of computers B and E and computers C and D are the two pairs that are
identified as the neighbors for the new computer Z. The connections between each of these

pairs is broken, and a connection between computer Z and each of computers B, C, D, and E

{03004-8002/81.003733.099) -8- 7/31/00

0009



is established as indicated by Figure 3B. The process of breaking the connection between
two neighbors and reconnecting each of the former neighbors to another computer is referred
to as “edge pinning” as the edge between two nodes may be considered to be stretched and
pinned to a new node.

5 Each computer connected to the broadcast channel allocates five
communications ports for communicating with other computers. Four of the ports are
referred to as “Internal” ports because they are the ports through which the messages of the
broadcast channels are sent. The connections between internal ports of neighbors are
referred to as “internal” connections. Thus, the internal connections of the broadcast channel

10  form the 4-regular and 4-connected graph. The fifth port is referred to as an “external” port
because it is used for sending non-broadcast messages between two computers. Neighbors
can send non-broadcast messages either through their internal ports of their connection or

through their external ports. A seeking computer uses external ports when locating a portal

computer.

In one embodiment, the broadcast technique establishes the computer
connections using the TCP/IP communications protocol, which is a point-to-point protocol,
as the underlying network. The TCP/IP protocol provides for reliable and ordered delivery
of messages between computers. The TCP/IP protocol provides each computer with a “port
space” that is shared among all the processes that may execute on that computer. The ports

are identified by numbers from 0 to 65,535. The first 2056 ports are reserved for specific

applications (e.g., port 80 for HTTP messages). The remainder of the ports are user ports
that are available to any process. In one embodiment, a set of port numbers can be reserved
for use by the computer connected to the broadcast channel. In an alternative embodiment,
the port numbers used are dynamically identified by each computer. Each computer
25  dynamically identifies an available port to be used as its call-in port. This call-in port is used
to establish connections with the external port and the internal ports. Each computer that is
connected to the broadcast channel can receive non-broadcast messages through its external
port. A seeking computer tries “dialing” the port numbers of the portal computers until a
portal computer “answers,” a call on its call-in port. A portal computer answers when it is
30 connected to or attempting to connect to the broadcast channel and its call-in port is dialed.
(In this description, a telephone metaphor is used to describe the connections.) When a

computer receives a call on its call-in port, it transfers the call to another port. Thus, the
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seeking computer actually communicates through that transfer-to port, which is the external
port. The call is transferred so that other computers can place calls to that computer via the
call-in port. The seeking computer then communicates via that external port to request the
portal computer to assist in connecting the seeking computer to the broadcast channel. The
5  seeking computer could identify the call-in port number of a portal computer by successively
dialing each port in port number order. As discussed below in detail, the broadcast technique
uses a hashing algorithm to select the port number order, which may result in improved
performance.
A seeking computer could connect to the broadcast channel by connecting to
10 computers either directly connected to the found portal computer or directly connected to one
of its neighbors. A possible problem with such a scheme for identifying the neighbors for
the seeking computer is that the diameter of the broadcast channel may increase when each
seeking computer uses the same found portal computer and establishes a connection to the
broadcast channel directly through that found portal computer. Conceptually, the graph
becomes elongated in the direction of where the new nodes are added. Figures 4A-4C
illustrate that possible problem. Figure 4A illustrates the broadcast channel of Figure 1 with
an added computer. Computer ] was connected to the broadcast channel by edge pinning
edges C-D and E-H to computer J. The diameter of this broadcast channel is still two.
Figure 4B illustrates the broadcast channel of Figure 4A with an added computer.
Computer K was connected to the broadcast channel by edge pinning edges E-J and B-C to
= computer K. The diameter of this broadcast channel is three, because the shortest path from
computer G to computer K is through edges G-A, A-E, and E-K. Figure 4C also illustrates

the broadcast channel of Figure 4A with an added computer. Computer K was connected to

the broadcast channel by edge pinning edges D-G and E-J to computer K. The diameter of
25 this broadcast channel is, however, still two. Thus, the selection of neighbors impacts the
diameter of the broadcast channel. To help minimize the diameter, the broadcast technique
uses a random selection technique to identify the four neighbors of a computer in the seeking
connection state. The random selection technique tends to distribute the connections to new

seeking computers throughout the computers of the broadcast channel which may result in

30 smaller overall diameters.
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Broadcasting Through the Graph

As described above, each computer that is connected to the broadcast channel
can broadcast messages onto the broadcast channel and does receive all messages that are
broadcast on the broadcast channel. The computer that originates a message to be broadcast

5 sends that message to each of its four neighbors using the internal connections. When a
computer receives a broadcast message from a neighbor, it sends the message to its three
other neighbors. Each computer on the broadcast channel, except the originating computer,
will thus receive a copy of each broadcast message from each of its four neighbors. Each
computer, however, only sends the first copy of the message that it receives to its neighbors

10 and disregards subsequently received copies. Thus, the total number of copies of a message
that is sent between the computers is 3N+1, where N is the number of computers connected
to the broadcast channel. Each computer sends three copies of the message, except for the
originating computer, which sends four copies of the message.

The redundancy of the message sending helps to ensure the overall reliability
of the broadcast channel. Since each computer has four connections to the broadcast
channel, if one computer fails during the broadcast of a message, its neighbors have three
other connections through which they will receive copies of the broadcast message. Also, if
the internal conmection between two computers is slow, each computer has three other
connections through which it may receive a copy of each message sooner.

Each computer that originates a message numbers its own messages

= sequentially. Because of the dynamic nature of the broadcast channel and because there are

many possible connection paths between computers, the messages may be received out of

order. For example, the distance between an originating computer and a certain receiving

computer may be four. After sending the first message, the originating computer and

25  receiving computer may become neighbors and thus the distance between them changes to

one. The first message may have to travel a distance of four to reach the receiving computer.

The second message only has to travel a distance of one. Thus, it is possible for the second
message to reach the receiving computer before the first message.

When the broadcast channel is in a steady state (i.e., no computers connecting

30  or disconnecting from the broadcast channel), out-of-order messages are not a problem

because each computer will eventually receive both messages and can queue messages until

all earlier ordered messages are received. If, however, the broadcast channel is not in a
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steady state, then problems can occur. In particular, a computer may connect to the

broadcast channel after the second message has already been received and forwarded on by

its new neighbors. When a new neighbor eventually receives the first message, it sends the

message to the newly connected computer. Thus, the newly connected computer will receive

5 the first message, but will not receive the second message. If the newly connected computer
needs to process the messages in order, it would wait indefinitely for the second message.

One solution to this problem is to have each computer queue all the messages

that it receives until it can send them in their proper order to its neighbors. This solution,

however, may tend to slow down the propagation of messages through the computers of the

10 broadcast channel. Another solution that may have less impact on the propagation speed is

to queue messages only at computers who are neighbors of the newly connected computers.

Each already connected neighbor would forward messages as it receives them to its other

neighbors who are not newly connected, but not to the newly connected neighbor. The

already connected neighbor would only forward messages from each originating computer to

the newly connected computer when it can ensure that no gaps in the messages from that

originating computer will occur. In one embodiment, the already connected neighbor may

track the highest sequence number of the messages already received and forwarded on from

each originating computer. The already connected computer will send only higher numbered

messages from the originating computers to the newly connected computer. Once all lower

numbered messages have been received from all originating computers, then the already

connected computer can treat the newly connected computer as its other neighbors and
simply forward each message as it is received. In another embodiment, each computer may
queue messages and only forwards to the newly connected computer those messages as the
gaps are filled in. For example, a computer might receive messages 4 and 5 and then receive
25 message 3. In such a case, the already connected computer would forward queue messages 4
and 5. When message 3 is finally received, the already connected computer will send
messages 3, 4, and 5 to the newly connected computer. If messages 4 and 5 were sent to the
newly connected computer before message 3, then the newly connected computer would
process messages 4 and 5 and disregard message 3. Because the already connected computer
30 queues messages 4 and 5, the newly connected computer will be able to process message 3.
It is possible that a newly connected computer will receive a set of messages from an

originating computer through one neighbor and then receive another set of message from the
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same originating computer through another neighbor. If the second set of messages contains
a message that is ordered earlier than the messages of the first set received, then the newly
connected computer may ignore that earlier ordered message if the computer already

processed those later ordered messages.

5 Decomposing the Graph

A connected computer disconnects from the broadcast channel either in a

planned or unplanned manner. When a computer disconnects in a planned manner, it sends a
disconnect message to each of its four neighbors. The disconnect message includes a list that
identifies the four neighbors of the disconnecting computer. When a neighbor receives the

10 disconnect message, it tries to connect to one of the computers on the list. In one
embodiment, the first computer in the list will try to connect to the second computer in the
list, and the third computer in the list will try to connect to the fourth computer in the list. If
a computer cannot connect (e.g., the first and second computers are already connected), then
the computers may try connecting in various other combinations. If connections cannot be
established, each computer broadcasts a message that it needs to establish a connection with
another computer. When a computer with an available internal port receives the message, it
can then establish a connection with the computer that broadcast the message. Figures 5A-
5D illustrate the disconnecting of a computer from the broadcast channel. Figure 5A
illustrates the disconnecting of a computer from the broadcast channel in a planned manner.
When computer H decides to disconnect, it sends its list of neighbors to each of its neighbors

= (computers A, E, F and I) and then disconnects from each of its neighbors.  When

computers A and I receive the message they establish a connection between them as
indicated by the dashed line, and similarly for computers E and F.

When a computer disconnects in an unplanned manner, such as resulting from

25 a power failure, the neighbors connected to the disconnected computer recognize the

disconnection when each attempts to send its next message to the now disconnected

computer. Each former neighbor of the disconnected computer recognizes that it is short one

connection (i.e., it has a hole or empty port). When a connected computer detects that one of

its neighbors is now disconnected, it broadcasts a port connection request on the broadcast

30 channel, which indicates that it has one internal port that needs a connection. The port

connection request identifies the call-in port of the requesting computer. When a connected
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computer that is also short a connection receives the connection request, it communicates

with the requesting computer through its external port to establish a connection between the

two computers. Figure 5B illustrates the disconnecting of a computer from the broadcast

channel in an unplanned manner. In this illustration, computer H has disconnected in an

5 unplanned manner. When each of its neighbors, computers A, E, F, and I, recognizes the

disconnection, each neighbor broadcasts a port connection request indicating that it needs to

fill an empty port. As shown by the dashed lines, computers F and I and computers A and E
respond to each other’s requests and establish a connection.

It is possible that a planned or unplanned disconnection may result in two

10 neighbors each having an empty internal port. In such a case, since they are neighbors, they

are already connected and cannot fill their empty ports by connecting to each other. Such a

condition is referred to as the “neighbors with empty ports” condition. Each neighbor

broadcasts a port connection request when it detects that it has an empty port as described

above. When a neighbor receives the port connection request from the other neighbor, it will

recognize the condition that its neighbor also has an empty port. Such a condition may also

occur when the broadcast channel is in the small regime. The condition can only be

corrected when in the large regime. When in the small regime, each computer will have less

than four neighbors. To detect this condition in the large regime, which would be a problem

if not repaired, the first neighbor to receive the port connection request recognizes the

condition and sends a condition check message to the other neighbor. The condition check

message includes a list of the neighbors of the sending computer. When the receiving

computer receives the list, it compares the list to its own list of neighbors. If the lists are
different, then this condition has occurred in the large regime and repair is needed. To repair
this condition, the receiving computer will send a condition repair request to one of the
25 neighbors of the sending computer which is not already a neighbor of the receiving
computer. When the computer receives the condition repair request, it disconnects from one
of its neighbors (other than the neighbor that is involved with the condition) and connects to
the computer that sent the condition repair request. Thus, one of the original neighbors
involved in the condition will have had a port filled. However, two computers are still
30  need of a connection, the other original neighbor and the computer that is now disconnected
from the computer that received the condition repair request. Those two computers send out

port connection requests. If those two computers are not neighbors, then they will connect to
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each other when they receive the requests. If, however, the two computers are neighbors,
then they repeat the condition repair process until two non-neighbors are in need of
connections.

It is possible that the two original neighbors with the condition may have the

5 same set of neighbors. When the neighbor that receives the condition check message

determines that the sets of neighbors are the same, it sends a condition double check message

to one of its neighbors other than the neighbor who also has the condition. When the

computer receives the condition double check message, it determines whether it has the same

set of neighbors as the sending computer. If so, the broadcast channel is in the small regime

10 and the condition is not a problem. If the set of neighbors are different, then the computer

that received the condition double check message sends a condition check message to the

original neighbors with the condition. The computer that receives that condition check

message directs one of it neighbors to connect to one of the original neighbors with the

condition by sending a condition repair message. Thus, one of the original neighbors with
the condition will have its port filled.

Figure 5C illustrates the neighbors with empty ports condition. In this

illustration, computer H disconnected in an unplanned manner, but computers F and I

responded to the port connection request of the other and are now connected together. The

other former neighbors of computer H, computers A and E, are already neighbors, which

gives rise to the neighbors with empty ports condition. In this example, computer E received

the port connection request from computer A, recognized the possible condition, and sent

(since they are neighbors via the internal connection) a condition check message with a list
of its neighbors to computer A. When computer A received the list, it recognized that
computer E has a different set of neighbor (i.e., the broadcast channel is in the large regime).
25 Computer A selected computer D, which is a neighbor of computer E and sent it a condition
repair request. When computer D received the condition repair request, it disconnected from
one of its neighbors (other than computer E), which is computer G in this example.
Computer D then connected to computer A. Figure 5D illustrates two computers that are not
neighbors who now have empty ports. Computers E and G now have empty ports and are

30 not currently neighbors. Therefore, computers E and G can connect to each other.
Figures SE and 5F further illustrate the neighbors with empty ports condition.
Figure SE illustrates the neighbors with empty ports condition in the small regime. In this
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example, if computer E disconnected in an unplanned manner, then each computer
broadcasts a port connection request when it detects the disconnect. When computer A
receives the port connection request form computer B, it detects the neighbors with empty
ports condition and sends a condition check message to computer B. Computer B recognizes
5 that it has the same set of neighbors (computer C and D) as computer A and then sends a
condition double check message to computer C. Computer C recognizes that the broadcast
channel is in the small regime because is also has the same set of neighbors as computers A
and B, computer C may then broadcast a message indicating that the broadcast channel is in
the small regime.
10 Figure 5F illustrates the situation of Figure 5E when in the large regime. As
discussed above, computer C receives the condition double check message from computer B.
In this case, computer C recognizes that the broadcast channel is in the large regime because
it has a set of neighbors that is different from computer B. The edges extending up from
computer C and D indicate connections to other computers. Computer C then sends a
condition check message to computer B. When computer B receives the condition check
message, it sends a condition repair message to one of the neighbors of computer C. The
computer that receives the condition repair message disconnects from one of its neighbors,
other than computer C, and tries to connect to computer B and the neighbor from which it

disconnected tries to connect to computer A.

Port Selection

= As described above, the TCP/IP protocol designates ports above number 2056
as user ports. The broadcast technique uses five user port numbers on each computer: one
external port and four internal ports. Generally, user ports cannot be statically allocated to
an application program because other applications programs executing on the same computer

25 may use conflicting port numbers. As a result, in one embodiment, the computers connected
to the broadcast channel dynamically allocate their port numbers. Each computer could
simply try to locate the lowest number unused port on that computer and use that port as the
call-in port. A seeking computer, however, does not know in advance the call-in port
number of the portal computers when the port numbers are dynamically allocated. Thus, a

30  seeking computer needs to dial ports of a portal computer starting with the lowest port

number when locating the call-in port of a portal computer. If the portal computer is
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connected to (or attempting to connect to) the broadcast channel, then the seeking computer
would eventually find the call-in port. If the portal computer is not connected, then the
seeking computer would eventually dial every user port. In addition, if each application
program on a computer tried to allocate low-ordered port numbers, then a portal computer
5 may end up with a high-numbered port for its call-in port because many of the low-ordered
port numbers would be used by other application programs. Since the dialing of a port is a
relatively slow process, it would take the seeking computer a long time to locate the call-in
port of a portal computer. To minimize this time, the broadcast technique uses a port
ordering algorithm to identify the port number order that a portal computer should use when
10  finding an available port for its call-in port. In one embodiment, the broadcast technique
uses a hashing algorithm to identify the port order. The algorithm preferably distributes the
ordering of the port numbers randomly through out the user port number space and only
selects each port number once. In addition, every time the algorithm is executed on any
computer for a given channel type and channel instance, it generates the same port ordering.
As described below, it is possible for a computer to be connected to multiple broadcast
channels that are uniquely identified by channel type and channel instance. The algorithm

o may be “seeded” with channel type and channel instance in order to generate a unique

ordering of port numbers for each broadcast channel. Thus, a seeking computer will dial the
ports of a portal computer in the same order as the portal computer used when allocating its

call-in port.

If many computers are at the same time seeking connection to a broadcast
channel through a single portal computer, then the ports of the portal computer may be busy
when called by seeking computers. The secking computers would typically need to keep on
redialing a busy port. The process of locating a call-in port may be significantly slowed by

25 such redialing. In one embodiment, each seeking computer may each reorder the first few
port numbers generated by the hashing algorithm. For example, each seeking computer
could randomly reorder the first eight port numbers generated by the hashing algorithm. The
random ordering could also be weighted where the first port number generated by the
hashing algorithm would have a 50% chance of being first in the reordering, the second port

30 number would have a 25% chance of being first in the reordering, and so on. Because the
seeking computers would use different orderings, the likelihood of finding a busy port is

reduced. For example, if the first eight port numbers are randomly selected, then it is
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possible that eight seeking computers could be simultaneously dialing ports in different

sequences which would reduce the chances of dialing a busy port.

Locating a Portal Computer

Each computer that can connect to the broadcast channel has a list of one or

5 more portal computers through which it can connect to the broadcast channel. In one
embodiment, each computer has the same set of portal computers. A seeking computer
locates a portal computer that is connected to the broadcast channel by successively dialing

the ports of each portal computer in the order specified by an algorithm. A secking computer
could select the first portal computer and then dial all its ports until a call-in port of a

10 computer that is fully connected to the broadcast channel is found. If no call-in port is
found, then the seeking computer would select the next portal computer and repeat the
process until a portal computer with such a call-in port is found. A problem with such a
secking technique is that all user ports of each portal computer are dialed until a portal
computer fully connected to the broadcast channel is found. In an alternate embodiment, the
seeking computer selects a port number according to the algorithm and then dials each portal

computer at that port number. If no acceptable call-in port to the broadcast channel is found,

then the seeking computer selects the next port number and repeats the process. Since the
call-in ports are likely allocated at lower-ordered port numbers, the seeking computer first
dials the port numbers that are most likely to be call-in ports of the broadcast channel. The

seeking computers may have a maximum search depth, that is the number of ports that it will

= dial when seeking a portal computer that is fully connected. If the seeking computer
exhausts its search depth, then either the broadcast channel has not yet been established or, if
the seeking computer is also a portal computer, it can then establish the broadcast channel
with itself as the first fully connected computer.

25 When a seeking computer locates a portal computer that is itself not fully
connected, the two computers do not connect when they first locate each other because the
broadcast channel may already be established and accessible through a higher-ordered port
number on another portal computer. If the two seeking computers were to connect to each
other, then two disjoint broadcast channels would be formed. Each seeking computer can

30  share its experience in trying to locate a portal computer with the other seeking computer. In

particular, if one seeking computer has searched all the portal computers to a depth of eight,
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then the one seeking computer can share that it has searched to a depth of eight with another
seeking computer. If that other seeking computer has searched to a depth of, for example,
only four, it can skip searching through depths five through eight and that other seeking
computer can advance its searching to a depth of nine.

5 In one embodiment, each computer may have a different set of portal
computers and a different maximum search depth. In such a situation, it may be possible that
two disjoint broadcast channels are formed because a seeking computer cannot locate a fully
connected port computer at a higher depth. Similarly, if the set of portal computers are

disjoint, then two separate broadcast channels would be formed.

10 Identifying Neighbors for a Seeking Computer

As described above, the neighbors of a newly connecting computer are
preferably selected randomly from the set of currently connected computers. One advantage
of the broadcast channel, however, is that no computer has global knowledge of the
broadcast channel. Rather, each computer has local knowledge of itself and its neighbors.
This limited local knowledge has the advantage that all the connected computers are peers

(as far as the broadcasting is concerned) and the failure of any one computer (actually any

L three computers when in the 4-regular and 4-connect form) will not cause the broadcast
’ channel to fail. This local knowledge makes it difficult for a portal computer to randomly

select four neighbors for a seeking computer.

To select the four computers, a portal computer sends an edge connection

request message through one of its internal connections that is randomly selected. The
receiving computer again sends the edge connection request message through one of its
internal connections that is randomly selected. This sending of the message corresponds to a
random walk through the graph that represents the broadcast channel. Eventually, a
25 receiving computer will decide that the message has traveled far enough to represent a
randomly selected computer. That receiving computer will offer the internal connection
upon which it received the edge connection request message to the seeking computer for
edge pinning. Of course, if either of the computers at the end of the offered internal
connection are already neighbors of the seeking computer, then the seeking computer cannot

30  connect through that internal connection. The computer that decided that the message has
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traveled far enough will detect this condition of already being a neighbor and send the
message to a randomly selected neighbor.
In one embodiment, the distance that the edge connection request message
travels is established by the portal computer to be approximately twice the estimated
5  diameter of the broadcast channel. The message includes an indication of the distance that it
is to travel. Each receiving computer decrements that distance to travel before sending the
message on. The computer that receives a message with a distance to travel that is zero is
considered to be the randomly selected computer. If that randomly selected computer cannot
connect to the seeking computer (e.g., because it is already connected to it), then that
10 randomly selected computer forwards the edge connection request to one of its neighbors
with a new distance to travel. In one embodiment, the forwarding computer toggles the new
distance to travel between zero and one to help prevent two computers from sending the
message back and forth between each other.

Because of the local nature of the information maintained by each computer
connected to the broadcast channel, the computers need not generally be aware of the
diameter of the broadcast channel. In one embodiment, each message sent through the
broadcast channel has a distance traveled field. Each computer that forwards a message
increments the distance traveled field. Each computer also maintains an estimated diameter
of the broadcast channel. When a computer receives a message that has traveled a distance

that indicates that the estimated diameter is too small, it updates its estimated diameter and

broadcasts an estimated diameter message. When a computer receives an estimated diameter

message that indicates a diameter that is larger than its own estimated diameter, it updates its
own estimated diameter. This estimated diameter is used to establish the distance that an

edge connection request message should travel.

25 External Data Representation

The computers connected to the broadcast channel may internally store their
data in different formats. For example, one computer may use 32-bit integers, and another
computer may use 64-bit integers. As another example, one computer may use ASCII to
represent text and another computer may use Unicode. To allow communications between

30 heterogeneous computers, the messages sent over the broadcast channel may use the XDR

(“eXternal Data Representation”) format.
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The underlying peer-to-peer communications protocol may send multiple

messages in a single message stream. The traditional technique for retrieving messages from

a stream has been to repeatedly invoke an operating system routine to retrieve the next

message in the stream. The retrieval of each message may require two calls to the operating

5 system: one to retrieve the size of the next message and the other to retrieve the number of

bytes indicated by the retrieved size. Such calls to the operating system can, however, be

very slow in comparison to the invocations of local routines. To overcome the inefficiencies

of such repeated calls, the broadcast technique in one embodiment, uses XDR to identify the

message boundaries in a stream of messages. The broadcast technique may request the

10  operating system to provide the next, for example, 1,024 bytes from the stream. The

broadcast technique can then repeatedly invoke the XDR routines to retrieve the messages

and use the success or failure of each invocation to determine whether another block of 1,024

bytes needs to be retrieved from the operating system. The invocation of XDR routines do
not involve system calls and are thus more efficient than repeated system calls.

M-Regular

In the embodiment described above, each fully connected computer has four

internal connections. The broadcast technique can be used with other numbers of internal

connections. For example, each computer could have 6, 8, or any even number of internal

connections. As the number of internal connections increase, the diameter of the broadcast

channel tends to decrease, and thus propagation time for a message tends to decrease. The

= time that it takes to connect a seeking computer to the broadcast channel may, however,
increase as the number of internal connections increases. When the number of internal
connectors is even, then the broadcast channel can be maintained as m-regular and
m-connected (in the steady state). If the number of internal connections is odd, then when

25 the broadcast channel has an odd number of computers connected, one of the computers will
have less than that odd number of internal connections. In such a situation, the broadcast
network is neither m-regular nor m-connected. When the next computer connects to the
broadcast channel, it can again become m-regular and m-connected. Thus, with an odd
number of internal connections, the broadcast channel toggles between being and not being

30 m-regular and m-connected.
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Components

Figure 6 is a block diagram illustrating components of a computer that is
connected to a broadcast channel. The above description generally assumed that there was
only one broadcast channel and that each computer had only one connection to that broadcast
5 channel. More generally, a network of computers may have multiple broadcast channels,
each computer may be connected to more than one broadcast channel, and each computer
can have multiple connections to the same broadcast channel. The broadcast channel is well
suited for computer processes (e.g., application programs) that execute collaboratively, such
as network meeting programs. Each computer process can connect to one or more broadcast
10 channels. The broadcast channels can be identified by channel type (e.g., application
program name) and channel instance that represents separate broadcast channels for that
channel type. When a process attempts to connect to a broadcast channel, it seeks a process
currently connected to that broadcast channel that is executing on a portal computer. The

seeking process identifies the broadcast channel by channel type and channel instance.
Computer 600 includes multiple application programs 601 executing as

separate processes. Each application program interfaces with a broadcaster component 602

= for each broadcast channel to which it is connected. The broadcaster component may be
- implement as an object that is instantiated within the process space of the application

program. Alternatively, the broadcaster component may execute as a separate process or
20 thread from the application program. In one embodiment, the broadcaster component

provides functions (e.g., methods of class) that can be invoked by the application programs.

