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COMMUNICATION SCHEDULING OF NETWORK NODES USING FAIR
ACCESS AND WEIGHTING TECHNIQUES
BACKGROUND
In a shared network with multiple users sharing the same frequency, it is

desirable to have only one user transmit data at a time. For example, if one user
transmits data at the same time another user is transmitting data, collisions occur and
data is generally corrupted and lost. One method to reduce collisions in the shared
networks is to use time division multiple access (TDMA). TDMA enables several
users to share the same frequency by dividing the use of the shared frequency into
different timeslots, one user per timeslot. For example, the users transmit data in
succession (i.e., one user transmits data after another user transmits data), each user

using its own timeslot so that only one user transmits data during a timeslot.

SUMMARY

In one aspect, a method to schedule network communications in a network
having nodes connected by links includes sending a bandwidth value of a first node
for each link connected to the first node to neighbors of the first node, receiving
bandwidth values from the neighbors of the first node; and determining node weight
values of the first node and the neighbors of the first node based on the bandwidth
values received from the neighbors of the first node and the bandwidth value of the
first node. The method also includes sending the node weight values of the first node
to the neighbors of the first node, receiving the node weight values from the neighbors
of the first node, determining access values for each node based on a fair access
technique and determining network scheduling based on the access values and the

node weight values.
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In another aspect, an apparatus, to schedule communications in a network
having nodes connected by links, includes circuitry to send a bandwidth value of a
first node for each link connected to the first node to neighbors of the first node,
receive bandwidth values from the neighbors of the first node, determine node weight
values of the first node and the neighbors of the first node based on the bandwidth
values received from the neighbors of the first node and the bandwidth value of the
first node and send the node weight values of the first node to the neighbors of the
first node. The apparatus also includes circuitry to receive the node weight values
from the neighbors of the first node, determine access values for each node based on a
fair access technique and determine network scheduling based on the access values
and the node weight values.

in a further aspect, an article includes a machine-readable medium that stores
executable instructions to schedule communications in a network having nodes
connected by links. The instructions cause a machine to send a bandwidth value of a
first node for each link connected to the first node to neighbors of the first node,
receive bandwidth values from the neighbors of the first node, determine node weight
values of the first node and the neighbors of the first nbde based on the bandwidth
values received from the neighbors of the first node and the bandwidth value of the
first nodé and send the node weight values of the first node to the neighbors of the
first node. The instructions also include instructions causing a machine to receive the
node weight values from the neighbors of the first node, determine access values for
each node based on a fair access technique and determine network scheduling based

on the access values and the node weight values.
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DESCRIPTION OF THE DRAWINGS
FIG. 1 is a diagram of a communication network having nodes.
FIG. 2 is a network schedule based on a fair access technique.
FIG. 3 is a flowchart of an example of a process to schedule network
communications using fair access and weighting techniques.
FIG. 4 is an example of pseudocode used to determine a bandwidth value.
FIG. 5 is a network schedule using the process of FIG. 3.
FIG. 6 is a block diagram of an example of a network node on which the

process of FIG. 3 may be implemented.

DETAILED DESCRIPTION

Described herein is an approach to schedule network communications using a
fair access technique combined with a weighting technique based on channel
bandwidth. The approach described herein allows a decision process of determining
which node transmits to be made in a distributed environment without the need for a
centralized protocol. The approach also provides access to transmit on a channel
based on need rather than on earlier requests for channel access, for example.
Moreover, the approach adapts to changing channel conditions.

While the fair access technique described herein uses a Node Activation
Multiple Access (NAMA) technique, any fair access technique may be used, for
example, a Resource Oriented Multiple Access (ROMA). Also, while the channels
described herein are time slots within a TDMA, the techniques described herein are
not limited to TDMA.

Referring to FIG. 1, a communications network 10 includes nodes (e.g., a first
node 12a, a second node 12b, a third node 12¢ and a fourth node 12d). In one

o3
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example, the nodes 12a-12d are network routers. In another example, the nodes 12a-
12d are wireless radios. The nodes 12a-12d are connected by links representing that
the two nodes are within transmit/receive range of each other (e.g., a first link 14a
connecting the first node 12a to the second node 12b, a second link 14b connecting
the second node 12b to the third node 12¢ and a third link 14c connecting the third
node 12c¢ to the fourth node 12d).

