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Abstract—This paper studies resource management for multi-
media mobile ad hoc networks (MANET). In particular, we focus
on providing fair scheduling with quality-of-service (QoS) support
for MANET. We consider two types of flows: guaranteed and best
effort flows. The goal is to satisfy the QoS requirements of guar-
anteed flows and to provide global fairness for best effort flows. In
this paper, a credit-based fair scheduling mechanism called credit-
based slot allocation protocol (CSAP) is proposed. In CSAP, nodes
are logically grouped into clusters, each with a scheduler. Each
scheduler assigns time slots to nodes in its cluster based on the first
tier algorithm. The node scheduled to send at the next time slot
then in turn assigns the time slot to a relayed flow determined by
the second-tier algorithm. Each multihop flow is treated as mul-
tiple single-hop flow segments. These segments are then correlated
such that a downstream segment will not be allocated a slot un-
less the upstream segments have all been allocated. We evaluate
the performance of CSAP by simulations. The results show that
CSAP meets the QoS requirements of guaranteed flows, provides
global fairness for best effort flows, and improves overall system
throughput.

Index Terms—Ad hoc networks, fair scheduling, mobility,
quality-of-service (QoS).

I. INTRODUCTION

A N ad hoc network is a self-organizing wireless network
comprised only of mobile nodes. In such a network, nodes

are interconnected by multihop paths without the support of any
preexisting wired infrastructure and may move in and out of the
transmission ranges of one another. A multihop path is built with
an ad hoc routing algorithm such as [1] and [2]. The constructed
path may be broken when a node on a path has moved away.
When this occurs, some rerouting procedure is initiated to re-
connect the path. In an ad hoc network, each node plays both
roles of a terminal and a router. Due to the fully distributed char-
acteristics of the network, collisions may occur and the system
throughput may be low without proper coordination among the
transmitting nodes.

Resource management for multimedia traffic in packet net-
works has been an active research topic. To date, research in
ad hoc networks has mostly been concerned with best effort
traffic. In particular, the major focus has been placed on fair
scheduling for ad hoc wireless networks [3]–[6]. Fairness is
an important criterion of resource sharing in best effort packet
networks, especially when there is competition for resource
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due to unsatisfied demands [7]. Fair scheduling allows all
participating flows to share resource fairly. With technolog-
ical advances in consumer electronics and increasing demand
of multimedia applications, one must address how to sup-
port quality-of-service (QoS) for multimedia traffic in ad hoc
networks. Providing QoS in ad hoc networks is a challenge,
given their peculiar characteristics compared with conventional
wired or single-hop wireless networks. In wired or single-hop
networks, only routers or base stations are involved in making
scheduling decisions. In ad hoc networks, all nodes may be
involved in making decisions. The major problem of a fully
distributed scheduling mechanism is that it may cause serious
collisions and significantly degrade network throughput without
proper coordination among transmitting nodes. This problem
is further exacerbated with node mobility, which may cause the
constructed QoS routes to fail. Existing work focuses mainly
on QoS routing [8], [9], which finds multihop paths to meet the
desired service levels of flows. However, QoS routing alone
cannot guarantee QoS requirements of multimedia traffic. This
paper studies a companion QoS issue for multihop, multimedia
mobile networks. We consider a mix of guaranteed and best
effort flows and investigate fair scheduling with QoS support
for the flows. Our work is motivated as follows. In the future,
while guaranteed flows (i.e., multimedia flows) will become
the most important traffic in the network, best effort traffic
will still play an important role. Since fairness is the key of
resource sharing for best effort traffic and QoS is the major
performance metrics for guaranteed traffic, it is important and
timely to study fair scheduling with QoS support for mobile
ad hoc networks.

The rest of this paper is organized as follows. Section II
states the related work of fair scheduling in ad hoc networks.
Section III describes the proposed credit-based slot allocation
protocol (CSAP). Section IV shows the simulation results.
Finally, the conclusion is drawn in Section V.

II. RELATED WORK

According to the decision metrics, existing scheduling
disciplines for best effort ad hoc networks can be classified
into two categories:timestamp-based[3]–[5] andcredit-based
[6]. In [3]–[5], timestamp-based fair scheduling mechanisms
are proposed for ad hoc wireless networks. They all have to
first convert a node graph into a flow graph. In a flow graph, a
vertex indicates a flow, and an edge is added when two flows
are contending for resource. The mechanisms in [3] and in [4]
work similarly. Each newly received packet is assigned two
tags: one is the start tag and the other is the finish tag, as in
[10]. Either tag can be used as the service tag. The packet with
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the least service tag is transmitted first. Let and denote
the start tag and the finish tag for theth packet of flow ,
respectively. The tag is assigned according to (1)

(1)

where and are the th packet of flow , the length
of , and the arrival time of , respectively; denotes
the virtual arrival time of is the flow weight of flow ,
indicating a certain percentage of link capacity to be shared by
the flow.

In [5], the scheduling decision is made according to the
contending power, instead of the service tag as in [3] and
[4]. The contending power of a flow, say, is defined as
follows. For each fully connected subgraph in which flow
is involved, say , in the flow graph, the flow weights of
all the flows in are first summed. The contending power
of flow (denoted as ) is then set to the maximum over
the summation of the flow weights in each subgraph, i.e.,

, where denotes the flows in
the set .