The primary functions provided may include a connect function that an application program
invokes passing an indication of the broadcast channel to which the application program
wants to connect. The application program may provide a callback routine that the
25 broadcaster component invokes to notify the application program that the connection has
been completed, that is the process enters the fully connected state. The broadcaster
component may also provide an acquire message function that the application program can
invoke to retrieve the next message that is broadcast on the broadcast channel. Alternatively,
the application program may provide a callback routine (which may be a virtual function
30  provided by the application program) that the broadcaster component invokes to notify the
application program that a broadcast message has been received. Each broadcaster

component allocates a call-in port using the hashing algorithm. When calls are answered at
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the call-in port, they are transferred to other ports that serve as the external and internal
ports.
The computers connecting to the broadcast channel may include a central
processing unit, memory, input devices (e.g., keyboard and pointing device), output devices
5 (e.g, display devices), and storage devices (e.g., disk drives). The memory and storage
devices are computer-readable medium that may contain computer instructions that
implement the broadcaster component. In addition, the data structures and message
structures may be stored or transmitted via a signal transmitted on a computer-readable
media, such as a communications link.
10 Figure 7 is a block diagram illustrating the sub-components of the broadcaster
component in one embodiment. The broadcaster component includes a connect component
701, an external dispatcher 702, an internal dispatcher 703 for each internal connection, an
acquire message component 704 and a broadcast component 712. The application program
may provide a connect callback component 710 and a receive response component 711 that
are invoked by the broadcaster component. The application program invokes the connect
component to establish a connection to a designated broadcast channel. The connect
component identifies the external port and installs the external dispatcher for handling
messages that are received on the external port. The connect component invokes the seek

portal computer component 705 to identify a portal computer that is connected to the

broadcast channel and invokes the connect request component 706 to ask the portal computer

(if fully connected) to select neighbor processes for the newly connecting process. The
external dispatcher receives external messages, identifies the type of message, and invokes
the appropriate handling routine 707. The internal dispatcher receives the internal messages,
identifies the type of message, and invokes the appropriate handling routine 708. The
25  received broadcast messages are stored in the broadcast message queue 709. The acquire
message component is invoked to retrieve messages from the broadcast queue. The
broadcast component is invoked by the application program to broadcast messages in the

broadcast channel.

The following tables list messages sent by the broadcaster components.
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EXTERNAL MESSAGES

Message Type

Description

seeking connection_call

Indicates that a seeking process would like to know whether the
receiving process is fully connected to the broadcast channel

connection_request call

Indicates that the sending process would like the receiving
process to initiate a connection of the sending process to the
broadcast channel

edge proposal call

Indicates that the sending process is proposing an edge through
which the receiving process can connect to the broadcast
channel (i.e., edge pinning)

port_connection_call

Indicates that the sending process is proposing a port through
which the receiving process can connect to the broadcast
channel

connected _stmt

Indicates that the sending process is connected to the broadcast
channel

condition_repair_stmt

Indicates that the receiving process should disconnect from one
of its neighbors and connect to one of the processes involved in
the neighbors with empty port condition

INTERNAL MESSAGES

Message Type

Description

broadcast_stmt

Indicates a message that is being broadcast through the
broadcast channel for the application programs

connection_port_search stmt | Indicates that the designated process is looking for a port

through which it can connect to the broadcast channel

connection_edge_search _call | Indicates that the requesting process is looking for an edge

through which it can connect to the broadcast channel

connection_edge search resp | Indicates whether the edge between this process and the

sending neighbor has been accepted by the requesting
party

diameter_estimate stmt

Indicates an estimated diameter of the broadcast channel

diameter reset stmt

Indicates to reset the estimated diameter to indicated
diameter

disconnect stmt

Indicates that the sending neighbor is disconnecting from
the broadcast channel

condition check stmt

Indicates that neighbors with empty port condition have
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been detected

condition_double check stmt | Indicates that the neighbors with empty ports have the
same set of neighbors

shutdown_stmt Indicates that the broadcast channel is being shutdown

Flow Diagrams

Figures 8-34 are flow diagrams illustrating the processing of the broadcaster

component in one embodiment. Figure 8 is a flow diagram illustrating the processing of the

5  connect routine in one embodiment. This routine is passed a channel type (e.g., application
name) and channel instance (e.g., session identifier), that identifies the broadcast channel to
which this process wants to connect. The routine is also passed auxiliary information that
includes the list of portal computers and a connection callback routine. When the connection
is established, the connection callback routine is invoked to notify the application program.
When this process invokes this routine, it is in the seeking connection state. When a portal
computer is located that is connected and this routine connects to at least one neighbor, this
process enters the partially connected state, and when the process eventually connects to four
neighbors, it enters the fully connected state. When in the small regime, a fully connected
process may have less than four neighbors. In block 801, the routine opens the call-in port
through which the process is to communicate with other processes when establishing external

and internal connections. The port is selected as the first available port using the hashing

algorithm described above. In block 802, the routine sets the connect time to the current
time. The connect time is used to identify the instance of the process that is connected
through this external port. One process may connect to a broadcast channel of a certain
20  channel type and channel instance using one call-in port and then disconnects, and another
process may then connect to that same broadcast channel using the same call-in port. Before
the other process becomes fully connected, another process may try to communicate with it
thinking it is the fully connected old process. In such a case, the connect time can be used to
identify this situation. In block 803, the routine invokes the seek portal computer routine
25  passing the channel type and channel instance. The seek portal computer routine attempts to
locate a portal computer through which this process can connect to the broadcast channel for

the passed type and instance. In decision block 804, if the seek portal computer routine is
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successful in locating a fully connected process on that portal computer, then the routine

continues at block 805, else the routine returns an unsuccessful indication. In decision block

805, if no portal computer other than the portal computer on which the process is executing

was located, then this is the first process to fully connect to broadcast channel and the

5 routine continues at block 806, else the routine continues at block 808. In block 806, the

routine invokes the achieve connection routine to change the state of this process to fully

connected. In block 807, the routine installs the external dispatcher for processing messages

received through this process’ external port for the passed channel type and channel instance.

When a message is received through that external port, the external dispatcher is invoked.

10  The routine then returns. In block 808, the routine installs an external dispatcher. In block

809, the routine invokes the connect request routine to initiate the process of identifying
neighbors for the seeking computer. The routine then returns.

Figure 9 is a flow diagram illustrating the processing of the seek portal

computer routine in one embodiment. This routine is passed the channel type and channel

instance of the broadcast channel to which this process wishes to connect. This routine, for

each search depth (e.g., port number), checks the portal computers at that search depth. If a
o portal computer is located at that search depth with a process that is fully connected to the
~_- broadcast channel, then the routine returns an indication of success. In blocks 902-911, the
routine loops selecting each search depth until a process is located. In block 902, the routine
= 20 selects the next search depth using a port number ordering algorithm. In decision block 903,
= if all the search depths have already been selected during this execution of the loop, that is
for the currently selected depth, then the routine returns a failure indication, else the routine
continues at block 904. In blocks 904-911, the routine loops selecting each portal computer

and determining whether a process of that portal computer is connected to (or attempting to

25  connect to) the broadcast channel with the passed channel type and channel instance. In
block 904, the routine selects the next portal computer. In decision block 905, if all the

portal computers have already been selected, then the routine loops to block 902 to select the

next search depth, else the routine continues at block 906. In block 906, the routine dials the
selected portal computer through the port represented by the search depth. In decision block

30 907, if the dialing was successful, then the routine continues at block 908, else the routine
loops to block 904 to select the next portal computer. The dialing will be successful if the

dialed port is the call-in port of the broadcast channel of the passed channel type and channel
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instance of a process executing on that portal computer. In block 908, the routine invokes a
contact process routine, which contacts the answering process of the portal computer through
the dialed port and determines whether that process is fully connected to the broadcast
channel. In block 909, the routine hangs up on the selected portal computer. In decision
5  block 910, if the answering process is fully connected to the broadcast channel, then the
routine returns a success indicator, else the routine continues at block 911. In block 911, the
routine invokes the check for external call routine to determine whether an external call has
been made to this process as a portal computer and processes that call. The routine then
loops to block 904 to select the next portal computer.
10 Figure 10 is a flow diagram illustrating the processing of the contact process
routine in one embodiment. This routine determines whether the process of the selected
portal computer that answered the call-in to the selected port is fully connected to the
broadcast channel. In block 1001, the routine sends an external message (ie.,
seeking connection_call) to the answering process indicating that a seeking process wants to
know whether the answering process is fully connected to the broadcast channel. In block

1002, the routine receives the external response message from the answering process. In

decision block 1003, if the external response message is successfully received (ie.,
seeking_connection_resp), then the routine continues at block 1004, else the routine returns.
Wherever the broadcast component requests to receive an external message, it sets a time out

period. If the external message is not received within that time out period, the broadcaster

= component checks its own call-in port to see if another process is calling it. In particular, the

dialed process may be calling the dialing process, which may result in a deadlock situation.

The broadcaster component may repeat the receive request several times. If the expected

message 1S not received, then the broadcaster component handles the error as appropriate. In

25  decision block 1004, if the answering process indicates in its response message that it is fully

connected to the broadcast channel, then the routine continues at block 1005, else the routine

continues at block 1006. In block 1005, the routine adds the selected portal computer to a

list of connected portal computers and then returns. In block 1006, the routine adds the
answering process to a list of fellow seeking processes and then returns.

30 Figure 11 is a flow diagram illustrating the processing of the connect request

routine in one embodiment. This routine requests a process of a portal computer that was

identified as being fully connected to the broadcast channel to initiate the connection of this
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process to the broadcast channel. In decision block 1101, if at least one process of a portal
computer was located that is fully connected to the broadcast channel, then the routine
continues at block 1103, else the routine continues at block 1102. A process of the portal
computer may no longer be in the list if it recently disconnected from the broadcast channel.
5 In one embodiment, a seeking computer may always search its entire search depth and find
multiple portal computers through which it can connect to the broadcast channel. In block
1102, the routine restarts the process of connecting to the broadcast channel and returns. In
block 1103, the routine dials the process of one of the found portal computers through the
call-in port. In decision block 1104, if the dialing is successful, then the routine continues at
10  block 1105, else the routine continues at block 1113. The dialing may be unsuccessful if, for
example, the dialed process recently disconnected from the broadcast channel. In block
1105, the routine sends an external message to the dialed process requesting a connection to
the broadcast channel (i.e., connection_request_call). In block 1106, the routine receives the
response message (i.e., connection_request resp). In decision block 1107, if the response
message is successfully received, then the routine continues at block 1108, else the routine
continues at block 1113. In block 1108, the routine sets the expected number of holes (i.e.,

empty internal connections) for this process based on the received response. When in the

~ large regime, the expected number of holes is zero. When in the small regime, the expected

number of holes varies from one to three. In block 1109, the routine sets the estimated

diameter of the broadcast channel based on the received response. In decision block 1111, if

the dialed process is ready to connect to this process as indicated by the response message,
then the routine continues at block 1112, else the routine continues at block 1113. In block
1112, the routine invokes the add neighbor routine to add the answering process as a
neighbor to this process. This adding of the answering process typically occurs when the
25  broadcast channel is in the small regime. When in the large regime, the random walk search
for a neighbor is performed. In block 1113, the routine hangs up the external connection
with the answering process computer and then returns.
Figure 12 is a flow diagram of the processing of the check for external call
routine in one embodiment. This routine is invoked to identify whether a fellow seeking
30  process is attempting to establish a connection to the broadcast channel through this process.
In block 1201, the routine attempts to answer a call on the call-in port. In decision block
1202, if the answer is successful, then the routine continues at block 1203, else the routine
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returns. In block 1203, the routine receives the external message from the external port. In
decision block 1204, if the type of the message indicates that a seeking process is calling
(i.e., seeking connection call), then the routine continues at block 1205, else the routine
returns. In block 1205, the routine sends an external message (i.e., seeking_connection_resp)
5  to the other secking process indicating that this process is also is seeking a connection. In
decision block 1206, if the sending of the external message is successful, then the routine
continues at block 1207, else the routine returns. In block 1207, the routine adds the other
seeking process to a list of fellow seeking processes and then returns. This list may be used
if this process can find no process that is fully connected to the broadcast channel. In which
10 case, this process may check to see if any fellow seeking process were successful in
connecting to the broadcast channel. For example, a fellow seeking process may become the
first process fully connected to the broadcast channel.

Figure 13 is a flow diagram of the processing of the achieve connection routine
in one embodiment. This routine sets the state of this process to fully connected to the
broadcast channel and invokes a callback routine to notify the application program that the
process is now fully connected to the requested broadcast channel. In block 1301, the

routine sets the connection state of this process to fully connected. In block 1302, the

routine notifies fellow seeking processes that it is fully connected by sending a connected
external message to them (ie., connected stmt). In block 1303, the routine invokes the

connect callback routine to notify the application program and then returns.

: Figure 14 is a flow diagram illustrating the processing of the external
dispatcher routine in one embodiment. This routine is invoked when the external port
receives a message. This routine retrieves the message, identifies the external message type,
and invokes the appropriate routine to handle that message. This routine loops processing

25  each message until all the received messages have been handled. In block 1401, the routine
answers (e.g., picks up) the external port and retrieves an external message. In decision
block 1402, if a message was retrieved, then the routine continues at block 1403, else the
routine hangs up on the external port in block 1415 and returns. In decision block 1403, if
the message type is for a process seeking a connection (i.e., seeking connection call), then

30 the routine invokes the handle seeking connection call routine in block 1404, else the routine
continues at block 1405. In decision block 1405, if the message type 1s for a connection

request call (i.e., connection request call), then the routine invokes the handle connection
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request call routine in block 1406, else the routine continues at block 1407. In decision

block 1407, if the message type is edge proposal call (i.e., edge proposal_call), then the

routine invokes the handle edge proposal call routine in block 1408, else the routine

continues at block 1409. In decision block 1409, if the message type is port connect call

5 (i.e., port_connect call), then the routine invokes the handle port connection call routine in

block 1410, else the routine continues at block 1411. In decision block 1411, if the message

type is a connected statement (i.e., connected stmt), the routine invokes the handle

connected statement in block 1112, else the routine continues at block 1212. In decision

block 1412, if the message type is a condition repair statement (i.e., condition_repair_stmt),

10 then the routine invokes the handle condition repair routine in block 1413, else the routine

loops to block 1414 to process the next message. After each handling routine is invoked, the

routine loops to block 1414, In block 1414, the routine hangs up on the external port and
continues at block 1401 to receive the next message.

Figure 15 is a flow diagram illustrating the processing of the handle seeking

connection call routine in one embodiment. This routine is invoked when a seeking process

is calling to identify a portal computer through which it can connect to the broadcast channel.

— In decision block 1501, if this process is currently fully connected to the broadcast channel
identified in the message, then the routine continues at block 1502, else the routine continues
at block 1503. In block 1502, the routine sets a message to indicate that this process is fully

connected to the broadcast channel and continues at block 1505. In block 1503, the routine
= sets a message to indicate that this process is not fully connected. In block 1504, the routine
adds the identification of the seeking process to a list of fellow seeking processes. If this
process is not fully connected, then it is attempting to connect to the broadcast channel. In
block 1505, the routine sends the external message response (i.e., seeking connection_resp)

25  to the seeking process and then returns.

Figure 16 is a flow diagram illustrating processing of the handle connection
request call routine in one embodiment. This routine is invoked when the calling process
wants this process to initiate the connection of the process to the broadcast channel. This
routine either allows the calling process to establish an internal connection with this process

30 (e.g., if in the small regime) or starts the process of identifying a process to which the calling
process can connect. In decision block 1601, if this process is currently fully connected to

the broadcast channel, then the routine continues at block 1603, else the routine hangs up on
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the external port in block 1602 and returns. In block 1603, the routine sets the number of
holes that the calling process should expect in the response message. In block 1604, the
routine sets the estimated diameter in the response message. In block 1605, the routine
indicates whether this process is ready to connect to the calling process. This process is
5 ready to connect when the number of its holes is greater than zero and the calling process is
not a neighbor of this process. In block 1606, the routine sends to the calling process an
external message that is responsive to the connection request call (ie,
connection_request_resp). In block 1607, the routine notes the number of holes that the
calling process needs to fill as indicated in the request message. In decision block 1608, if
10 this process is ready to connect to the calling process, then the routine continues at block
1609, else the routine continues at block 1611. In block 1609, the routine invokes the add
neighbor routine to add the calling process as a neighbor. In block 1610, the routine
decrements the number of holes that the calling process needs to fill and continues at block
1611. In block 1611, the routine hangs up on the external port. In decision block 1612, if

this process has no holes or the estimated diameter is greater than one (i.e., in the large

regime), then the routine continues at block 1613, else the routine continues at block 1616.
= In blocks 1613-1615, the routine loops forwarding a request for an edge through which to
connect to the calling process to the broadcast channel. One request is forwarded for each
pair of holes of the calling process that needs to be filled. In decision block 1613, if the

= 20 number of holes of the calling process to be filled is greater than or equal to two, then the

routine continues at block 1614, else the routine continues at block 1616. In block 1614, the
routine invokes the forward connection edge search routine. The invoked routine is passed
to an indication of the calling process and the random walk distance. In one embodiment, the
distance is twice in the estimated diameter of the broadcast channel. In block 1614, the
25  routine decrements the holes left to fill by two and loops to block 1613. In decision block
1616, if there is still a hole to fill, then the routine continues at block 1617, else the routine
returns. In block 1617, the routine invokes the fill hole routine passing the identification of
the calling process. The fill hole routine broadcasts a connection port search statement (i.e.,
connection_port_search_stmt) for a hole of a connected process through which the calling

30  process can connect to the broadcast channel. The routine then returns.
Figure 17 is a flow diagram illustrating the processing of the add neighbor

routine in one embodiment. This routine adds the process calling on the external port as a

[03004-8002/SL003733.099] -31- 7/31/00

0032



neighbor to this process. In block 1701, the routine identifies the calling process on the
external port. In block 1702, the routine sets a flag to indicate that the neighbor has not yet
received the broadcast messages from this process. This flag is used to ensure that there are

no gaps in the messages initially sent to the new neighbor. The external port becomes the

5  internal port for this connection. In decision block 1703, if this process is in the seeking
connection state, then this process is connecting to its first neighbor and the routine
continues at block 1704, else the routine continues at block 1705. In block 1704, the routine

sets the connection state of this process to partially connected. In block 1705, the routine
adds the calling process to the list of neighbors of this process. In block 1706, the routine

10 installs an internal dispatcher for the new neighbor. The internal dispatcher is invoked when
a message is received from that new neighbor through the internal port of that new neighbor.
In decision block 1707, if this process buffered up messages while not fully connected, then
the routine continues at block 1708, else the routine continues at block 1709. In one
embodiment, a process that is partially connected may buffer the messages that it receives
through an internal connection so that it can send these messages as it connects to new
neighbors. In block 1708, the routine sends the buffered messages to the new neighbor

= through the internal port. In decision block 1709, if the number of holes of this process
; equals the expected number of holes, then this process is fully connected and the routine
continues at block 1710, else the routine continues at block 1711. In block 1710, the routine

invokes the achieve connected routine to indicate that this process is fully connected. In

= decision block 1711, if the number of holes for this process is zero, then the routine

continues at block 1712, else the routine returns. In block 1712, the routine deletes any
pending edges and then returns. A pending edge is an edge that has been proposed to this
process for edge pinning, which in this case is no longer needed.

25 Figure 18 is a flow diagram illustrating the processing of the forward
connection edge search routine in one embodiment. This routine is responsible for passing
along a request to connect a requesting process to a randomly selected neighbor of this
process through the internal port of the selected neighbor, that is part of the random walk. In
decision block 1801, if the forwarding distance remaining is greater than zero, then the

30 routine continues at block 1804, else the routine continues at block 1802. In decision block
1802, if the number of neighbors of this process is greater than one, then the routine

continues at block 1804, else this broadcast channel is in the small regime and the routine
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continues at block 1803. In decision block 1803, if the requesting process is a neighbor of
this process, then the routine returns, else the routine continues at block 1804. In blocks
1804-1807, the routine loops attempting to send a connection edge search call internal
message (i.e., connection_edge search call) to a randomly selected neighbor. In block 1804,
5 the routine randomly selects a neighbor of this process. In decision block 1805, if all the
neighbors of this process have already been selected, then the routine cannot forward the
message and the routine returns, else the routine continues at block 1806. In block 1806, the
routine sends a connection edge search call internal message to the selected neighbor. In
decision block 1807, if the sending of the message is successful, then the routine continues at
10 block 1808, else the routine loops to block 1804 to select the next neighbor. When the
sending of an internal message is unsuccessful, then the neighbor may have disconnected
from the broadcast channel in an unplanned manner. Whenever such a situation is detected
by the broadcaster component, it attempts to find another neighbor by invoking the fill holes
routine to fill a single hole or the forward connecting edge search routine to fill two holes. In
block 1808, the routine notes that the recently sent connection edge search call has not yet

been acknowledged and indicates that the edge to this neighbor is reserved if the remaining

forwarding distance is less than or equal to one. It is reserved because the selected neighbor

may offer this edge to the requesting process for edge pinning. The routine then returns.

Figure 19 is a flow diagram illustrating the processing of the handle edge

proposal call routine. This routine is invoked when a message is received from a proposing

process that proposes to connect an edge between the proposing process and one of its
neighbors to this process for edge pinning. In decision block 1901, if the number of holes of
this process minus the number of pending edges is greater than or equal to one, then this
process still has holes to be filled and the routine continues at block 1902, else the routine
25  continues at block 1911. In decision block 1902, if the proposing process or its neighbor is a
neighbor of this process, then the routine continues at block 1911, else the routine continues
at block 1903. In block 1903, the routine indicates that the edge is pending between this
process and the proposing process. In decision block 1904, if a proposed neighbor is already
pending as a proposed neighbor, then the routine continues at block 1911, else the routine
30  continues at block 1907. In block 1907, the routine sends an edge proposal response as an
external message to the proposing process (i.e., edge proposal resp) indicating that the

proposed edge is accepted. In decision block 1908, if the sending of the message was
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successful, then the routine continues at block 1909, else the routine returns. In block 1909,

the routine adds the edge as a pending edge. In block 1910, the routine invokes the add

neighbor routine to add the proposing process on the external port as a neighbor. The routine

then returns. In block 1911, the routine sends an external message (i.e., edge_proposal_resp)

5 indicating that this proposed edge is not accepted. In decision block 1912, if the number of

holes is odd, then the routine continues at block 1913, else the routine returns. In block
1913, the routine invokes the fill hole routine and then returns.

Figure 20 is a flow diagram illustrating the processing of the handle port

connection call routine in one embodiment. This routine is invoked when an external

10 message is received then indicates that the sending process wants to connect to one hole of

this process. In decision block 2001, if the number of holes of this process is greater than

zero, then the routine continues at block 2002, else the routine continues at block 2003. In

decision block 2002, if the sending process is not a neighbor, then the routine continues at

block 2004, else the routine continues to block 2003. In block 2003, the routine sends a port

connection response external message (i.e., port_connection_resp) to the sending process that

indicates that it is not okay to connect to this process. The routine then returns. In block

2004, the routine sends a port connection response external message to the sending process
: that indicates that is okay to connect this process. In decision block 2005, if the sending of
the message was successful, then the routine continues at block 2006, else the routine
continues at block 2007. In block 2006, the routine invokes the add neighbor routine to add

= the sending process as a neighbor of this process and then returns. In block 2007, the routine

hangs up the external connection. In block 2008, the routine invokes the connect request
routine to request that a process connect to one of the holes of this process. The routine then
returns.

25 Figure 21 is a flow diagram illustrating the processing of the fill hole routine in
one embodiment. This routine is passed an indication of the requesting process. If this
process is requesting to fill a hole, then this routine sends an internal message to other
processes. If another process is requesting to fill a hole, then this routine invokes the routine
to handle a connection port search request. In block 2101, the routine initializes a

30 connection port search statement internal message (i.e., connection_port search_stmt). In
decision block 2102, if this process is the requesting process, then the routine continues at

block 2103, else the routine continues at block 2104. In block 2103, the routine distributes
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the message to the neighbors of this process through the internal ports and then returns. In
block 2104, the routine invokes the handle connection port search routine and then returns.
Figure 22 is a flow diagram illustrating the processing of the internal dispatcher
routine in one embodiment. This routine is passed an indication of the neighbor who sent the
5 internal message. In block 2201, the routine receives the internal message. This routine
identifies the message type and invokes the appropriate routine to handle the message. In
block 2202, the routine assesses whether to change the estimated diameter of the broadcast
channel based on the information in the received message. In decision block 2203, if this
process is the originating process of the message or the message has already been received
10 (i.e, a duplicate), then the routine ignores the message and continues at block 2208, else the
routine continues at block 2203A. In decision block 2203A, if the process is partially
connected, then the routine continues at block 2203B, else the routine continues at block
2204. In block 2203B, the routine adds the message to the pending connection buffer and
continues at block 2204. In decision blocks 2204-2207, the routine decodes the message
type and invokes the appropriate routine to handle the message. For example, in decision
block 2204, if the type of the message is broadcast statement (i.e., broadcast_stmt), then the
routine invokes the handle broadcast message routine in block 2205. After invoking the

appropriate handling routine, the routine continues at block 2208. In decision block 2208, if
the partially connected buffer is full, then the routine continues at block 2209, else the

routine continues at block 2210. The broadcaster component collects all its internal

messages in a buffer while partially connected so that it can forward the messages as it
connects to new neighbors. If, however, that buffer becomes full, then the process assumes
that it is now fully connected and that the expected number of connections was too high,
because the broadcast channel is now in the small regime. In block 2209, the routine invokes
25 the achieve connection routine and then continues in block 2210. In decision block 2210, if
the application program message queue is empty, then the routine returns, else the routine
continues at block 2212. In block 2212, the routine invokes the receive response routine
passing the acquired message and then returns. The received response routine is a callback
routine of the application program.
30 Figure 23 is a flow diagram illustrating the processing of the handle broadcast
message routine in one embodiment. This routine is passed an indication of the originating

process, an indication of the neighbor who sent the broadcast message, and the broadcast
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message itself. In block 2301, the routine performs the out of order processing for this
message. The broadcaster component queues messages from each originating process until it
can send them in sequence number order to the application program. In block 2302, the
routine invokes the distribute broadcast message routine to forward the message to the
5  neighbors of this process. In decision block 2303, if a newly connected neighbor is waiting
to receive messages, then the routine continues at block 2304, else the routine returns. In
block 2304, the routine sends the messages in the correct order if possible for each
originating process and then returns.
Figure 24 is a flow diagram illustrating the processing of the distribute
10  broadcast message routine in one embodiment. This routine sends the broadcast message to
each of the neighbors of this process, except for the neighbor who sent the message to this
process. In block 2401, the routine selects the next neighbor other than the neighbor who
sent the message. In decision block 2402, if all such neighbors have already been selected,
then the routine returns. In block 2403, the routine sends the message to the selected
neighbor and then loops to block 2401 to select the next neighbor.
Figure 26 is a flow diagram illustrating the processing of the handle connection

port search statement routine in one embodiment. This routine is passed an indication of the
neighbor that sent the message and the message itself. In block 2601, the routine invokes the
distribute internal message which sends the message to each of its neighbors other than the

sending neighbor. In decision block 2602, if the number of holes of this process is greater

than zero, then the routine continues at block 2603, else the routine returns. In decision
block 2603, if the requesting process is a neighbor, then the routine continues at block 2605,
else the routine continues at block 2604. In block 2604, the routine invokes the court
neighbor routine and then returns. The court neighbor routine connects this process to the

25  requesting process if possible. In block 2605, if this process has one hole, then the neighbors
with empty ports condition exists and the routine continues at block 2606, else the routine
returns. In block 2606, the routine generates a condition check message (ie.,
condition_check) that includes a list of this process’ neighbors. In block 2607, the routine
sends the message to the requesting neighbor.