In one example, the links 14a-14c are wireless links. In another example, the
links 14a-14c¢ are wired links. In another example, links 14a-14c may be a
combination of wireless and wired links. The communications network 10 may be
any shared medium. The links 14a-14c may include one or more channels.

The first node 12a and the second node 12b are one hop away from each other
(i.e., one-hop neighbors). One hop means that the shortest network path from the first
node 12a to the second node 12b does not include any intervening nodes (i.e., one
link). Likewise the second node 12b and the third node 12¢ and the third node 12¢
and the fourth node 12d are all one-hop neighbors to each other.

The first node 12a and the third node 12¢ are two hops away from each other
(i.e., two-hop neighbors). Two hops means that the shortest network path from the
first node 12a to the third node 12¢ includes only one intervening node (the second
node 12b) (i.e., two links). Likewise the second node 12b and the fourth node 12d are
two-hop neighbors to each other.

A goal of network communications scheduling is to ensure that only one
network node communicates at a time. For example, in a wireless network, if one
node transmits data at the same time another node is transmitting data, collisions,
which corrupt the data, will occur at a receiving node which is in wireless range of
both transmitting nodes. One way used in the prior art to reduce collisions is to use

4-
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time division multiplexing access (TDMA). One particular implementation of TDMA
uses a Node Activation Multiple Access (NAMA) technique. NAMA is a wireless
multiple access protocol designed to generate dynamic and collision-free TDMA
timeslot scheduling. NAMA achieves collision-free TDMA timeslot scheduling by
having nodes within one and two hops of each other, for example, participate in a
cooperative random election process. Each node performs the same random election
process to determine simultaneously which node transmits data for a particular
timeslot.

For example, referring back to FIG. 1, the nodes 12a-12d implement an
election process for four timeslots (e.g., timeslot 1, timeslot 2, timeslot 3 and timeslot
4). During each timeslot, each node 12a-12d in the network 10 determines a set of
pseudo-random numbers based on each node’s ID for those nodes that are within one
or two hops distance. The assumption is that each node is aware of all other nodes
(e.g., has the node 1D of the other nodes) within a two-hop neighborhood. Since each
node is using the same pseudo random number generation function to determine the
random numbers, each node will come up with a consistent random value for each of
the nodes within the two-hop neighborhood. Once a set of values is determined, the
node with the highest value in a particular timeslot transmits during that timeslot.

In one particular example of determining random values, in timeslot 1, the first
node 12a is determined to have a value of 4, the second node 12b is determined to
have a value of 8, the third node 12c¢ is determined to have a value of 1 and the fourth
node 12d is determined to have a value of 7. Since the second node 12b has the
highest value, the second node is the only node that transmits during timeslot 1.

In timeslot 2, the first node 12a is determined to have a value of 3, the second

node 12b is determined to have a value of 5, the third node 12¢ is determined to have
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a value of 4 and the fourth node 12d is determined to have a value of 9. Since the
fourth node 12d has the highest value, the fourth node is the only node that transmits
during timeslot 2.

In timeslot 3, the first node 12a is determined to have a value of 2, the second
node 12b is determined to have a value of 1, the third node 12¢ is determined to have
a value of 6 and the fourth node 12d is determined to have a value of 3. Since the
third node 12¢ has the highest value, the third node is the only node that transmits
during timeslot 3.

In timeslot 4, the first node 12a is determined to have a value of 8, the second
node 12b is determined to have a value of 5, the third node 12¢ is determined to have
a value of 2 and the fourth node 12d is determined to have a value of 7. Since the first
node 12a has the highest velue, the first node is the only node that transmits during
timeslot 4.

FIG. 2 includes a table 20 indicating a transmit schedule for the nodes during
the four timeslots in the preceding example. The resulting schedule from the election
process achieves a collision-free schedule by allowing only one node to transmit
(within one- or two-hop neighbors) during each timeslot.

It is therefore desirable in NAMA scheduling for each node to have a
consistent Vie\i of the network in order to guarantee collision-free schedules. In a
dynamic network, a consistency may be achieved by constantly exchanging control
information among one-hop neighbors. The control information used in establishing
consistency in NAMA scheduling includes at least the node ID of the originator and
the node IDs of all the one-hop neighbors of the originator. Upon receiving control

information, each node can build up a comprehensive list of neighbors using the node
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ID of the originator (which becomes one-hop neighbors of the receiver) and node 1Ds
of the one-hop neighbors (which become two-hop neighbors of the receiver).

