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(57) ABSTRACT 

An initiator node in a local cluster included in a wireless 
network receives an admission request to execute an applica 
tion comprising a set of tasks. If the initiator node is unable to 
map the set of tasks to nodes included in the local cluster, the 
local cluster head node forwards the admission request to the 
cluster head node of successive clusters in the wireless net 
work in order to have at least one node in each of the Succes 
sive clusters send resource availability information to the 
initiator node. The initiator node attempts to map the set of 
tasks to a subset of the nodes from which resource availability 
information has been received. This is repeated until the 
initiator node is able to map the set of tasks to a subset of the 
nodes in the wireless network or until there are no additional 
clusters to forward the admission request to. 
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RESOURCE MANAGEMENT FORAD HOC 
WIRELESS NETWORKS WITH CLUSTER 

ORGANIZATIONS 

GOVERNMENT LICENSE RIGHTS 

0001. The U.S. Government has a paid-up license in this 
invention and the right in limited circumstances to require the 
patent owner to license others on reasonable terms as pro 
vided for by the terms of Contract No. N00014-01-C-0031 
awarded by the Department of the Navy. 

TECHNICAL FIELD 

0002 The following description relates to telecommuni 
cations in general and to providing quality of service in a 
wireless network in particular. 

BACKGROUND 

0003. One type of telecommunication network is a wire 
less network. In a wireless network, two or more devices 
communicate over a wireless communication link (for 
example, over a radio frequency (RF) communication link). 
In one wireless network topology, one or more remote nodes 
communicate with a central node (also referred to here as a 
“base station') over respective wireless communication 
links. In Such a topology, pre-existing network infrastructure 
is typically provided. In one example, a network of base 
stations, each of which is coupled to one or more wired 
networks, is provided. In such a topology, the remote nodes 
typically do not communicate with one another directly. One 
example of Such a network is a cellular telephone network. 
0004. In another wireless network topology (referred to 
here as “ad hoc'), no predetermined infrastructure is pro 
vided. Typically, an ad hoc network is made up of a dynamic 
group of nodes that communicate over wireless communica 
tion links. Because wireless communication links used in ad 
hoc wireless networks are typically prone to a large variation 
in quality, providing quality of service (QOS) is important in 
applications that have demanding availability, bandwidth, 
and delay requirements. Examples of Such applications 
include real-time and mission critical applications such as 
search and rescue, wireless multimedia, command and con 
trol, and combat Support systems. 

SUMMARY 

0005. In one embodiment, a system includes a wireless 
network comprising a plurality of clusters. Each cluster com 
prises a set of nodes including a clusterhead node. Each node 
includes at least one resource. When an initiator node in a 
local cluster included in the wireless network receives an 
admission request to execute an application comprising a set 
of tasks, the initiator node forwards the admission request to 
a local cluster head node for the local cluster. When the 
admission request is forwarded to the local clusterhead node, 
the local cluster head node requests that at least one of the set 
of nodes included in the local cluster provide resource avail 
ability information to the initiator node. The initiator node 
attempts to map the set of tasks to a Subset of the nodes 
included in the local cluster using the resource availability 
information received from nodes in the local cluster. If the 
initiator node is unable to map the set of tasks to the subset of 
nodes included in the local cluster, the local clusterhead node 
forwards the admission request to the cluster head node of 
successive clusters in the wireless network in order to have at 
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least one node in each of the Successive clusters send resource 
availability information to the initiator node until the initiator 
node is able to map the set of tasks to a subset of the nodes in 
the wireless network or until there are no additional clusters to 
forward the admission request to. The initiator node attempts 
to map the set of tasks to a subset of the nodes from which 
resource availability information has been received. 
0006. In another embodiment, a method includes attempt 
ing to map a set of tasks to at least one node within a first 
cluster of the wireless network based on resource availability 
of the nodes within the first cluster. The wireless network has 
a plurality of clusters. Each cluster includes at least one of a 
plurality of nodes. The method further includes, if unable to 
map the set of tasks to said at least one node in the first cluster, 
attempting to map the set of tasks to at least one node in at 
least one of the first cluster and at least one of the other 
clusters in the wireless network based on resource availability 
of the nodes within the first cluster and the at least one of the 
other clusters in the wireless network. 

0007. In another embodiment, a system includes a wire 
less network comprising a plurality of clusters. Each cluster 
includes a set of nodes including a cluster head node. Each 
node includes at least one resource. When an initiator node in 
a local cluster included in the wireless network receives an 
admission request to execute an application comprising a set 
of tasks, the initiator node forwards the admission request to 
a local cluster head node for the local cluster. When the 
admission request is forwarded to the local clusterhead node, 
the local cluster head node requests that at least one of the set 
of nodes included in the local cluster provide resource avail 
ability information to the initiator node. The initiator node 
attempts to map the set of tasks to a Subset of the nodes 
included in the local cluster using the resource availability 
received from nodes in the local cluster. If the initiator node is 
unable to map the set of tasks to the subset of nodes included 
in the local cluster, the initiator node requests that the local 
cluster head node forward the admission request to at least 
one remote cluster head node of at least one remote cluster 
included in the wireless network. When the admission request 
is forwarded to the at least one remote cluster head node, the 
at least one remote clusterhead node requests that at least one 
of the set of nodes included in the at least one remote cluster 
provide resource availability information to the initiator 
node. The initiator node attempts to map the set of tasks to a 
subset of the nodes included in at least one of the local cluster 
and the at least one remote cluster using the resource avail 
ability received from nodes in the local cluster and the at least 
one remote cluster. 

0008. In another embodiment, a first node includes a wire 
less transceiver to send and receive data over a wireless net 
work, a processor in communication with the wireless trans 
ceiver, and a tangible medium, in communication with the 
processor, in which program instructions are embodied. The 
program instructions, when executed by the processor, cause 
the first node to receive an admission request from a client. 
The admission request requesting that a set of tasks be 
executed. The program instructions, when executed by the 
processor, cause the first node to forward the admission 
request to a local cluster head node for a local cluster in order 
to have at least one node in the local cluster send resource 
availability information to the first node. The first node is a 
member of the local cluster. The program instructions, when 
executed by the processor, cause the first node to receive 
resource availability information from the at least one node in 
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the local cluster and attempt to map the set of tasks to at least 
a subset of the nodes included in the local cluster using the 
resource availability information received from the at least 
one node in the local cluster. The program instructions, when 
executed by the processor, cause the first node to, ifunable to 
map the set of tasks to the subset of nodes included in the local 
cluster, request that the local cluster head node of the local 
cluster forward the admission request to at least one remote 
clusterhead node of at least one remote cluster included in the 
wireless network in order to have at least one node in the at 
least one remote cluster send resource availability informa 
tion to the first node. The program instructions, when 
executed by the processor, cause the first node to, ifunable to 
map the set of tasks to the subset of nodes included in the local 
cluster, attempt to map the set of tasks to at least a Subset of the 
nodes included in at least one of the local cluster and the at 
least one remote cluster using the resource availability 
received from the at least one node in at least one of the local 
cluster and the at least one remote cluster. 

0009. In another embodiment, software embodied on a 
tangible medium readable by a programmable processor 
included in a first node of a wireless network. The wireless 
network includes a plurality of clusters. The software 
includes program instructions executable on at least one pro 
grammable processor included in the first node. The program 
instructions are operable to cause the first node to receive an 
admission request from a client, the admission request 
requesting that a set of tasks be executed. The program 
instructions are operable to cause the first node to forward the 
admission request to a local cluster head node for the local 
cluster in order to have at least one node in the local cluster 
send resource availability information to the first node. The 
first node is a member of the local cluster. The program 
instructions are operable to cause the first node to receive 
resource availability information from the at least one node in 
the local cluster and attempt to map the set of tasks to at least 
a subset of the nodes included in the local cluster using the 
resource availability information received from the at least 
one node in the local cluster. The program instructions are 
operable to cause the first node to, ifunable to map the set of 
tasks to the subset of nodes included in the local cluster, 
request that the local cluster head node of the local cluster 
forward the admission request to at least one remote cluster 
head node of at least one remote cluster included in the 
wireless network in order to have at least one node in the at 
least one remote cluster send resource availability informa 
tion to the first node. The program instructions are operable to 
cause the first node to, ifunable to map the set of tasks to the 
Subset of nodes included in the local cluster, attempt to map 
the set of tasks to at least a subset of the nodes included in at 
least one of the first cluster and the at least one remote cluster 
using the resource availability received from received from 
the at least one node in at least one of the first cluster and the 
at least one remote cluster. 

0010. In another embodiment, a first node includes means 
for sending and receiving data over a wireless network, means 
for receiving an admission request from a client, the admis 
sion request requesting that a set of tasks be executed, and 
means for forwarding the admission request to a local cluster 
head node for a local cluster in order to have at least one node 
in the local cluster send resource availability information to 
the first node. The first node is a member of the local cluster. 
The first node further includes means for receiving resource 
availability information from the at least one node in the local 
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cluster and means for attempting to map the set of tasks to at 
least a Subset of the nodes included in the local cluster using 
the resource availability information received from the at 
least one node in the local cluster. The first node further 
includes means for requesting that the local clusterhead node 
of the local cluster forward the admission request to at least 
one remote cluster head node of at least one remote cluster 
included in the wireless network in order to have at least one 
node in the at least one remote cluster send resource avail 
ability information to the first node, ifunable to map the set of 
tasks to the subset of nodes included in the local cluster. The 
first node further includes means for attempting to map the set 
of tasks to at least a Subset of the nodes included in at least one 
of the local cluster and the at least one remote cluster using the 
resource availability received from the at least one node in at 
least one of the local cluster and the at least one remote 
cluster, ifunable to map the set of tasks to the subset of nodes 
included in the local cluster. 
0011. The details of one or more embodiments of the 
claimed invention are set forth in the accompanying drawings 
and the description below. Other features and advantages will 
become apparent from the description, the drawings, and the 
claims. 