30 Figure 27 is a flow diagram illustrating the processing of the court neighbor
routine in one embodiment. This routine is passed an indication of the prospective neighbor

for this process. If this process can connect to the prospective neighbor, then it sends a port
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connection call external message to the prospective neighbor and adds the prospective
neighbor as a neighbor. In decision block 2701, if the prospective neighbor is already a
neighbor, then the routine returns, else the routine continues at block 2702. In block 2702,
the routine dials the prospective neighbor. In decision block 2703, if the number of holes of
5  this process is greater than zero, then the routine continues at block 2704, else the routine
continues at block 2706. In block 2704, the routine sends a port connection call external
message (i.e., port connection call) to the prospective neighbor and receives its response
(i.e., port_connection resp). Assuming the response is successfully received, in block 2705,
the routine adds the prospective neighbor as a neighbor of this process by invoking the add

10  neighbor routine. In block 2706, the routine hangs up with the prospect and then returns.
Figure 28 is a flow diagram illustrating the processing of the handle connection
edge search call routine in one embodiment. This routine is passed a indication of the
neighbor who sent the message and the message itself. This routine either forwards the
message to a neighbor or proposes the edge between this process and the sending neighbor to
the requesting process for edge pinning. In decision block 2801, if this process is not the
requesting process or the number of holes of the requesting process is still greater than or
w equal to two, then the routine continues at block 2802, else the routine continues at block

2813. In decision block 2802, if the forwarding distance is greater than zero, then the
random walk is not complete and the routine continues at block 2803, else the routine

20 continues at block 2804. In block 2803, the routine invokes the forward connection edge

U

search routine passing the identification of the requesting process and the decremented
forwarding distance. The routine then continues at block 2815. In decision block 2804, if
the requesting process is a neighbor or the edge between this process and the sending
neighbor is reserved because it has already been offered to a process, then the routine
25  continues at block 28035, else the routine continues at block 2806. In block 2805, the routine
invokes the forward connection edge search routine passing an indication of the requesting
party and a toggle indicator that alternatively indicates to continue the random walk for one
or two more computers. The routine then continues at block 2815. In block 2806, the
routine dials the requesting process via the call-in port. In block 2807, the routine sends an
30 edge proposal call external message (i.e., edge proposal call) and receives the response (i.e.,
edge proposal resp). Assuming that the response is successfully received, the routine
continues at block 2808. In decision block 2808, if the response indicates that the edge is
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acceptable to the requesting process, then the routine continues at block 2809, else the
routine continues at block 2812. In block 2809, the routine reserves the edge between this
process and the sending neighbor. In block 2810, the routine adds the requesting process as
a neighbor by invoking the add neighbor routine. In block 2811, the routine removes the
5  sending neighbor as a neighbor. In block 2812, the routine hangs up the external port and
continues at block 2815. In decision block 2813, if this process is the requesting process and
the number of holes of this process equals one, then the routine continues at block 2814, else
the routine continues at block 2815. In block 2814, the routine invokes the fill hole routine.
In block 2815, the routine sends an connection edge search response message (ie.,
10 connection edge search response) to the sending neighbor indicating acknowledgement and
then returns. The graphs are sensitive to parity. That is, all possible paths starting from a
node and ending at that node will have an even length unless the graph has a cycle whose
length is odd. The broadcaster component uses a toggle indicator to vary the random walk
distance between even and odd distances.

Figure 29 is a flow diagram illustrating the processing of the handle connection

edge search response routine in one embodiment. This routine is passed as indication of the

£ requesting process, the sending neighbor, and the message. In block 2901, the routine notes
~ that the connection edge search response (i.e., connection edge search resp) has been

received and if the forwarding distance is less than or equal to one unreserves the edge

between this process and the sending neighbor. In decision block 2902, if the requesting
= process indicates that the edge is acceptable as indicated in the message, then the routine
continues at block 2903, else the routine returns. In block 2903, the routine reserves the edge
between this process and the sending neighbor. In block 2904, the routine removes the
sending neighbor as a neighbor. In block 2905, the routine invokes the court neighbor
25  routine to connect to the requesting process. In decision block 2906, if the invoked routine
was unsuccessful, then the routine continues at block 2907, else the routine returns. In
decision block 2907, if the number of holes of this process is greater than zero, then the
routine continues at block 2908, else the routine returns. In block 2908, the routine invokes

the fill hole routine and then returns.
30 Figure 30 is a flow diagram illustrating the processing of the broadcast routine
in one embodiment. This routine is invoked by the application program to broadcast a

message on the broadcast channel. This routine is passed the message to be broadcast. In
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decision block 3001, if this process has at least one neighbor, then the routine continues at
block 3002, else the routine returns since it is the only process connected to be broadcast
channel. In block 3002, the routine generates an internal message of the broadcast statement
type (i.e., broadcast stmt). In block 3003, the routine sets the sequence number of the

5 message. In block 3004, the routine invokes the distribute internal message routine to
broadcast the message on the broadcast channel. The routine returns.

Figure 31 is a flow diagram illustrating the processing of the acquire message
routine in one embodiment. The acquire message routine may be invoked by the application
program or by a callback routine provided by the application program. This routine returns a

10 message. In block 3101, the routine pops the message from the message queue of the
broadcast channel. In decision block 3102, if a message was retrieved, then the routine
returns an indication of success, else the routine returns indication of failure.

Figures 32-34 are flow diagrams illustrating the processing of messages
associated with the neighbors with empty ports condition. Figure 32 is a flow diagram

illustrating processing of the handle condition check message in one embodiment. This

message 1s sent by a neighbor process that has one hole and has received a request to connect
o to a hole of this process. In decision block 3201, if the number of holes of this process is
* equal to one, then the routine continues at block 3202, else the neighbors with empty ports
""" condition does not exist any more and the routine returns. In decision block 3202, if the
sending neighbor and this process have the same set of neighbors, the routine continues at
block 3203, else the routine continues at block 3205. In block 3203, the routine initializes a

condition double check message (i.e., condition_double check) with the list of neighbors of

this process. In block 3204, the routine sends the message internally to a neighbor other than

sending neighbor. The routine then returns. In block 3205, the routine selects a neighbor of

25  the sending process that is not also a neighbor of this process. In block 3206, the routine

sends a condition repair message (i.e., condition repair stmt) externally to the selected

process. In block 3207, the routine invokes the add neighbor routine to add the selected
neighbor as a neighbor of this process and then returns.

Figure 33 is a flow diagram illustrating processing of the handle condition

30  repair statement routine in one embodiment. This routine removes an existing neighbor and

connects to the process that sent the message. In decision block 3301, if this process has no

holes, then the routine continues at block 3302, else the routine continues at block 3304. In
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block 3302, the routine selects a neighbor that is not involved in the neighbors with empty

ports condition. In block 3303, the routine removes the selected neighbor as a neighbor of

this process. Thus, this process that is executing the routine now has at least one hole. In

block 3304, the routine invokes the add neighbor routine to add the process that sent the
5 message as a neighbor of this process. The routine then returns.

Figure 34 is a flow diagram illustrating the processing of the handle condition
double check routine. This routine determines whether the neighbors with empty ports
condition really is a problem or whether the broadcast channel is in the small regime. In
decision block 3401, if this process has one hole, then the routine continues at block 3402,

10  else the routine continues at block 3403. If this process does not have one hole, then the set
of neighbors of this process is not the same as the set of neighbors of the sending process. In
decision block 3402, if this process and the sending process have the same set of neighbors,
then the broadcast channel is not in the small regime and the routine continues at block 3403,
else the routine continues at block 3406. In decision block 3403, if this process has no holes,
then the routine returns, else the routine continues at block 3404. In block 3404, the routine
sets the estimated diameter for this process to one. In block 3405, the routine broadcasts a

diameter reset internal message (i.e., diameter reset) indicating that the estimated diameter is
one and then returns. In block 3406, the routine creates a list of neighbors of this process. In
block 3407, the routine sends the condition check message (i.e., condition check stmt) with

the list of neighbors to the neighbor who sent the condition double check message and then
- returns.

From the above description, it will be appreciated that although specific
embodiments of the technology have been described, various modifications may be made
without deviating from the spirit and scope of the invention. For example, the

25  communications on the broadcast channel may be encrypted. Also, the channel instance or
session identifier may be a very large number (e.g., 128 bits) to help prevent an unauthorized
user to maliciously tap into a broadcast channel. The portal computer may also enforce
security and not allow an unauthorized user to connect to the broadcast channel

Accordingly, the invention is not limited except by the claims.
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CLAIMS

1 1. A computer-based method for adding a participant to a network of
2 participants, each participant being connected to three or more other participants, the method

3 comprising:

4 identifying pair of participants of the network that are connected;
5 disconnecting the participants of the identified pair from each other; and
6 connecting each participant of the identified pair of participants to the

7 added participant.

2. The method of claim 1 wherein each participant is connected to 4

participants.

3. The method of claim 1 wherein the identifying of a pair includes

= 2 randomly selecting a pair of participants that are connected.

1 4, The method of claim 3 wherein the randomly selecting of a pair includes
2 sending a message through the network on a randomly selected path.

1 5. The method of claim 4 wherein when a participant receives the message,

2 the participant sends the message to a randomly selected participant to which it is connected.

1 6. The method of claim 4 wherein the randomly selected path is
2 approximately proportional to the diameter of the network.

1 7. The method of claim 1 wherein the participant to be added requests a
2 portal computer to initiate the identifying of the pair of participants.
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1 8. The method of claim 7 wherein the initiating of the identifying of the
2 pair of participants includes the portal computer sending a message to a connected

3 participant requesting an edge connection.

1 9. The method of claim 8 wherein the portal computer indicates that the
2 message is to travel a certain distance and wherein the participant that receives the message

3 after the message has traveled that certain distance is one of the participants of the identified

4  pair of participants.

1 10.  The method of claim 9 wherein the certain distance is approximately
2 twice the diameter of the network.

1 11.  The method of claim 1 wherein the participants are connected via the
2 Internet.

e I 12. The method of claim 1 wherein the participants are connected via
— 2 TCP/IP connections.

1 13. The method of claim 1 wherein the participants are computer processes.

1 14. A computer-based method for adding nodes to a graph that is m-regular

2 and m-connected to maintain the graph as m-regular, where m is four or greater, the method

3 comprising:

4 identifying p pairs of nodes of the graph that are connected, where p is
5  one half of m;

6 disconnecting the nodes of each identified pair from each other; and

7 connecting each node of the identified pairs of nodes to the added node.
1 15. The method of claim 14 wherein identifying of the p pairs of nodes

2 includes randomly selecting a pair of connected nodes.

[03004-8002/SL003733.099] -42- 7/31/00

0043



1 16. The method of claim 14 wherein the nodes are computers and the

2 connections are point-to-point communications connections.

1 17.  The method of claim 14 wherein m 1s even.

1 18. A method of initiating adding of a participant to a network, the method
2 comprising:

3 receiving a connection message from the participant to be added; and

4 sending a connection edge search message to a neighbor participant of

5 the participant that received the message wherein the connection edge search message is
6 forwarded to neighbor participants until a participant that receives the connection edge

7  search message decides to connect to the participant to be added.

1 19. The method of claim 18 wherein the sent connection edge search

2 message includes an indication of the number of participants to which the connection edge

3 search message should be forwarded.

1 20.  The method of claim 19 wherein the number of participants is based on
2 the diameter of the network.

1 21. The method of claim 19 wherein the number of participants is

2 approximately twice the diameter.

1 22.  The method of claim 18 wherein when a participant decides to connect
2 to the participant to be added, the neighbor participant that sent the connection edge search

3 message to the participant that decided to connect also decides to connect to the participant
4  to be added.

1 23.  The method of claim 18 wherein participants that receive the connection

2 edge search message forward the connection edge search message to a randomly selected
3 neighbor.
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1 24. A method in a computer system for connecting to a new participant of a

2 network, the method comprising:

3 receiving at a participant a connection edge search message;

4 identifying a neighbor participant of the participant that received the
5 connection edge search message;

6 notifying the neighbor participant to connect to the new participant;

7 disconnecting the participant from the identified neighbor participant;
8 and

9 connecting the participant to the new participant.

1 25.  The method of claim 24 including determining whether the participant is

2 the last participant in a path of participants through which the connection edge search

3 message was sent.

1 26.  The method of claim 25 wherein when the participant is not the last

2 participant in the path, sending the connection edge search message to a neighbor of the
3 participant.

1 27. The method of claim 26 including randomly selecting the neighbor

T 2 participant to which the connection edge search message is to be sent.

1 28.  The method of claim 24 wherein the received connection edge search

2 message includes an indication of the number of participants through which the connection

3 edge search message is to be sent.

1 29. The method of claim 24 including when the participant is already a
2 neighbor of the new participant, sending the connection edge search message to a neighbor

3 participant of the participant.

1 30. The method of claim 24 wherein the participants are computer
2 processes.
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1 31. The method of claim 24 wherein the connections are point-to-point

2 connections.

1 32. A computer-readable medium containing instructions for controlling a
2 computer system to connect a participant to a network of participants, each participant being
3 connected to three or more other participants, the network representing a broadcast channel
4 wherein each participant forwards broadcast messages that it receives to its neighbor

5  participants, by a method comprising:

6 identifying a pair of participants of the network that are connected;
7 disconnecting the participants of the identified pair from each other; and
8 connecting each participant of the identified pair of participants to the

added participant.

33.  The computer-readable medium of claim 32 wherein each participant is

connected to 4 participants.

1 34.  The computer-readable medium of claim 32 wherein the identifying of a

2 pair includes randomly selecting a pair of participants that are connected.

1 35. The computer-readable medium of claim 34 wherein the randomly

2 selecting of a pair includes sending a message through the network on a randomly selected
3 path.

1 36. The computer-readable medium of claim 35 wherein when a participant

2 receives the message, the participant sends the message to a randomly selected participant to

3 which it 1s connected.

1 37. The computer-readable medium of claim 35 wherein the randomly

2 selected path is approximately twice a diameter of the network.
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1 38.  The computer-readable medium of claim 32 wherein the participant to

2 be added requests a portal computer to initiate the identifying of the pair of participants.

1 39.  The computer-readable medium of claim 38 wherein the initiating of the
2 identifying of the pair of participants includes the portal computer sending a message to a

3 connected participant requesting an edge connection.

1 40. The computer-readable medium of claim 38 wherein the portal
2 computer indicates that the message is to travel a certain distance and wherein the participant
3 that receives the message after the message has traveled that certain distance is one of the

4 identified pair of participants.

1 41. A method in a computer system for connecting to a participant of a

2 network, the method comprising;

3 receiving at a participant a connection port search message sent by a
' 4 requesting participant; and

= 5 when the participant has a port that is available through which it can
6 connect to the requesting participant,

7 sending a port connection message to the requesting

8  participant proposing that the requesting participant connect to the available port of the
9  participant; and

10 when the participant receives a port proposal response
11  message that indicates the requesting participant accepts to connect to the available port,

12 connecting the participant to the requesting participant.

1 42.  The method of claim 41 including;:
2 when the participant does not have a port that is available through which
3 it can connect to the requesting participant, sending the connection port search message to a

4 neighbor participant.
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1 43.  The method of claim 41 wherein a port is available when the requesting

2 participant is not already connected to the participant and the participant has an empty port.

1 44. A method in a computer system of detecting neighbors with empty ports
2 condition in a network, the method comprising:

3 receiving at a first participant a connection port search message
4  indicating that a second participant has an empty port; and

5 when the first participant is already connected to the second participant
6 and the first participant has an empty port, sending a condition check message from the first
7  participant to the second participant wherein the condition check message identifies
8  neighbors of the first participant.

45.  The method of claim 44 including:

when the second participant receives the condition check message,

when the second participant does not have the same

Z 4 neighbors as the first participant, sending a condition repair message to third participant that
= 5 isa neighbor of the first participant but is not a neighbor of the second participant.

1 46.  The method of claim 45 including:
: 2 when the third participant receives the condition repair message,
3 disconnecting from a neighbor of the third participant
4  other than the first participant; and
5 connecting to the second participant.
1 47.  The method of claim 44 including:
2 when the second participant receives the condition check message,
3 when the second participant has the same neighbors as the

4  first participant, sending a condition double check message to a third participant that is a
5 neighbor of the second participant.

1 48.  The method of claim 47 including:
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when the third participant receives the condition double check message,
when the third participant does not have the same
neighbors as the first participant, sending a condition check message to a fourth participant
that is not the first participant or the second participant.

49.  The method of claim 48 including:
when the fourth participant receives the condition check message,
sending a condition repair message to a fifth participant

directing the fifth participant to connect to the first participant or the second participant.
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EXPRESS MAIL NO. EI404935398US

. n.

JOINING A BROADCAST CHANNEL

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is related to U.S. Patent Application No. ,
entitled “BROADCASTING NETWORK,” filed on July 31, 2000 (Attorney Docket
No. 030048001 US); U.S. Patent Application No. , entitled “JOINING A
BROADCAST CHANNEL,” filed on July 31, 2000 (Attorney Docket No. 030048002 US);
U.S. Patent Application No. , “LEAVING A BROADCAST CHANNEL,”
filed on July 31, 2000 (Attorney Docket No. 030048003 US); U.S. Patent Application
No. , entitled “BROADCASTING ON A BROADCAST CHANNEL,” filed
on July 31, 2000 (Attorney Docket No. 030048004 US); U.S. Patent Application
No. , entitled “CONTACTING A BROADCAST CHANNEL,” filed on
July 31,2000 (Attorney Docket No. 030048005 US); U.S. Patent Application
No. , entitled “DISTRIBUTED AUCTION SYSTEM,” filed on
July 31,2000 (Attorney Docket No. 030048006 US); U.S. Patent Application
No. , entitled “AN INFORMATION DELIVERY SERVICE,” filed on
July 31,2000 (Attorney Docket No. 030048007 US), U.S. Patent Application
No. , entitled “DISTRIBUTED CONFERENCING SYSTEM,” filed on
July 31,2000 (Attorney Docket No. 030048008 US); and U.S. Patent Application
No. , entitled “DISTRIBUTED GAME ENVIRONMENT,” filed on
July 31,2000 (Attorney Docket No. 030048009 US), the disclosures of which are

incorporated herein by reference.

TECHNICAL FIELD

The described technology relates generally to a computer network and more

particularly, to a broadcast channel for a subset of a computers of an underlying network.
BACKGROUND

There are a wide variety of computer network communications techniques such

as point-to-point network protocols, client/server middleware, multicasting network
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protocols, and peer-to-M@% middleware. Each of these C(Qunications techniques have
their advantages and disadvantages, but none is particularly well suited to the simultaneous
sharing of information among computers that are widely distributed. For example,
collaborative processing applications, such as a network meeting programs, have a need to
distribute information in a timely manner to all participants who may be geographically
distributed.

The point-to-point network protocols, such as UNIX pipes, TCP/IP, and UDP,
allow processes on different computers to communicate via point-to-point connections. The
interconnection of all participants using point-to-point connections, while theoretically
possible, does not scale well as a number of participants grows. For example, each
participating process would need to manage its direct connections to all other participating
processes. Programmers, however, find it very difficult to manage single connections, and
management of multiple connections is much more complex. In addition, participating
processes may be limited to the number of direct connections that they can support. This
limits the number of possible participants in the sharing of information.

The client/server middleware systems provide a server that coordinates the
communications between the various clients who are sharing the information. The server
functions as a central authority for controlling access to shared resources. Examples of
client/server middleware systems include remote procedure calls (“RPC”), database servers,
and the common object request broker architecture (“CORBA”). Client/server middleware
systems are not particularly well suited to sharing of information among many participants.
In particular, when a client stores information to be shared at the server, each other client
would need to poll the server to determine that new information is being shared. Such
polling places a very high overhead on the communications network. Alternatively, each
client may register a callback with the server, which the server then invokes when new
information is available to be shared. Such a callback technique presents a performance
bottleneck because a single server needs to call back to each client whenever new
information is to be shared. In addition, the reliability of the entire sharing of information
depends upon the reliability of the single server. Thus, a failure at a single computer (i.e.,
the server) would prevent communications between any of the clients.

The multicasting network protocols allow the sending of broadcast messages to

multiple recipients of a network. The current implementations of such multicasting network

[03004-8002/8L003733.099] -2- 7/31/00
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protocols tend to place .macceptable overhead on the uno’dng network. For example,
UDP multicasting would swamp the Internet when trying to locate all possible participants.
IP multicasting has other problems that include needing special-purpose infrastructure (e.g.,
routers) to support the sharing of information efficiently.

The peer-to-peer middleware communications systems rely on a multicasting
network protocol or a graph of point-to-point network protocols. Such peer-to-peer
middleware is provided by the T.120 Internet standard, which is used in such products as
Data Connection’s D.C.-share and Microsoft’s NetMeeting. These peer-to-peer middleware
systems rely upon a user to assemble a point-to-point graph of the connections used for
sharing the information. Thus, it is neither suitable nor desirable to use peer-to-peer
middleware systems when more than a small number of participants is desired. In addition,
the underlying architecture of the T.120 Internet standard is a tree structure, which relies on
the root node of the tree for reliability of the entire network. That is, each message must pass
through the root node in order to be received by all participants.

It would be desirable to have a reliable communications network that is
suitable for the simultaneous sharing of information among a large number of the processes

that are widely distributed.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a graph that is 4-regular and 4-connected which represents a

broadcast channel.

Figure 2 illustrates a graph representing 20 computers connected to a broadcast
channel.

Figures 3A and 3B illustrate the process of connecting a new computer Z to the
broadcast channel.

Figure 4A illustrates the broadcast channel of Figure 1 with an added

computer.

Figure 4B illustrates the broadcast channel of Figure 4A with an added
computer.

Figure 4C also illustrates the broadcast channel of Figure 4A with an added
computer.
[03004-8002/SL003733.099] -3- 7/31/00
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Figure SA‘Jstrates the disconnecting of a.nputer from the broadcast
channel in a planned manner.
Figure 5B illustrates the disconnecting of a computer from the broadcast
channel in an unplanned manner. |
5 Figure 5C illustrates the neighbors with empty ports condition.
Figure 5D illustrates two computers that are not neighbors who now have
empty ports.
Figure SE illustrates the neighbors with empty ports condition in the small
regime.
10 Figure SF illustrates the situation of Figure SE when in the large regime.
Figure 6 is a block diagram illustrating components of a computer that is
connected to a broadcast channel.
Figure 7 is a block diagram illustrating the sub-components of the broadcaster

component in one embodiment.

—
th

Figure 8 is a flow diagram illustrating the processing of the connect routine in
one embodiment.
Figure 9 is a flow diagram illustrating the processing of the seek portal

computer routine in one embodiment.

a0 e W o ()

Figure 10 is a flow diagram illustrating the processing of the contact process

20 routine in one embodiment.

A

Figure 11 is a flow diagram illustrating the processing of the connect request
routine in one embodiment.
Figure 12 is a flow diagram of the processing of the check for external call
routine in one embodiment.
25 Figure 13 is a flow diagram of the processing of the achieve connection routine
in one embodiment.
Figure 14 is a flow diagram illustrating the processing of the external
dispatcher routine in one embodiment.
Figure 15 is a flow diagram illustrating the processing of the handle seeking
30 connection call routine in one embodiment.
Figure 16 is a flow diagram illustrating processing of the handle connection

request call routine in one embodiment.
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Figure 17.& flow diagram illustrating the p’essing of the add neighbor
routine in one embodiment.

Figure 18 is a flow diagram illustrating the processing of the forward
connection edge search routine in one embodiment.

Figure 19 is a flow diagram illustrating the processing of the handle edge
proposal call routine.

Figure 20 is a flow diagram illustrating the processing of the handle port
connection call routine in one embodiment.

Figure 21 is a flow diagram illustrating the processing of the fill hole routine in
one embodiment.

Figure 22 is a flow diagram illustrating the processing of the internal dispatcher
routine in one embodiment.

Figure 23 is a flow diagram illustrating the processing of the handle broadcast
message routine in one embodiment.

Figure 24 is a flow diagram illustrating the processing of the distribute
broadcast message routine in one embodiment.