NAMA scheduling alone does not take in to account bandwidth requirements
for each node. In the process described in FIG. 3, each node 12a-12d determines a
bandwidth value for each link 14a-14¢ based on queue size. The bandwidth value is
used to bias the fair access technique in favor of those nodes 12a-12d that currently
have the most packets to send.

FIG. 3 depicts a flowchart for a process 50 which is an example of a process
for network scheduling that includes weighting results of a fair access technique such
as NAMA with bandwidth need. Process 50 is performed by each node 12a-12d
independently. The nodes 12a-12d determine other nodes in the network (52). For
example, during the control timeslots, each node 12a-12d broadcasts its node 1D to
one-hop neighbors. In this particular example, the node 12a receives a node ID from
the node 12b; the node 12b receives node IDS from the nodes 12a, 12¢; the node 12¢
receives node IDs from the nodes 12b, 12d; and the node 12d receives a node ID from
the node 12c.

Each node 12a-12d determines its output bandwidth value for each link 14a-
14¢ (56). For example, the node 12a determines an output bandwidth value for link
14a; the node 12b determines output bandwidth values for each of the links 14a, 14b;
the node 12¢ determines output bandwidth values for each of the links 14b, 14c and
the node 12d determines an output bandwidth value for the link 14c.

In one example, an output bandwidth value is associated with the number of
packets waiting in outbound queues of a node. The output bandwidth value is a
number from 1 to 7, for example, representing a sliding scale associated with the
number packets. For example, an output bandwidth value of 7 could represent 30

-
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packets in the outbound queues while an output bandwidth value of 3 represents 15
packets in the outbound queues. In one particular example, the bandwidth is
determined using pseudocode 100 shown in FIG. 4.

Each node 12a-12d sends its output bandwidth values to its neighbors (62). In
one example, the neighbors are one-hop neighbors so that the node 12a sends its
output bandwidth value for the link 14a to its one-hop neighbor, node 12b; the node
12b sends its output bandwidth values for the links 14a, 14b to its one-hop neighbors,
nodes 12a, 12c¢ respectively; the node 12¢ sends its cutput bandwidth values for the
links 14b, 14c to its one-hop neighbors, nodes 12b, 12d respectively and the node 12d
sends its output bandwidth value for the link 14c to its one-hop neighbor, node 12c.

In one particular example, the node 12a determines an output bandwidth value
of 3 for link 14a; the node 12b determines output bandwidth values of 1 and 5 for
each of the links 14a, 14b, respectively; the node 12¢ determines output bandwidth
values of 5 and 2 for each of the links 14b, 14c fespectively and the node 12d
determines an output bandwidth value of 2 for the link 14c. Thus, node 12a sends the
output bandwidth value of 3 to the node 12b during a control timeslot; node 12b sends
the output bandwidth value of 1 to node 12a during a control timeslot and the output
bandwidth value of 5 to the node 12¢ during a control timeslot; node 12¢ sends the
output bandwidth value of 5 to node 12b during a control timeslot and the output
bandwidth value of 2 to the node 12d during a control timeslot; and node 12d sends
the output bandwidth value of 2 to the node 12c¢ during a control timeslot. Each node
12a-12d receives output bandwidth values from its neighbors (e.g., one-hop
neighbors) (64).

Each node 12a-12d sends input bandwidth values by link to its neighbors (66).

An input bandwidth value for a link at a node is an output bandwidth value for the

-8-



10

15

20

25

WO 2009/045783 PCT/US2008/077331

node at the opposite end of the connected link. For example, for the link 14a, if node
12a has an output bandwidth value of 3 then the node 12b has an input bandwidth
value having the same value.

In one example, the neighbors are one-hop neighbors so that when executing
processing block 66, a node will receive bandwidth values by link for two-hop
neighbors from its one-hop neighbors. For example, node 12b shares the input
bandwidth value received from node 12¢ for the link 14b with node 12a, node 12b
shares the input bandwidth value received from node 12a for the link 14a with node
12¢, node 12c¢ shares the input bandwidth value received from node 12b for the link
14b with the node 12d and the node 12¢ shares the input bandwidth value received
from the node 12d for the link 14¢ with node 12b.

