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MULTIPOINT RELAY SET SELECTION METHODS AND THEIR APPLICATION
TO MULTICAST CHANNEL RESERVATION IN OVERLAPPING BASIC SERVICE
SETS IN WIRELESS NETWORKS

FIELD OF THE INVENTION

The present invention relates, in general, to wireless networks and, in particular,
to optimized and heuristic methods for minimum multipoint relay (MPR) set selection as
well as multicast channel reservations based on the selected MPR set for overlapping

basic service sets (OBSSs) in wireless networks.

BACKGROUND OF THE INVENTION

In multicast/broadcast applications, data are transmitted from a server to multiple
receivers over wired and/or wireless networks. Herein, a “/” is used to indicate alternative
names for the same or similar components. A multicast system as used herein is a system
in which a server transmits the same data to multiple receivers simultaneously, where the
receivers form a subset of all the receivers up to and including all of the receivers. A
broadcast system is a system in which a server transmits the same data to all of the
receivers simultaneously. That is, a multicast system by definition can include a
broadcast system.

Some concepts/terms that may benefit the understanding of the present invention
are provided. A frame is a unit of data. That is, data can be packaged in packets or frames
or any other convenient format. As used herein a frame is used to indicate data packaged
in a format for transmission.

The minimum multipoint relay set problem has been proved to be NP complete,
which means there are no polynomial methods to solve the problem. In one prior art
article a heuristic algorithm was proposed to solve the MPR problem. In this heuristic
algorithm, first those one hop neighbors that are the only neighbor of some two hop
neighbor nodes are added to the MPR set. The heuristic algorithm then finds the one hop
neighbor node that covers the maximum uncovered two hop neighbor nodes and adds this
node to the MPR set. This continues until all the two hop neighbor nodes are covered.

Recently, the concept of MPR has also been introduced in a reactive Mobile Ad Hoc
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Network (MANET) routing protocol and a new IETF draft for message flooding in
MANET networks.

It should be noted that in wireless networks, the number of one-hop and two-hop
neighbor nodes of a node often is not very big. In this case, it is still viable to find the
minimum MPR set using an optimized approach.

The present invention solves these and other problems by describing both an
optimized and a heuristic method to perform minimum MPR set selection. Multicast
channel reservation in WLAN is also a challenging problem, especially in OBSSs. In
earlier applications PCT/US08/008162 filed June 30, 2008, Applicants described using
bit-mapped Request-to-Send/Clear-to-Send (RTS/CTS) signaling for multicast channel
reservation in OBSSs in wireless networks. The present invention uses the selected
minimum MPR set to improve the scalability in OBSSs in wireless networks including

wireless local area networks (WLANS).

SUMMARY OF THE INVENTION

The cohcept of multipoint relay (MPR) has widespread use in multicast routing
and data broadcast/multicast in multihop wireless networks. In multihop wireless
networks, there are many cases when data has to be delivered to every node in the
wireless network, such as when a node sends a service or routing discovery request. In
order to reduce the duplicate data packets/frame/messages that are transmitted, each node
selects a subset of nodes from among its neighbors. The node then sends the data to the
identified subset of neighboring nodes, which, in turn, retransmit the multicast packets.
This subset of neighboring nodes is called multiple relay (MPR) set. In order to reduce
multicast/broadcast overhead, it is desirable that the number of nodes included in the
MPR set be the minimum number of nodes with the constraint that a node can reach all of
its two-hop neighbors through a node in MPR set. Optimum minimum MPR set selection,
however, is a NP complete problem. Existing heuristic algorithms do not perform well
under certain scenarios/circumstances/conditions.

A method and apparatus are described including communicating with neighbor
nodes in a wireless network, determining one-hop neighbor nodes and two-hop neighbor

nodes responsive to the communication, determining a minimum multipoint relay set
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responsive to the first determination and communicating over the wireless network using

the minimum multipoint relay set.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is best understood from the following detailed description
when read in conjunction with the accompanying drawings. The drawings include the
following figures briefly described below:

Fig 1 is a flowchart for the optimized minimum MPR selection method.

Fig. 2 is a flowchart of the heuristic minimum MPR selection algorithm.

Fig 3 is a flowchart using the MPR set for multicast channel reservation at the
client side.

Fig 4 is a flowchart using the MPR set for multicast channel reservation at the
server side.