Figure 26 is a flow diagram illustrating the processing of the handle connection
port search statement routine in one embodiment.

Figure 27 is a flow diagram illustrating the processing of the court neighbor
routine in one embodiment.

Figure 28 is a flow diagram illustrating the processing of the handle connection
edge search call routine in one embodiment.

Figure 29 is a flow diagram illustrating the processing of the handle connection
edge search response routine in one embodiment.

Figure 30 is a flow diagram illustrating the processing of the broadcast routine
in one embodiment.

Figure 31 is a flow diagram illustrating the processing of the acquire message
routine in one embodiment. A

Figure 32 is a flow diagram illustrating processing of the handle condition
check message in one embodiment.

Figure 33 is a flow diagram illustrating processing of the handle condition

repair statement routine in one embodiment.
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Figure 34“ flow diagram illustrating the proM#®%5ing of the handle condition
double check routine.

DETAILED DESCRIPTION

A broadcast technique in which a broadcast channel overlays a point-to-point
communications network is provided. The broadcasting of a message over the broadcast
channel is effectively a multicast to those computers of the network that are currently
connected to the broadcast channel. In one embodiment, the broadcast technique provides a
logical broadcast channel to which host computers through their executing processes can be
connected. Each computer that is connected to the broadcast channel can broadcast
messages onto and receive messages off of the broadcast channel. Each computer that is
connected to the broadcast channel receives all messages that are broadcast while it is
connected. The logical broadcast channel is implefnented using an underlying network
system (e.g., the Internet) that allows each computer connected to the underlying network
system to send messages to each other connected computer using each computer’s address.
Thus, the broadcast technique effectively provides a broadcast channel using an underlying
network system that sends messages on a point-to-point basis.

The broadcast technique overlays the underlying network system with a graph
of point-to-point connections (i.e., edges) between host computers (i.e., nodes) through
which the broadcast channel is implemented. In one embodiment, each computer is
connected to four other computers, referred to as neighbors. (Actually, a process executing
on a computer is connected to four other processes executing on this or four other
computers.) To broadcast a message, the originating computer sends the message to each of
its neighbors using its point-to-point connections. Each computer that receives the message
then sends the message to its three other neighbors using the point-to-point connections. In
this way, the message is propagated to each computer using the underlying network to effect
the broadcasting of the message to each computer over a logical broadcast channel. A graph
in which each node is connected to four other nodes is referred to as a 4-regular graph. The
use of a 4-regular graph means that a computer would become disconnected from the
broadcast channel only if all four of the connections to its neighbors fail. The graph used by
the broadcast technique also has the property that it would take a failure of four computers to

[03004-8002/S1.003733.099] -6- 7/31/00
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divide the graph into Qint sub-graphs, that is two sepa. broadcast channels. This
property is referred to as being 4-connected. Thus, the graph is both 4-regular and 4-
connected.

Figure 1 illustrates a graph that is 4-regular and 4-connected which represents
the broadcast channel. Each of the nine nodes A-I represents a computer that is connected to
the broadcast channel, and each of the edges represents an “edge” connection between two
computers of the broadcast channel. The time it takes to broadcast a message to each
computer on the broadcast channel depends on the speed of the connections between the
computers and the number of connections between the originating computer and each other
computer on the broadcast channel. The minimum number of connections that a message
would need to traverse between each pair of computers is the “distance” between the
computers (ie., the shortest path between the two nodes of the graph). For example, the
distance between computers A and F is one because computer A is directly connected to\
computer F. The distance between computers A and B is two because there is no direct
connection between computers A and B, but computer F is directly connected to computer B.
Thus, a message originating at computer A would be sent directly to computer F, and then
sent from computer F to computer B. The maximum of the distances between the computers
is the “diameter” of broadcast channel. The diameter of the broadcast channel represented
by Figure 1 is two. That is, a message sent by any computer would traverse no more than
two connections to reach every other computer. Figure 2 illustrates a graph representing 20
computers connected to a broadcast channel. The diameter of this broadcast channel is 4. In
particular, the shortest path between computers 1 and 3 contains four connections (1-12, 12-
15, 15-18, and 18-3).

The broadcast technique includes (1) the connecting of computers to the
broadcast channel (i.e., composing the graph), (2) the broadcasting of messages over the
broadcast channel (i.e., broadcasting through the graph), and (3) the disconnecting of

computers from the broadcast channel (i.e., decomposing the graph) composing the graph.

Composing the Graph

To connect to the broadcast channel, the computer seeking the connection first

locates a computer that is currently fully connected to the broadcast channel and then

[03004-8002/SL.003733.099] -7- 7/31/00

0138



10

15

R R N e R R N

20

A N

25

30

establishes a connecti("ith four of the computers that. already connected to the
broadcast channel. (This assumes that there are at least four computers already connected to
the broadcast channel. When there are fewer than five computers connected, the broadcast
channel cannot be a 4-regular graph. In such a case, the broadcast channel is considered to
be in a “small regime.” The broadcast technique for the small regime is described below in
detail. When five or more computers are connected, the broadcast channel is considered to
be in the “large regime.” This description assumes that the broadcast channel is in the large
regime, unless specified otherwise.) Thus, the process of connecting to the broadcast
channel includes locating the broadcast channel, identifying the neighbors for the connecting
computer, and then connecting to each identified neighbor. Each computer is aware of one
or more “portal computers” through which that computer may locate the broadcast channel.
A secking computer locates the broadcast channel by contacting the portal computers until it
finds one that is currently fully connected to the broadcast channel. The found portal
computer then directs the identifying of four computers (i.e., to be the seeking computer’s
neighbors) to which the seeking computer is to connect. Each of these four computers then
cooperates with the seeking computer to effect the connecting of the seeking computer to the
broadcast channel. A computer that has started the process of locating a portal computer, but
does not yet have a neighbor, is in the “seeking connection state.” A computer that is
connected to at least one neighbor, but not yet four neighbors, is in the “partially connected
state.” A computer that is currently, or has been, previously connected to four neighbors is
in the “fully connected state.”

Since the broadcast channel is a 4-regular graph, each of the identified
computers is already connected to four computers. Thus, some connections between
computers need to be broken so that the seeking computer can connect to four computers. In
one embodiment, the broadcast technique identifies two pairs of computers that are currently
connected to each other. Each of these pairs of computers breaks the connection between
them, and then each of the four computers (two from each pair) connects to the seeking
computer. Figures 3A and 3B illustrate the process of a new computer Z connecting to the
broadcast channel. Figure 3A illustrates the broadcast channel before computer Z is
connected. The pairs of computers B and E and computers C and D are the two pairs that are
identified as the neighbors for the new computer Z. The connections between each of these

pairs is broken, and a connection between computer Z and each of computers B, C, D, and E

[03004-8002/SL003733.099] -8- 7131/00
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1s established as indica.oy Figure 3B. The process of b@mg the connection between
two neighbors and reconnecting each of the former neighbors to another computer is referred
to as “edge pinning” as the edge between two nodes may be considered to be stretched and
pinned to a new node.

Each computer connected to the broadcast channel allocates five
communications ports for communicating with other computers. Four of the ports are
referred to as “internal” ports because they are the ports through which the messages of the
broadcast channels are sent. The connections between internal ports of neighbors are
referred to as “internal” connections. Thus, the internal connections of the broadcast channel
form the 4-regular and 4-connected graph. The fifth port is referred to as an “external” port
because it is used for sending non-broadcast messages between two computers. Neighbors
can send non-broadcast messages either through their internal ports of their connection or
through their external ports. A seeking computer uses external ports when locating a portal
computer.

In one embodiment, the broadcast technique establishes the computer
connections using the TCP/IP communications protocol, which is a point-to-point protocol,
as the underlying network. The TCP/IP protocol provides for reliable and ordered delivery
of messages between computers. The TCP/IP protocol provides each computer with a “port
space” that is shared among all the processes that may execute on that computer. The ports
are identified by numbers from 0 to 65,535. The first 2056 ports are reserved for specific
applications (e.g., port 80 for HTTP messages). The remainder of the ports are user ports
that are available to any process. In one embodiment, a set of port numbers can be reserved
for use by the computer connected to the broadcast channel. In an alternative embodiment,
the port numbers used are dynamically identified by each computer. Each computer
dynamically identifies an available port to be used as its call-in port. This call-in port is used
to establish connections with the external port and the internal ports. Each computer that is
connected to the broadcast channel can receive non-broadcast messages through its external
port. A seeking computer tries “dialing” the port numbers of the portal computers until a
portal computer “answers,” a call on its call-in port. A portal computer answers when it is
connected to or attempting to connect to the broadcast channel and its call-in port is dialed.
(In this description, a telephone metaphor is used to describe the connections.) When a

computer receives a call on its call-in port, it transfers the call to another port. Thus, the
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seeking computer actua‘ommunicates through that transfc_‘ port, which is the external
port. The call is transferred so that other computers can place calls to that computer via the
call-in port. The seeking computer then communicates via that external port to request the
portal computer to assist in connecting the seeking computer to the broadcast channel. The
seeking computer could identify the call-in port number of a portal computer by successively
dialing each port in port number order. As discussed below in detail, the broadcast technique
uses a hashing algorithm to select the port number order, which may result in improved
performance.

A seeking computer could connect to the broadcast channel by connecting to
computers either directly connected to the found portal computer or directly connected to one
of its neighbors. A possible problem with such a scheme for identifying the neighbors for
the seeking computer is that the diameter of the broadcast channel may increase when each
seeking computer uses the same found portal computer and establishes a connection to the
broadcast channel directly through that found portal computer. Conceptually, the graph
becomes elongated in the direction of where the new nodes are added. Figures 4A-4C
illustrate that possible problem. Figure 4A illustrates the broadcast channel of Figure 1 with
an added computer. Computer J was connected to the broadcast channel by edge pinning
edges C-D and E-H to computer J. The diameter of this broadcast channel is still two.
Figure 4B illustrates the broadcast channel of Figure 4A with an added computer.
Computer K was connected to the broadcast channel by edge pinning edges E-J and B-C to
computer K. The diameter of this broadcast channel is three, because the shortest path from
computer G to computer K is through edges G-A, A-E, and E-K. Figure 4C also illustrates
the broadcast channel of Figure 4A with an added computer. Computer K was connected to
the broadcast channel by edge pinning edges D-G and E-J to computer K. The diameter of
this broadcast channel is, however, still two. Thus, the selection of neighbors impacts the
diameter of the broadcast channel. To help minimize the diameter, the broadcast technique
uses a random selection technique to identify the four neighbors of a computer in the seeking
connection state. The random selection technique tends to distribute the connections to new
seeking computers throughout the computers of the broadcast channel which may result in

smaller overall diameters.
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Broadcasting Through .STaph

As described above, each computer that is connected to the broadcast channel

can broadcast messages onto the broadcast channel and does receive all messages that are

broadcast on the broadcast channel. The computer that originates a message to be broadcast

5 sends that message to each of its four neighbors using the internal connections. When a

computer receives a broadcast message from a neighbor, it sends the message to its three

other neighbors. Each computer on the broadcast channel, except the originating computer,

will thus receive a copy of each broadcast message from each of its four neighbors. Each

computer, however, only sends the first copy of the message that it receives to its neighbors

10 and disregards subsequently received copies. Thus, the total number of copies of a message

that is sent between the computers is 3N+1, where N is the number of computers connected

to the broadcast channel. Each computer sends three copies of the message, except for the
originating computer, which sends four copies of the message.

The redundancy of the message sending helps to ensure the overall reliability

of the broadcast channel. Since each computer has four connections to the broadcast

channel, if one computer fails during the broadcast of a message, its neighbors have three
other connections through which they will receive copies of the broadcast message. Also, if

the internal connection between two computers'is slow, each computer has three other

connections through which it may receive a copy of each message sooner.

20 Each computer that originatess a message numbers its own messages

N

sequentially. Because of the dynamic nature of the broadcast channel and because there are

many possible connection paths between computers, the messages may be received out of

order. For example, the distance between an originating computer and a certain receiving

computer may be four. After sending the first message, the originating computer and

25  receiving computer may become neighbors and thus the distance between them changes to

one. The first message may have to travel a distance of four to reach the receiving computer.

The second message only has to travel a distance of one. Thus, it is possible for the second
message to reach the receiving computer before the first message.

When the broadcast channel is in a steady state (i.e., no computers connecting

30 or disconnecting from the broadcast channel), out-of-order messages are not a problem

because each computer will eventually receive both messages and can queue messages until

all earlier ordered messages are received. If, however, the broadcast channel is not in a
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steady state, then proL._s can occur. In particular, a 'quter may connect to the

broadcast channel after the second message has already been received and forwarded on by

its new neighbors. When a new neighbor eventually receives the first message, it sends the

message to the newly connected computer. Thus, the newly connected computer will receive

5 the first message, but will not receive the second message. If the newly connected computer
needs to process the messages in order, it would wait indefinitely for the second message.

One solution to this problem is to have each computer queue all the messages

that it receives until it can send them in their proper order to its neighbors. This solution,

however, may tend to slow down the propagation of messages through the computers of the

10  broadcast channel. Another solution that may have less impact on the propagation speed is

to queue messages only at computers who are neighbors of the newly connected computers.

Each already connected neighbor would forward messages as it receives them to its other

neighbors who are not newly connected, but not to the newly connected neighbor. The

already connected neighbor would only forward messages from each originating computer to

the newly connected computer when it can ensure that no gaps in the messages from that

originating computer will occur. In one embodiment, the already connected neighbor may

track the highest sequence number of the messages already received and forwarded on from

each originating computer. The already connected computer will send only higher numbered

messages from the originating computers to the newly connected computer. Once all lower
20 numbered messages have been received from all originating computers, then the already
connected computer can treat the newly connected computer as its other neighbors and
simply forward each message as it is received. In another embodiment, each computer may
queue messageé and only forwards to the newly connected computer those messages as the
gaps are filled in. For example, a computer might receive messages 4 and 5 and then receive
25 message 3. In such a case, the already connected computer would forward queue messages 4
and 5. When message 3 is finally received, the already connected computer will send
messages 3, 4, and 5 to the newly connected computer. If messages 4 and 5 were sent to the
newly connected computer before message 3, then the newly connected computer would
process messages 4 and 5 and disregard message 3. Because the already connected computer
30  queues messages 4 and 5, the newly connected computer will be able to process message 3.
It is possible that a newly connected computer will receive a set of messages from an

originating computer through one neighbor and then receive another set of message from the
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same originating comp!‘hlough another neighbor. If the Qnd set of messages contains
a message that is ordered earlier than the messages of the first set received, then the newly
connected computer may ignore that earlier ordered message if the computer already

processed those later ordered messages.

5 Decomposing the Graph

A connected computer disconnects from the broadcast channel either in a

planned or unplanned manner. When a computer disconnects in a planned manner, it sends a
disconnect message to each of its four neighbors. The disconnect message includes a list that
identifies the four neighbors of the disconnecting computer. When a neighbor receives the

10 disconnect message, it tries to connect to one of the computers on the list. In one
embodiment, the first computer in the list will try to connect to the second computer in the
list, and the third computer in the list will try to connect to the fourth computer in the list. If
a computer cannot connect (e.g., the first and second computers are already connected), then
the computers may try connecting in various other combinations. If connections cannot be
established, each computer broadcasts a message that it needs to establish a connection with

another computer. When a computer with an available internal port receives the message, it

can then establish a connection with the computer that broadcast the message. Figures 5A-

5D illustrate the disconnecting of a computer from the broadcast channel. Figure 5A

illustrates the disconnecting of a computer from the broadcast channel in a planned manner.

20 When computer H decides to disconnect, it sends its list of neighbors to each of its neighbors

0

(computers A, E, F and I) and then disconnects from each of its neighbors. When

computers A and I receive the message they establish a connection between them as
indicated by the dashed line, and similarly for computers E and F.

When a computer disconnects in an unplanned manner, such as resulting from

25 a power failure, the neighbors connected to the disconnected computer recognize the

disconnection when each attempts to send its next message to the now disconnected

computer. Each former neighbor of the disconnected computer recognizes that it is short one

connection (i.e., it has a hole or empty port). When a connected computer detects that one of

its neighbors is now disconnected, it broadcasts a port connection request on the broadcast

30  channel, which indicates that it has one internal port that needs a connection. The port

connection request identifies the call-in port of the requesting computer. When a connected
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computer that is also s‘ a connection receives the connc¥@®0n request, it communicates

with the requesting computer through its external port to establish a connection between the

two computers. Figure 5B illustrates the disconnecting of a computer from the broadcast

channel in an unplanned manner. In this illustration, computer H has disconnected in an

5 unplanned manner. When each of its neighbors, computers A, E, F, and I, recognizes the

disconnection, each neighbor broadcasts a port connection request indicating that it needs to

fill an empty port. As shown by the dashed lines, computers F and I and computers A and E
respond to each other’s requests and establish a connection.

It is possible that a planned or unplanned disconnection may result in two

10 neighbors each having an empty internal port. In such a case, since they are neighbors, they

are already connected and cannot fill their empty ports by connecting to each other. Such a

condition is referred to as the “neighbors with empty ports” condition. Each neighbor

broadcasts a port connection request when it detects that it has an empty port as described

above. When a neighbor receives the port connection request from the other neighbor, it will

recognize the condition that its neighbor also has an empty port. Such a condition may also

occur when the broadcast channel is in the small regime. The condition can only be
corrected when in the large regime. When in the small regime, each computer will have less

than four neighbors. To detect this condition in the large regime, which would be a problem

if not repaired, the first neighbor to receive the port connection request recognizes the
20 condition and sends a condition check message to the other neighbor. The condition check

message includes a list of the neighbors of the sending computer. When the receiving

TR

computer receives the list, it compares the list to its own list of neighbors. If the lists are
different, then this condition has occurred in the large regime and repair is needed. To repair
this condition, the receiving computer will send a condition repair request to one of the
25 neighbors of the sending computer which is not already a neighbor of the receiving
computer. When the computer receives the condition repair request, it disconnects from one
of its neighbors (other than the neighbor that is involved with the condition) and connects to
the computer that sent the condition repair request. Thus, one of the original neighbors
involved in the condition will have had a port filled. However, two computers are still in
30  need of a connection, the other original neighbor and the computer that is now disconnected
from the computer that received the condition repair request. Those two computers send out

port connection requests. If those two computers are not neighbors, then they will connect to
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each other when they x.ve the requests. If, however, thc®o computers are neighbors,
then they repeat the condition repair process until two non-neighbors are in need of
connections.

It is possible that the two original neighbors with the condition may have the
same set of neighbors. When the neighbor that receives the condition check message
determines that the sets of neighbors are the same, it sends a condition double check message
to one of its neighbors other than the neighbor who also has the condition. When the
computer receives the condition double check message, it determines whether it has the same
set of neighbors as the sending computer. If so, the broadcast channel is in the small regime
and the condition is not a problem. If the set of neighbors are different, then the computer
that received the condition double check message sends a condition check message to the
original neighbors with the condition. The computer that receives that condition check
message directs one of it neighbors to connect to one of the original neighbors with the
condition by sending a condition repair message. Thus, one of the original neighbors with
the condition will have its port filled.

Figure 5C illustrates the neighbors with empty ports condition. In this
illustration, computer H disconnected in an unplanned manner, but computers F and I
responded to the port connection request of the other and are now connected together. The
other former neighbors of computer H, computers A and E, are already neighbors, which
gives rise to the neighbors with empty ports condition. In this example, computer E received
the port connection request from computer A, recognized the possible condition, and sent
(since they are neighbors via the internal connection) a condition check message with a list
of its neighbors to computer A. When computer A received the list, it recognized that
computer E has a different set of neighbor (i.e., the broadcast channel is in the large regime).
Computer A selected computer D, which is a neighbor of computer E and sent it a condition
repair request. When computer D received the condition repair request, it disconnected from
one of its neighbors (other than computer E), which is computer G in this example.
Computer D then connected to computer A. Figure 5D illustrates two computers that are not
neighbors who now have empty ports. Computers E and G now have empty ports and are
not currently neighbors. Therefore, computers E and G can connect to each other.

Figures SE and 5F further illustrate the neighbors with empty ports condition.
Figure SE illustrates the neighbors with empty ports condition in the small regime. In this
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example, if computer .disconnected in an unplanned Qmer, then each computer
broadcasts a port connection request when it detects the disconnect. When computer A
receives the port connection request form computer B, it detects the neighbors with empty
ports condition and sends a condition check message to computer B. Computer B recognizes
that it has the same set of neighbors (computer C and D) as computer A and then sends a
condition double check message to computer C. Computer C recognizes that the broadcast
channel is in the small regime because is also has the same set of neighbors as computers A
and B, computer C may then broadcast a message indicating that the broadcast channel is in
the small regime.

Figure SF illustrates the situation of Figure SE when in the large regime. As
discussed above, computer C receives the condition double check message from computer B.
In this case, computer C recognizes that the broadcast channel is in the large regime because
it has a set of neighbors that is different from computer B. The edges extending up from
computer C and D indicate connections to other computers. Computer C then sends a
condition check message to computer B. When computer B receives the condition check
message, it sends a condition repair message to one of the neighbors of computer C. The
computer that receives the condition repair message disconnects from one of its neighbors,
other than computer C, and tries to connect to computer B and the neighbor from which it

disconnected tries to connect to computer A.

Port Selection

As described above, the TCP/IP protocol designates ports above number 2056
as user ports. The broadcast technique uses five user port numbers on each computer: one
external port and four internal ports. Generally, user ports cannot be statically allocated to
an application program because other applications programs executing on the same computer
may use conflicting port numbers. As a result, in one embodiment, the computers connected
to the broadcast channel dynamically allocate their port numbers. Each computer could
simply try to locate the lowest number unused port on that computer and use that port as the
call-in port. A seeking computer, however, does not know in advance the call-in port
number of the portal computers when the port numbers are dynamically allocated. Thus, a
seeking computer needs to dial ports of a portal computer starting with the lowest port

number when locating the call-in port of a portal computer. If the portal computer is
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connected to (or attem;Q to connect to) the broadcast char™@, then the seeking computer
would eventually find the call-in port. If the portal computer is not connected, then the
seeking computer would eventually dial every user port. In addition, if each application
program on a computer tried to allocate low-ordered port numbers, then a portal computer
may end up with a high-numbered port for its call-in port because many of the low-ordered
port numbers would be used by other application programs. Since the dialing of a port is a
relatively slow process, it would take the seeking computer a long time to locate the call-in
port of a portal computer. To minimize this time, the broadcast technique uses a port
ordering algorithm to identify the port number order that a portal computer should use when
finding an available port for its call-in port. In one embodiment, the broadcast technique
uses a hashing algorithm to identify the port order. The algorithm preferably distributes the
ordering of the port numbers randomly through out the user port number space and only
selects each port number once. In addition, every time the algorithm is executed on any
computer for a given channel type and channel instance, it generates the same port ordering.
As described below, it is possible for a computer to be connected to multiple broadcast
channels that are uniquely identified by channel type and channel instance. The algorithm
may be “seeded” with channel type and channel instance in order to generate a unique
ordering of port numbers for each broadcast channel. Thus, a seeking computer will dial the
ports of a portal computer in the same order as the portal computer used when allocating its
call-in port.

If many computers are at the same time seeking connection to a broadcast
channel through a single portal computer, then the ports of the portal computer may be busy
when called by seeking computers. The seeking computers would typically need to keep on
redialing a busy port. The process of locating a call-in port may be significantly slowed by
such redialing. In one embodiment, each seeking computer may each reorder the first few
port numbers generated by the hashing algorithm. For example, each seeking computer
could randomly reorder the first eight port numbers generated by the hashing algorithm. The
random ordering could also be weighted where the first port number generated by the
hashing algorithm would have a 50 / chance of being first in the reordering, the second port
number would have a 25% chance of being first in the reordering, and so on. Because the
seeking computers would use different orderings, the likelihood of finding a busy port is

reduced. For example, if the first eight port numbers are randomly selected, then it is
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possible that eight see‘g computers could be simultane&r dialing ports in different

sequences which would reduce the chances of dialing a busy port.

Locating a Portal Computer

Each computer that can connect to the broadcast channel has a list of one or
more portal computers through which it can connect to the broadcast channel. In one
embodiment, each computer has the same set of portal computers. A seeking computer
locates a portal computer that is connected to the broadcast channel by successively dialing
the ports of each portal computer in the order specified by an algorithm. A seeking computer
could select the first portal computer and then dial all its ports until a call-in port of a
computer that is fully connected to the broadcast channel is found. If no call-in port is
found, then the seeking computer would select the next portal computer and repeat the
process until a portal computer with such a call-in port is found. A problem with such a
seeking technique is that all user ports of each portal computer are dialed until a portal
computer fully connected to the broadcast channel is found. In an alternate embodiment, the
seeking computer selects a port number according to the algorithm and then dials each portal
computer at that port number. If no acceptable call-in port to the broadcast channel is found,
then the seeking computer selects the next port number and repeats the process. Since the
call-in ports are likely allocated at lower-ordered port numbers, the seeking computer first
dials the port numbers that are most likely to be call-in ports of the broadcast channel. The
seeking computers may have a maximum search depth, that is the number of ports that it will
dial when seeking a portal computer that is fully connected. If the seeking computer
exhausts its search depth, then either the broadcast channel has not yet been established or, if
the seeking computer is also a portal computer, it can then establish the broadcast channel
with itself as the first fully connected computer.

When a seeking computer locates a portal computer that is itself not fully
connected, the two computers do not connect when they first locate each other because the
broadcast channel may already be established and accessible through a higher-ordered port
number on another portal computer. If the two seeking computers were to connect to each
other, then two disjoint broadcast channels would be formed. Each seeking computer can
share its experience in trying to locate a portal computer with the other seeking computer. In

particular, if one seeking computer has searched all the portal computers to a depth of eight,
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then the one seeking co  ter can share that it has searched'depth of eight with another
seeking computer. If that other seeking computer has searched to a depth of, for example,
only four, it can skip searching through depths five through eight and that other seeking
computer can advance its searching to a depth of nine.