DRAWINGS 

0012 FIG. 1 is a block diagram of one exemplary embodi 
ment of an ad hoc wireless network. 
0013 FIG. 2 is a block diagram of one embodiment of a 
combat support system. 
0014 FIG. 3 is a block diagram illustrating one embodi 
ment of a system for resource management. 
(0015 FIGS. 4A-4B,5A-5B, and 6A-6B are flow diagrams 
of one embodiment of methods of admitting a distributed 
application in an ad hoc wireless network having a cluster 
topology. 
(0016 FIGS. 7A-7D are block diagrams illustrating the 
operation of the embodiment of the application admission 
protocol shown in FIGS. 4A-4B, 5A-5B, and 6A-6B. 
0017 FIG. 8 is a simplified block diagram of one embodi 
ment of a node. 
0018. Like reference numbers and designations in the 
various drawings indicate like elements. 

DETAILED DESCRIPTION 

0019 FIG. 1 is a block diagram of one exemplary embodi 
ment of an ad hoc wireless network 100. In one implementa 
tion of such an embodiment, network 100 is a mobile ad hoc 
wireless network 100 (also referred to here as a “MANET). 
Network 100 is an ad hoc wireless network that includes a 
dynamic set of nodes 102. Over time, various nodes typically 
will join and leave the network. 
0020. In the embodiment shown in FIG. 1, the nodes 102 
are organized in clusters 108. One of the nodes 102 in each 
cluster is designated as the “cluster head node 102. In one 
implementation, the clusters 108 are formed based on traffic 
locality and node mobility. In another implementation, the 
clusters 108 are formed based on logical membership and 
mobility patterns. In the embodiment shown in FIG. 1, the 
cost of communication within a clusteris typically lower than 
between clusters, though in other embodiments this is not 
necessarily the case. 
0021. In the embodiment shown in FIG. 1, one or more 
distributed applications 104 are executed by the nodes 102. 
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Two distributed applications 104-1 and 104-2, respectively, 
are shown in FIG. 1. Each distributed application 104 com 
prises one or more tasks 106 that are executed by a subset of 
the nodes 102 in the network 100. In FIG. 1, the distributed 
applications 104-1 and 104-2 comprise tasks 106-1 and tasks 
106-2, respectively. 
0022. Each distributed application 104 uses various 
resources in the course of being executed. In the embodiment 
shown in FIG. 1, one type of resource is provided by, and is 
characterized relative to, a single node 102. This type of 
resource is referred to here as a “node resource.” Examples of 
node resources include processing time, memory usage, and 
energy. Another type of resource is characterized relative to a 
pair of nodes 102 and is referred to here as a “network 
resource.” Network bandwidth between two nodes 102 is one 
example of a network resource and is specified as a source 
destination pair. 
0023. In one implementation, network 100 supports peri 
odic distributed applications 104 with a pipeline topology 
comprising a chain of communication tasks. One example of 
such a distributed application 104 is illustrated in FIG. 2. FIG. 
2 is a block diagram of one embodiment of a combat Support 
system 200. An ad hoc wireless network is used to link the 
various devices (that is, nodes) that are included in the net 
work. A first unmanned air vehicle 202 (for example, a 
PREDATOR drone) monitors an enemy target 204. The first 
unmanned air vehicle 202 delivers real-time (that is, time 
critical data) Surveillance data (for example, high data rate 
video and/or infrared data) to a fire control terminal 206 
operated by one or more soldiers. 
0024. The first unmanned air vehicle 202 delivers real 
time (that is, time-critical data) Surveillance data (for 
example, high data rate video and/or infrared data) to a fire 
control terminal 206 operated by one or more soldiers. In the 
embodiment shown in FIG. 2, the surveillance data from the 
first unmanned air vehicle 202 is routed to the fire control 
terminal 206 via a second unmanned air vehicle 208. 

0025. The fire control terminal 206, in such an embodi 
ment, is used to control a weapon 210 (for example, to fire 
HOWITZER at the enemy target 204). Such control informa 
tion is time-critical. Control information from the fire control 
terminal 206 is routed to the weapon 210 via the second 
unmanned air vehicle 208. This type of mission-critical appli 
cation demands strict limits on end-to-end latency and 
requires significant bandwidth for network connections. 
Embodiments of the methods, devices, and systems described 
here are Suitable for use in Such an embodiment, though it is 
to be understood that such methods, devices, and systems are 
suitable for use with other types of applications and networks. 
0026 FIG. 3 is a block diagram illustrating one embodi 
ment of a system 300 for resource management. The embodi 
ment of system 300 is described here as being implemented 
on each of the nodes 102 of the wireless network 100 of FIG. 
1, though it is to be understood that other embodiments of 
system 300 are implemented in other ways and/or using other 
networks 100. The system 300 includes an application service 
manager 302 and one or more resource managers 304. Each 
of the resource managers 304 manages one or more resources 
available to an application 304 executing on the node 102. 
Resources that are available to the node 102 include, for 
example, node resources Such as CPUs, memory, storage, 
energy and network resources such as buffers and communi 
cation bandwidth. In one implementation of Such an embodi 
ment, all the resource managers 304 export a common inter 
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face for admission, adaptation and feedback adaptation that 
allows resource managers 304 for different resources and/or 
policies to be “plugged in the system 300 relatively simply. 
0027. For example, in the embodiment shown in FIG. 3, 
the system 300 includes a resource manager that manages 
CPU load available at that node 102. This resource manager is 
also referred to hereas the “CPU resource manager'304. The 
CPU resource manager 304 administers the local (that is, 
local relative to the node 102) CPU resource. In one imple 
mentation of such an embodiment, the CPU resource man 
ager 304, based on the current CPU resource allocation for the 
node 102, builds a process scheduler and controls the utiliza 
tion of the CPU for the node 102 by applications 104 (and the 
tasks 106 comprising Such applications 106) executing on 
that node 102. In such an implementation, the CPU resource 
manager 304 is implemented as a middleware layer wrapped 
on top of the local scheduler of the operating system execut 
ing on the node 102. In another implementation, the CPU 
resource manager 304 implements a real-time scheduling 
policy, such as the rate monotonic algorithm (RMA). 
0028. As shown in FIG. 3, the system 300 also includes a 
resource manager that controls communication bandwidth 
and delay. This resource managers is also referred to here as 
the “network resource manager 304. The network resource 
manager 304 controls bandwidth allocation, enforces traffic 
shaping and extracts network topology from the routing layer. 
The embodiment of an admission protocol described below in 
connection with FIGS. 4A-4B, 5, 6, and 7 works in coopera 
tion with a cluster-based ad hoc routing protocol. In one 
embodiment, nodes 102 are organized in clusters 108 where 
the cost of communication within a cluster 108 may be lower 
than between clusters 108. The application admission proto 
coldescribed below in connection with FIGS.4A-4B,5A-5B, 
and 6A-6B attempts to improve admission quality by decreas 
ing cost of communication based on the assumption that 
communication in a MANET is less reliable while processing 
resources are plentiful. 
0029. The application service manager 302 is responsible 
for the end-to-end resource management for each distributed 
application. The application service manager 302 handles 
end-to-end QoS negotiation, admission, and adaptation by 
breaking end-to-end requests into individual contracts for 
basic resources that are passed to the appropriate resource 
managers 304 and to other application service managers 302 
executing on other nodes 102 in the network 100. Application 
service managers 302 receive admission requests from clients 
306. Clients 306, as used here, include users, applications 
104, or other application service managers 302 executing on 
other nodes 102 in the network 100. 
0030 Each admission request for a particular distributed 
application comprises a minimum and maximum range of 
acceptable QoS (CPU load, network bandwidth) for the tasks 
106 of that particular application 104. In one implementation, 
the distributed applications 104 comprise distributed periodic 
tasks 106 that are connected (that is, communicate) in a 
pipeline topology. Depending on resource availability, tasks 
106 from the same application 104 may be mapped to and 
executed on the same node 102, on different nodes 102 in the 
same cluster, or on nodes 102 from different clusters. Typi 
cally, each case incurs an increasing cost of intra-application 
communication. 

0031. During operation of such an embodiment, it may be 
the case that some application tasks 106 must be admitted on 
a specific node 102 or on a node 102 that is close to a particu 



US 2008/027.9167 A1 

lar geographical location and/or physical item. One example 
is shown in FIG. 2. An application 104 that performs auto 
matic target recognition of the target 204 requires that a 
sensor task run on the first unmanned air vehicle 202, which 
includes an imaging and/or infra-red sensor. A target display 
task is run on the fire control terminal 206. Intermediary 
processing and recognition tasks, however, can be allocated 
on any node 102 in the network with necessary and sufficient 
SOUCS. 