Fig. 5 is a block diagram of an exemplary implementation of the present invention

for a STA/node and/or an AP.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The use of a multipoint relay (MPR) set has widespread use in routing protocols
and data broadcast/multicast in multihop wireless networks, which include multihop
wireless ad hoc and/or mesh networks. An MPR set can also be used to communicate
control messages in overlapped base service systems (OBSSs) in wireless area networks.
Suppose there is a need to find a MPR set for node x in a wireless network, represented
as MPR(x). As used herein, nodes include wireless base stations, wireless access points,
mesh routers, mobile terminals and mobile devices. Such devices can be, but are not
limited to, computers, laptops, personal digital assistants (PDAs), set top boxes, dual
mode smart phones and the like. Let N1(x) and N2(x) be the set of one-hop neighbors
(neighbor nodes) and two-hop neighbors of node x respectively. Here a one-hop
neighbor node of node x is defined as a node in a wireless network that can communicate
directly to node x through a wireless channel. A two-hop neighbor node of node x is
defined as a node in a wireless network that is not node x ’s one-hop neighbor or node x

itself but can communicate with node x ’s one-hop neighbor directly (only one hop away
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from node x’s one hop neighbors) through a wireless channel. A node can obtain its one-
hop neighbor and two-hop neighbor information by exchanging messages with its one-
hop neighbors. For an example, node x°’s one-hop neighbor can report itself and its
neighbors to node x. After node x received all the reports from it’s one-hop neighbors,
node x would know all its one-hop and two-hop neighbors. In a mobile network where
nodes move constantly, neighbor information can be updated through periodic message

exchanges between neighbors. Let i € N1(x) be node x’s one-hop neighbors, je N2(x)

be node x’s two-hop neighbors and let nland n2 be the number of node x’s one-hop
neighbors and two-hop neighbors respectively. A nlx n2 matrix 4 is formed, where:

i

y _{l i and j are neighbors 3

0 otherwise

Let ¢, be an indicator such that:

_ {1 i € MPR(x) @

0 i¢ MPR(x)

The following optimization problem is formed to solve the minimum MPR set problem:

Minimize:
nl
> ©)
i=1

Subject to:

nl
Dcd, 21 VjeN2x) 4)

i=l

Fig 1 is a flowchart for the above optimized minimum MPR selection method. At
105, the nl x n2 matrix A (incident matrix) is formed from the node’s one-hop and two-
hop neighbors. At 110 the optimization problem as defined by equations (3) and (4) is
formed using the incident matrix. At 115 the optimization problem is solved to obtain the
minimum MPR set. The MPR set can then be used for multicast channel reservations in

wireless networks.
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When the number of node x ’s one-hop neighbors and two-hop neighbors becomes
large, however, it becomes impractical to solve the optimized problem defined above. In
this case, a heuristic MPR selection method is proposed and described. The following

steps describe the heuristic algorithm:

1. Form a bipartite graph using nodes in N1(x) and N2(x). There is an edge
between a node in N1(x) and a node in N2(x) if these two nodes are neighbors. There
are no edges between any two nodes in N1(x) or any two nodes in N2(x). A bipartite

graph (or bigraph) is a graph whose vertices can be divided into two disjoint sets, U and
V, such that every edge connects a vertex in U to a vertex in V. That is, U and V are

independent sets. In the description herein U and V are NI and N2.

2. Initialize MPR(x) to empty and initialize all nodes in N2(x) as unmarked.

3. Find node j € N2(x)that is unmarked and has the least/lowest degree. The

degree of a node is the number of edges incident to this node. The lower the degree of a
two-hop neighbor (node), the greater the chance that it’s one-hop neighbor will be
selected into the MPR set. For example, if a two-hop node has a degree of one, this
means that it has only one one-hop neighbor. This one-hop neighbor will definitely be
selected into the MPR set. If a two-hop node has a degree of two, this means it has two
one-hop neighbors. One of these one-hop neighbors needs to be selected into the MPR
set. In the method of the present invention the one-hop neighbor that has the highest

degree of unmarked nodes is selected thus covering the most nodes.

4. Find node set¢ — N1(x), where nodes in ¢ are node ;j ’s neighbor. Find node
i € ¢ that has the maximum number of uncovered two-hop neighbor nodes.
5. Add node itoMPR(x), mark all the nodes in N2(x) that are node i‘s

neighbors.