In one embodiment, each computer may have a different set of portal
computers and a different maximum search depth. In such a situation, it may be possible that
two disjoint broadcast channels are formed because a seeking computer cannot locate a fully
connected port computer at a higher depth. Similarly, if the set of portal computers are

disjoint, then two separate broadcast channels would be formed.

Identifying Neighbors for a Seeking Computer

As described above, the neighbors of a newly connecting computer are
preferably selected randomly from the set of currently connected computers. One advantage
of the broadcast channel, however, is that no computer has global knowledge of the
broadcast channel. Rather, each computer has local knowledge of itself and its neighbors.
This limited local knowledge has the advantage that all the connected computers are peers
(as far as the broadcasting is concerned) and the failure of any one computer (actually any
three computers when in the 4-regular and 4-connect form) will not cause the broadcast
channel to fail. This local knowledge makes it difficult for a portal computer to randomly
select four neighbors for a seeking computer.

To select the four computers, a portal computer sends an edge connection
request message through one of its internal connections that is randomly selected. The
receiving computer again sends the edge connection request message through one of its
internal connections that is randomly selected. This sending of the message corresponds to a
random walk through the graph that represents the broadcast channel. Eventually, a
receiving computer will decide that the message has traveled far enough to represent a
randomly selected computer. That receiving computer will offer the internal connection
upon which it received the edge connection request message to the seeking computer for
edge pinning. Of course, if either of the computers at the end of the offered internal
connection are already neighbors of the seeking computer, then the seeking computer cannot

connect through that internal connection. The computer that decided that the message has
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traveled far enough Pietect this condition of already 'Qg a neighbor and send the
message to a randomly selected neighbor.

In one embodiment, the distance that the edge connection request message
travels is established by the portal computer to be approximately twice the estimated
diameter of the broadcast channel. The message includes an indication of the distance that it
is to travel. Each receiving computer decrements that distance to travel before sending the
message on. The computer that receives a message with a distance to travel that is zero is
considered to be the randomly selected computer. If that randomly selected computer cannot
connect to the seeking computer (e.g., because it is already connected to it), then that
randomly selected computer forwards the edge connection request to one of its neighbors
with a new distance to travel. In one embodiment, the forwarding computer toggles the new
distance to travel between zero and one to help prevent two computers from sending the
message back and forth between each other.

Because of the local nature of the information maintained by each computer
connected to the broadcast channel, the computers need not generally be aware of the
diameter of the broadcast channel. In one embodiment, each message sent through the
broadcast channel has a distance traveled field. Each computer that forwards a message
increments the distance traveled field. Each computer also maintains an estimated diameter
of the broadcast channel. When a computer receives a message that has traveled a distance
that indicates that the estimated diameter is too small, it updates its estimated diameter and
broadcasts an estimated diameter message. When a computer receives an estimated diameter
message that indicates a diameter that is larger than its own estimated diameter, it updates its
own estimated diameter. This estimated diameter is used to establish the distance that an

edge connection request message should travel.

External Data Representation

The computers connected to the broadcast channel may internally store their
data in different formats. For example, one computer may use 32-bit integers, and another
computer may use 64-bit integers. As another example, one computer may use ASCII to
represent text and another computer may use Unicode. To allow communications between
heterogeneous computers, the messages sent over the broadcast channel may use the XDR

(“eXternal Data Representation”) format.
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The und{’ng peer-to-peer communications.otocol may send multiple
messages in a single message stream. The traditional technique for retrieving messages from
a stream has been to repeatedly invoke an operating system routine to retrieve the next
message in the stream. The retrieval of each message may require two calls to the operating
system: one to retrieve the size of the next message and the other to retrieve the number of
bytes indicated by the retrieved size. Such calls to the operating system can, however, be
very slow in comparison to the invocations of local routines. To overcome the inefficiencies
of such repeated calls, the broadcast technique in one embodiment, uses XDR to identify the
message boundaries in a stream of messages. The broadcast technique may request the
operating system to provide the next, for example, 1,024 bytes from the stream. The
broadcast technique can then repeatedly invoke the XDR routines to retrieve the messages
and use the success or failure of each invocation to determine whether another block of 1,024
bytes needs to be retrieved from the operating system. The invocation of XDR routines do
not involve system calls and are thus more efficient than repeated system calls.

M-Regular |

In the embodiment described above, each fully connected computer has four
internal connections. The broadcast technique can be used with other numbers of internal
connections. For example, each computer could have 6, 8, or any even number of internal
connections. As the number of internal connections increase, the diameter of the broadcast
channel tends to decrease, and thus propagation time for a message tends to decrease. The
time that it takes to connect a seeking computer to the broadcast channel may, however,
increase as the number of internal connections increases. When the number of internal
connectors is even, then the broadcast channel can be maintained as m-regular and
m-connected (in the steady state). If the number of internal connections is odd, then when
the broadcast channel has an odd number of computers connected, one of the computers will
have less than that odd number of internal connections. In such a situation, the broadcast
network is neither m-regular nor m-connected. When the next computer connects to the
broadcast channel, it can again become m-regular and m-connected. Thus, with an odd
number of internal connections, the broadcast channel toggles between being and not being

m-regular and m-connected.
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Components

Figure 6 is a block diagram illustrating components of a computer that is
connected to a broadcast channel. The above description generally assumed that there was
only one broadcast channel and that each computer had only one connection to that broadcast
channel. More generally, a network of computers may have multiple broadcast channels,
each computer may be connected to more than one broadcast channel, and each computer
can have multiple connections to the same broadcast channel. The broadcast channel is well
suited for computer processes (e.g., application programs) that execute collaboratively, such
as network meeting programs. Each computer process can connect to one or more broadcast
channels. The broadcast channels can be identified by channel type (e.g., application
program name) and channel instance that represents separate broadcast channels for that
channel type. When a process attempts to connect to a broadcast channel, it seeks a process
currently connected to that broadcast channel that is executing on a portal computer. The
seeking process identifies the broadcast channel by channel type and channel instance.

Computer 600 includes multiple application programs 601 executing as
separate processes. Each application program interfaces with a broadcaster component 602
for each broadcast channel to which it is connected. The broadcaster component may be
implement as an object that is instantiated within the process space of the application
program. Alternatively, the broadcaster component may execute as a separate process or
thread from the application program. In one embodiment, the broadcaster component
provides functions (e.g., methods of class) that can be invoked by the application programs.
The primary functions provided may include a connect function that an application program
invokes passing an indication of the broadcast channel to which the application program
wants to connect. The application program may provide a callback routine that the
broadcaster component invokes to notify the application program that the connection has
been completed, that is the process enters the fully connected state. The broadcaster
component may also provide an acquire message function that the application program can
invoke to retrieve the next message that is broadcast on the broadcast channel. Alternatively,
the application program may provide a callback routine (which may be a virtual function
provided by the application program) that the broadcaster component invokes to notify the
application program that a broadcast message has been received. Each broadcaster

component allocates a call-in port using the hashing algorithm. When calls are answered at
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the call-in port, they ’transferred to other ports that se’as the external and internal
ports.

The computers connecting to the broadcast channel may include a central
processing unit, memory, input devices (e.g., keyboard and pointing device), output devices
(e.g., display devices), and storage devices (e.g., disk drives). The memory and storage
devices are computer-readable medium that may contain computer instructions that
implement the broadcaster component. In addition, the data structures and message
structures may be stored or transmitted via a signal transmitted on a computer-readable
media, such as a communications link, |

Figure 7 is a block diagram illustrating the sub-components of the broadcaster
component in one embodiment. The broadcaster component includes a connect component
701, an external dispatcher 702, an internal dispatcher 703 for each internal connection, an
acquire message component 704 and a broadcast component 712. The application program
may provide a connect callback component 710 and a receive response component 711 that
are invoked by the broadcaster component. The application program invokes the connect
component to establish a connection to a designated broadcast channel. The connect
component identifies the external port and installs the external dispatcher for handling
messages that are received on the external port. The connect component invokes the seek
portal computer component 705 to identify a portal computer that is connected to the
broadcast channel and invokes the connect request component 706 to ask the portal computer
(if fully connected) to select neighbor processes for the newly connecting process. The
external dispatcher receives external messages, identifies the type of message, and invokes
the appropriate handling routine 707. The internal dispatcher receives the internal messages,
identifies the type of message, and invokes the appropriate handling routine 708. The
received broadcast messages are stored in the broadcast message queue 709. The acquire
message component is invoked to retrieve messages from the broadcast queue. The
broadcast component is invoked by the application program to broadcast messages in the
broadcast channel.

The following tables list messages sent by the broadcaster components.
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EXTERNAL MESSAGES

Message Type

Description

seeking_connection_call

Indicates that a seeking process would like to know whether the
receiving process is fully connected to the broadcast channel

connection_request_call

Indicates that the sending process would like the receiving
process to initiate a connection of the sending process to the
broadcast channel

edge_proposal_call

Indicates that the sending process is proposing an edge through
which the receiving process can connect to the broadcast
channel (i.e., edge pinning)

port_connection_call

Indicates that the sending process is proposing a port through
which the receiving process can connect to the broadcast
channel

connected stmt

Indicates that the sending process is connected to the broadcast
channel

condition_repair_stmt

Indicates that the receiving process should disconnect from one
of its neighbors and connect to one of the processes involved in
the neighbors with empty port condition

INTERNAL MESSAGES

Message Type

Description

broadcast_stmt

Indicates a message that is being broadcast through the
broadcast channel for the application programs

connection_port_search_stmt | Indicates that the designated process is looking for a port

through which it can connect to the broadcast channel

connection_edge_search_call | Indicates that the requesting process is looking for an edge

through which it can connect to the broadcast channel

connection_edge_search_resp | Indicates whether the edge between this process and the

sending neighbor has been accepted by the requesting
party

diameter_estimate stmt

Indicates an estimated diameter of the broadcast channel

diameter_reset_stmt

Indicates to reset the estimated diameter to indicated
diameter

disconnect_stmt

Indicates that the sending neighbor is disconnecting from
the broadcast channel

condition_check stmt

Indicates that neighbors with empty port condition have
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condition_double_check_stmt | Indicates that the neighbors with empty ports have the
same set of neighbors

shutdown_stmt Indicates that the broadcast channel is being shutdown

Flow Diagrams

Figures 8-34 are flow diagrams illustrating the processing of the broadcaster
component in one embodiment. Figure 8 is a flow diagram illustrating the processing of the
connect routine in one embodiment. This routine is passed a channel type (e.g., application
name) and channel instance (e.g., session identifier), that identifies the broadcast channel to
which this process wants to connect. The routine is also passed auxiliary information that
includes the list of portal computers and a connection callback routine. When the connection
is established, the connection callback routine is invoked to notify the application program.
When this process invokes this routine, it is in the seeking connection state. When a portal
computer is located that is connected and this routine connects to at least one neighbor, this
process enters the partially connected state, and when the process eventually connects to four
neighbors, it enters the fully connected state. When in the small regime, a fully connected
process may have less than four neighbors. In block 801, the routine opens the call-in port
through which the process is to communicate with other processes when establishing external
and internal connections. The port is selected as the first available port using the hashing
algorithm described above. In block 802, the routine sets the connect time to the current
time. The connect time is used to identify the instance of the process that is connected
through this external port. One process may connect to a broadcast channel of a certain
channel type and channel instance using one call-in port and then disconnects, and another
process may then connect to that same broadcast channel using the same call-in port. Before
the other process becomes fully connected, another process may try to communicate with it
thinking it is the fully connected old process. In such a case, the connect time can be used to
identify this situation. In block 803, the routine invokes the seek portal computer routine
passing the channel type and channel instance. The seek portal computer routine attempts to
locate a portal computer through which this process can connect to the broadcast channel for

the passed type and instance. In decision block 804, if the seek portal computer routine is
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successful in locating ‘1y connected process on that po’computer, then the routine
continues at block 805, else the routine returns an unsuccessful indication. In decision block
805, if no portal computer other than the portal computer on which the process is executing
was located, then this is the first process to fully connect to broadcast channel and the
routine continues at block 806, else the routine continues at block 808. In block 806, the
routine invokes the achieve connection routine to change the state of this process to fully
connected. In block 807, the routine installs the external dispatcher for processing messages
received through this process’ external port for the passed channel type and channel instance.
When a message is received through that external port, the external dispatcher is invoked.
The routine then returns. In block 808, the routine installs an external dispatcher. In block
809, the routine invokes the connect request routine to initiate the process of identifying
neighbors for the seeking computer. The routine then returns.

Figure 9 is a flow diagram illustrating the processing of the seek portal
computer routine in one embodiment. This routine is passed the channel type and channel
instance of the broadcast channel to which this process wishes to connect. This routine, for
each search depth (e.g., port number), checks the portal computers at that search depth. If a
portal computer is located at that search depth with a process that is fully connected to the
broadcast channel, then the routine returns an indication of success. In blocks 902-911, the
routine loops selecting each search depth until a process is located. In block 902, the routine
selects the next search depth using a port number ordering algorithm. In decision block 903,
if all the search depths have already been seiected during this execution of the loop, that is
for the currently selected depth, then the routine returns a failure indication, else the routine
continues at block 904. In blocks 904-911, the routine loops selecting each portal computer
and determining whether a process of that portal computer is connected to (or attempting to
connect to) the broadcast channel with the passed channel type and channel instance. In
block 904, the routine selects the next portal computer. In decision block 905, if all the
portal computers have already been selected, then the routine loops to block 902 to select the
next search depth, else the routine continues at block 906. In block 906, the routine dials the
selected portal computer through the port represented by the search depth. In decision block
907, if the dialing was successful, then the routine continues at block 908, else the routine
loops to block 904 to select the next portal computer. The dialing will be successful if the
dialed port is the call-in port of the broadcast channel of the passed channel type and channel
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instance of a process ey‘ﬁng on that portal computer. In D%k 908, the routine invokes a
contact process routine, which contacts the answering process of the portal computer through
the dialed port and determines whether that process is fully connected to the broadcast
channel. In block 909, the routine hangs up on the selected portal computer. In decision
block 910, if the answering process is fully connected to the broadcast channel, then the
routine returns a success indicator, else the routine continues at block 911. In block 911, the
routine invokes the check for external call routine to determine whether an external call has
been made to this process as a portal computer and processes that call. The routine then
loops to block 904 to select the next portal computer.

Figure 10 is a flow diagram illustrating the processing of the contact process
routine in one embodiment. This routine determines whether the process of the selected
portal computer that answered the call-in to the selected port is fully connected to the
broadcast channel. In block 1001, the routine sends an external message (i.e.,
seeking_connection_call) to the answering process indicating that a seeking process wants to
know whether the answering process is fully connected to the broadcast channel. In block
1002, the routine receives the external response message from the answering process. In
decision block 1003, if the external response message is successfully received (i.e.,
seeking_connection_resp), then the routine continues at block 1004, else the routine returns.
Wherever the broadcast component requests to receive an external message, it sets a time out
period. If the external message is not received within that time out period, the broadcaster
component checks its own call-in port to see if another process is calling it. In particular, the
dialed process may be calling the dialing process, which may result in a deadlock situation.
The broadcaster component may repeat the receive request several times. If the expected
message is not received, then the broadcaster component handles the error as appropriate. In
decision block 1004, if the answering process indicates in its response message that it is fully
connected to the broadcast channel, then the routine continues at block 1003, else the routine
continues at block 1006. In block 1005, the routine adds the selected portal computer to a
list of connected portal computers and then returns. In block 1006, the routine adds the
answering process to a list of fellow seeking processes and then returns.

Figure 11 is a flow diagram illustrating the processing of the connect request
routine in one embodiment. This routine requests a process of a portal computer that was

identified as being fully connected to the broadcast channel to initiate the connection of this

(03004-8002/SL003733.099] -27- 7/31/00

0158



S o 0

I T

1]
1]

i
i

N

10

[
Lh

20

25

30

process to the broadcas‘a:mel. In decision block 1101, ifgeast one process of a portal
computer was located that is fully connected to the broadcast channel, then the routine
continues at block 1103, else the routine continues at block 1102. A process of the portal
computer may no longer be in the list if it recently disconnected from the broadcast channel.
In one embodiment, a seeking computer may always search its entire search depth and find
multiple portal computers through which it can connect to the broadcast channel. In block
1102, the routine restarts the process of connecting to the broadcast channel and returns. In
block 1103, the routine dials the process of one of the found portal computers through the
call-in port. In decision block 1104, if the dialing is successful, then the routine continues at
block 1105, else the routine continues at block 1113. The dialing may be unsuccessful if, for
example, the dialed process recently disconnected from the broadcast channel. In block
1105, the routine sends an external message to the dialed process requesting a connection to
the broadcast channel (i.e., connection_request_call). In block 1106, the routine receives the
response message (i.e., connection_request_resp). In decision block 1107, if the response
message is successfully received, then the routine continues at block 1108, else the routine
continues at block 1113. In block 1108, the routine sets the expected number of holes (i.e.,
empty internal connections) for this process based on the received response. When in the
large regime, the expected number of holes is zero. When in the small regime, the expected
number of holes varies from one to three. In block 1109, the routine sets the estimated
diameter of the broadcast channel based on the received response. In decision block 1111, if
the dialed process is ready to connect to this process as indicated by the response message,
then the routine continues at block 1112, else the routine continues at block 1113. In block
1112, the routine invokes the add neighbor routine to add the answering process as a
neighbor to this process. This adding of the answering process typically occurs when the
broadcast channel is in the small regime. When in the large regime, the random walk search
for a neighbor is performed. In block 1113, the routine hangs up the external connection
with the answering process computer and then returns.

Figure 12 is a flow diagram of the processing of the check for external call
routine in one embodiment. This routine is invoked to identify whether a fellow seeking
process 1s attempting to establish a connection to the broadcast channel through this process.
In block 1201, the routine attempts to answer a call on the call-in port. In decision block
1202, if the answer is successful, then the routine continues at block 1203, else the routine
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returns. In block 1203,. routine receives the external me&ga from the external port. In
decision block 1204, if the type of the message indicates that a seeking process is calling
(i.e., seeking_connection call), then the routine continues at block 1205, else the routine
returns. In block 1205, the routine sends an external message (i.e., seeking_connection_resp)
to the other seeking process indicating that this process is also is seeking a connection. In
decision block 1206, if the sending of the external message is successful, then the routine
continues at block 1207, else the routine returns. In block 1207, the routine adds the other
seeking process to a list of fellow seeking processes and then returns. This list may be used
if this process can find no process that is fully connected to the broadcast channel. In which
case, this process may check to see if any fellow seeking process were successful in
connecting to the broadcast channel. For example, a fellow seeking process may become the
first process fully connected to the broadcast channel.

Figure 13 is a flow diagram of the processing of the achieve connection routine
in one embodiment. This routine sets the state of this process to fully connected to the
broadcast channel and invokes a callback routine to notify the application program that the
process is now fully connected to the requested broadcast channel. In block 1301, the
routine sets the connection state of this process to fully connected. In block 1302, the
routine notifies fellow seeking processes that it is fully connected by sending a connected
external message to them (i.e., connected stmt). In block 1303, the routine invokes the
connect callback routine to notify the application program and then returns.

Figure 14 is a flow diagram illustrating the processing of the external
dispatcher routine in one embodiment. This routine is invoked when the external port
receives a message. This routine retrieves the message, identifies the external message type,
and invokes the appropriate routine to handle that message. This routine loops processing
each message until all the received messages have been handled. In block 1401, the routine
answers (e.g., picks up) the external port and retrieves an external message. In decision
block 1402, if a message was retrieved, then the routine continues at block 1403, else the
routine hangs up on the external port in block 1415 and returns. In decision block 1403, if
the message type is for a process seeking a connection (i.e., seeking connection_call), then
the routine invokes the handle seeking connection call routine in block 1404, else the routine
continues at block 1405. In decision block 1405, if the message type is for a connection

request call (i.e., connection_request_call), then the routine invokes the handle connection
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request call routine in.k 1406, else the routine continu’d block 1407. In decision
block 1407, if the message type is edge proposal call (i.e., edge proposal call), then the
routine invokes the handle edge proposal call routine in block 1408, else the routine
continues at block 1409. In decision block 1409, if the message type is port connect call
(i.e., port_connect_call), then the routine invokes the handle port connection call routine in
block 1410, else the routine continues at block 1411. In decision block 1411, if the message
type is a connected statement (i.e., connected stmt), the routine invokes the handle
connected statement in block 1112, else the routine continues at block 1212. In decision
block 1412, if the message type is a condition repair statement (i.e., condition_repair_stmt),
then the routine invokes the handle condition repair routine in block 1413, else the routine
loops to block 1414 to process the next message. After each handling routine is invoked, the
routine loops to block 1414. In block 1414, the routine hangs up on the external port and
continues at block 1401 to receive the next message.

Figure 15 is a flow diagram illustrating the processing of the handle seeking
connection call routine in one embodiment. This routine is invoked when a seeking process
1s calling to identify a portal computer through which it can connect to the broadcast channel.
In decision block 1501, if this process is currently fully connected to the broadcast channel
identified in the message, then the routine continues at block 1502, else the routine continues
at block 1503. In block 1502, the routine sets a message to indicate that this process is fully
connected to the broadcast channel and continues at block 1505. In block 1503, the routine
sets a message to indicate that this process is not fully connected. In block 1504, the routine
adds the identification of the seeking process to a list of fellow seeking processes. If this
process is not fully connected, then it is attempting to connect to the broadcast channel. In
block 1505, the routine sends the external message response (i.e., seeking_connection_resp)
to the seeking process and then returns.

Figure 16 is a flow diagram illustrating processing of the handle connection
request call routine in one embodiment. This routine is invoked when the calling process
wants this process to initiate the connection of the process to the broadcast channel. This
routine either allows the calling process to establish an internal connection with this process
(e.g., if in the small regime) or starts the process of identifying a process to which the calling
process can connect. In decision block 1601, if this process is currently fully connected to
the broadcast channel, then the routine continues at block 1603, else the routine hangs up on
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the external port in bloS# 602 and returns. In block 1603, routine sets the number of
holes that the calling process should expect in the response message. In block 1604, the
routine sets the estimated diameter in the response message. In block 1605, the routine
indicates whether this process is ready to connect to the calling process. This process is
ready to connect when the number of its holes is greater than zero and the calling process is
not a neighbor of this process. In block 1606, the routine sends to the calling process an
external message that 1is responsive to the connection request call (ie.,
connection_request_resp). In block 1607, the routine notes the number of holes that the
calling process needs to fill as indicated in the request message. In decision block 1608, if
this process is ready to connect to the calling process, then the routine continues at block
1609, else the routine continues at block 1611. In block 1609, the routine invokes the add
neighbor routine to add the calling process as a neighbor. In block 1610, the routine
decrements the number of holes that the calling process needs to fill and continues at block
1611. In block 1611, the routine hangs up on the external port. In decision block 1612, if
this process has no holes or the estimated diameter is greater than one (i.e., in the large
regime), then the routine continues at block 1613, else the routine continues at block 1616.
In blocks 1613-1615, the routine loops forwarding a request for an edge through which to
connect to the calling process to the broadcast channel. One request is forwarded for each
pair of holes of the calling process that needs to be filled. In decision block 1613, if the
number of holes of the calling process to be filled is greater than or equal to two, then the
routine continues at block 1614, else the routine continues at block 1616. In block 1614, the
routine invokes the forward connection edge search routine. The invoked routine is passed
to an indicatidn of the calling process and the random walk distance. In one embodiment, the
distance is twice in the estimated diameter of the broadcast channel. In block 1614, the
routine decrements the holes left to fill by two and loops to block 1613. In decision block
1616, if there is still a hole to fill, then the routine continues at block 1617, else the routine
returns. In block 1617, the routine invokes the fill hole routine passing the identification of
the calling process. The fill hole routine broadcasts a connection port search statement (i.e.,
connection_port_search_stmt) for a hole of a connected process through which the calling
process can connect to the broadcast channel. The routine then returns.

Figure 17 is a flow diagram illustrating the processing of the add neighbor

routine in one embodiment. This routine adds the process calling on the external port as a
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neighbor to this proce,(n block 1701, the routine ident!¥®¥® the calling process on the
external port. In block 1702, the routine sets a flag to indicate that the neighbor has not yet
received the broadcast messages from this process. This flag is used to ensure that there are
no gaps in the messages initially sent to the new neighbor. The external port becomes the
internal port for this connection. In decision block 1703, if this process is in the seeking
connection state, then this process is connecting to its first neighbor and the routine
continues at block 1704, else the routine continues at block 1705. In block 1704, the routine
sets the connection state of this process to partially connected. In block 1705, the routine
adds the calling process to the list of neighbors of this process. In block 1706, the routine
installs an internal dispatcher for the new neighbor. The internal dispatcher is invoked when
a message is received from that new neighbor through the internal port of that new neighbor.
In decision block 1707, if this process buffered up messages while not fully connected, then
the routine continues at block 1708, else the routine continues at block 1709. In one
embodiment, a process that is partially connected may buffer the messages that it receives
through an internal connection so that it can send these messages as it connects to new
neighbors. In block 1708, the routine sends the buffered messages to the new neighbor
through the internal port. In decision block 1709, if the number of holes of this process
equals the expected number of holes, then this process is fully connected and the routine
continues at block 1710, else the routine continues at block 1711. In block 1710, the routine
invokes the achieve connected routine to indicate that this process is fully connected. In
decision block 1711, if the number of holes for this process is zero, then the routine
continues at block 1712, else the routine returns. In block 1712, the routine deletes any
pending edges and then returns. A pending edge is an edge that has been proposed to this
process for edge pinning, which in this case is no longer needed.