0032. In one implementation, such task constraints are 
addressed by defining special resources appropriate to the 
particular constraint. In the previous example, a 'sensor' 
resource and “target display' resource are defined. In Such an 
implementation, the first unmanned air vehicle 202 executes 
a sensor resource manager 304 that manages access to the 
sensor resource available on the first unmanned air vehicle 
202. The fire control terminal 206 executes a target display 
resource manager that manages access to the target display 
resource available on the fire control terminal 206. Applica 
tion service managers 302 in the network 100 match requests 
made by tasks 106 for the sensor resource and the target 
display resource to the sensor resource manager 304 and the 
target display resource manager 304, respectively, as appro 
priate. Moreover, in other implementations, the system 300 is 
adapted to account for general location constraints by pre 
loading a matrix X (described below), which defines the task 
mapping, with X, values reflecting a desired mapping of a 
particular task i onto a particular nodej. 
0033 FIGS. 4A-4B,5A-5B, and 6A-6B are flow diagrams 
of one embodiment of methods 400, 500, and 600, respec 
tively, of admitting a distributed application in an ad hoc 
wireless network having a cluster topology. The embodi 
ments of method 400, 500, and 600 are described here as 
being implemented using the embodiment of network 100 
shown in FIG. 1 and the embodiment of system 300 shown in 
FIG. 3, though it is to be understood that other embodiments 
are implemented in other ways. 
0034. The embodiment of method 400 shown in FIGS. 
4A-4B is performed by an application service manager 302. 
The application service manager 302 listens for an admission 
request sent from a client 306 executing on the same node 102 
as the ASM302 (block 402). The admission request indicates 
that the client 306 wishes to have a distributed application 104 
admitted and executed on one or more nodes 102 in the 
network 100. When an admission request is sent to an appli 
cation service manager 302, the application service manager 
302 receives the admission request (block 404). 
0035. The client 306 that sends the admission request is 
referred to here as the “initiator client.” The admission request 
is received by the application service manger 302 executing 
on the same node 102 as the initiator client 306. The receiving 
application service manager 302 is also referred to here as the 
“initiator application service manager” or “initiator ASM.' 
The node 102 on which the initiator client 306 and the initia 
tor ASM302 are executing is referred to here as the “initiator 
node 102.” Also, the cluster 108 that the initiator node 102 is 
a member of is referred to here as the “local cluster 108.” The 
cluster head node 102 of the local cluster 108 is referred to 
hereas the “local clusterhead node' or “local clusterhead.” In 
one embodiment, the admission request identifies the distrib 
uted application 104 that the client 306 wishes to have admit 
ted (which is also referred to here as the “pending applica 
tion'), the tasks 106 that comprise the distributed application 
104 (which are also referred to here as the “pending tasks”), 
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and minimum and maximum resource allocations for each 
resource that is needed by the pending tasks 106. 
0036. The initiator ASM forwards the admission request 
onto the local clusterhead node 102 (block 406). The initiator 
ASM302 forwards the admission request to the local cluster 
head node 102. The clusterhead node 404 receives the admis 
sion request and forwards the admission request on to each of 
the nodes 102 in the local cluster 108. Such forwarding is 
done in accordance with the underlying routing protocol used 
in the network 100. The nodes 102 in the local cluster 108 are 
also referred to hereas the “local nodes' 102. The clusterhead 
node 102 to which the admission request was most recently 
forwarded is also referred to here as the "current cluster head 
node.” The cluster associated with the current cluster node is 
also referred to here as the “current cluster.” For example 
when the admission request is forwarded to the local cluster 
head node 102, the local cluster head node 102 is the current 
cluster head node 102 and the local cluster 108 is the current 
cluster. 

0037. As described below in connection with FIG. 6A, 
each of the nodes 102 that receives an admission message 
and, in response, sends a message to or otherwise informs the 
initiator ASM 302 of the resource availability of that node 
102. In one embodiment, this process also includes the ini 
tiator ASM 102 obtaining the resource availability for the 
initiator node 102 but not from the current cluster head node 
102. In another embodiment, the current cluster head node 
102 does provide its resource availability to the initiator ASM 
3O2. 

0038. As described below in connection with FIG. 6A, in 
the embodiment shown in FIGS. 4A-4B, 5A-5B, and 6A-6B 
the resource availability for a given node includes two parts— 
the unused resource availability and the adaptation resource 
availability. The unused resource availability of a given 
resource for a given node 102 includes the amount of that 
resource that is not currently being used by any task 106 
executing on the particular node 102. The adaptability 
resource availability of a given resource for a given node 
includes the amount of that resource that could be freed up by 
having one or more tasks adapt (that is, lower) their resource 
utilization of that resource. 

0039. After the initiator ASM 302 has received the 
resource availability from the nodes 102 in the current cluster 
(block 408), the initiator ASM302 attempts to map the pend 
ing tasks to one or more nodes from which resource availabil 
ity has been received (block 410). In one implementation, the 
initiator ASM 302 attempts to map the pending tasks after 
either the initiator ASM 302 has received the resource avail 
ability from all of the nodes 102 in the current cluster 108 or 
a predetermined timeout period has elapsed. 
0040. In one implementation (shown in FIG. 4 using 
dashed lines), a greedy admission process is used to map the 
pending tasks to one or more nodes 102 from which resource 
availability has been received. The greedy admission process 
uses the resource availability of each node 102 that provided 
resource availability information. 
0041. In this implementation, during the greedy admission 
process, the initiator ASM 302 attempts to map the pending 
tasks 106 to the nodes 102 from which resource availability 
has been received based on the unused resource availability of 
each such node 102 using a best fit/first fit algorithm (block 
412). The best fit/first fit algorithm attempts to map as many 
of the pending tasks 106 as possible on one node 102. If the 
greedy admission process does not result in enough resources 



US 2008/027.9167 A1 

being provided to the pending application 104 (checked in 
block 414), then the initiator ASM 302 attempts to map the 
pending tasks 106 to the nodes 102 from which resource 
availability has been received based on the unused resource 
availability and adaptation resource availability of such nodes 
102 (block 416). A best fit/first fit algorithm that attempts to fit 
as many of the pending tasks 106 on one node 102 as possible 
is used. The initiator ASM 302 attempts to map the pending 
tasks 106 using the adaptation resource availability by deter 
mining if the pending tasks 104 can be admitted by reducing 
the resource utilization of one or more tasks 106 executing on 
one or more nodes 102 that have previously been admitted 
and are already executing at the time the mapping process 
occurs. A task 106 that should have its resource utilization 
lowered is referred to here as an “adapted task” 106. A dis 
tributed application 104 that comprises at least one adapted 
task 106 is also referred to here as an “adapted application 
104. 

0042. If there are enough available resources to admit the 
pending application (checked in block 418 of FIG. 4B), the 
initiator ASM302 sends a commit message to each node 102 
having at least one pending task 106 mapped to that node 102 
for execution thereon (block 420). In one implementation, the 
commit message that is sent to each node 102 informs the 
node 102 which of the pending tasks 106 are to be executed on 
that node 102. In such an implementation, the commit mes 
sage also indicates, for each pending task 106 to be executed 
on that node 102, the amount of each resource that should be 
used by that task 106. Also, the commit message indicates 
which, if any, of the tasks 106 currently running on that node 
102 must be adapted and how they should be adapted (for 
example, by indicating which resources to reduce the utiliza 
tion of and by how much). 
0043. As is described below in connection with FIG. 6A, 
the nodes 102 that receive the commit messages “commit” the 
resources identified in the commit message to the pending 
tasks 106 identified in the commit message. 
0044) When adaptation is required to admit a distributed 
application 104 (checked in block 422), the initiator ASM302 
sends an adapt message to the other nodes 102 on which the 
distributed application 104 executes that have not received a 
commit message (block 424). Those nodes 102 that do not 
receive a commit message and on which the distributed appli 
cation 104 execute need to be informed that the distributed 
application 104 has been adapted. When such a node 102 
receives an adapt message, the node 102 is able to adjust the 
resource utilization for the distributed application 104 and 
notify its tasks, if appropriate. The resource utilization for the 
adapted application 104 on that receiving node 102 is 
adjusted to be compatible with the application resource utili 
zation on the other nodes 102 on which the application 104 
executes (for example, as described below in connection with 
FIG. 6B). 
0045. If there are not enough available resources to admit 
the pending application (checked in block 418), the initiator 
ASM302 requests that the local cluster head 102 forward the 
admission request on to another cluster 108 in the network 
100 to check for resource availability (block 426). Such other 
cluster 108 is referred to here as a “remote cluster.” If there is 
no other remote cluster 108 left in the network 100 to check 
for resource availability (for example, when all the remote 
clusters 108 in the network 100 have previously been 
checked) (checked in block 428), the pending application 104 
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is not admitted for execution in the network 100 (block 430). 
This fact is communicated by the initiator client 306 to the 
initiator client 306. 
0046. If there is at least one other remote cluster 108 in the 
network left to check for resource availability, the local clus 
terhead 102 selects one such remote cluster 108 and forwards 
the admission request to the cluster head node 102 of the 
selected remote cluster 108 as described below in connection 
with FIG.S.B. 

0047. The cluster head node 102 for the selected remote 
cluster 108 receives the admission request and forwards the 
admission request on to each of the nodes 102 in the selected 
remote cluster 108. The admission request is forwarded in 
accordance with the underlying routing protocol used in the 
network 100. As described below in connection with FIGS. 
5A-5B, and 6A-6B, each node 102 in the remote cluster 108 
sends a message to or otherwise informs the initiator ASM 
302 of the resource availability for that node 102. 
0048 Method 400 then loops back to block 408, where the 
initiator ASM302 receives the resource availability informa 
tion communicated from the nodes 102 in the current cluster 
108 and attempts to map the pending tasks to one or more 
nodes from which resource availability has been received (for 
example, the local nodes 102 and the nodes in the selected 
remote cluster 108). Such processing is repeated until the 
initiator ASM 302 has located sufficient resources to admit 
the pending application 104 or until the resource availability 
of all clusters 108 in the network 100 have been checked. 