In one particular example, using the output bandwidth values in the example
described for the processing block 64, each of the nodes, during a control timeslot,
send its input bandwidth values. For example, the node 12a sends to node 12b its
input bandwidth value of 1 for the link 14a; the node 12b sends to both nodes 12a, 12¢
its input bandwidth value of 3 for the link 14a and its input bandwidth value of 5 for
the link 14b; the node 12¢ sends to both nodes 12b, 12d its input bandwidth value of 5
for the link 14b and its input bandwidth value of 2 for the link 14c; and the node 12d
sends to node 12c¢ its input bandwidth value of 2 for link 14c.

Each node 12a-12d receives the input bandwidth values from its neighbors
(68) and stores both the input and output bandwidth values (72).

Each node 12a-12d determines its node weight value based on the bandwidth
values (76). In one example, the higher the node weight value, the more likely the
node will be transmitting and the lower the node weight value, the more likely the

node will be receiving.
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In one example, each of the nodes 12a-12d, for all of the node’s one-hop
neighbors, sum their output bandwidth values for each link, Total BW Out, and sum
their input bandwidth values for each link, Total BW IN. In one example, a node
weight is equal to (Total BW Out) / (Total BW Out + Total BW In).

For example, using the bandwidth values in the preceding examples, the node
12a has a node weight value equal to:
(3)/(3+1)=0.75,

the node 12b has node weight value equal to:

(1+5)/(1+5+3+5)=0.43,
the node 12¢ has a node weight value equal to:

(5+2)/(5+2+5+2)=0.50,
and the node 12a has a node weight value equal to:

2)/ (2 +2)=0.50

In other examples, the node weight value may be determined by other means.
For example, instead of just using the node weight value as determined in the
preceding example, the node weight value may be further processed. In particular, the
Total BW out / (Total BW in + total BW out) equals a raw node weight value,
RawNodeWt. Using the RawNodeWrt, a limited node weight value, LimNodeWt, is

determined to limit the node weight value to be between a particular range. For

example, LimNodeWt:
=0.25 (if RawNodeWt <.25)
= RawNodeWt
=(.9 (if RawNodeWt > .9)

-10-
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The LimNodeWt may be further modified in order to fill a particular bit requirement
in a control word for transmission to other nodes. In particular, a broadcast node
weight value, BroadcastNodeWt, is determined for transmission to the one-hop
neighbors of a node. For example, if a control word used in a control timeslot is one
byte, eight bits or less may be used to carry the bandwidth value. In one particular
example, for a six-bit requirement (i.e., 2% = 64), the BroadcastNodeWt is equal to
CEIL (64 * LimNodeWt). A node weight value, NodeWt, used for determining the
weighting is equal to BroadcastNodeWt /64.0. Thus, each node receiving the
BroadcastNode Wt would divide by 64.0 in order to use the Node Wt for use in
weighting.

Each node 12a-12d sends the node weight values to the other nodes in the
network (82). In one example, the node weight values are sent to one-hop neighbors.
Each of the nodes 12a-12d receives the node weight values of the other nodes (86)
and stores the node weight values (92).

Fach of the nodes 12a-12d determines access to transmission using a fair
access technique the nodes (96). For example, each of the nodes 12a-12d uses a
NAMA technique to generate random numbers for nodes based on the node IDs.

Each of the nodes 12a-12d determines network scheduling using the fair
access technique and the node weight values (98). For example, using NAMA, the
random values generated are weighted by the node weight values.

In one particular example of weighting the random values used in the example
for the NAMA technique in FIG. 2, in timeslot 1, the first node 12a is determined to
have a value of (4*0.75) = 3.00, the second node 1Zb 1s determined to have a value of
(8* 0.43) = 3.44, the third node 12c is determined to have a value of (1*0.50) = 0.50
ard the fourth node 12d is determined to have a value of (7%0.50) = 3.50. Since the

11-
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fourth node 12d has the highest value, the fourth node is the only node that transmits
during timeslot 1.

In timeslot 2, the first node 12a is determined to have a value of (3*0.75) =
2.25, the second node 12b is determined to have a value of (5%0.43) = 2.15, the third
node 12c is determined to have a value of (4*0.50) = 2.00 and the fourth node 12d is
determined to have a value of (9%0.50) = 4.50. Since the fourth node 12d has the
highest value, the fourth node is the only node that transmits during timeslot 2.