6. Go to step 3 until all nodes in N2(x) are marked.

Fig. 2 is a flowchart of the heuristic minimum MPR selection algorithm. At 205 a
bipartite graph is formed from the node’s one-hop and two-hop neighbors. At 210 the

MPR set is initialized to empty and all elements in set N2 (two-hop neighbors) are
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unmarked (a list or table of the elements of N2 are initialized/cleared). At 215, a node j
from set N2 is located with the lowest/least degree. At 220, node i from set N/ (one-hop
neighbors) that is node ;’s neighbor and has the greatestmaximum degree is
located/found. At 225, all the nodes in N2 are marked that are covered by node i (that are
node #’s neighbors). A test is performed at 230 to determine if all elements in N2 (all of
the node’s two-hop neighbors) are marked. If all of the elements of N2 are not marked,
then processing proceeds to 215 . If all of the elements of N2 are marked, then processing
ends.

In a previously filed application PCT/US08/008162 filed June 30, 2008,
Applicants described using bit-mapped RTS/CTS signaling for multicast channel
reservation in OBSSs. In this application, however, which nodes were included in the
bitmap was not specified. Including all the AP’s clients in the bitmap does not scale well.
Randomly selecting a number of clients in the bitmaps, however, may cause some
interfering APs could not receive the CTS message(s), collision maybe incurred at some
stations when receiving multicast data. Herein and described next Applicants propose
using the selected MPR set for multicast channel reservation using bit-mapped RTS/CTS
signaling. The MPR set is selected by either the optimized method as described above
and shown in Fig. 1 or by the heuristic method described above and shown in Fig. 2.

Iﬁ the channel reservation method, each mobile station periodically scan its
working channel, if there are APs other than the AP with which it is currently associated
communicating over/working on this channel, the mobile station sends a beacon report to
the AP with which it is associated. If a STA/node/client/mobile station finds no other APs
(other than the AP with which the node is associated) when it performs a channel scan,
then it is unnecessary to send a beacon message to its associated AP. The AP also
periodically scans the channel itself, so it knows/finds/determines/locates the APs that are
within its interference range. The APs in the interference range/area are called one-hop
APs (one-hop neighbor AP) for the current AP. On the other hand, an AP that is on the
list of a beacon report from a client/node/station (STA) but is not the AP itself or one of
its one-hop APs is called a two-hop AP two-hop neighbor AP). A station that has sent a
beacon report to the AP is called a one-hop STA. Note that the AP does not have to keep

status of its associated stations that have not sent a beacon report. Over time, the AP
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would develop full knowledge of its one-hop STAs and two-hop APs. The AP would
then form a bipartite graph using its one-hop STAs as its one hop neighbors, and two-hop
APs as its two hop neighbors. If a two-hop AP is in the beacon report of a one-hop STA,
there is an edge connecting this two-hop AP and the one-hop STA. Note that one-hop
APs are not included in the formation of the bipartite graph. The AP can now determine
its minimum MPR set using the optimized or heuristic methods described above. For
multicast channel reservation, the AP broadcasts a RTS message using a bitmap control
and partial virtual bitmap to specify the order that the nodes receiving the RTS message
should send/transmit a CTS reply. Only MPR nodes are included in the bitmap. This
increases the scalability of the bitmap approach.

Fig 3 is a flowchart using the MPR set for multicast channel reservation at the
client side. At 305 the client/node/STA periodically scans its current working channel. A
test is performed at 310 to determine if the client/node/STA locates any other APs (for
example, by overhearing transmissions to/from the other AP) in its transmission range
(other than the AP with which the client/node/STA is associated). If the client/node/STA
locates any other APs in its transmission range then the client/node/STA sends/transmits
a beacon meséage to it associated AP at 315. If the client/node/STA does not locate any
other APs in its transmission range, then processing proceeds to 320, where the
client/node/STA receives a multicast RTS message/signal. A test is performed at 325 to
determine if the client/node/STA is included in the bitmap control and partial virtual
bitmap of the RTS message. If the client/node/STA is included in the bitmap control and
partial virtual bitmap of the RTS message, then the client sends/transmits a CTS reply
message/signal according to the order specified in the bitmap control and partial virtual
bitmap.