0049 FIGS. 5A-5B are flow diagrams of a method 500 
forwarding admission requests on to nodes 102 in a cluster. 
The embodiment of method 500 shown in FIGS. 5A-5B is 
performed by an application service manager 302 executing 
on a cluster head node 102 in the network 100. When an 
admission request is sent to the cluster head node 102 
(checked in block 502 of FIG.5A), the cluster head node 102 
receives the admission request (block 504) and forwards the 
admission request on to the nodes 102 in the cluster 108 of 
which the cluster head node 102 is a member (block 506). For 
example, when the local cluster head node 102 receives an 
admission request from an initiator ASM 302 executing on 
the initiator node 102 in the local cluster 108, the local cluster 
head node 102 forwards the admission request on to the local 
nodes 102 in the local cluster 108. 

0050 Each cluster head node 102 also listens for a request 
from an initiator ASM 302 to forward the admission request 
onto another cluster 108 in the network 100 (block 508 shown 
in FIG. 5B). When the cluster head node 102 receives such a 
request, the clusterhead node 102 is acting as the local cluster 
head node 102 for the initiator node 102 that sent the request. 
The initiator ASM 302 makes such a request when the 
resources available from the nodes 102 in the local cluster 108 
are not sufficient to admit the pending application 104. The 
local cluster head node 102 selects another cluster 108 to 
check for resource availability (block 510). Such other clus 
ters 108 are referred to here as “remote clusters’ 108. The 
local cluster head node 102 selects a remote cluster 108 that 
has not previously has its resource availability checked for 
that particular admission request. In one embodiment, each 
cluster head node 102 maintains a “preference list' that iden 
tifies the list of remote clusters 108 in the network 100. The 
local cluster head node 102 selects the remote cluster 108 to 
check next using, for example, a round-robin policy. If there 
are no other remote clusters 108 left to check for resource 
availability for that particular admission request (for 
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example, when all the remote clusters 108 in the network 100 
have previously been checked) (checked in block 512), the 
local cluster head node 102 communicates that fact to the 
initiator node 102 (block 514). 
0051. If there is another remote cluster 108 to check, the 
local clusterhead node 102 forwards the admission request on 
to the clusterhead node 102 of the selected remote cluster 108 
(block 516). The cluster head node 102 of the selected remote 
cluster 108, as described above in connection with blocks 502 
through 506, receives the admission request and forwards the 
admission request to the nodes 102 in the selected remote 
cluster 108. The nodes 102 in the Selected remote cluster 108 
communicate their resource availability to the initiator node 
102 in response to the admission request. 
0052 FIGS. 6A-6B are flow diagrams of a method 600 of 
processing admission requests received from the cluster head 
node. In the embodiment shown in FIGS. 6A-6B, method 600 
is performed by each node 102 in the network 100 that 
receives an admission request from clusterhead node and that 
is to supply its resource availability to the initiator ASM 302 
in response to the admission request. In the following descrip 
tion of FIGS. 6A-6B, the node 102 that performs method 600 
is referred to here as the “receiving node.” In one implemen 
tation of such an embodiment, the functionality of method 
600 is implemented as a part of the application service man 
ager 302 executing on the receiving node 102, which interacts 
with the resource managers 304 on that node 102 as appro 
priate. 
0053 As shown in FIG. 6A, a receiving node 102 listens 
for an admission request originating from a clusterhead node 
(block 602). When the receiving node 102 receives an admis 
sion request forwarded from an a cluster head node, the 
receiving node 102 receives the admission request (block 
604) and, in response thereto, determines the availability on 
the receiving node 102 for each type of resource specified in 
the admission request (block 606). In one implementation, 
the application service manager 302 of the receiving node 102 
contacts the resource manager 304 for each type of resource 
specified in the admission request. Each contacted resource 
manager 304 determines the resource availability for the one 
or more resources managed by that resource manager 304. 
The resources that a particular resource manager 304 man 
ages are also referred to here as the “managed resources.” 
0054. In the embodiment shown in FIG. 6A, the resource 
availability determination performed by each resource man 
ager 304 includes two separate determinations. Each resource 
manager 304 determines, for each of its managed resources, 
the amount of that managed resource that is currently not 
being used (block 608). This amount is also referred to hereas 
the “unused resources' or “unused resource availability.” 
Also, each resource manager 304 determines, for each of its 
managed resources, any additional amount of that resource 
that could be freed up by having one or more tasks 106 adapt 
(that is, lower) their resource utilization of that resource 
(block 610). This amount is referred to here as the “adaptation 
resources' or “adaptation resource availability.” 
0055. In one implementation, the adaptation resource 
availability determination is made based on the relative pri 
ority of the various tasks 106 that are using each managed 
resource. For example in one Such implementation, each 
application 104 is assigned a priority level. If a first applica 
tion 104 has a lower assigned priority level than the priority 
level assigned to a second application 104, the first applica 
tion 104 and the tasks 106 that comprise the first application 
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104 have a lower priority than the second application 104 and 
the tasks that comprise the second application 104. In Such an 
implementation, each resource manager 304 determines the 
adaptation resource availability, for each of its managed 
resources, by identifying those tasks 106 executing on the 
receiving node 102 that have a lower priority than the pending 
application 104 and that are utilizing that managed resource. 
For each such identified lower priority task 106, it is deter 
mined how much of that managed resource would be freed up 
if the lower priority task 106 reduced its resource utilization 
of that resource to the minimum level permitted under the 
lower priority task's QoS contract. 
0056. In another implementation, the adaptation resource 
availability determination is made based on, at least in part, a 
class assigned to the tasks 106 for a given managed resource. 
For example, in one such implementation each application 
104 is assigned a QoS class (such as best efforts, essential, 
critical, etc.) for a given managed resource (such as a network 
resource). Each class defines a policy or other relationship 
between the tasks assigned to that class and the given man 
aged resource. The policy determines under what circum 
stances and by how much the utilization of the given managed 
resource by Such tasks can be adapted. In such an implemen 
tation, each resource manager 304 determines the adaptation 
resource availability, for each of its managed resources, by 
identifying those tasks 106 executing on the receiving node 
102 that have an assigned class that permits adaptation under 
the circumstances existing at that moment. For each Such 
identified task 106, it is determined how much of that man 
aged resource would be freed up if that task 106 reduced its 
resource utilization of that resource to the minimum level 
permitted under that task's QoS contract and assigned class. 
0057 The total resource availability for the receiving node 
102 is then sent to the initiator node 102 (block 612). In one 
embodiment, for example, the initiator node 102 is identified 
in the admission request received by the receiving node 102. 
For those pending tasks 106 for which the receiving node 102 
has sufficient resources to satisfy the QoS requirements speci 
fied in the admission request, the node 102 reserves those 
resources for those pending tasks (block 614). In one imple 
mentation, the receiving node 102, for each Such pending task 
106, reserves the maximum amount of each Such resource 
that is available, up to the maximum resource level specified 
in the admission request for the pending task 106. While a 
portion of a resource is in the reserved state, the receiving 
node 102 treats the reserved resources, for the purposes of 
determining resource availability for Subsequent admission 
requests, as if the associated pending task 106 has actually 
been committed on the receiving node 102. In such an imple 
mentation, both unused resources and adaptation resources 
are reserved in this manner. 

0058. The reserved resources remain in the reserved state 
until the receiving node 102 receives a commit message from 
the initiator node 102 related to the previously received 
admission request (checked in block 616) or until a timeout 
period has elapsed since the reserved resources were reserved 
(checked in block 618). For example, in one implementation, 
a timeout period of 120 seconds is used. The commit message 
sent from the initiator node 102 will specify which of the 
resources reserved on the receiving node 102 should actually 
be used to execute the associated pending tasks 106 on the 
receiving node 102. Thus when the receiving node 102 
receives such a commit message, the receiving node 102 
commits each reserved resource specified in the commit mes 
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sage and starts execution of the associated pending task 106 
(block 620). Also, the receiving node 102 releases all the 
other reserved resources, if any (block 622). If a commit 
message related to the previously received admission request 
is not received within the timeout period, the receiving node 
102 releases all the reserved resources for that admission 
request (block 622). After the reserved resources have been 
released, those resources are again available for Subsequent 
admission requests. The overhead associated with “rolling 
back' such resource reservations when the reserved resources 
are not ultimately going to be used for the pending admission 
request is reduced in Such an embodiment (for example, as 
compared to sending additional messages indicating that the 
reserved resources should be released). 
0059. In addition to listening for and processing admission 
requests, each receiving node 102 also listens for and pro 
cesses adapt messages that are sent out by an initiator node 
102 as described above in connection with FIGS. 4A-4B. As 
noted above, an adapt message notifies the receiving node 102 
that a distributed application 104 executing on the receiving 
node 102 has been adapted. An adapted application 104 is 
running on the receiving node 102 if one or more of the tasks 
106 comprising the adapted application 104 are executing on 
the receiving node 102. When a receiving node 102 receives 
an adapt message (checked in block 630 of FIG. 6B), the 
receiving node 102 adapts the tasks 106 for the adapted appli 
cation 104 that are executing on the receiving node 102 if 
appropriate (block 632). 
0060. As noted above, when a distributed application 104 
has been adapted, at least one of the tasks 106 that comprise 
the adapted application 104 has had its resource utilization 
lowered on the node 102 on which that task 106 executes. The 
nodes 102 on which such tasks 106 execute are sent a commit 
message. As noted above, an adapt message is sent to the other 
nodes 102 on which the adapted application 104 executes, if 
any, that have not received a commit message. Those nodes 
102 that do not receive a commit message and on which the 
adapted application 104 executes need to be informed that the 
application 104 has been adapted. 
0061. When such a node 102 receives an adapt message, 
the node 102 is able to adjust the resource utilization for the 
adapted application 104 to be compatible with the applica 
tion's resource utilization on other nodes 102 (for example, as 
described below in connection with FIG. 6B). For example in 
one exemplary usage scenario, a distributed application 104 
has a pipeline topology. At some point during execution of the 
distributed application 104, one late-stage task 106 in the 
application 104 is adapted so that the rate at which the task 
106 processes input is reduced. The input that is processed by 
such an adapted task 106 is the output from other earlier-stage 
tasks 106 in the same distributed application 104. When the 
nodes 102 executing such earlier-stage tasks 106 receive an 
adapt message, the nodes 102 are able to reduce the output of 
such earlier-stage tasks 106 to match the rate at which the 
late-stage task 106 can process such output. In this way, 
resources can be more efficiently used. 
0062 Also, each node 102 that receives an adapt message 
releases any resources reserved for the pending application 
104, if any (block 634). That is, if the node 102 that received 
the adapt message had previously reserved resources for the 
pending application, those reserved resources are released 
since that node 102 knows by virtue of receiving the adapt 
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message that it will not receive a commit message. In other 
embodiments and implementation, however, this may not be 
the case. 