In timeslot 3, the first node 12a is determined to have a value of (2%0.75) =
1.50, the second node 12b is determined to have a value of (1*0.43) = 0.43, the third
node 12c¢ is determined to have a value of (6*0.50) = 3.00 and the fourth node 12d is
determined to have a value of (3*0.50) = 1.50. Since the third node 12c has the
highest value, the third node is the only node that transmits during timeslot 3.

In timeslot 4, the first node 12a is determined to have a value of (8*%0.75) =
6.00, the second node 12b is determined to have a value of (5%0.43) = 2.15, the third
node 12c is determined to have a value of (2¥0.50) = 1.00 and the fourth node 12d is
determined to have a value of (7%0.50) = 3.50. Since the first node 12a has the
highest value, the first node 1s the only node that transmits during timeslot 4.

FIG. 5 includes a table 120 indicating a transmit schedule for the nodes during
the four timeslots in the preceding example. The resulting schedule from the election
process is weighted by bandwidth need for each timeslot. Rather than the node 12b
transmitting in timeslot 1 as shown in FIG. 2, the node 12d transmits in the timeslot 1
because of the node weight value. Thus, the fair access is weighted to bandwidth
need.

Since reception of control timeslots in any one-hop neighborhood is not

guaranteed, those nodes 12a-12d that do not receive the control timeslots may be

-12-
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using a different set of bandwidth and node weight values compared to those nodes
that did receive bandwidth values and node weight values in the control timeslots.
Thus, with an inconsistent data for which to base communications, collisions occur.
One solution is to add a countdown value associated with each bandwidth value in the
control timeslot. For example, if the control timeslot has a 1 byte-word and 6 bits are
used for a node weight value, two bits may be used for a countdown value.

In one particular example, each node is synchronized using the Global
Positioning System (GPS) so that each node is synchronized every 1 pulse per second
(PPS), for example. Since the countdown values need to propagate to two-hop
neighbors, the countdown values associated with each item is “2.” Each node still
computes a bandwidth value for each link; however when a node's link bandwidth
value changes (up or down), that node, node X, for example, is not allowed to
immediately use the new bandwidth value in network scheduling (e.g., processing
block 98 of FIG. 3). Instead, node X sends (using control timeslots) to all its one-hop
neighbors the new bandwidth value and sets the countdown value to 2. The old
bandwidth value is used in network scheduling by node X during the next second.
After the next 1 PPS, Node X sends (using control timeslots) to all of its one-hop
neighbors the new bandwidth value and sets the countdown value to 1. The old BW
value is used by Node X in network scheduling during the next second. After the next
1 PPS, Node X sends (using control timeslots) to all of its one-hop neighbors the new
bandwidth value and sets the countdown value to 0. The new bandwidth value is now
used by Node X in network scheduling during the next second. Until the bandwidth
value needs to be changed, all future control timeslots will have the new bandwidth
value and will keep the countdown value at 0. In one example, a countdown value of

0 indicates a given bandwidth value is being used. In one example, the countdown
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value does not drop below zero and once a countdown has started, it continues to
zero. In other examples, a countdown value may be replace by a counter that
increments rather than decrements to a predetermined value. In other examples,
whether the counter increments or decrements, the final value may be any
predetermined value.

Referring to FIG. 6, one or more of the nodes 12a-12d may be configured as a
network node 12°, for example. The network node 12’ includes a processor 222, a
volatile memory 224, a non-volatile memory 226 (e.g., hard disk) and a network
transceiver 228. The non-volatile memory 226 stores computer instructions 234, an
operating system 236 and node data 238. The computer instructions 234 include a
random number generation function 242, for example, for use with NAMA. The node
data 238 includes network nodes 1Ds 246, bandwidth values 248 and node weight
values 252. In‘ one example, the node data 238 is stored in a list (not shown). In
another example, the node data 238 is stored in tables (not shown). The transceiver
228 is used to communicate with the other network nodes. In one example, the
computer instructions 234 are executed by the processor 222 out of volatile memory
224 to perform process 50.