Figure 18 is a flow diagram illustrating the processing of the forward
connection edge search routine in one embodiment. This routine is responsible for passing
along a request to connect a requesting process to a randomly selected neighbor of this
process through the internal port of the selected neighbor, that is part of the random walk. In
decision block 1801, if the forwarding distance remaining is greater than zero, then the
routine continues at block 1804, else the routine continues at block 1802. In decision block
1802, if the number of neighbors of this process is greater than one, then the routine

continues at block 1804, else this broadcast channel is in the small regime and the routine
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continues at block 18038¥a decision block 1803, if the reqlnng process is a neighbor of
this process, then the routine returns, else the routine continues at block 1804. In blocks
1804-1807, the routine loops.attempting to send a connection edge search call internal
message (Z.e., connection_edge_search_call) to a randomly selected neighbor. In block 1804,
the routine randomly selects a neighbor of this process. In decision block 1805, if all the
neighbors of this process have already been selected, then the routine cannot forward the
message and the routine returns, else the routine continues at block 1806. In block 1806, the
routine sends a connection edge search call internal message to the selected neighbor. In
decision block 1807, if the sending of the message is successful, then the routine continues at
block 1808, else the routine loops to block 1804 to seléct the next neighbor. When the
sending of an internal message is unsuccessful, then the neighbor may have disconnected
from the broadcast channel in an unplanned manner. Whenever such a situation is detected
by the broadcaster component, it attempts to find another neighbor by invoking the fill holes
routine to fill a single hole or the forward connecting edge search routine to fill two holes. In
block 1808, the routine notes that the recently sent connection edge search call has not yet
been acknowledged and indicates that the edge to this neighbor is reserved if the remaining
forwarding distance is less than or equal to one. It is reserved because the selected neighbor
may offer this edge to the requesting process for edge pinning. The routine then returns.
Figure 19 is a flow diagram illustrating the processing of the handle edge
proposal call routine. This routine is invoked when a message is received from a proposing
process that proposes to connect an edge between the proposing process and one of its
neighbors to this process for edge pinning. In decision block 1901, if the number of holes of
this process minus the number of pending edges is greater than or equal to one, then this
process still has holes to be filled aﬁd the routine continues at block 1902, else the routine
continues at block 1911. In decision block 1902, if the proposing process or its neighbor is a
neighbor of this process, then the routine continues at block 1911, else the routine continues
at block 1903. In block 1903, the routine indicates that the edge is pending between this
process and the proposing process. In decision block 1904, if a proposed neighbor is already
pending as a proposed neighbor, then the routine continues at block 1911, else the routine
continues at block 1907. In block 1907, the routine sends an edge proposal response as an
external message to the proposing process (i.e., edge_proposal resp) indicating that the

proposed edge is accepted. In decision block 1908, if the sending of the message was
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successful, then the ron‘ continues at block 1909, else the' Y®fitine returns. In block 1909,
the routine adds the edge as a pending edge. In block 1910, the routine invokes the add
neighbor routine to add the proposing process on the external port as a neighbor. The routine
then returns. In block 1911, the routine sends an external message (i.e., edge proposal_resp)
indicating that this proposed edge is not accepted. In decision block 1912, if the number of
holes is odd, then the routine continues at block 1913, else the routine returns. In block
1913, the routine invokes the fill hole routine and then returns.

Figure 20 is a flow diagram illustrating the processing of the handle port
connection call routine in one embodiment. This routine is invoked when an external
message is received then indicates that the sending process wants to connect to one hole of
this process. In decision block 2001, if the number of holes of this process is greater than
zero, then the routine continues at block 2002, else the routine continues at block 2003. In
decision block 2002, if the sending process is not a neighbor, then the routine continues at
block 2004, else the routine continues to block 2003. In block 2003, the routine sends a port
connection response external message (i.e., port_connection_resp) to the sending process that
indicates that it is not okay to connect to this process. The routine then returns. In block
2004, the routine sends a port connection response external message to the sending process
that indicates that is okay to connect this process. In decision block 2005, if the sending of
the message was successful, then the routine continues at block 2006, else the routine
continues at block 2007. In block 2006, the routine invokes the add neighbor routine to add
the sending process as a neighbor of this process and then returns. In block 2007, the routine
hangs up the external connection. In block 2008, the routine invokes the connect request
routine to request that a process connect to one of the holes of this process. The routine then
returns.

Figure 21 is a flow diagram illustrating the processing of the fill hole routine in
one embodiment. This routine is passed an indication of the requesting process. If this
process is requesting to fill a hole, then this routine sends an internal message to other
processes. If another process is requesting to fill a hole, then this routine invokes the routine
to handle a connection port search request. In block 2101, the routine initializes a
connection port search statement internal message (i.e., connection port search_stmt). In
decision block 2102, if this process is the requesting process, then the routine continues at
block 2103, else the routine continues at block 2104. In block 2103, the routine distributes
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the message to the nei&rs of this process through the intg ports and then returns. In
block 2104, the routine invokes the handle connection port search routine and then returns.

Figure 22 is a flow diagram illustrating the processing of the internal dispatcher
routine in one embodiment. This routine is passed an indication of the neighbor who sent the
internal message. In block 2201, the routine receives the internal message. This routine
identifies the message type and invokes the appropriate routine to handle the message. In
block 2202, the routine assesses whether to change the estimated diameter of the broadcast
channel based on the information in the received message. In decision block 2203, if this
process is the originating process of the message or the message has already been received
(i.e., a duplicate), then the routine ignores the message and continues at block 2208, else the
routine continues at block 2203A. In decision block 22034, if the process is partially
connected, then the routine continues at block 2203B, else the routine continues at block
2204. In block 2203B, the routine adds the message to the pending connection buffer and
continues at block 2204. In decision blocks 2204-2207, the routine decodes the message
type and invokes the appropriate routine to handle the message. For example, in decision
block 2204, if the type of the message is broadcast statement (i.e., broadcast_stmt), then the
routine invokes the handle broadcast message routine in block 2205. After invoking the
appropriate handling routine, the routine continues at block 2208. In decision block 2208, if
the partially connected buffer is full, then the routine continues at block 2209, else the
routine continues at block 2210. The broadcaster component collects all its internal
messages in a buffer while partially connected so that it can forward the messages as it
connects to new neighbors. If, however, that buffer becomes full, then the process assumes
that it is now fully connected and that the expected number of connections was too high,
because the broadcast channel is now in the small regime. In block 2209, the routine invokes
the achieve connection routine and then continues in block 2210. In decision block 2210, if
the application program message queue is empty, then the routine returns, else the routine
continues at block 2212. In block 2212, the routine invokes the receive response routine
passing the acquired message and then returns. The received response routine is a callback
routine of the application program.

Figure 23 is a flow diagram illustrating the processing of the handle broadcast
message routine in one embodiment. This routine is passed an indication of the originating

process, an indication of the neighbor who sent the broadcast message, and the broadcast
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message itself. In b‘2301, the routine performs the of order processing for this
message. The broadcaster component queues messages from each originating process until it
can send them in sequence number order to the application program. In block 2302, the
routine invokes the distribute broadcast message routine to forward the message to the
neighbors of this process. In decision block 2303, if a newly connected neighbor is waiting
to receive messages, then the routine continues at block 2304, else the routine returns. In
block 2304, the routine sends the messages in the correct order if possible for each
originating process and then returns.

Figure 24 is a flow diagram illustrating the processing of the distribute
broadcast message routine in one embodiment. This routine sends the broadcast message to
each of the neighbors of this process, except for the neighbor who sent the message to this
process. In block 2401, the routine selects the next neighbor other than the neighbor who
sent the message. In decision block 2402, if all such neighbors have already been selected,
then the routine returns. In block 2403, the routine sends the message to the selected
neighbor and then loops to block 2401 to select the next neighbor.

Figure 26 is a flow diagram illustrating the processing of the handle connection
port search statement routine in one embodiment. This routine is passed an indication of the
neighbor that sent the message and the message itself. In block 2601, the routine invokes the
distribute internal message which sends the message to each of its neighbors other than the
sending neighbor. In decision block 2602, if the number of holes of this process is greater
than zero, then the routine continues at block 2603, else the routine returns. In decision
block 2603, if the requesting process is a neighbor, then the routine continues at block 2605,
else the routine continues at block 2604. In block 2604, the routine invokes the court
neighbor routine and then returns. The court neighbor routine connects this process to the
requesting process if possible. In block 2605, if this process has one hole, then the neighbors
with empty ports condition exists and the routine continues at block 2606, else the routine
returns. In block 2606, the routine generates a condition check message (i.e.,
condition_check) that includes a list of this process’ neighbors. In block 2607, the routine
sends the message to the requesting neighbor.

Figure 27 is a flow diagram illustrating the processing of the court neighbor
routine in one embodiment. This routine is passed an indication of the prospective neighbor

for this process. If this process can connect to the prospective neighbor, then it sends a port

[03004-8002/SL003733.099] -36- 7/31/00

0167



10

[e—
W

I T Y e L

20

I

25

30

connection call extem’wssage to the prospective neigl’ and adds the prospective
neighbor as a neighbor. In decision block 2701, if the prospective neighbor is already a
neighbor, then the routine returns, else the routine continues at block 2702. In block 2702,
the routine dials the prospective neighbor. In decision block 2703, if the number of holes of
this process is greater than zero, then the routine continues at block 2704, else the routine
continues at block 2706. In block 2704, the routine sends a port connection call external
message (i.e., port_connection call) to the prospective neighbor and receives its response
(i.e., port_connection_resp). Assuming the response is successfully received, in block 2705,
the routine adds the prospective neighbor as a neighbor of this process by invoking the add
neighbor routine. In block 2706, the routine hangs up with the prospect and then returns.
Figure 28 is a flow diagram illustrating the processing of the handle connection
edge search call routine in one embodiment. This routine is passed a indication of the
neighbor who sent the message and the message itself. This routine either forwards the
message to a neighbor or proposes the edge between this process and the sending neighbor to
the requesting process for edge pinning. In decision block 2801, if this process is not the
requesting process or the number of holes of the requesting process is still greater than or
equal to two, then the routine continues at block 2802, else the routine continues at block
2813. In decision block 2802, if the forwarding distance is greater than zero, then the
random walk is not complete and the routine continues at block 2803, else the routine
continues at block 2804. In block 2803, the routine invokes the forward connection edge
search routine passing the identification of the requesting process and the decremented
forwarding distance. The routine then continues at block 2815. In decision block 2804, if
the requesting process is a neighbor or the edge between this process and the sending
neighbor is reserved because it has already been offered to a process, then the routine
continues at block 2805, else the routine continues at block 2806. In block 28035, the routine
invokes the forward connection edge search routine passing an indication of the requesting
party and a toggle indicator that alternatively indicates to continue the random walk for one
or two more computers. The routine then continues at block 2815. In block 2806, the
routine dials the requesting process via the call-in port. In block 2807, the routine sends an
edge proposal call external message (i.e., edge_proposal call) and receives the response (i.e.,
edge_proposal_resp). Assuming that the response is successfully received, the routine
continues at block 2808. In decision block 2808, if the response indicates that the edge is
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acceptable to the req8@ing process, then the routine co‘ues at block 2809, else the
routine continues at block 2812. In block 2809, the routine reserves the edge between this
process and the sending neighbor. In block 2810, the routine adds the requesting process as
a neighbor by invoking the add neighbor routine. In block 2811, the routine removes the
sending neighbor as a neighbor. In block 2812, the routine hangs up the external port and
continues at block 2815. In decision block 2813, if this process is the requesting process and
the number of holes of this process equals one, then the routine continues at block 2814, else
the routine continues at block 2815. In block 2814, the routine invokes the fill hole routine.
In block 2815, the routine sends an connection edge search response message (i.e.,
connection_edge_search_response) to the sending neighbor indicating acknowledgement and
then returns. The graphs are sensitive to parity. That is, all possible paths starting from a
node and ending at that node will have an even length unless the graph has a cycle whose
length is odd. The broadcaster component uses a toggle indicator to vary the random walk
distance between even and odd distances.

Figure 29 is a flow diagram illustrating the processing of the handle connection
edge search response routine in one embodiment. This routine is passed as indication of the
requesting process, the sending neighbor, and the message. In block 2901, the routine notes
that the connection edge search response (i.e., connection edge search resp) has been
received and if the forwarding distance is less than or equal to one unreserves the edge
between this process and the sending neighbor. In decision block 2902, if the requesting
process indicates that the edge is acceptable as indicated in the message, then the routine
continues at block 2903, else the routine returns. In block 2903, the routine reserves the edge
between this process and the sending neighbor. In block 2904, the routine removes the
sending neighbor as a neighbor. In block 2905, the routine invokes the court neighbor
routine to connect to the requesting process. In decision block 2906, if the invoked routine
was unsuccessful, then the routine continues at block 2907, else the routine returns. In
decision block 2907, if the number of holes of this process is greater than zero, then the
routine continues at block 2908, else the routine returns. In block 2908, the routine invokes
the fill hole routine and then returns.

Figure 30 is a flow diagram illustrating the processing of the broadcast routine
in one embodiment. This routine is invoked by the application program to broadcast a

message on the broadcast channel. This routine is passed the message to be broadcast. In
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decision block 3001, i‘ process has at least one neighbo’wn the routine continues at
block 3002, else the routine returns since it is the only process connected to be broadcast
channel. In block 3002, the routine generates an internal message of the broadcast statement
type (i.e., broadcast _stmt). In block 3003, the routine sets the sequence number of the
message. In block 3004, the routine invokes the distribute internal message routine to
broadcast the message on the broadcast channel. The routine returns.

Figure 31 is a flow diagram illustrating the processing of the acquire message
routine in one embodiment. The acquire meésage routine may be invoked by the application
program or by a callback routine provided by the application program. This routine returns a
message. In block 3101, the routine pops the message from the message queue of the
broadcast channel. In decision block 3102, if a message was retrieved, then the routine
returns an indication of success, else the routine returns indication of failure.

Figures 32-34 are flow diagrams illustrating the processing of messages
associated with the neighbors with empty ports condition. Figure 32 is a flow diagram
illustrating processing of the handle condition check message in one embodiment. This
message 1s sent by a neighbor process that has one hole and has received a request to connect
to a hole of this process. In decision block 3201, if the number of holes of this process is
equal to one, then the routine continues at block 3202, else the neighbors with empty ports
condition does not exist any more and the routine returns. In decision block 3202, if the
sending neighbor and this process have the same set of neighbors, the routine continues at
block 3203, else the routine continues at block 3205. In block 3203, the routine initializes a
condition double check message (i.e., condition_double check) with the list of neighbors of
this process. In block 3204, the routine sends the message internally to a neighbor other than
sending neighbor. The routine then returns. In block 3205, the routine selects a neighbor of
the sending process that is not also a neighbor of this process. In block 3206, the routine
sends a condition repair message (i.e., condition repair stmt) externally to the selected
process. In block 3207, the routine invokes the add neighbor routine to add the selected
neighbor as a neighbor of this process and then returns.

Figure 33 is a flow diagram illustrating processing of the handle condition
repair statement routine in one embodiment. This routine removes an existing neighbor and
connects to the process that sent the message. In decision block 3301, if this process has no
holes, then the routine continues at block 3302, else the routine continues at block 3304. In
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block 3302, the routinc@zcts a neighbor that is not involv&@fa the neighbors with empty
ports condition. In block 3303, the routine rembves the selected neighbor as a neighbor of
this process. Thus, this process that is executing the routine now has at least one hole. In
block 3304, the routine invokes the add neighbor routine to add the process that sent the
message as a neighbor of this process. The routine then returns.

Figure 34 is a flow diagram illustrating the processing of the handle condition
double check routine. This routine determines whether the neighbors with empty ports
condition really is a problem or whether the broadcast channel is in the small regime. In
decision block 3401, if this process has one hole, then the routine continues at block 3402,
else the routine continues at block 3403. If this process does not have one hole, then the set
of neighbors of this process is not the same as the set of neighbors of the sending process. In
decision block 3402, if this process and the sending process have the same set of neighbors,
then the broadcast channel is not in the small regime and the routine continues at block 3403,
else the routine continues at block 3406. In decision block 3403, if this process has no holes,
then the routine returns, else the routine continues at block 3404. In block 3404, the routine
sets the estimated diameter for this process to one. In block 3405, the routine broadcasts a
diameter reset internal message (i.e., diameter reset) indicating that the estimated diameter is
one and then returns. In block 3406, the routine creates a list of neighbors of this process. In
block 3407, the routine sends the condition check message (i.e., condition check stmt) with
the list of neighbors to the neighbor who sent the condition double check message and then
returns.

From the above description, it will be appreciated that although specific
embodiments of the technology have been described, various modifications may be made
without deviating from the spirit and scope of the invention. For example, the
communications on the broadcast channel may be encrypted. Also, the channel instance or
session identifier may be a very large number (e.g., 128 bits) to help prevent an unauthorized
user to maliciously tap into a broadcast channel. The portal computer may also enforce
security and not allow an unauthorized user to connect to the broadcast channel.

Accordingly, the invention is not limited except by the claims.
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CLAIMS

identifying paig, of participants of the network that are connected,;
disconnecting the participants of the identified pair from each other; and
connecting each participant of the identified pair of participants to the

added participant.

2. The method of claim 1 wherein each participant is connected to 4

participants.

3. The method of claim \| wherein the identifying of a pair includes

randomly selecting a pair of participants that ate connected.

4, The method of claim 3 wherein the randomly selecting of a pair includes

5. The method of claim 4 wherein\when a participant receives the message,

the participant sends the message to a randomly selected participant to which it is connected.

6. The method of claim 4 wherein the randomly selected path is

approximately proportional to the diameter of the network)

7. The method of claim 1 wherein the patticipant to be added requests a

portal computer to initiate the identifying of the pair of participants.

\
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8. The method of claim 7 wherein the initiating of the identifying of the
pair of participants includes ithe portal computer sending a message to a connected

participant requesting an edge connection.

9. The method\of claim 8 wherein the portal computer indicates that the
message 1s to travel a certain distance and wherein the participant that receives the message
after the message has traveled that certain distance is one of the participants of the identified

pair of participants.

10.  The method of claim 9 wherein the certain distance is approximately

twice the diameter of the network.

11.  The method of tlaim 1 wherein the participants are connected via the
Internet.

12. The method of
TCP/IP connections.

aim 1 wherein the participants are connected via

13.  The method of claim | wherein the participants are computer processes.

14. A computer-based method for adding nodes to a graph that is m-regular

and m-connected to maintain the graph as m-tegular, where m is four or greater, the method

comprising:
identifying p pairs of node§ of the graph that are connected, where p is
one half of m;
disconnecting the nodes of eagh identified pair from each other; and

connecting each node of the idéntified pairs of nodes to the added node.

15. The method of claim 14 wherei

includes randomly selecting a pair of connected nodes.

identifying of the p pairs of nodes
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1 16. The meth\ d of claim 14 wherein the nodes are computers and the

2 connections are point-to-point ¢ unications connections.

Q‘/@J‘), 17.  The method oficlaim 14 wherein m is even.

1 18. A method of inithating adding of a participant to a network, the method
2 comprising:

3 receiving a connection message from the participant to be added; and

4 sending a connection edge search message to a neighbor participant of

5 the participant that received the messagg wherein the connection edge search message is
6 forwarded to neighbor participants until\a participant that receives the connection edge

7  search message decides to connect to the participant to be added.

o o 17

1 19. The method of claim \I8 wherein the sent connection edge search
2 message includes an indication of the number of participants to which the connection edge

search message should be forwarded.

o I o
(V)

1 20.  The method of claim 19 wherejn thd\number of participants is based on
2 the diameter of the network.

T W

1 21. The method of claim 19 in the number of participants is

2 approximately twice the diameter.

1 22.  The method of claim 18 wherein\ when a participant decides to connect
2 to the participant to be added, the neighbor participant that sent the connection edge search
3 message to the participant that decided to connect also'decides to connect to the participant
4  to be added.

1 23.  The method of claim 18 wherein participants that receive the connection

2 edge search message forward the connection edge searchimessage to a randomly selected
3 neighbor.
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24. A method in a'fomputer system for connecting to a new participant of a
network, the method comprising;
recelving at a participant a connection edge search message;
identifying a n%ighbor participant of the participant that received the

connection edge search message;

notifying the neighbor participant to connect to the new participant;
disconnecting the participant from the identified neighbor participant;
and

connecting the participant to the new participant.

25.  The method of clajm 24 including determining whether the participant is
the last participant in a path of participants through which the connection edge search

message was sent.

26. The method of clai
participant in the path, sending the conhectipn

whergin when the participant is not the last
ge search message to a neighbor of the

participant.

27.  The method of claim| 26 including randomly selecting the neighbor
participant to which the connection edge search message is to be sent.
\
28.  The method of claim 24|\ wherein the received connection edge search
message includes an indication of the number\ of participants through which the connection

edge search message is to be sent.

29. The method of claim 24 iﬁcluding when the participant is already a
neighbor of the new participant, sending the connection edge search message to a neighbor

participant of the participant.

30. The method of claim 24 w&;rein the participants are computer

\

Processes. \
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1 31.  The method of claj@)vherein the connections are point-to-point

2 connections.

32. A computer-readable medium containing instructions for controlling a

& omputer system to connect a participant to a network of participants, each participant being
3/ connected to three or more other participants, the network representing a broadcast channel

4 wherein each participant forwards broadcast messages that it receives to its neighbor

5 participants, by a method comprising:

6 identifying a pair of participants of the network that are connected,;
7 disconnecting the participants of the identified pair from each other; and
8 connecting each participant of the identified pair of participants to the

9 added participant.

1 33.  The computer-readable medium of claim 32 wherein each participant is

2 connected to 4 participants.

1 34.  The computer-readable medium of claim 32 wherein the identifying of a

2 pair includes randomly selecting a pair of participants that are connected.

1 35. The computer-readable medium of claim 34 wherein the randomly
2 selecting of a pair includes sending a message through the network on a randomly selected
3 path.

1 36.  The computer-readable medium of claim 35 wherein when a participant
2 receives the message, the participant sends the message to a randomly selected participant to

3 which it is connected.
1 37. The computer-readable medium of claim 35 wherein the randomly

2 selected path is approximately twice a diameter of the network.
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38. The comi)uter-readable medium of claim 32 wherein the participant to

be added requests a portal computer to initiate the identifying of the pair of participants.

39.  The computer-readable medium of claim 38 wherein the initiating of the
identifying of the pair of participants includes the portal computer sending a message to a

connected participant requestingan edge connection.

40. The computer-readable medium of claim 38 wherein the portal
computer indicates that the message is to travel a certain distance and wherein the participant
that receives the message after the message has traveled that certain distance is one of the

identified pair of participants.

41. A method in 4 computer system for connecting to a participant of a
network, the method comprising:
receiving at a participant a connection port search message sent by a
requesting participant; and
when the participant has a port that is available through which it can
connect to the requesting participant, ‘
sending a port connection message to the requesting

participant proposing that the requesting\ participant connect to the available port of the

participant; and
when the\ participant receives a port proposal response

message that indicates the requesting participant accepts to connect to the available port,

when the participant\jogs hottfave a port that is available through which
it can connect to the requesting participant)sending the connection port search message to a

neighbor participant.
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43.  The method c\)f claim 41 wherein a port is available when the requesting
participant is not already connected to the participant and the participant has an empty port.

44. A method in alcomputer system of detecting neighbors with empty ports
condition in a network, the method ‘comprising:
receiving at a\ first participant a connection port search message
indicating that a second participant has an empty port; and
when the first participant is already connected to the second participant
and the first participant has an empty port, sending a condition check message from the first
participant to the second participant wherein the condition check message identifies

neighbors of the first participant.

45.  The method of clai

when the second p the condition check message,
when [the skcond” participant does not have the same
neighbors as the first participant, sendingla condition repair message to third participant that

is a neighbor of the first participant but i§ hot A neighbor of the second participant.

46.  The method of claim 45 including:
when the third participant receives the condition repair message,
disconnegting from a neighbor of the third participant
other than the first participant; and
connecting\to the second participant.

47.  The method of claim 44 including:
when the second participant keceives the condition check message,
when the second,participant has the same neighbors as the
first participant, sending a condition double check\message to a third participant that is a
neighbor of the second participant.

48.  The method of claim 47 including:

[03004-8002/SL003733.099] -47- 7/31/00
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whgne third paliticipant receives the cbnuf'ﬁon double check message,
wheﬁ the third participant does not have the same
neighbors as the first participant, sendiilg a condition check message to a fourth participant
that is not the first participant or the second participant.

49.  The method of clai
when the fourth p

sending a condition repair message to a fifth participant

48 ing: ‘j

jpant receives the condition check message, |

directing the fifth participant to connect to|the first participant or the second participant.
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m $504 for 28 total claims over 20.
= $312 for 4 independent claims over 3 .
e The oath or declaration is missing.

A properly signed oath or declaration in compliance with 37 CFR 1.63, /dent/fy/ng the application by the
above Application Number and Filing Date, is required.

e To avoid abandonment, a late filing fee or oath or declaration surcharge as set forth in 37 CFR 1.16(e)
of $130 for a non-small entity, must be submitted with the missing items identified in this letter.

e The balance due by applicant is $ 1636.

A copy of this notice MUST be returned with the reply.

Customer Service Center
Initial Patent Examination Division (703) 308-1202
PART 2 - COPY TO BE RETURNED WITH RESPONSE

130.00 CH
522.00 CH
320.00 CH

11/09/2000 KZEWDIE 00000022 500665 09629570
710.00 CH

01 FC:101
02 FC:105
03 FC:103
04 FC:102
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tile below-named inventors, we declare that:
Our residences, post office addresses, and citizenships are as stated .below
under our names.

We believe we are the orginal, first, and joint .inventors of the subject
matter claimed and for which a patent is sought on the invention entitled "JOINING A
BROADCAST CHANNEL," the specification of which was filed in the U.S. Patent and
Trademark Office on July 31, 2000 and assigned application number 09/629,570.

We have reviewed and understand the contents of the above-identified

- specification, including the claims, as amended by any amendment specifically referred to
above.

We acknowledge our duty to disclose information which is material to the
patentability of this application in accordance with 37 C.F.R. § 1.56(a).

We further declare that all statements made herein of our own knowledge
are true and that all statements made on information and belief are believed to be true;
and further, that these statements were made with the knowledge that the making of
willfully false statements and the like is punishable by fine or imprisonment, or both,
under Section 1001 of Title 18 of the United States Code, and may jeopardize the validity
of any patent issuing from this patent application.