0063 FIGS. 7A-7D are block diagrams illustrating the 
operation of the embodiment of the application admission 
protocol shown in FIGS. 4A-4B, 5A-5B, and 6A-6B. As 
shown in FIG. 7A when the initiator client 302 wishes to have 
a distributed application 104 admitted and executed on one or 
more nodes 102 in the network 100, the initiator client 306 
sends an admission request to the initiator application service 
manager 302 that is executing on the initiator node 102 
(shown using a solid line in FIG. 7A). In this example, the 
initiator client 306 and the initiator ASM302 are executing on 
the same node, the initiator node 102. The initiator ASM302 
receives the admission request and forwards the admission 
request to the local cluster head node 102 (shown using a 
dashed line in FIG. 7A). 
0064. The cluster head node 102 (more specifically, the 
ASM 302 executing on the cluster head node 102) receives 
the admission request and forwards the admission request to 
all the nodes 102 in the local cluster 108 (shown using dotted 
lines in FIG. 7A). Each of the nodes 102 (more specifically, 
the ASM302 executing on each node 102) in the local cluster 
108 determines the resource availability for that node 102. In 
this embodiment, the resource availability includes both the 
unused resource availability and the adaptation resource 
availability. Each node 102 in the local cluster 108 sends or 
otherwise informs the initiator ASM 302 of that node's 
resource availability (shown using solid lines in FIG. 7B). 
Also, each such node 102 in the local cluster 108 reserves the 
resources (both unused resources and adapt resources) 
needed for the pending application 104. 
0065. After the initiator ASM 302 has received the 
resource availability from the nodes 102 in the local cluster 
108 (or after a predetermined period has elapsed), the initiator 
ASM 302 attempts to map the pending tasks 106 that com 
prise the pending application 104 on to the nodes 102 that 
provided resource availability information to the initiator 
ASM 302. In this example, there are not enough available 
resources on the nodes 102 in the local cluster 108. Therefore, 
the initiator ASM 302 is not able to successfully map all 
pending tasks 106 to the nodes 102 in the local cluster 108. As 
a result, the initiator ASM302 requests (shown using a solid 
line in FIG. 7C) that the local cluster head 102 forward the 
admission request on to another cluster 108 in the network to 
check for resource availability in that other cluster 108. The 
local cluster head 102 receives the request and selects a 
remote cluster 108 in the network 100 that has not previously 
been checked for resource availability for the current pending 
application 104. 
0066. Then, the local clusterhead 102 forwards the admis 
sion request to the cluster head node 102 for the selected 
remote cluster 108 (shown using a dashed line in FIG. 7C). 
The cluster head node 102 of the selected remote cluster 108 
forwards the admission request on to all the nodes 102 in the 
selected remote cluster 108 (shown using a dotted lines in 
FIG.7C). Each of the nodes 102 (more specifically, the ASM 
302 on each of the nodes 102) in the selected remote cluster 
108 determines the resource availability for that node 102. As 
noted above, this determination includes determining both 
the unused resource availability and the adaptation resource 
availability for each node 102. Each node 102 in the selected 
remote cluster 108 sends or otherwise informs the initiator 
ASM 302 of that node's resource availability (shown with 
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solid lines in FIG. 7D). Also, each such node 102 in the 
selected remote cluster 108 reserves the resources (both 
unused resources and adaptation resources) needed for the 
pending application 104. 
0067. After the initiator ASM 302 has received the 
resource availability from the nodes 102 in the selected 
remote cluster 108 (or after a predetermined period has 
elapsed), the initiator ASM302 attempts to map the pending 
tasks 106 that comprise the pending application 104 on to the 
nodes 102 that provided resource availability information to 
the initiator ASM 302 (that is, the nodes 102 in the local 
cluster 108 and the selected remote cluster 108). In this 
example, there are enough available resources in the local 
cluster 108 and the remote cluster 108 to admit the pending 
application. Therefore, the initiator ASM302 on the initiator 
node 102 sends commit messages to those nodes 102 in the 
local cluster 108 and the selected remote cluster 108 on which 
a pending task has been mapped and will execute (shown 
using a solid line in FIG. 7E). Each node 102 that receives a 
commit message commits those resources and executes those 
pending tasks 106 identified in the commit message received 
by that node 102. Also if the commit message indicates that 
another task executing on receiving node should be adapted, 
the receiving node 102 adapts the indicated task as specified 
in the commit message. Each node 102 that receives a commit 
message also releases those resources not needed to execute 
any pending task 106. 
0068. In this example, one distributed application 104 
needs to be adapted in order to admit the pending application 
104. The initiator ASM302 sends an adapt message to those 
nodes 102 in the network 100 that on which the adapted 
application 104 executes that have not received a commit 
message (shown using a solid line in FIG.7F). Each node 102 
that receives an adapt message adapts the tasks 106 identified 
in the adapt message received by that node 102 as appropriate. 
Also, each node 102 that receives an adapt message release 
any resources reserved for the pending application 104, ifany. 
0069. In addition, for those nodes 102 that reserved 
resources for the pending application 104 during the admis 
sion process but did not receive a commit message oran adapt 
message, those nodes 102 release any resources reserved for 
the pending application 104 after the relevant timeout period 
elapses. 
0070 FIG. 8 is a simplified block diagram of one embodi 
ment of a node 800. The node 800 is suitable for use in thead 
hoc wireless network 100 shown in FIG. 1 and is suitable for 
implementing the methods and techniques described here. 
The node 800 includes a wireless transceiver subsystem 802. 
In one embodiment, the wireless transceiver subsystem 802 is 
a radio frequency (RF) transceiver subsystem. The wireless 
transceiver Subsystem 802 includes appropriate components 
(for example, antenna, amplifiers, modulators, demodulators, 
analog-to-digital (A/D) converters, digital-to-analog (D/A) 
converters, etc.) to handle the transmission and reception of 
wireless data over a wireless network. The node 800 also 
includes a control subsystem 804. In the embodiment shown 
in FIG. 8, the control subsystem includes a programmable 
processor 806. Programmable processor 806 is coupled to the 
wireless transceiver subsystem 802 in order to monitor and 
control the transmission and reception of wireless data over a 
wireless network. The control subsystem 804 also includes a 
memory 808 in which program instructions and data used by 
the programmable processor 806 are stored and from which 
they are retrieved. One or more of the methods and techniques 

Nov. 13, 2008 

described here, in one embodiment, are implemented using 
software executed on the programmable processor 806. Such 
Software comprises appropriate program instructions 810 that 
are stored in a tangible medium readable by the program 
mable processor 806 (for example, in memory 808). The 
instructions, when executed by the programmable processor 
806, cause the node 800 to carry out at least a portion of the 
functionality of the methods and techniques described here as 
being performed by a node. The software creates and/or inter 
acts with appropriate data structures 812 stored in memory 
808. 
0071. The following describes an exemplary resource 
allocation model for a single distributed application 104. 
Such a single-application resource allocation model charac 
terizes the mapping of the one or more tasks 106 of the single 
distributed application to one or more nodes 102 in the net 
work 100. Such a resource allocation model also character 
izes the allocation of resources among the one or more tasks 
106 that comprise the distributed application 104. Examples 
of Such resources are node resources and network resources. 
0072 The single-application resource model described 
here is based on the following assumptions that simplify the 
problem formulation. First, it is assumed that the quality-of 
service (QoS) dimensions have a one-to-one correspondence 
to system resources types. A QoS request for an application 
specifies, for each resource that is needed by that application, 
a minimum resource Vale (“min') and a maximum resource 
value (“max”). The definition of the min and max values 
defines a range of acceptable allocations for that resource. 
0073. Another assumption is that node resources are mod 
eled as limited buckets of capacity r" with the admission 
conditionXr, -", where r is the resource amount allocated 
for task i. The total resource utilization in the network 100 
cannot exceed the total amount of resources available in the 
network 100. 
0074 Another assumption is that a network resource is 
modeled as a limited bucket associated with a pair of nodes 
102 that communicate over one or more wireless network 
links. The example of a network resource used in the exem 
plary single-application resource allocation model described 
here is communication bandwidth between two nodes 102 in 
the network 100. 
0075 Another assumption is that the wireless network 
links established between any two nodes 102 in the network 
100 are bi-directional. Also, it is assumed that each of the 
bi-directional connections in each Such network link share the 
same network resource. That is, in this exemplary resource 
allocation model, each of the bi-directional connections in 
each network link shares the same communication band 
width. 
0076 Another assumption that is made in the exemplary 
single-application model described here is that resources are 
independent of each other. Also, it is assumed that resources 
are not probabilistic and the system guarantees the contracted 
QoS. 
0077. The single-application model defines node 
resources and network resources and formalizes allocation 
constraints. In such a model, the allocation problem is formu 
lated as an optimization problem. There are n nodes 102 and 
m types of node resources and one type of network resource. 
A distributed application T comprises S communicating tasks, 
T=(T.T. . . . . Ts). 
0078. An admission request (also referred to here as a 
“QoS request') for distributed application T is described, in 
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Such a model, by a set of quality-of-service descriptors, one 
for each QoS dimension. The QoS request is described by 
matrices Q" and Q. Matrices Q" (qf"),-1,...,n-1,...sand 
Q' (q?), ... . . . . . . define the minimum and maxi 
mum QoS requirements, respectively, for application tasks 
T, ..., T., where m is the number of QoS dimensions (that 
is, number ofnode resource types) and q,"sq.. In addition, 
q is considered “a better QoS’ than q if q >q. 
0079. Matrix R describes the available resources before 
application admission. R'-(r), i. ...,n-1,...,n, where r" 
is the available amount of resource of type i on node j and 
Re|0, oo)"*". 
0080. The admission control admits the s tasks in the sys 
tem. The mapping of the S tasks on the n nodes is given by 
matrix: 

ii . . . . s.j. 1. . . . . n. 