Fig 4 is a flowchart using the MPR set for multicast channel reservation at the
server side. At 405 the AP (server) periodically scans its current working channel. At 410
the AP receives beacon reports from its associated clients/nodes/STAs. At 415, the AP
builds a bipartite graph using its one-hop STAs/nodes/clients and its two-hop APs. At
420 the AP determines the minimum MPR set using either the optimized MPR selection
method or the heuristic MPR selection method. At 425 the AP multicasts a RTS

message/signal using the selected MPR set in the bitmap control and partial virtual
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bitmap of the RTS message/signal. A test is performed at 430 to determine if CTS
messages/signals have been received from all nodes in the selected MPR set (as specified
in the bitmap control and partial virtual bitmap of the RTS message/signal). If CTS
messages/signals have been received from all nodes in the selected MPR set (as specified
in the bitmap control and partial virtual bitmap of the RTS message/signal), then the
channel reservation was successful and data transmission can take place at 435. If CTS
messages/signals have not been received from all nodes in the selected MPR set (as
specified in the bitmap control and partial virtual bitmap of the RTS message/signal),
then data transmission was not successful and at 440, it is necessary to back-off and
processing proceeds to 425 to resend/retransmit the RTS message/signal.

Fig. 5 is a block diagram of an exemplary implementation of the present invention
for a STA/node and/or an AP. As a STA and/or an AP can be a transmifter, a receiver or
a transceiver, a single block diagram is used to describe these devices. Each device
includes a host computing system, a wireless communication module and a wired
communication module. The host processing system can be a general-purpose computer
or a specific-purpose computing system. The host computing system can include a central
processing unit (CPU), a memory and an input/output (I/O) interface. The wireless
communication module can include a MAC and baseband processor, radio
transmitter/receiver, and one or more antennas. An antenna transmits and receives the
radio signals. The radio transmitter/receiver performs radio signal processing. The radio
transmitter/receiver may be a transceiver or a separate transmitter and receiver. The MAC
and baseband processor performs MAC control and data framing,
modulation/demodulation, coding/decoding for the transmission/receiving. The wired
communication module can be an Ethernet interface communicating with other devices

using TCP/IP or UDP protocol.

It is to be understood that the present invention may be implemented in various
forms of hardware (e.g. ASIC chip), software, firmware, special purpose processors, or a
combination thereof, for example, within a server, an intermediate device (such as a
wireless access point or a wireless router) or mobile device. Preferably, the present

invention is implemented as a combination of hardware and software. Moreover, the
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software is preferably implemented as an application program tangibly embodied on a
program storage device. The application program may be uploaded to, and executed by, a
machine comprising any suitable architecture. Preferably, the machine is implemented
on a computer platform having hardware such as one or more central processing units
(CPU), a random access memory (RAM), and input/output (I/O) interface(s). The
computer platform also includes an operating system. and microinstruction code. The
various processes and functions described herein may either be part of the
microinstruction code or part of the application program (or a combination thereof),
which is executed via the operating system. In addition, various other peripheral devices
may be connected to the computer platform such as an additional data storage device and

a printing device.

It is to be further understood that, because some of the constituent system
components and method steps depicted in the accompanying figures are preferably
implemented in software, the actual connections between the system components (or the
process steps) may differ depending upon the manner in which the present invention is
programmed. Given the teachings herein, one of ordinary skill in the related art will be
able to contemplate these and similar implementations or configurations of the present

invention.
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CLAIMS:

1.

A method, said method comprising:

communicating with neighbor nodes in a wireless network;

determihing one-hop neighbor nodes and two-hop neighbor nodes
responsive to said communication;

determining a minimum multipoint relay set responsive to said first
determination; and

communicating over said wireless network using said minimum multipoint
relay set.
The method according to claim 1, wherein said determining act further comprises:

forming a matrix using said one-hop neighbor nodes and said two-hop
neighbor nodes;

forming an optimization problem responsive to said matrix; and

solving said optimization problem.
The method according to claim 1, wherein said determining act further comprises:

forming said graph using said one-hop neighbor nodes and said two-hop
neighbor nodes;

initializing said multipoint relay set;

initializing a list of all elements of said two-hop neighbor nodes;

determining a node in a set of said two-hop neighbor nodes that has a
lowest degree;

determining a node in a set of said one-hop neighbor nodes that is a
neighbor of said node in said set of two-hop nodes and that has a greatest degree;
and

marking all nodes in said set of two-hop neighbor nodes that are neighbors
of said determined one-hop neighbor node.
The method according to claim 3, wherein said graph is a bipartite graph.
The method according to claim 2, wherein said communicating act further

comprises:
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receiving, by an access point, a beacon report from nodes associated with
said access point, and wherein said access point is a special purpose node;

determining, by said access point, two-hop neighbor access points
responsive to said received beacon report;

multicasting, by said access point, a request-to-send message; and

receiving, by said access point, a clear-to-send message responsive to said

request-to-send message.