The process 50 is not limited to use with the hardware and software of FIG. 6;
it may find applicability in any computing or processing environment and with any
type of machine or set of machines that is capable of running a computer program.
Process 50 may be implemented in hardware, software, or a combination of the two.
Process 50 may be implemented in computer programs executed on programmable
computers/machines that each includes a processor, a storage medium or other article
of manufacture that is readable by the processor (including volatile and non-volatile
memory and/or storage elements), at least one input device, and one or more output

-14-
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devices. Program code may be applied to data entered using an input device to
perform the processes and to generate output information.
The processes described herein are not limited to the specific embodiments
described herein. For example, process 50 is not limited to the specific processing
5 order of FIG. 3. Rather, any of the processing blocks of FIG. 3 may be re-ordered,
combined or removed, performed in parallel or in serial, as necessary, to achieve the
results set forth above.
The processing blocks in FIG. 3 associated with implementing the process 50
may be performed by one or more programmable processors executing one or more
10 computer programs to perform the functions of the system. All or part of the process
50 may be implemented as, special purpose logic circuitry (e.g., an FPGA (field
programmable gate array) and/or an ASIC (application-specific integrated circuit)).
Elements of different embodiments described herein may be combined to form
other embodiments not specifically set forth above. Other embodiments not
15 specifically described herein are also within the scope of the following claims.

What is claimed is:
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1. A method to schedule network communications in a network having nodes
connected by links comprising:

sending a bandwidth value of a first node for each link connected to the first
node to neighbors of the first node;

receiving bandwidth values from the neighbors of the first node;

determining node weight values of the first node and the neighbors of the first
node based on the bandwidth values received from the neighbors of the first node and
the bandwidth value of the first node;

sending the node weight values of the first node to the neighbors of the first
node;

receiving the node weight values from the neighbors of the first node;

determining access values for each node based on a fair access technique; and

determining network scheduling based on the access values and the node

weight values.

2. The method of claim 1 wherein sending a bandwidth value of a first node
for each link connected to the first node to neighbors of the first node comprises
sending a bandwidth value of a first node for each link connected to the first node to

one-hop neighbors of the first node

3. The method of claim 2 wherein receiving bandwidth values from the

neighbors comprises receiving bandwidth values for two-hop neighbors of the first

node from the one-hop neighbors.
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4. The method of claim 1 wherein determining access values for each node
based on a fair access technique comprises determining random values for each two-
hop neighbor of the first node using a Node Activation Multiple Access (NAMA)

technique.

5. The method of claim 1 wherein sending a bandwidth value of a first node
for each link connected to the first node to neighbors of the first node comprises
sending a bandwidth value corresponding to a number of outbound packets in a queue

of the first node for a link.

6. The method of claim 1 wherein sending a bandwidth value of a first node
for each iink connected to the first node to neighbors of the first node comprises

sending a bandwidth value of a first node during a control timeslot.

7. The method of claim 6, further comprising sending a counter value with the

bandwidth value during the control timeslot.

8. The method of claim 7, further comprising using the bandwidth value for

network scheduling when the counter value is equal to a predetermined value.

9. An apparatus to schedule communications in a network having nodes
connected by links, comprising:
circuitry to:
send a bandwidth value of a first node for each link connected to the
first node to neighbors of the first node;
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receive bandwidth values from the neighbors of the first node;
determine node weight values of the first node and the neighbors of the
first node gased on the bandwidth values received from the neighbors of the
first node and the bandwidth value of the first node;
5 send the node weight values of the first node to the neighbors of the
first node;
receive the node weight values from the neighbors of the first node;
determine access values for each node based on a fair access
technique; and
10 determine network scheduling based on the access values and the node

weight values.

10. The apparatus of claim 9 wherein the circuitry comprises at least one of a

processor, a memory, programmable logic and logic gates.

15
11. The apparatus of claim 9 wherein circuitry to send a bandwidth value of a
first node for each link connected to the first node ‘to neighbors of the first node
comprises circuitry to send a bandwidth value of a first node for each link connected
to the first node to one-hop neighbors of the first node
20

12. The apparatus of claim 11 wherein circuitry to receive bandwidth values
from the neighbors comprises circuitry to receive bandwidth values for two-hop

neighbors of the first node from the one-hop neighbors.
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13. The apparatus of claim 9 wherein circuitry to determine access values for
each node based on a fair access technique comprises circuitry to determine random
values for each two-hop neighbor of the first node using a Node Activation Multiple

Access (NAMA) technique.

14. The apparatus of claim 9 wherein circuitry to send a bandwidth value of a
first node for each link connected to the first node to neighbors of the first node
comprises circuitry to send a bandwidth value corresponding to a number of outbound

packets in a queue of the first node for a link.