with 

{ 1, if task Ti was mapped (that is, allocated) on node i. 
Xij = 

O, otherwise; 

where Xe{0, 1}". 
0081. The vector Map is defined as Map, if task T, was 
mapped on node j. The resource management system (for 
example, an initiator application service manager) allocates 
resources R.F(r), ... . . . . to the stasks, where the 
amount r">0 of resource i has been assigned to task j. 
0082. The single-application resource allocation 
described here assumes that network resources are allocated 
independently for each communication link between any two 
nodes. The network resource is modeled by a limited bucket 
for each bi-directional link established between a pair of 
nodes (i, j). Matrix NR" defines the available network 
resource at admission time, where NR'e(0, Oo)” and NR." 
defines the network resource available to the (i,j) communi 
cation link. 

0083. Matrices NQ" and NQ' define the minimum and 
maximum network resource requirement, respectively, for 
each communication link (i, j), for which tasks T, and T, 
communicate, where NQ" and NQ'e0, oo). 
0084. The set TC contains all required connections 
between tasks. Thus, TC={(i,j) IT, communicates with T. 
i-j}. 
I0085 Matrix NQ' defines the allocated network resource. 
Thus, NQ,'-network resource allocated for communication 
link (TT), where NQ'e|0, oo). 
I0086. This resource model assumes there is a (possible 
multi-hop) path in the network between any two nodes and 
that all resource allocations for connections are independent. 
The resource management system maps the tasks to nodes 
and allocates resources for each connection between two 
tasks. A connection between tasks T, and T, is mapped to a 
connection between nodes Map, and Map. The system allo 
cates NQ," resource to the (i,j) connection by subtracting the 
same resource amount NQ," from the available network 
resource for connection (Map, Map), where after allocation: 

0087 
for an application (T, ..., 

Matrix NR defines the allocated network resources 
TTC): 

NR'-(nr.), 1,..., 
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where nr =nq, and (x,y)=(Map, Map) and NR'e|0, oo)" 

0088. In other embodiments, this resource model can 
accommodate alternate allocation strategies by adjusting the 
equations for resource constraints and resource availability 
update. For example, in another embodiment, network 
resources are modeled based on node communication capac 
ity and explicit end-to-end path information that would be 
available from the routing protocol. 
I0089. The single-application resource allocation model 
described here also specifies various conditions that any 
resource allocation must meet in Such an embodiment. These 
conditions are also referred to here as “constraints.” One type 
of constraint relates to node resources and Such constraints 
are referred to here as "node resource constraints.” In the 
exemplary single-application resource allocation model 
described here, one node resource constraint relates to task 
mapping and specifies that each task is admitted on exactly 
one node as specified by: 

for all task i = 1,..., S. 

0090 Another node constraint relates to application qual 
ity-of-service and specifies that allocated resources satisfy 
QoS requirements: 

QsRasov 

0091 Another node constraint relates to resource avail 
ability and specifies that a particular resources allocation is 
limited by availability: 

O 

for all resources i=1,..., m and all nodes j=1,..., n. 
0092 Another type of constraint relates to network 
resources and Such constraints are referred to here as "net 
work resource constraints. In the exemplary single-applica 
tion resource allocation model described here, one network 
resource constraint relates to application QoS and specifies 
that all connections between tasks must be allocated network 
resources between minimum required and maximum needed. 
Note that, in such an exemplary model, Map maps from NR 
to NQ", where NQ"sNQ'sNQ'. Another network con 
straint relates to resource availability and specifies that the 
allocated network resource for all connections cannot exceed 
the available limit. That is, NR's NR'. 
0093. The optimal resource allocation is designed to maxi 
mize the application QoS utility defined as a function of the 
combined QoS satisfaction ratio for all tasks. The applica 
tions overall utility is a linear combination of the node task 
utility and the network utility. 
0094. The node utility of task T, for resourcej is normal 
ized to: 

r: - a 
f l, if r' - rt ui = { q – qi 

1, otherwise 

I0095 Matrix U=(u), ... . . . . The node utility of 
task T, is a weighted Sum of resource utilities: 

it, witt, 1+...+w up, with i-1,..., S. 
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I0096] Weights we0, j=1,..., m, and Xw 1. The appli 
cation node utility vector is V=(u . . . , u)=UW, where 
VeR**', W=(w, w, ... w), eR**', wa0, and Xw -1. 
0097. In the exemplary single-application module 
described here, a network utility is defined. The network 
utility nu for application (TTC), is defined as: 
0098 if nq, nq." ori then nu=1, awarding maximum 

utility for full allocation or for tasks mapped on the same 
node: 
(0099] if nq'>nq", then: 

X. X. na, -nd iii. . 
ng - nq; 

i=1,... is il, ... s.i-fi 

0100. In the exemplary single-application module 
described here, an application utility is defined. The applica 
tion utility for a multi-staged admitted application is defined 
as the weighted sum of node task utilities and the network 
utility: 

VFC ti+C2242+...+Clats+Clint. 

In matrix notation, v=A(V nu)", with A=(c. 
C,20, and 

. . Cls, Cs-1), 

0101. In the exemplary single-application model 
described here, the optimal allocation problem is to determine 
the task mapping X, a node resource allocation NR'' and a 
network resource allocation NQ', so that the node resource 
constraints and network resource constraints described above 
are obeyed and the application utility V described above is 
maximized. This is a mixed integer programming optimiza 
tion problem with a fairly complex structure. The resource 
allocation problem is NP-hard by reduction to the integer 
bin-packing problem. The technique for admitting a distrib 
uted application described above in connection with FIGS. 
1-8 attempts to overcome the complexity of the optimization 
problem. 
0102 Formulating the admission utility function using 
weighted Sums allows us to inject user-defined policies and 
application semantics into the allocation process. For the 
node task utility function, the relation between the resource 
type weights we may impact the contribution of the task to the 
overall application utility, thus being a factor to the final 
mapping of tasks to nodes. In essence, the weight w, can be 
directly correlated to the relative importance the user assigns 
to a resource type j. The admission process will map tasks to 
nodes where allocation of specific resources contributes 
maximum utility. For instance, if the fraction we, 
w/3, then the admission algorithm, in the process of 
optimizing the total application utility value, will be more 
likely to map tasks to nodes where the memory allocation is 
closer to the maximum required. Similarly, the weights C, 
from the application utility formula can be adjusted by users 
to express preference towards maximizing utility of specific 
tasks or of the network bandwidth allocation (C). 
0103) The following describes another exemplary 
resource allocation model for multiple distributed applica 
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tions 104. Such a multiple-application resource allocation 
model characterizes the mapping of the one or more tasks 106 
of multiple distributed applications to one or more nodes 102 
in the network 100. Such resource allocation model also 
characterizes the allocation of resources among the one or 
more tasks 106 that comprise each of the multiple distributed 
applications. Examples of such resources are node resources 
and network resources. 
0104. In this exemplary multi-application module, each of 
the multiple distributed applications is characterized by a 
priority, common for all the application's stages (that is, 
tasks). It is also assumed that each of the distributed applica 
tions is admitted if all of its stages are admitted to the system. 
A constraint that applies to this model is that higher priority 
applications are never preempted by lower priority applica 
tions. The objective of this exemplary multi-application 
model is to maximize the QoS satisfaction level for higher 
priority applications. In other embodiments, the optimization 
goal is to maximize the overall number of admitted applica 
tions. 
0105. In this exemplary multi-application resource alloca 
tion module, the system admits and allocates resources for the 
set A={A,..., A, oft applications, ordered increasingly on 
priority. The system comprises in nodes with resource avail 
ability R'-(r), s - - - 8 'go. form resources distributed 
on then nodes, and NR for network resources. Each appli 
cation A, is characterized by a priority p,>0. In this exemplary 
multi-application module, it is assumed that p.sp. Also, 
for each application A, a minimum requested QoS Q," and a 
maximum requested QoSQ,' for node resources are defined. 
Note that, in this embodiment, QoS dimensions map one-to 
one to resources. Further, for each application A, a minimum 
requested QoS NQ," and a maximum requested QoS NQ,' 
for network resources are defined. 
0106 The resource management system (for example, an 
initiator application service manager) maps application tasks 
and allocate resources. The vectorY-(y1,...,y,) indicates the 
application admission: 

{ if A is admitted 
y; F 

O, otherwise 

I0107 And matrices X, define individual task mapping for 
application i. 
0108. The global objective function for this exemplary 
multi-application model is normalized for individual appli 
cation utility values. In this model, it is desired that the utility 
contributed by each application to the overall objective be 
proportional to the QoS (that is, amount of resources) 
received from the system and not to the number of stages. 
0109 The application node utility for application i is 
therefore normalized on the number of stages s, and the net 
work utility is also normalized on the number of connections 
|TC: 

a u + a2u2+...+ as us as Inui 
wi = Si |TC, 

V nu T vi = At Ti) 
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with weight factors A=(C, ... C. C.), C20, and X, i. 
s s: C, 1 
0110. The global objective function assigns more weight 

to utility contributed by higher priority applications. The 
goal, in this exemplary model, is to maximize V: 

v' = y p1 V1 + y2p2 v2 + ... + y, p, v, = X. y; P: vi, 
i=1 t 

where ye0, 1}, and 

{ 1, if application i is admitted 
y; F 

O, otherwise 

0111. The set of constraints for the optimization problems 
relates to resource allocation and priority-based preemption. 
The resource constraints are an extension of those listed 
above in connection with the single-application resource 
application model. The constraints specify that the resources 
allocated to all applications should not exceed initial avail 
ability: 

X. y; R X, < R", for node resources, and 

X. y;NR, s NR", for network resources. 

0112 The constraints specify that the allocated resources 
should satisfy QoS demands for admitted applications. For all 
i=1,..., t: 

YQ, sy.R.'sy.Q., for node resources, and 

yNQ,"sy,NQ.'syNQ.', for network resources. 