Fred B%
Date 2> Ot Zoco

Residence : City of Seattle

State of Washington
Citizenship : United States of America
P.O. Address : 5520 31% Avenue NE

Seattle, Washington 98105

Q:\Clients\Boeing IP (03‘004)\8002 (Joining)\Declaration.doc
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A

Vir‘g' [ E. Bourassa

Date /b/}»é Aoob
’ / /

Residence : City of Bellevue

State of Washington
Citizenship ; United States of America
P.O. Address  : 16110 SE 24" Street

Bellevue, Washington 98008

Q:\Clients\Boeing IP (03004)\8002 (Joining)\Declaration.doc
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PATENT

Applicants :  Fred B. Holt and Virgil E. Bourassa
Application No. . 09/629,570
Filed : July 31, 2000
For :  JOINING A BROADCAST CHANNEL
Art Unit . 2744
Docket No. : 030048002US

Commuissioner for Patents
Washington, DC 20231

ELECTION UNDER 37 C.F.R. §§3.71 AND 3.73
AND POWER OF ATTORNEY

Sir:
The undersigned, being Assignee of the entire interest in the above-

identified application by virtue of an Assignment filed concurrently herewith, a copy of
which is enclosed, hereby elects under 37 C.F.R. § 3.71, to prosecute the application to
the exclusion of the inventors.

Assignee hereby appoints JERRY A. RIEDINGER, Registration No.
30,582; MAURICE J. PIRIO, Registration No. 33,273; JOHN C. STEWART,
Registration No. 40,188; MICHAEL D. BROADDUS, Registration No. 41,637
BRIAN P. MCQUILLEN, Registration No. 41,989; CATHERINE HONG TRAN,
Registration No. 43,960; ROBERT G. WOOLSTON, Registration No. 37,263; PAUL T.
PARKER, Registration No. 38,264; JOHN M. WECHKIN, Registration No. 42,216;
CHRISTOPHER DALEY-WATSON, Registration No. 34,807; STEVEN D. LAWRENZ,
Registration No. 37,376; JAMES A.D. WHITE, Registration No. 43,985; and FRANK
ABRAMONTE, Registration No. 38,066, of the firm of Perkins Coie LLP and ROBERT

Q:\Clients\Boeing IP (03004)\8002 (Joining)\Election & POA.doc
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L. GULLETTE, Registration No. 26,899, PAUL C. CULLOM, JR., Registration No.
25,580, ANN K. GALBRAITH, Registration No. 33,530, JAMES P. HAMLEY,
Registration No. 28,081, JOHN C. HAMMAR, Registration No. 29,928, LAWRENCE
W. NELSON, Registration No. 34,684 and ROBERT R. RICHARDSON, Registration
No. 40,143 of The Boeing Company, as the principal attorneys with full power of
substitution, association, and revocation to prosecute said application, to transact all
business in the Patent and Trademark Office connected therewith, and to receive the
letters patent therefor. Please direct all telephone calls to Maurice J. Pirio at (206) 583-
8888 and telecopies to (206) 583-8500.
Please direct all correspondence to:

Patent-SEA

Perkins Coie LLP

P.O. Box 1247

Seattle, Washington 98111-1247
Attn: Maurice J. Pirio

Pursuant to 37 C.F.R. § 3.73, the undersigned duly authorized designee of
Assignee certifies that the evidentiary documents have been reviewed, specifically the
Assignment to The Boeing Company filed concurrently herewith for recording, a copy of
which is attached hereto, and certifies that to the best of my knowledge and belief, title
remains in the name of the Assignee.

The Boeing Company

10/2.7 (o Cto T RA L

Date Name of Person Signing

Counsed

Tile of Person Signing

MIP:jc

Enclosure:
Copy of Assignment

Q:\Clients\Boeing IP (03004)\8002 (Joining)\Election & POA.doc
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ASSIGNMENT

WHEREAS, we, Fred B. Holt and Virgil E. Bourassa ("ASSIGNORS"),
having post office addresses of 5520 31* Avenue NE, Seattle, Washington 98105 and
16110 SE 24™ Street, Bellevue, Washington 98008, respectively, are the joint inventors
of an invention entitled "JOINING A BROADCAST CHANNEL," as described and
claimed in the specification for which an application for United States letters patent was

filed on July 31, 2000 and assigned Application No. 09/629,570.

WHEREAS, The Boeing Company ("ASSIGNEE"), a corporation of the State of
Delaware having its principal place of business at Seattle, Washington, 1s desirous of
acquiring the entire right, title, and interest in and to the invention and in and to any
patents that may be granted therefor in the United States and in any and all foreign
countries;

NOW, THEREFORE,' in exchange for good and valuable consideration, the
receipt and sufficiency of which is hereby acknowledged, ASSIGNORS hereby sell,
assign, and transfer unto ASSIGNEE, its legal representatives, successors, and assigns,
the entire right, title and interest in and to the invention as set forth in the above-
mentioned application, including any continuations, continuations-in-part, divisions,
reissues, re-examinations, or extensions thereof, any other inventions described in the
application, and any and all patents of the United States of America and all foreign
countries that may be issued for the invention, including the right to file foreign
applications directly in the name of ASSIGNEE and to claim priorit;f rights deriving from
the United States application to which foreign applications are entitled by virtue of
international convention, treaty or otherwise, the invention, application and all patents on
the invention to be held and enjoyed by ASSIGNEE and its successors and assigns for
their use and benefit and of their successors and assigns as fully and entirely as the same
would have been held and enjoyed by ASSIGNORS had this assignment, transfer, and

sale not been made.

Q:\Clients\Boeing IP (03004)\8002 (Joining)\Assignment.doc
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UPON THE ABOVE-STATED CONSIDERATIONS, ASSIGNORS agree
to not execute any writing or do any act whatsoever conflicting with this assignment, and
at any time upon request, without further or additional consideration but at the expense of
ASSIGNEE, execute all instruments and documents and do such additional acts as
ASSIGNEE may deem necessary or desirable to perfect ASSIGNEE's enjoyment of this
grant, and render all necessary assistance required for the making and prosecuﬁon of
applications for United States and foreign patents on the invention, for litigation
regarding the patents, or for the purpose of protecting title to the invention or patents
therefor.

ASSIGNORS authorize and request the Commissioner of Patents and
Trademarks to 1ssue any Patent of the United States that may be issued for the invention

to ASSIGNEE.

N [—

2& (o Zeet < fp. L~
Date L Fred B. Holt
. o
State of (*-/’*LL:’A )
T ) s
County of LM ) >
&>

I certify that I know or have satisfactory evidence that Fred B. Holt is the
person who appeared before me, and the person acknowledged that he signed this
instrument and acknowledged it to be his free and voluntary act for the uses and purposes

mentioned in the instrument.

e“::‘?*%--giﬁ'ﬁ‘g?.'.“'g/”’o 0.9
ST e“@s P/,é;;.f}/ 2 Dated l -db-2000
S ““ S
=N ‘QTAR Yy T = Sl M
s b 2 gnature of , L m /f
= —— HE— . /
‘:; Ao PugL® g"‘.-":* §- Notary Public
W0y U Prineaame WAV K. Hanosgn

Yl 0 N : .

"’0/:45,?,’,?‘?\\\\\“\ My appointment expires ? 9\4’ O\?)

Q:\Clients\Boeing IP (03004)\8002 (Joining)\Assignment.doc
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rofollocoe 7),‘;(;

¢

=
A

Qurassa

Date /VI%/E
7
State of [,,\)45;/;'/',«?}05\ )
‘ / ) ss.
County of /{/ .n 7« )

I certify that I know or have satisfactory evidence that Virgil E. Bourassa 1s

the person who appeared before me, and the person acknowledged that he signed this

instrument and acknowledged it to be his free and voluntary act for the uses and purposes

mentioned in the instrument.

S B rka 4',;"0’/,, Dated !D : Qé? b0
SCHS

Wi 2% Si f '
SS{T woTARY “'.,: =§ ngtna?ymi’euglic /M/f 4;
$ Printed Name ])QA'Y\H@ Q . ': l(& %0

My appointment expires

Q:\Clients\Boeing IP (03004)\8002 (Joining)\Assignment.doc
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L o PATENT

R

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

ants :  Fred B. Holt and Virgil E. Bourassa
Application No. . 09/629,570
Filed v : July 31, 2000
For : JOINING A BROADCAST CHANNEL
Art Unit : 2744
Docket No. : 030048002US
Date : October 30, 2000

Commiussioner for Patents
Washington, DC 20231

AUTHORIZATION FOR EXTENSIONS OF TIME UNDER 37 C.F.R. § 1.136(A)(3)

Sir:

With respect to the above-identified application, the Commissioner is
authorized to treat any concurrent or future reply requiring a petition for an extension of
time under 37 C.F.R. § 1.136(a)(3) for its timely submission as incorporating a petition
therefor for the appropriate length of time. The Commissioner is also authorized to

charge any fees which may be required, or credit any overpayment, to Deposit Account

No. 50-0665.

Date @d\o{)‘@(‘ 30. 2000 W\@,u-ruci \X?\—rkc,

: ’ Maurice J. Pirio
Registration No. 33,273

PERKINS COIE LLP

P.O. Box 1247

Seattle, Washington 98111-1247

(206) 583-8888

FAX: (206) 583-8500

Q:\Clients\Boeing IP (03004)\8002 (Joining)\Authorization.doc
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ASSISTANT SECRETARY AND COMMISSIONER
OF PATENTS AND TRADEMARKS
Washington, D.C. 20231

UNITED STATESQEEPARTMENT OF COMMERCE
Patent and Trademark Office :@;Qf
&

/ RECEIVED
/ CHANGE OF ADDRESS/POWER OF ATTORNEY MAY 3 - 01
Technology Center 2799
FILE LOCATION 21C1 SERIAL NUMBER 096238570 PATENT NUMBER

THE CORRESPONDENCE ADDRESS HAS BEEN CHANGED TO CUSTOMER # 25096
THE PRACTITIDNERS OF RECORD HAVE BEEN CHANGED TO CUSTOMER # 25096
THE FEE ADDRESS HAS BEEN CHANGED TO CUSTOMER # 25096

ON 04/12/01 THE ADDRESS OF RECORD FOR CUSTOMER NUMBER 25096 IS:

’ PERKINS COIE LLP
1201 3RD AVENUE , SUITE 4800
SEATTLE WA 98101-3099

AND THE PRACTITIONERS OF RECORD FOR CUSTOMER NUMBER 250896 ARE:

30582 33273 33904 34807 37263 37376 38264 40188 41637 41989
42216 43960 43985 46140

PTO INSTRUCTIONS: PLEASE TAKE THE FOLLOWING ACTION WHEN THE
CORRESPONDENCE ADDRESS HAS BEEN CHANGED TO CUSTOMER NUMBER:
RECORD, ON THE NEXT AVAILABLE CONTENTS LINE OF THE FILE JACKET,
"ADDRESS CHANGE TO CUSTOMER NUMBER’. LINE THROUGH THE OLD
ADDRESS ON THE FILE JACKET LABEL AND ENTER ONLY THE 'CUSTOMER
NUMBER’ AS THE NEW ADDRESS. FILE THIS LETTER IN THE FILE JACKET.
WHEN ABOVE CHANGES ARE ONLY TO FEE ADDRESS AND/OR PRACTITIONERS
OF RECORD, FILE LETTER IN THE FILE JACKET.

THIS FILE IS ASSIGNED TO GAU 2154.

PTO-FMD .
TALBOT-1/97 0195



‘ Attorney Docket Ng. 030048002US

| hereby certify that this correspondence is being deposited with thg U.S. Postal Service with sufficient postage as
Flrst Class Mail in an envelope addressed to: Commissioner for PAtents, Washj gton D 0231, on:
—Bate: l///J‘/ab W&w

anne Connelly

PATENT
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
RRE APPLICATION OF:
VIRGIL E. BOURASSA AND FRED B. HOLT

APPLICATION No.: 09/629,570 RECEIVED
FiLep: JuLy 31, 2000

For: JOINING A BROADCAST CHANNEL APR 2 4 2002

Technology Center 2100

Information Disclosure Statement Within Three Months of
Application Filing or Before First Action — 37 CFR 1.97(b)

Commissioner for Patents
Washington, D.C. 20231

Sir:
1. Timing of Submission

This information disclosure is being filed within three months of the filing date of this
application or date of entry into the national stage of an international application or
before the mailing date of a first Office action on the merits, whichever occurs last
[37 CFR 1.97(b)]. The references listed on the enclosed Form PTO/SB/08SA
(modified) may be material to the examination of this appllcatlon the Examiner is
requested to make them of record in the application.

2. Cited Information

X Copies of the following references are enclosed:

X All cited references
O References marked by asterisks
| The following:

O Copies of the following references can be found in parent application Ser. No.

O All cited references
| References marked by asterisks
O The following:

O The following references are not in English. For each such reference, the
undersigned has enclosed (i) a translation of the reference; (ii) a copy of a
communication from a foreign patent office or International Searching
Authority citing the reference, (iii) a copy of a reference which appears to be
an English-language counterpart, or (iv) an English-language abstract for the
reference prepared by a third party. Applicant has not verified that the

[/IDS-NO O-A - JAN2002.DOC]
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translation, English-language counterpart or third-party abstract is an
accurate representation of the teachings of the non-English reference,
though, and reserves the right to demonstrate otherwise.

d All cited references
O References marked by ampersands
O The following:

3. Effect of Information Disclosure Statement (37 CFR 1.97(h))

This Information Disclosure Statement is not to be construed as a representation
that: (i)a search has been made,; (i) additional information material to the
examination of this application does not exist; (iii) the information, protocols, resuilts
and the like reported by third parties are accurate or enabling; or (iv) the cited
information is, or is considered to be, material to patentability. In addition, applicant
does not admit that any enclosed item of information constitutes prior art to the
subject invention and specifically reserves the right to demonstrate that any such
reference is not prior art.

4. Fee Payment

No fees are believed due. However, should the Commissioner determine that fees
are due in order for this Information Disclosure Statement to be considered, the
Commissioner is hereby authorized to charge such fees to Deposit Account No. 50-
0665.

5. Patent Term Adjustment (37 CFR 1.704(d))

O The undersigned states that each item of information submitted herewith was
cited in a communication from a foreign patent office in a counterpart
application and that this communication was not received by any individual
designated in 37 C.F.R. § 1.56(c) more than thirty days prior to the filing of
this statement. 37 C.F.R. § 1.704(d).

Respectfully submitted,
Perkins Coie LLP

Date: L}‘l {-02 /YV\QU\MJ?M
Watirice J. Pirio
Registration No. 33,273

Correspondence Address:
Customer No. 25096

Perkins Coie LLP

P.O. Box 1247

Seattle, Washington 98111-1247
Phone: (206) 583-8888

[/IDS-NO O-A - JAN2002.D0C) 2
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This Page Is Inserted by [FW Operations
and is not a part of the Official Record

BEST AVAILABLE IMAGES

Defective images within this document are accurate representations of
the original documents submitted by the applicant. .

Defects in the images may include (but are not limited to):

BLACK BORDERS

TEXT CUT OFF AT TOP, BOTTOM OR SIDES

FADED TEXT

ILLEGIBLE TEXT

SKEWED/SLANTED IMAGES

COLORED PHOTOS

BLACK OR VERY BLACK AND WHITE DARK PHOTOS

GRAY SCALE DOCUMENTS

IMAGES ARE BEST AVAILABLE COPY.

As rescanning documents will not correct images,

please do not report the images to the
Image Problem Mailbox.
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U.S. Patent \Application No. 09/629,577 EXPRESS MAIL NO. EIA04935424US

LEAVING A BROADCAST CHANNEL

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is related to U.S. Patent Application No. ,

entitled “BROADCASTING NETWORK,” filed on July 31, 2000 (Attorney Docket

5 No. 030048001 US); U.S. Patent Application No. , entitled “JOINING A

BROADCAST CHANNEL,” filed on July 31, 2000 (Attorney Docket No. 030048002 US);

U.S. Patent Application No. , “LEAVING A BROADCAST CHANNEL,”

filed on July 31, 2000 (Attorney Docket No. 030048003 US); U.S. Patent Application

No. , entitled “BROADCASTING ON A BROADCAST CHANNEL,” filed

10 on July 31, 2000 (Attoney Docket No. 030048004 US); U.S. Patent Application

No. , entitled “CONTACTING A BROADCAST CHANNEL,” filed on

July 31, 2000 (Attorney Docket No. 030048005 US); U.S. Patent Application

No. , entited “DISTRIBUTED AUCTION SYSTEM,” filed on

July 31,2000 (Attorney Docket No. 030048006 US); U.S. Patent Application

15 No. , entitled “AN INFORMATION DELIVERY SERVICE,” filed on

July 31,2000 (Attorney Docket No; 030048007 US), U.S. Patent Application

No. , entitled “DISTRIBUTED CONFERENCING SYSTEM,” filed on

July 31,2000 (Attorney Docket No. 030048008 US), and U.S. Patent Application

No. , entitled “DISTRIBUTED GAME ENVIRONMENT,” filed on

20 July 31,2000 (Attorney Docket No. 030048009 US), the disclosures of which are
incorporated herein by reference.

TECHNICAL FIELD

The described technology relates generally to a computer network and more

particularly, to a broadcast channel for a subset of a computers of an underlying network.
25 BACKGROUND

There are a wide variety of computer network communications techniques such

as point-to-point network protocols, client/server middleware, multicasting network
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protocols, and peer-to-peer middleware. Each of these communications techniques have
their advantages and disadvantages, but none is particularly well suited to the simultaneous
sharing of information among computers that are widely distributed. For example,
collaborative processing applications, such as a network meeting programs, have a need to
distribute information in a timely manner to all participants who may be geographically
distributed.

The point-to-point network protocols, such as UNIX pipes, TCP/IP, and UDP,
allow processes on different computers to communicate via point-to-point connections. The
interconnection of all participants using point-to-point connections, while theoretically
possible, does not scale well as a number of parﬁcipants grows. For example, each
participating process would need to manage its direct connections to all other participating

processes. Programmers, however, find it very difficult to manage single connections, and

management of multiple connections is much more complex. In addition, participating

processes may be limited to the number of direct connections that they can support. This
limits the number of possible participants in the sharing of information.

The client/server middleware systems provide a server that coordinates the
communications between the various clients who are sharing the information. The server
functions as a central authority for controlling access to shared resources. Exémples of
client/server middleware systems include remote procedure calls (“RPC”), database servers,
and the common object request broker architecture (“CORBA™). Client/server middleware
systems are not particularly well suited to sharing of information among many participants.
In particular, when a client stores information to be shared at the server, each other client
would need to poll the server to determine that new information is being shared. Such
polling places a very high overhead on the communications network. Alternatively, each
client may register a callback with the server, which the server then invokes when new
information is available to be shared. Such a callback technique presents a performance
bottleneck because a single server needs to call back to each client whenever new
information is to be shared. In addition, the reliability of the entire sharing of information
depends upon the reliability of the single server. Thus, a failure at a single computer (i.e.,
the server) would prevent communications between any of the clients.

The multicasting network protocols allow the sending of broadcast messages to

multiple recipients of a network. The current implementations of such multicasting network
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protocols tend to place an unacceptable overhead on the underlying network. For example,
UDP multicasting would swamp the Internet when trying to locate all possible participants.
[P multicasting has other problems that include needing special-purpose infrastructure (e.g.,
routers) to support the sharing of information efficiently.

The peer-to-peer middleware communications systems rely on a multicasting
network protocol or a graph of point-to-point network protocols. Such peer-to-peer
middleware is provided by the T.120 Intemet standard, which is used in such products as
Data Connection’s D.C.-share and Microsoft’s NetMeeting. These peer-to-peer middleware
systems rely upon a user to assemble a point-to-point graph of the connections used for
sharing the information. Thus, it is neither suitable nor desirable to use peer-to-peer
middleware systems when more than a small number of participants is desired. In addition,
the underlying architecture of the T.120 Internet standard is a tree structure, which relies on
the root node of the tree for reliability of the entire network. That is, each message must pass
through the root node in order to be received by all participants.

It would be desirable to have a reliable communications network that is
suitable for the simultaneous sharing of information among a large number of the processes

that are widely distributed.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates a graph that is 4-regular and 4-connected which represents a
broadcast channel.

Figure 2 illustrates a graph representing 20 computers connected to a broadcast
channel.

Figures 3A and 3B illustrate the process of connecting a new computer Z to the
broadcast channel.

Figure 4A illustrates the broadcast channel of Figure 1 with an added

computer.

Figure 4B illustrates the broadcast channel of Figure 4A with an added
computer.

Figure 4C also illustrates the broadcast channel of Figure 4A with an added
computer.
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Figure SA illustrates the disconnecting of a computer from the broadcast
channel in a planned manner.

Figure 5B illustrates the disconnecting of a comphter from the broadcast
channel in an unplanned manner.

Figure SC illustrates the neighbors with empty ports condition.

Figure 5D illustrates two computers that are not neighbors who now have
empty ports.

Figure SE illustrates the neighbors with empty ports condition in the small
regime.

Figure SF illustrates the situation of Figure SE when in the large regime.

Figure 6 is a block diagram illustrating components of a computer that is
connected to a broadcast channel.

Figure 7 is a block diagram illustrating the sub-components of the broadcaster
component in one embodiment.

Figure 8 is a flow diagram illustrating the processing of the connect routine in
one embodiment.

Figure 9 is a flow diagram illustrating the processing of the seek portal
computer routine in one embodiment, “

Figure 10 is a flow diagram illustrating the processing of the contact process
routine in one embodiment.

Figure 11 is a flow diagram illustrating the processing of the connect request
routine in one embodiment.

Figure 12 is a flow diagram of the processing of the check for external call
routine in one embodiment.

Figure 13 is a flow diagram of the processing of the achieve connection routine
in one embodiment.

Figure 14 is a flow diagram illustrating the .processing of the external
dispatcher routine in one embodiment.

Figure 15 is a flow diagram illustrating the processing of the handle seeking
connection call routine in one embodiment.

Figure 16 is a flow diagram illustrating processing of the handle connection
request call routine in one embodiment.
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Figure 17 is a flow diagram illustrating the processing of the add neighbor
routine in one embodiment.

Figure 18 is a flow diagram illustrating the processing of the forward
connection edge search routine in one embodiment.

Figure 19 is a flow diagram illustrating the processing of the handle edge
proposal call routine. V

Figure 20 is a flow diagram illustrating the processing of the handle port
connection call routine in one embodiment.

Figure 21 is a flow diagram illustrating the processing of the fill hole routine in
one embodiment.

Figure 22 is a flow diagram illustrating the processing of the internal dispatcher
routine in one embodiment.

Figure 23 is a flow diagram illustrating the processing of the handle broadcast
message routine in one embodiment.

Figure 24 is a flow diagram illustrating the processing of the distribute
broadcast message routine in one embodiment.

Figure 26 is a flow diagram illustrating the processing of the handle connection
port search statement routine in one embodiment.

Figure 27 is a flow diagram illustrating the processing of the court neighbor
routine in one embodiment.

Figure 28 is a flow diagram illustrating the processing of the handle connection
edge search call routine in one embodiment.

Figure 29 is a flow diagram illustrating the processing of the handle connection
edge search response routine in one embodiment.

Figure 30 is a flow diagram illustrating the processing of the broadcast routine
in one embodiment.

Figure 31 is a flow diagram illustrating the processing of the acquire message
routine in one embodiment.

Figure 32 is a flow diagram illustrating processing of the handle condition
check message in one embodiment.

Figure 33 is a flow diagram illustrating processing of the handle condition

repair statement routine in one embodiment.
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Figure 34 is a flow diagram illustrating the processing of the handle condition
double check routine.

DETAILED DESCRIPTION

A broadcast technique in which a broadcast channel overlays a point-to-point
communications network is provided. The broadcasting of a message over the broadcast
channel is effectively a multicast to those computers of the network that are currently
connected to the broadcast channel. In one embodiment, the broadcast technique provides a
logical broadcast channel to which host computers through their executing processes can be
connected. Each computer that is connected to the broadcast channel can broadcast
messages onto and receive messages off of the broadcast channel. Each computer that is
connected to the broadcast channel receives all messages that are broadcast while it is
connected. The logical broadcast channel is implemented using an underlving network
system (e.g., the Internet) that allows each computer connected to the underlying network
system to send messages to each other connected computer using each computer’s address.
Thus, the broadcast technique effectively provides a broadcast channel using an underlying
network system that sends messages on a point-to-point basis.

The broadcast technique overlays the underlying network system with a graph
of point-to-point connections (i.e., edges) between host computers (i.e., nodes) through
which the broadcast channel is implemented. In one embodiment, each computer is
connected to four other computers, referred to as neighbors. (Actually, a process executing
on a computer is connected to four other processes executing on this or four other
computers.) To broadcast a message, the originating computer sends the message to each of
its neighbors using its pbint-to-point connections. Each computer that receives the message
then sends the message to its three other neighbors using the point-to-point connections. In
this way, the message is propagated to each computer using the underlying network to effect
the broadcasting of the message to each computer over a logical broadcast channel. A graph
in which each node is connected to four other nodes is referred to as a 4-regular graph. The
use of a 4-regular graph means that a computer would become disconnected from the
broadcast channel only if all four of the connections to its neighbors fail. The graph used by
the broadcast technique also has the property that it would take a failure of four computers to
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divide the graph into disjoint sub-graphs, that is two separate broadcast channels. This
property is referred to as being 4-connected. Thus, the graph is both 4-regular and 4-
connected.