The method according to claim 3, wherein said communicating act further
comprises:
receiving, by an access point, a beacon report from nodes associated with
said access point, and wherein said access point is a special purpose node;
determining, by said access point, two-hop neighbor access points
responsive to said received beacon report;
multicasting, by said access point, a request-to-send message; and
receiving, by said access point, a clear-to-send message responsive to said

request-to-send message.

The method according to claim 6, wherein said request-to-send message includes
a bitmap control and a partial virtual bitmap of nodes of said minimum multipoint

relay set from which a response to said request-to-send message is requested.

The method according to claim 7, wherein said clear-to-send message is received

in an order specified in said bitmap control and said partial virtual bitmap.

The method according to claim 5, further comprising:
determining if all nodes from which said response to said request-to-send
message was requested have responded; and

transmitting data responsive to said determination.

10. The method according to claim 6, further comprising:
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1.

12.

13.

12

determining if all nodes from which said response to said request-to-send
message was requested have responded; and

transmitting data responsive to said determination.

An apparatus, comprising:

means for communicating with neighbor nodes in a wireless network;

means for determining one-hop neighbor nodes and two-hop neighbor
nodes responsive to said communication;

means for determining a minimum multipoint relay set responsive to said
first determination; and

means for communicating over said wireless network using said minimum

multipoint relay set.

The apparatus according to claim 11, wherein said means for determining further
comprises:

means for forming a matrix using said one-hop neighbor nodes and said
two-hop neighbor nodes;

means for forming an optimization problem responsive to said matrix; and

means for solving said optimization problem.

The apparatus according to claim 11, wherein said means for determining further
comprises:

means for forming said graph using said one-hop neighbor nodes and said
two-hop neighbor nodes;

" means for initializing said multipoint relay set;

means for initializing a list of all elements of said two-hop neighbor
nodes;

means for determining a node in a set of said two-hop neighbor nodes that

has a lowest degree;
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14.

15.

16.

13

means for determining a node in a set of said one-hop neighbor nodes that
is a neighbor of said node in said set of two-hop nodes and that has a greatest
degree; and

means for marking all nodes in said set of two-hop neighbor nodes that are

neighbors of said determined one-hop neighbor node.
The apparatus according to claim 13, wherein said graph is a bipartite graph.

The apparatus according to claim 12, wherein said means for communicating
further comprises:

means for receiving, by an access point, a beacon report from nodes
associated with said access point, and wherein said access point is a special
purpose node;

means for determining, by said access point, two-hop neighbor access
points responsive to said received beacon report;

means for multicasting, by said access point, a request-to-send message;
and

means for receiving, by said access point, a clear-to-send message

responsive to said request-to-send message.

The apparatus according to claim 13, wherein said means for communicating
further comprises:

means for receiving, by an access point, a beacon report from nodes
associated with said access point, and wherein said access point is a special
purpose node;

means for determining, by said access point, two-hop neighbor access
points responsive to said received beacon report;

means for multicasting, by said access point, a request-to-send message;
and

means for receiving, by said access point, a clear-to-send message

responsive to said request-to-send message.
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17.

18.

19.

20.

14

The apparatus according to claim 16, wherein said request-to-send message
includes a bitmap control and a partial virtual bitmap of nodes of said minimum
multipoint relay set from which a response to said request-to-send message is

requested.

The apparatus according to claim 17, wherein said clear-to-send message is
received in an order specified in said bitmap control and said partial virtual

bitmap.

The apparatus according to claim 15, further comprising:
means for determining if all nodes from which said response to said
request-to-send message was requested have responded; and

means for transmitting data responsive to said determination.

The apparatus according to claim 16, further comprising:
means for determining if all nodes from which said response to said
request-to-send message was requested have responded; and

means for transmitting data responsive to said determination.
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