0113. The constraint stating that higher priority applica 
tions cannot be preempted by lower priority applications is 
formulated as ysY, for all i=1,. . . . , t-1, where it is 
assumed that p, sp, 
0114. In the multi-application resource allocation model 
described here, the allocation optimization problem is speci 
fied by maximizing the global objective function: 

where: 

dit -- C2it 2 - ... + as its -- as +1 nuli 
- - - 

Si |TC, 

and i=1,..., t, and for each application i: 
I0115 u, wu, +...+w,u, with i=1,..., S. Ws0, 
j=1,..., m, and Xw, 1, and 

r; - a , if r > r, uj = { q – qi 
1, otherwise. 
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a. 10116. Also, for each application i, if nq?=nq," or ij 
(that is, tasks on same node) then, nu=1. Otherwise, if 
nq'>nq". then: 

ind -nd 
iii. , 

na; - ng: 
i=1,... si=1,... .s,i-fi 

with the following constraints (t is the number of applica 
tions): 

X. y; R. X. s R0, 

for node resources, and 

for network resources. 
Also, for all i=1,..., t: 

I0117 y,Q,"sy,R,"sy,Q,', for node resources; 
0118 yNQ,"syNQ,"syNQ, for network 
resources, where Map maps from NR, to NO,"; 

0119 Ysy, for all i=1,..., t-1, where it is assumed 
that p, sp, and 

0120 ye{0, 1}. 
I0121 The resource allocation problem asks for computing 
the following matrices: Y for admitted applications and X, for 
task mappings for application i, R, for allocated node 
resources, and NR, for the network resource, for application 
i=1,. . . . t. 
0122. In one usage scenario, application admissions come 
at different times. The technique for admitting a distributed 
application described above in connection with FIGS. 1-8 
considers QoS adaptation for existing applications, adding 
the extra resources to the available resources pool. This can be 
modeled by the above multi-application admission method 
by forcing selected critical applications (assumed in execu 
tion before this admission) to be admitted, that is, y=1. 
I0123. The large number of variables (t+tsn+tsm+tnn) for 
this mixed integer program, makes a real-time approximation 
with branch-and-bound or even with a linear program unfea 
sible. The technique for admitting a distributed application 
described above in connection with FIGS. 1-8 attempts to 
overcome the complexity of the optimization problem. 
0.124. In another embodiment making use of such a multi 
application model, an alternative goal for the admission pro 
cedure is to maximize the overall number of accepted appli 
cations, where higher priority application have precedence. 
Later after admission, a QoS expansion phase would increase 
the QoS for admitted applications from remaining resources. 
The large optimization problem that results from Such an 
embodiment can be broken in two smaller pieces with fewer 
unknowns. In other words, in Such an embodiment, the 
admission process includes two phases 
0.125. The first phase is admission with minimal QoS, so 
that the overall number of admitted applications is maxi 
mized. The optimization problem can be formalized as maxi 
mizing the objective function: 
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with the following constraints: 

for node resources, and 

for or network resources. 
0.126 for all i=1,..., t: 
I0127 y Q,"y.R.", for node resources, and 
I0128 yNQ,"y.NQ,', for network resources; 

0129 for all i=1,..., t-1: 
I0130 ysy, and 
I0131 ye{0, 1}, y=1 if application i is admitted. 

0.132. By admitting applications at their minimum 
requested QoS, the solution space can be significantly 
decreased. Only the unknown matrices X, and Y-(y1,...,y), 
with elements in {0, 1} have to be determined for this integer 
program. 
0133. After the first phase of the two-phase admission 
process, indicatorsy, and X, have been determined. The sec 
ond phase of the two-phase admission process involves QoS 
expansion. The system allocates remaining resources to 
admitted applications, with preference to higher priority 
applications. The QoS expansion can be formulated as a 
linear program as maximizing the objective function (the QoS 
satisfaction ratio): 

where: 

Oil + (2it+...+ Cs; t?s; as +1 nuli 
- - - 

Si |TC, 

and ik, . . . , t, and for each application i: 
10134) u, wu, +...+w,u, with i=1,..., S. W.20, 
j=1,..., m, and Xw, 1, and 

r; - a , if r > r, utij = { q – qi 
1, otherwise. 

0.135 if nq-nq," ori (that is, tasks on same node) 
then, nu=1. 

10136.) Otherwise, if nq's nq", then: 

iii. 

i=1,... si=l , ... Siti 

na, -ng, 

12 
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with the following constraints (t is the number of applica 
tions): 

for node resources, and 

X yNR's NR", 

for network resources. 
Also, for all i=k, ... , t: 

0.137 Q,"sR.'s Q', for node resources; and 
0138 NQ,"sNQ,"sNQ,', for network resources. 

0.139. The ts(m+n) remaining unknowns for this linear 
program are matrices R. and NQ,', for i=1,.... t. 
0140. The methods and techniques described here may be 
implemented in digital electronic circuitry, or with a pro 
grammable processor (for example, a special-purpose pro 
cessor or a general-purpose processor Such as a computer) 
firmware, Software, or in combinations of them. Apparatus 
embodying these techniques may include appropriate input 
and output devices, a programmable processor, and a storage 
medium tangibly embodying program instructions for execu 
tion by the programmable processor. A process embodying 
these techniques may be performed by a programmable pro 
cessor executing a program of instructions to perform desired 
functions by operating on input data and generating appro 
priate output. The techniques may advantageously be imple 
mented in one or more programs that are executable on a 
programmable system including at least one programmable 
processor coupled to receive data and instructions from, and 
to transmit data and instructions to, a data storage system, at 
least one input device, and at least one output device. Gener 
ally, a processor will receive instructions and data from a 
read-only memory and/or a random access memory. Storage 
devices Suitable for tangibly embodying computer program 
instructions and data include all forms of non-volatile 
memory, including by way of example semiconductor 
memory devices, such as EPROM, EEPROM, and flash 
memory devices; magnetic disks Such as internal hard disks 
and removable disks; magneto-optical disks; and DVD disks. 
Any of the foregoing may be Supplemented by, or incorpo 
rated in, specially-designed application-specific integrated 
circuits (ASICs). 
0.141. A number of embodiments of the invention defined 
by the following claims have been described. Nevertheless, it 
will be understood that various modifications to the described 
embodiments may be made without departing from the spirit 
and Scope of the claimed invention. Accordingly, other 
embodiments are within the scope of the following claims. 

1. A system comprising: 
a wireless network comprising a plurality of clusters; 
wherein each cluster comprises a set of nodes including a 

cluster head node; 
wherein each node includes at least one resource: 
wherein when an initiator node in a local cluster included in 

the wireless network receives an admission request to 
execute an application comprising a set of tasks, the 
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initiator node forwards the admission request to a local 
cluster head node for the local cluster; 

wherein when the admission request is forwarded to the 
local cluster head node, the local cluster head node 
requests that at least one of the set of nodes included in 
the local cluster provide resource availability informa 
tion to the initiator node: 

wherein the initiator node attempts to map the set of tasks 
to a Subset of the nodes included in the local cluster using 
the resource availability information received from 
nodes in the local cluster, and 

wherein, if the initiator node is unable to map the set of 
tasks to the subset of nodes included in the local cluster: 
the local cluster head node forwards the admission 

request to the cluster head node of successive clusters 
in the wireless network in order to have at least one 
node in each of the Successive clusters send resource 
availability information to the initiator node until the 
initiator node is able to map the set of tasks to a Subset 
of the nodes in the wireless network or until there are 
no additional clusters to forward the admission 
request to; and 

the initiator node attempts to map the set of tasks to a 
subset of the nodes from which resource availability 
information has been received based on the received 
resource availability information. 

2. The system of claim 1, wherein each cluster head node 
that receives the admission request requests that the nodes 
within the same cluster as that cluster head node send 
resource availability information to the initiator node. 

3. The system of claim 2, wherein each node that receives 
a request to send resource availability information to the 
initiator node: 

determines resource availability information for that node: 
sends the resource availability information to the initiator 

node; and 
reserves resources for the admission request from available 

resources; 
when the node receives a commit message sent from the 

initiator node to that node when the initiator node maps 
at least one of the tasks to that node, commits the 
reserved resources for the at least one of tasks mapped to 
that node and execute the at least one of the tasks mapped 
to that node; and 

when a predetermined amount of time elapses after reserv 
ing the reserved resources without receiving the commit 
message; release the reserved resources. 