Figure 1 illustrates a graph that is 4-regular and 4-connected which represents
the broadcast channel. Each of the nine nodes A-l represents a computer that is connected to
the broadcast channel, and each of the edges represents an “edge” connection between two
computers of the broadcast channel. The time it takes to broadcast a message to each
computer on the broadcast channel depends on the speed of the connections between the
computers and the number of connections between the originating computer and each other
computer on the broadcast channel. The minimum number of connections that a message
would need to traverse between each pair of computers is the “distance” between the
computers (i.e., the shortest path betwéen the two nodes of the graph). For example, the
distance between computers A and F is one because computer A is directly connected to
computer F. The distance between computers A and B is two because there is no direct
connection between computers A and B, but computer F is directly connected to computer B.
Thus, a message originating at computer A would be sent directly to computer F, and then
sent from computer F to computer B. The maximum of the distances between the computers
is the “diameter” of broadcast channel. The diameter of the broadcast channel represented
by Figure 1 is two. That is, a message sent by any computer would traverse no more than
two connections to reach every other computer. Figure 2 illustrates a graph representing 20
computers connected to a broadcast channel. The diameter of this broadcast channel is 4. In
particular, the shortest path between computers 1 and 3 contains four connections (1-12, 12-
15, 15-18, and 18-3). '

The broadcast technique includes (1) the connecting of computers to the
broadcast channel (i.e., composing the graph), (2) the broadcasting of messages over the
broadcast channel (i.e., broadcasting through the graph), and (3) the disconnecting of

computers from the broadcast channel (i.e., decomposing the graph) composing the graph.

Composing the Graph

To connect to the broadcast channel, the computer seeking the connection first
locates a computer that is currently fully connected to the broadcast channel and then

103004-8001/Document 1.268] -7- 131/00

0260



10

15

20

25

30

establishes a connection with four of the computers that are already connected to the
broadcast channel. (This assumes that there are at least four computers already connected to
the broadcast channel. When there are fewer than five computers connected, the broadcast
channel cannot be a 4-regular graph. In such a case, the broadcast channel is considered to
be in a “small regime.” The broadcast technique for the small regime is described below in
detail. When five or more computers are connected, the broadcast channel is considered to
be in the “large regime.” This description assumes that the broadcast channel is in the large
regime, unless specified otherwise.) Thus, the process of connecting to the broadcast
channel includes locating the broadcast channel, identifying the neighbors for the connecting
computer, and then connecting to each identified neighbor. Each computer is aware of one
or more “portal computers” through which that computer may locate the broadcast channel.
A seeking computer locates the broadcast channel by contacting the portal computers until it
finds one that is currently fully connected to the broadcast channel. The found portal
computer then directs the identifying of four computers (i.e., to be the seeking computer’s
neighbors) to which the seeking computer is to connect. Each of these four computers then
cooperates with the seeking computer to effect the connecting of the seeking computer to the
broadcast channel. A computer that has started the process of locating a portal computer, but
does not yet have a neighbor, is in the “seeking connection state.” A computer that is
connected to at least one neighbor, but not yet four neighbors, is in the “partially connected
state.” A computer that is currently, or has been, previously connected to four neighbors is
in the “fully connected state.”

Since the broadcast channel is a 4-regular graph, each of the identified
computers is already connected to four computers. Thus, some connections between
computers need to be broken so that the seeking computer can connect to four computers. In
one embodiment, the broadcast technique identifies two pairs of computers that arc currently
connected to each other. Each of these pairs of computers breaks the connection between
them, and then each of the four computers (two from each pair) connects to the seeking
computer. Figures 3A and 3B illustrate the process of a new computer Z connecting to the
broadcast channel. Figure 3A illustrates the broadcast channel before computer Z is
connected. The pairs of computers B and E and computers C and D are the two pairs that are
identified as the neighbors for the new computer Z. The connections between each of these

pairs is broken, and a connection between computer Z and each of computers B, C, D, and E
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is established as indicated by Figure 3B. The process of breaking the connection between
two neighbors and reconnecting each of the former neighbors to another computer is referred
to as “edge pinning” as the edge between two nodes may be considered to be stretched and
pinned to a new node. - -

Each computer connected to the broadcast channel allocates five
communications ports for communicating with other computers. Four of the ports are
referred to as “internal” ports because they are the ports through which the messages of the
broadcast channels are sent. The connections between internal ports of neighbors are
referred to as “internal” connections. Thus, the internal connections of the broadcast channel
form the 4-regular and 4-connected graph. The fifth port is referred to as an “external” port
because it is used for sending non-broadcast messages between two computers. Neighbors
can send non-broadcast messages either through their internal ports of their connection or
through their external ports. A seeking computer uses external ports when locating a portal
computer.

In one embodiment, the broadcast technique establishes the computer
connections using the TCP/IP communications protocol, which is a point-to-point protocol,
as the underlying network. The TCP/IP protocol provides for reliable and ordered delivery
of messages between computers. The TCP/IP protocol provides each computer with a “port
space” that is shared among all the processes that may execute on that computer. The ports
are identified by numbers from 0 to 65,535. The first 2056 ports are reserved for specific
applications (e.g., port 80 for HTTP messages). The remainder of the ports are user ports
that are available to any process. In one embodiment, a set of port numbers can be reserved
for use by the computer connected to the broadcast channel. In an alternative embodiment,
the port numbers used are dynamically identified by each computer. Each computer
dynamically identifies an available port to be used as its call-in port. This call-in port is used
to establish connections with the external port and the internal ports. Each computer that is
connected to the broadcast channel can receive non-broadcast messages through its external
port. A seeking computer tries “dialing” the port numbers of the portal computers until a
portal computer “answers,” a call on its call-in port. A portal computer answers when it is
connected to or attempting to connect to the broadcast channel and its call-in port 1s dialed.
(In this description, a telephone metaphor is used to describe the connections.) When a

computer receives a call on its call-in port, it transfers the call to another port. Thus, the
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seeking computer actually communicates through that transfer-to port, which is the external
port. The call is transferred so that other computers can place calls to that computer via the
call-in port. The seeking computer then communicates via that external port to request the
portal computer to assist in connecting the seeking computer to the broadcast channel. The
seeking computer could identify the call-in port number of a portal computer by successively
dialing each port in port number order. As discussed below in detail, the broadcast technique
uses a hashing algorithm to select the port number order, which may result in improved
performance.

A seeking computer could connect to the broadcast channel by connecting to
computers either directly connected to the found portal computer or directly connected to one
of its neighbors. A possible problem with such a scheme for identifying the neighbors for
the seeking computer is that the diameter of the broadcast channel may increase when each
seeking computer uses the same found portal computer and establishes a connection to the
broadcast channel directly through that found portal computer. Conceptually, the graph
becomes elongated in the direction of where the new nodes are added. Figures 4A-4C
illustrate that possible problem. Figure 4A illustrates the broadcast channel of Figure 1 with

an added computer. Computer J was connected to the broadcast channel by edge pinning

“edges C-D and E-H to computer J. The diameter of this broadcast channel is still two.

Figure 4B illustrates the broadcast channel of Figure 4A with an added computer.
Computer K was connected to the broadcast channel by edge pinning edges E-J and B-C to
computer K. The diameter of this broadcast channel is three, because the shortest path from
computer G to computer K is through edges G-A, A-E, and E-K. Figure 4C élso illustrates
the broadcast channel of Figure 4A with an added computer. Computer K was connected to
the broadcast channel by edge pinning edges D-G and E-J to computer K. The diameter of
this broadcast channel is, however, still two. Thus, the selection of neighbors impacts the
diameter of the broadcast channel. To help minimize the diameter, the broadcast technique
uses a random selection technique to identify the four neighbors of a computer in the seeking
connection state. The random selection technique tends to distribute the connections to new
seeking computers throughout the computers of the broadcast channel which may result in

smaller overall diameters.
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Broadcasting Through the Graph

As described above, each computer that is connected to the broadcast channel
can broadcast messages onto the broadcast channel and does receive all messages that are
broadcast on the broadcast channel. The computer that originates a message to be broadcast
sends that message to each of its four neighbors using the internal connections. When a
computer receives a broadcast message from a neighbor, it sends the message to its three
other neighbors. Each computer on the broadcast channel, except the originating computer,
will thus receive a copy of each broadcast message from each of its four neighbors. Each
computer, however, only sends the first copy of the message that it receives to its neighbors
and disregards subsequently received copies. Thus, the total number of copies of a message
that is sent between the computers is 3N+1, where N is the number of computers connected
to the broadcast channel. Each computer sends three copies of the message, except for the
originating computer, which sends four copies of the message.

The redundancy of the message sending helps to ensure the overall reliability
of the broadcast channel. Since each computer has four connections to the broadcast
channel, if one computer fails during the broadcast of a message, its neighbors have three
other connections through which they will receive copies of the broadcast message. Also, if
the intemnal connection between two computers is slow, each computer has three other
connections through which it may receive a copy of each message sooner.

Each computer that originates a message numbers its own messages
sequentially. Because of the dynamic nature of the broadcast channel and because there are
many possible connection paths between computers, the messages may be received out of
order. For example, the distance between an originating computer and a certain receiving
computer may be four. After sending the first message, the originating computer and
recerving computer may become neighbors and thus the distance between them changes to
one. The first message may have to travel a distance of four to reach the receiving computer.
The second message only has to travel a distance of one. Thus, it is possible for the second
message to reach the receiving computer before the first message.

When the broadcast channel is in a steady state (i.e., no computers connecting
or disconnecting from the broadcast channel), out-of-order messages are not a problem
because each computer will eventually receive both messages and can queue messages until

all earlier ordered messages are received. If, however, the broadcast channel is not in a
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steady state, then problems can occur. In particular, a computer may connect to the
broadcast channel after the second message has already been received and forwarded on by
its new neighbors. When a new neighbor eventually receives the first message, it sends the
message to the newly connected computer. Thus, the newly connected computer will receive
the first message, but will not receive the second message. If the newly connected computer
needs to process the messages in order, it would wait indefinitely for the second message.
One solution to this problem is to have each computer queue all the messages
that it receives until it can send them in their proper order to its neighbors. This solution,
however, may tend to slow down the propagation of messages through the computers of the
broadcast channel. Another solution that may have less impact on the propagation speed is
to queue messages only at computers who are neighbors of the newly connected computers.
Each already connected neighbor would forward messages as it receives them to its other
neighbors who are not newly connected, but not to the newly connected neighbor. The
already connected neighbor would only forward messages from each originating computer to
the newly connected computer when it can ensure that no gaps in the messages from that
originating computer will occur. In one embodiment, the already connected neighbor may
track the highest sequence number of the messages already received and forwarded on from
each originating computer. The already connected computer will send only higher numbered
messages from the originating computers to the newly connected computer. Once all lower
numbered messages have been received from all originating computers, then the already
connected computer can treat the newly connected computer as its other neighbors and
simply forward each message as it is received. In another embodiment, each computer may
queue messages and only forwards to the newly connected computer those messages as the
gaps are filled in. For example, a computer might receive messages 4 and 5 and then receive
message 3. In such a case, the already connected computer would forward queue messages 4
and 5. When message 3 is finally received, the already connected computer will send
messages 3, 4, and 5 to the newly connected computer. If messages 4 and 5 were sent to the
newly connected computer before message 3, then the newly connected computer would
process messages 4 and 5 and disregard message 3. Because the already connected computer
queues messages 4 and 5, the newly connected computer will be able to process message 3.
It is possible that a newly connected computer will receive a set of messages from an

originating computer through one neighbor and then receive another set of message from the
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same originating computer through another neighbor. If the second set of messages contains
a message that is ordered earlier than the messages of the first set received, then the newly
connected computer may ignore that earlier ordered message if the computer already

processed those later ordered messages.

Decomposing the Graph
A connected computer disconnects from the broadcast channel either in a

planned or unplanned manner. When a computer disconnects in a planned manner, it sends a
disconnect message to each of its four neighbors. The disconnect message includes a list that
identifies the four neighbors of the disconnecting computer. When a neighbor receives the
disconnect message, it tries to connect to one of the computers on the list. In one
embodiment, the first computer in the list will try to connect to the second computer in the
list, and the third computer in the list will try to connect to the fourth computer in the list. If
a computer cannot connect (e.g., the first and second computers are already connected), then
the computers may try connecting in various other combinations. If connections cannot be
established, each computer broadcasts a message that it needs to establish a connection with
another computer. When a computer with an available internal port receives the message, it
can then establish a connection with the computer that broadcast the message. Figures SA-
5D illustrate the disconnectihg of a computer from the broadcast channel. Figure SA
illustrates the disconnecting of a computer from the broadcast channel in a planned manner.
When computer H decides to disconnect, it sends its list of neighbors to each of its neighbors
(computers A, E, F and I) and then disconnects from each of its neighbors. When
computers A and 1 receive the message they establish a connection between them as
indicated by the dashed line, and similarly for computers E and F.

When a computer disconnects in an unplanned manner, such as resulﬁng from
a power failure, the neighbors connected to the disconnected computer recognize the
disconnection when each attempts to send its next message to the now disconnected
computer. Each former neighbor of the disconnected computer recognizes that it is short one
connection (i.e., it has a hole or empty port). When a connected computer detects that one of
its neighbors is now disconnected, it broadcasts a port connection request on the broadcast
channel, which indicates that it has one internal port that needs a connection. The port

connection request identifies the call-in port of the requesting computer. When a connected
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computer that is also short a connection receives the connection request, it communicates
with the requesting computer through its external port to establish a connection between the
two computers. Figure 5B illustrates the disconnecting of a computer from the broadcast
channel in an unplanned manner. In this illustration, computer H has disconnected in an
unplanned manner. When each of its neighbors, computers A, E, F, and I, recognizes the
disconnection, each neighbor broadcasts a port connection request indicating that it needs to
fill an empty port. As shown by the dashed lines, computers F and I and computers A and E
respond to each other’s requests and establish a connection.

It is possible that a planned or unplanned disconnection may result in two
neighbors each having an empty intemal port. In such a case, since they are neighbors, they
are already connected and cannot fill their empty ports by connecting to each other. Such a
condition is referred to as the “neighbors with empty ports” condition. Each neighbor
broadcasts a port connection request when it detects that it has an empty port as described
above. When a neighbor receives the port connection request from the other neighbor, it will
recognize the condition that its neighbor also has an empty port. Such a condition may also
occur when the broadcast channel is in the small regime. The condition can only be
corrected when in the large regime. When in the small regime, each computer will have less
than four neighbors. To detect this condition in the large regime, which would be a problem
if not repaired, the first neighbor to receive the port connection request recognizes the
condition and sends a condition check message to the other neighbor. The condition check
message includes a list of the neighbors of the sending computer. When the receiving
computer receives the list, it compares the list to its own list of neighbors. If the lists are
different, then this condition has occurred in the large regime and repair is needed. To repair
this condition, the receiving computer will send a condition repair request to one of the
neighbors of the sending computer which is not already a neighbor of the receiving
computer. When the computer receives the condition repair request, it disconnects from one
of its neighbors (other than the neighbor that is involved with the condition) and connects to
the computer that sent the condition repair request. Thus, one of the original neighbors
involved in the condition will have had a port filled. Howevqr, two computers are still in
need of a connection, the other original neighbor and the computer that is now disconnected
from the computer that received the condition repair request. Those two computers send out

port connection requests. If those two computers are not neighbors, then they will connect to
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each other when they receive the requests. 1If, however, the two computers are neighbors,
then they repeat the condition repair process until two non-neighbors are in need of
connections.

It is possible that the two original neighbors with the condition may have the
same set of neighbors. When the neighbor that receives the condition check message
determines that the sets of neighbors are the same, it sends a condition double check message
to one of its neighbors other than the neighbor who also has the condition. When the
computer receives the condition double check message, it determines whether it has the same
set of neighbors as the sending computer. If so, the broadcast channel is in the small regime
and the condition is not a problem. If the set of neighbors are different, then the computer
that received the condition double check message sends a condition check message to the
original neighbors with the condition. The computer that receives that condition check
message directs one of it neighbors to connect to one of the original neighbors with the
condition by sending a condition repair message. Thus, one of the original neighbors with
the condition will have its port filled.

Figure 5C illustrates the neighbors with empty ports condition. In this

illustration, computer H disconnected in an unplanned manner, but computers F and I

responded to the port connection request of the other and are now connected together. The
other former neighbors of computer H, computers A and E, are already neighbors, which
gives rise to the neighbors with empty ports condition. In this example, computer E received
the port connection request from computer A, recognized the possible condition, and sent
(since they are neighbors via the internal connection) a condition check message with a list
of its neighbors to computer A. When computer A received the list, it recognized that
computer E has a different set of neighbor (i.e., the broadcast channel is in the large regime).
Computer A selected computer D, which is a neighbor of computer E and sent it a condition
repair request. When computer D received the condition repair request, it disconnected from
one of its neighbors (other than computer E), which is computer G in this example.
Computer D then connected to computer A. Figure 5D illustrates two computers that are not
neighbors who now have empty ports. Computers E and G now have empty ports and are
not currently neighbors. Therefore, computers E and G can connect to each other.

Figures S5E and SF further illustrate the neighbors with empty ports condition.
Figure SE illustrates the neighbors with empty ports condition in the small regime. In this
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example, if computer E disconnected in an unplanned manner, then each computer
broadcasts a port connection request when it detects the disconnect. When computer A
receives the port connection request form computer B, it detects the neighbors with empty
ports condition and sends a condition check message to computer B. Computer B recognizes
that it has the same set of neighbors (computer C and D) as computer A and then sends a
condition double check message to computer C. Computer C recognizes that the broadcast
channel is in the small regime because is also has the same set of neighbors as computers A
and B, computer C may then broadcast a message indicating that the broadcast channel is in
the small regime.

Figure 5F illustrates the situation of Figure SE when in the large regime. As
discussed above, computer C receives the condition double check message from computer B.
In this case, computer C recognizes that the broadcast channel is in the large regime because
it has a set of neighbors that is different from computer B. The edges extending up from
computer C and D indicate connections to other computers. Computer C then sends a
condition check message to computer B. When computer B receives the condition check

message, it sends a condition repair message to one of the neighbors of computer C. The

computer that receives the condition repair message disconnects from one of its neighbors,

other than computer C, and tries to connect to computer B and the neighbor from which it
disconnected tries to connect to computer A.
Port Selection

As described above, the TCP/IP protocol designates ports above number 2056
as user ports. The broadcast technique uses five user port numbers on each computer: one
external port and four internal ports. Generally, user ports cannot be statically allocated to
an application program because other applications programs executing on the same computer
may use conflicting port numbers. As a result, in one embodiment, the computers connected
to the broadcast channel dynamically allocate their port numbers. Each computer could
simply try to locate the lowest number unused port on that computer and use that port as the
call-in port. A seeking computer, however, does not know in advance the call-in port
number of the portal computers when the port numbers are dynamically allocated. Thus, a
seeking computer needs to dial ports of a portal computer starting with the lowest port

number when locating the call-in port of a portal computer. If the portal computer is

[03004-8001 /Document1.268) -16- 31/00

0269



20

25

30

connected to (or attempting to connect to) the broadcast channel, then the seeking computer
would eventually find the call-in port. If the portal computer is not connected, then the
seeking computer would eventually dial every user port. In addition, if each application
program on a computer tried to allocate low-ordered port numbers, then & portal computer
may end up with a high-numbered port for its call-in port because many of the low-ordered
port numbers would be used by other application programs. Since the dialing of a port is a
relatively slow process, it would take the seeking computer a long time to locate the call-in
port of a portal computer. To minimize this time, the broadcast technique uses a port
ordering algorithm to identify the port number order that a portal computer should use when
finding an available port for its call-in port. In one embodiment, the broadcast technique
uses a hashing algorithm to identify the port order. The algorithm preferably distributes the
ordering of the port numbers randomly through out the user port number space and only
selects each port number once. In addition, every time the algorithm is executed on any
computer for a given channel type and channel instance, it generates the same port ordering.
As described below, it is possible for a computer to be connected to multiple broadcast
channels that are uniquely identified by channel type and channel instance. The algorithm
may be “seeded” with channel type and channel instance in order to generate a unique
ordering of port numbers for each broadcast channel. Thus, a seeking computer will dial the
ports of a portal computer in the same order as the portal computer used when allocating its
call-in port.

If many computers are at the same time seeking connection to a broadcast

channel through a single portal computer, then the ports of the portal computer may be busy

when called by seeking computers. The seeking computers would typically need to keep on
redialing a busy port. The process of locating a call-in port may be significantly slowed by
such redialing. In one embodiment, each seeking computer may Each reorder the first few
port numbers generated by the hashing algorithm. For example, each seeking computer
could randomly reorder the first eight port numbers generated by the hashing algorithm. The
random ordering could also be weighted where the first port number generated by the
hashing algorithm would have a 50% chance of being first in the reordering, the second port
number would have a 25% chance of being first in the reordering, and so on. Because the
seeking computers would use different orderings, the likelihood of finding a busy port is

reduced. For example, if the first eight port numbers are randomly selected, then it is
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possible that eight seeking computers could be simultaneously dialing ports in different
sequences which would reduce the chances of dialing a busy port.

Locating a Portal Computer

Each computer that can connect to the broadcast channel has a list of one or
more portal computers through which it can connect to the broadcast channel. In one
embodiment, each computer has the same set of portal computers. A seeking computer
locates a portal computer that is connected to the broadcast channel by successively dialing
the ports of each portal computer in the order specified by an algorithm. A seeking computer
could select the first portal computer and then dial all its ports until a call-in port of a
computer that is fully connected to the broadcast channel is found. If no call-in port is
found, then the seeking computer would select the next portal computer and repeat the
process until a portal computer with such a call-in port is found. A problem with such a
seeking technique is that all user ports of each portal computer are dialed until a portal
computer fully connected to the broadcast channel is found. In an alternate embodiment, the
seeking computer selects a port number according to the algorithm and then dials each portal
computer at that port number. If no acceptable call-in port to the broadcast channel is found,
then the secking computer selects the next port number and repeats the process. Since the
call-in ports are likely allocated at lower-ordered port numbers, the seeking computer first
dials the port numbers that are most likely to be call-in ports of the broadcast channel. The
seeking computers may have a maximum search depth, that is the number of ports that it will
dial when seeking a portal computer that is fully connected. If the seeking computer
exhausts its search depth, then either the broadcast channel has not yet been established or, if
the seeking computer is also a portal computer, it can then establish the broadcast channel
with itself as the first fully connected computer.

When a seeking computer locates a portal computer that is itself not fully
connected, the two computers do not connect when they first locate each other because the
broadcast channel may already be established and accessible through a higher-ordered port
number on another portal computer. If the two seeking computers were to connect to each
other, then two disjoint broadcast channels would be formed. Each seeking computer can
share its experience in trying to locate a portal computer with the other seeking computer. In

particular, if one seeking computer has searched all the portal computers to a depth of eight,
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then the one seeking computer can share that it has searched to a depth of ei_ght with another
secking computer. If that other seeking computer has searched to a depth of, for example,
only four, it can skip searching through depths five through eight and that other seeking
computer can advance its searching to a depth of nine.

In one embodiment, each computer may have a different set of portal
computers and a different maximum search depth. In such a situation, it may be possible that
two disjoint broadcast channels are formed because a seeking computer cannot locate a fully
connected port computer at a higher depth. Similarly, if the set of portal computers are
disjoint, then two separate broadcast channels would be formed.

IdéntiMng Néiggbors for a Seeking Computer |

As described above, the neighbors of a newly connecting computer are
preferably selected randomly from the set of currently connected computers. One advantage
of the broadcast channel, however, is that no computer has global knowledge of the
broadcast channel. Rather, each computer has local knowledge of itself and its neighbors.
This limited local knowledge has the advantage that all the connected computers are peers
(as far as the broadcasting is concerned) and the failure of any one computer (actually any
three computers when in the 4-regular and 4-connect form) will not cause the broadcast
channel to fail. This local knowledge makes it difficult for a portal computer to randomly
select four neighbors for a seeking computer.

To select the four computers, a portal computer sends an edge connection
request message through one of its internal connections that is randomly selected. The
receiving computer again sends the edge connection request message through one of its
internal connections that is randomly selected. This sending of the message corresponds to a
random walk through the graph that represents the broadcast chaﬁnel. Eventually, a
receiving computer will decide that the message has traveled far enough to represent a
randomly selected computer. That receiving computer will offer the internal connection
upon which it received the edge connection request message to the seeking computer for
edge pinning. Of course, if either of the computers at the end of the offered internal
connection are already neighbors of the seeking computer, then the seeking computer cannot
connect through that internal connection. The computer that decided that the message has
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traveled far enough will detect this condition of already being a neighbor and send the
message to a randomly selected neighbor.

In one embodiment, the distance that the edge connection request message
travels is established by the portal computer to be approximately twice the estimated
diameter of the broadcast channel. The message includes an indication of the distance that it
1s to travel. Each receiving computer decrements that distance to travel before sending the
message on. The computer that receives a message with a distance to travel that is zero is
considered to be the randomly selected computer. If that randomly selected computer cannot
connect to the seeking computer (e.g., because it is already connected to it), then that
randomly selected computer forwards the edge connection request to one of its neighbors
with a new distance to travel. In one embodiment, the forwarding computer toggles the new
distance to travel between zero and one to help prevent two computers from sending the
message back and forth between each other.

Because of the local nature of the information maintained by each computer
connected to the broadcast channel, the computers need not generally be aware of the
diameter of the broadcast channel. In one embodiment, each message sent through the
broadcast channel has a distance traveled field. Each computer that forwards a message
increments the distance traveled field. Each computer also maintains an estimated diameter
of the broadcast channel. When a computer receives a message that has traveled a distance
that indicates that the estimated diameter is too small, it updates its estimated diameter and
broadcasts an estimated diameter message. When a computer receives an estimated diameter
message that indicates a diameter that is larger than its own estimated diameter, it updates its
own estimated diameter. This estimated diameter is used to establish the distance that an

edge connection request message should travel.

External Data Representation

The computers connected to the broadcast channel may internally store their
data in different formats. For example, one computer may use 32-bit integers, and another
computer may use 64-bit integers. As another example, one computer may use ASCII to
represent text and another computer may use Unicode. To allow communications between
heterogeneous computers, the messages sent over the broadcast channel may use the XDR
(“eXternal Data Representation”) format.
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