15. The apparatus of claim 9 wherein circuitry to send a bandwidth value of a
first node for each link connected to the first node to neighbors of the first node

comprises circuitry to send a bandwidth value of a first node during a control timeslot.

16. The apparatus of claim 15, further comprising circuitry to send a counter

value with the bandwidth value during the control timeslot.

17. The apparatus of claim 16, further comprising circuitry to use the
bandwidth value for network scheduling when the counter value is equal to a

predetermined value.

18. An article comprising a machine-readable medium that stores executable

instructions to schedule communications in a network having nodes connected by

links, the instructions causing a machine to:
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send a bandwidth value of a first node for each link connected to the first node
to neighbors of the first node;

receive bandwidth values from the neighbors of the first node;

determine node weight values of the first node and the neighbors of the first
node based on the bandwidth values received from the neighbors of the first node and
the bandwidth value of the first node;

send the node weight values of the first node to the neighbors of the first node;

receive the node weight values from the neighbors of the first node;

determine access values for each node based on a fair access technique; and

determine network scheduling based on the access values and the node weight

values.

19. The article of claim 18 wherein instructions causing a machine to send a
bandwidth value of a first node for each link connected to the first node to neighbors
of the first node comprises instructions causing a machine to send a bandwidth value
of a first node for each link connected to the first node to one-hop neighbors of the

first node

20. The article of claim 19 wherein instructions causing a machine to receive
bandwidth values from the neighbors comprises instructions causing a machine to
receive bandwidth values for two-hop neighbors of the first node from the one-hop

neighbors.

21. The article of claim 18 wherein instructions causing a machine to
determine access values for each node based on a fair access technique comprises
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instructions causing a machine to determine random values for each two-hop neighbor

of the first node using a Node Activation Multiple Access (NAMA) technique.

22. The article of claim 18 wherein instructions causing a machine to send a
5 bandwidth value of a first node for each link connected to the first node to neighbors

of the first node comprises instructions causing a machine to send a bandwidth value

corresponding to a number of outbound packets in a queue of the first node for a link

23. The article of claim 18 wherein instructions causing a machine to send a

10 bandwidth value of a first node for each link connected to the first node to neighbors

of the first node comprises instructions causing a machine to send a bandwidth value

of a first node during a control timeslot.

24. The article of claim 23, further comprising instructions causing a machine

15 to send a counter value with the bandwidth value during the control timeslot.

25. The article of claim 24, further comprising instructions causing a machine

to use the bandwidth value for network scheduling when the counter value is equal to

a predetermined value.

20

21-



WO 2009/045783

14b

1/5

FIG. 1

20

[

PCT/US2008/077331

Timeslot 1 Timeslot 2 Timeslot 3 Timeslot 4
Node 12a Receive Receive Receive Transmit
Node 12b Transmit Receive Receive Receive
Node 12c Receive Receive Transmit Receive
Node 12d Receive Transmit Receive Receive

FIG. 2




WO 2009/045783 PCT/US2008/077331

2/5

50
C Start network scheduling ) /

v

Determine other nodes in a network - 52

v

Determine output bandwidth values by 56
link of a node in a network

v

Send the output bandwidth values of
the node to its neighbors

v

Receive the output bandwidth values | 64
from the neighbors

v

Send input bandwidth values by link to | 66
neighbors

v

Receive input bandwidth values from |68
neighbors

v

Store bandwidthvalues (input and - 72
output)

¥

Determine a node weight value based 76
on the bandwidth values

v

Send the node weight value to the |82
other nodes in the network

¥

Receive the node weight values of the
other nodes in the network

v

Store the node weight values of the 92
other nodes in the network

v

Determine access to nodes using a fair
access technique

v

Determine network scheduling based on the fair | 98
access technique and the node weight values

v
( End network scheduling )
FIG. 3




WO 2009/045783 PCT/US2008/077331

3/5

Total current = current summation of 3 queue types
Total prev = previous sec. summation of 3 queue types
Last Max_Q_Size = the max queue size for this neighbor recorded
in the previous second
DECREMENT THRESH = 5 packets

If (Total _current == Total prev)

{
if (Total current ! = 0)
i
1
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(Max BW value cannot be greater than 7)
)
else

if (Last Max_Q_Size < 30 packets)
Decrease BW_out by 1;

(Min BW value cannot be less than 1)

1
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(Max BW value cannot be greater than 7)
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else if (Total_current < Total previous)
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f
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