4. The system of claim3, the predetermined amount of time 
is determined using a timer. 

5. A method comprising: 
in a wireless ad hoc network having a plurality of clusters, 

each cluster comprising at least one of a plurality of 
nodes: 
attempting to map a set of tasks to at least one node 

within a first cluster of the wireless network based on 
adaptability resource availability of the nodes within 
the first cluster, wherein the adaptability resource 
availability of a node comprises an amount of a 
resource available for use based on a reduced utiliza 
tion of the resource by the task; and 

ifunable to map the set of tasks to said at least one node 
in the first cluster, attempting to map the set of tasks to 
at least one node in at least one of the first cluster and 
at least one of the other clusters in the wireless net 
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work based on resource availability of the nodes 
within the first cluster and the at least one of the other 
clusters in the wireless network. 

6. The method of claim 5, further comprising receiving a 
request to admit an application for execution on at least one 
node in the network, the application comprising the set of 
tasks. 

7. The method of claim 6, wherein the admission request is 
received at a first node. 

8. The method of claim 7, wherein the request is received 
from a client executing on the first node. 

9. The method of claim 7, further comprising forwarding 
the request to a head node of the first cluster and receiving, at 
the first node in the first cluster, first resource availability 
information from at least one node in the first cluster. 

10. The method of claim 9, wherein the request is for 
warded to the first head node based on a routing protocol. 

11. The method of claim 9, further comprising, ifunable to 
map the set of tasks to said at least one node in the first cluster, 
requesting that the head node of the first cluster communicate 
the request to a head node of the at least one of the other 
clusters in the wireless network and receiving, at the first node 
in the first cluster, resource availability information from at 
least one node in the at least one of the other clusters in the 
wireless network. 

12. A system comprising: 
a wireless network comprising a plurality of clusters; 
wherein each cluster comprises a set of nodes including a 

cluster head node: 
wherein each node includes at least one resource: 
wherein when an initiator node in a local cluster included in 

the wireless network receives an admission request to 
execute an application comprising a set of tasks, the 
initiator node forwards the admission request to a local 
cluster head node for the local cluster; 

wherein when the admission request is forwarded to the 
local cluster head node, the local cluster head node 
requests that at least one of the set of nodes included in 
the local cluster provide resource availability informa 
tion to the initiator node: 

wherein the initiator node attempts to map the set of tasks 
to a Subset of the nodes included in the local cluster using 
the resource availability received from nodes in the local 
cluster; and 

wherein, if the initiator node is unable to map the set of 
tasks to the subset of nodes included in the local cluster: 
the initiator node requests that the local cluster head 

node forward the admission request to at least one 
remote clusterhead node of at least one remote cluster 
included in the wireless network; 

when the admission request is forwarded to the at least 
one remote cluster head node, the at least one remote 
cluster head node requests that at least one of the set of 
nodes included in the at least one remote cluster pro 
vide resource availability information to the initiator 
node; and 

the initiator node attempts to map the set of tasks to a 
subset of the nodes included in at least one of the local 
cluster and the at least one remote cluster using the 
resource availability received from nodes in the local 
cluster and the at least one remote cluster. 

13. The system of claim 12, wherein at least one node that 
provides resource availability information to the initiator 
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node reserves at least a portion of the resources available on 
that node for at least one of the set of tasks. 

14. The system of claim 13, wherein when the initiator 
node maps at least one of the set of tasks to at least one node 
that provides resource availability information to the initiator 
node, the initiator node sends a commit message to that node. 

15. The system of claim 12, wherein an adapted application 
comprises a set of executing tasks and wherein at least one 
node in the network to which a task is mapped reduces an 
amount of at least one resource that is utilized by at least one 
of the set of executing tasks of the adapted application in order 
to execute the task mapped to that node. 

16. The system of claim 15, wherein the initiator node 
sends an adapt message to at least one node in the wireless 
network on which at least one of the set of executing tasks of 
the adapted application executes. 

17. A first node comprising: 
a wireless transceiver to send and receive data over a wire 

less network; 
a processor in communication with the wireless trans 

ceiver; and 
a tangible medium, in communication with the processor, 

in which program instructions are embodied, wherein 
the program instructions, when executed by the proces 
Sor, cause the first node to: 
receive an admission request from a client, the admis 

sion request requesting that a set of tasks be executed; 
forward the admission request to a local cluster head 

node for a local cluster in order to have at least one 
node in the local cluster send resource availability 
information to the first node, wherein the first node is 
a member of the local cluster; 

receive resource availability information from the at 
least one node in the local cluster, 

attempt to map the set of tasks to at least a Subset of the 
nodes included in the local cluster using the resource 
availability information received from the at least one 
node in the local cluster; and 

ifunable to map the set of tasks to the subset of nodes 
included in the local cluster: 
request that the local cluster head node of the local 

cluster forward the admission request to at least one 
remote cluster head node of at least one remote 
cluster included in the wireless network in order to 
have at least one node in the at least one remote 
cluster send resource availability information to the 
first node; and 

attempt to map the set of tasks to at least a Subset of the 
nodes included in at least one of the local cluster 
and the at least one remote cluster using the 
resource availability received from the at least one 
node in at least one of the local cluster and the at 
least one remote cluster. 

18. The first node of claim 17, wherein the program instruc 
tions, when executed by the processor, cause the first node to 
attempt to map the set of tasks to the subset of the nodes 
included in the local cluster using the resource availability 
information received from the at least one node in the local 
cluster by attempting to map all of the tasks in the set of tasks 
to a single node in the local cluster. 

19. The first node of claim 17, wherein the program instruc 
tions, when executed by the processor, cause the first node to 
attempt to map the set of tasks to the subset of the nodes 
included in at least one of the local cluster and the at least one 
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remote cluster using the resource availability received from 
the at least one node in at least one of the local cluster and the 
at least one remote cluster by attempting to map all of the 
tasks in the set of tasks to a single node in at least one of the 
local cluster and the at least one remote cluster. 

20. The first node of claim 17, wherein the resource avail 
ability information from the at least one node in the local 
cluster includes information about the availability of at least 
one of unused resources available on the at least node within 
the local cluster and resources that would be available if 
resources utilized by tasks executing on the at least one node 
within the local cluster were reduced. 

21. The first node of claim 17, wherein the resource avail 
ability information from the at least one node in the at least 
one remote cluster includes information about the availability 
of at least one of unused resources available on the at least 
node within the at least one remote cluster and resources that 
would be available if resources utilized by tasks executing on 
the at least one node within the at least one remote cluster 
were reduced. 

22. The first node of claim 17, wherein the wireless trans 
ceiver comprises a radio frequency transceiver. 

23. Software embodied on a tangible medium readable by 
a programmable processor included in a first node of a wire 
less network comprising a plurality of clusters, the Software 
comprising program instructions executable on at least one 
programmable processor included in the first node, the pro 
gram instructions operable to cause the first node to: 

receive an admission request from a client, the admission 
request requesting that a set of tasks be executed; 

forward the admission request to a local cluster head node 
for the local cluster in order to have at least one node in 
the local cluster send resource availability information 
to the first node, wherein the first node is a member of the 
local cluster; 

receive resource availability information from the at least 
one node in the local cluster; 

attempt to map the set of tasks to at least a Subset of the 
nodes included in the local cluster using the resource 
availability information received from the at least one 
node in the local cluster, and 

if unable to map the set of tasks to the subset of nodes 
included in the local cluster: 
request that the local cluster head node of the local 

cluster forward the admission request to at least one 
remote clusterhead node of at least one remote cluster 
included in the wireless network in order to have at 
least one node in the at least one remote cluster send 
resource availability information to the first node; and 

attempt to map the set of tasks to at least a Subset of the 
nodes included in at least one of the first cluster and 
the at least one remote cluster using the resource 
availability received from received from the at least 
one node in at least one of the first cluster and the at 
least one remote cluster. 

24. The software of claim 23, wherein the program instruc 
tions are operable to cause the first node to send a commit 
message to each of the nodes in the wireless network to which 
at least one of the tasks is mapped. 

25. The software of claim 23, wherein the wireless network 
comprises an ad hoc wireless network. 

26. The software of claim 25, wherein the ad hoc wireless 
network comprises a mobile ad hoc wireless network. 
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27. The software of claim 23, wherein the plurality of 
clusters are defined by the topology of the wireless network. 

28. The software of claim 23, wherein the plurality of 
clusters are defined according to a routing protocol. 

29. The software of claim 23, wherein each cluster head 
node is defined by the topology of the wireless network. 

30. The software of claim 23, wherein each cluster head 
node is defined according to a routing protocol. 

31. A first node comprising: 
means for sending and receiving data over a wireless net 

work; 
means for receiving an admission request from a client, the 

admission request requesting that a set of tasks be 
executed; 

means for forwarding the admission request to a local 
cluster head node for a local cluster in order to have at 
least one node in the local cluster send resource avail 
ability information to the first node, wherein the first 
node is a member of the local cluster; 

means for receiving resource availability information from 
the at least one node in the local cluster; 
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means for attempting to map the set of tasks to at least a 
subset of the nodes included in the local cluster using the 
resource availability information received from the at 
least one node in the local cluster; and 

means for requesting that the local cluster head node of the 
local cluster forward the admission request to at least 
one remote cluster head node of at least one remote 
cluster included in the wireless network in order to have 
at least one node in the at least one remote cluster send 
resource availability information to the first node, if 
unable to map the set of tasks to the subset of nodes 
included in the local cluster; and 

means for attempting to map the set of tasks to at least a 
Subset of the nodes included in at least one of the local 
cluster and the at least one remote cluster using the 
resource availability received from the at least one node 
in at least one of the local cluster and the at least one 
remote cluster, if unable to map the set of tasks to the 
Subset of nodes included in the local cluster. 
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