The timestamp mechanisms in [3]–[5] suffer from the fol-
lowing two problems: 1) packets in the queue are required to
sort increasingly based on their service tags and 2) their vir-
tual clock cannot be reset unless the queue has become empty
[11]. To avoid these problems, a credit-based scheme is pro-
posed in [6]. Unlike the credit-based mechanisms [12] and [13]
which use accumulated “credit” values for fair scheduling in
the wired line networks, the mechanism in [6] makes the de-
cision according to the excess value of credit usage, where the
excess value is equal to the actual usage minus the accumulated
credit. The flow with less excess in usage value has higher trans-
mission priority. As shown in [6], this credit-based mechanism
can achieve the same performance as timestamp-based schemes
without suffering their problems.

None of these existing mechanisms, namely, [3]–[6], consider
QoS support when fair scheduling is performed. They would
starve best effort flows if applied directly to support QoS for
guaranteed flows in a network with a mix of both types of flows.
The study in [14] shows that the timestamp-based mechanisms
tend to distribute resource equally among all flows even when
QoS support is taken into account. This characteristic may be
desirable for best effort traffic, but definitely not for guaran-
teed flows with different QoS requirements. Credit-based mech-
anisms, on the other hand, are easier to modify to support QoS
for guaranteed flows while ensuring fair share of residual band-
width for best effort flows.

In this paper, we propose a new mechanism called the CSAP,
which provides fair scheduling with QoS support for multi-
media mobile ad hoc networks. We consider a mix of best effort
packets and guaranteed flows, and use “bandwidth” as the QoS
metric due to its importance for real-time applications. In [11],
bandwidth requirement in time-slotted network is measured
in terms of a fraction of one time slot. As in [11], we use a
fraction of one slot time to denote the bandwidth requirement

of each guaranteed flow. The goal is to guarantee the bandwidth
requirements of guaranteed flows, while ensuring fair share
of residual bandwidth for best effort flows. Extended from
[6], CSAP has the following advantages over timestamp-based
schemes when QoS is provided with fair scheduling for mobile
ad hoc networks.

• The mechanisms in [3]–[5] require very complicated cal-
culations to determine the flow weight for (1), i.e., .
To extend them to allow QoS, an intuitive way is to assign
different flow weights to flows with different QoS require-
ments. However, if the flow weight is assigned based on
the flow requirement, best effort flows may be starved be-
cause each best effort flow has a zero flow requirement
and, thus, an infinite service tag according to (1). To avoid
such starvation, a centralized mechanism may be used to
calculate proper flow weights, but may be not practical for
ad hoc networks. On the other hand, each node in CSAP
accumulates flow requirements as its “credit” indepen-
dently, and slots are then allocated to each node propor-
tionally according to its credit.

• The mechanisms in [3]–[5] need to convert a node graph
into a flow graph before service tags are assigned. As a
result, they may incur frequent recomputations for such
conversions when node mobility is allowed. On the other
hand, the impact of mobility for CSAP is only on the reset
of “credit” values for affected flows, without extra calcu-
lations for graph conversions.

• To provide global fairness, the mechanisms in [3]–[5]
need a global scheduling window defined as the max-
imum number of packets allowed to send for a flow in a
predefined period of time. This may incur large overhead
due to intensive message exchanges for mobile ad hoc
networks. On the other hand, CSAP does not need such a
scheduling window and still maintains global fairness for
the network.

III. CREDIT-BASED SLOT ALLOCATION PROTOCOL(CSAP)

In this section, the proposed CSAP is described. We consider
a mix of best effort and guaranteed flows. The features of CSAP
are summarized as follows.

• A slot allocation mechanism, which supports QoS require-
ments for guaranteed flows and ensures global fairness for
best effort flows in mobile ad hoc networks.

• A cluster-based mechanism to achieve spatial channel
reuse

• A two-tier hierarchy to allocate time slots for better coor-
dination among transmitting nodes

• A credit-based mechanism to avoid the defects of time-
stamp-based mechanisms.

Note that our mechanism works with different residual band-
width allocation schemes, including fair scheduling for best ef-
fort flows only, for a mix of best effort and guaranteed flows,
or for a mix of flows but with an upper limit on the resource
share for guaranteed flows. In this paper, we just demonstrate
the second case, i.e., for a mix of flows without an upper bound
on each flow.

Authorized licensed use limited to: National Taiwan University. Downloaded on January 20, 2009 at 22:40 from IEEE Xplore.  Restrictions apply.



1644 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 21, NO. 10, DECEMBER 2003

A. Assumptions

• Wireless media may exhibit time-varying errors due to
co-channel interference, fading, link errors, and collisions.
In this paper, we only consider the errors caused by colli-
sions as in [3]–[5].

• We assume a time-division multiple-access (TDMA)-based
system on a single channel shared by all nodes. To avoid
interference among different clusters, we further assume
TDMA is overlaid on top of a CDMA system, as in existing
work [9]. A code assignment algorithm is assumed running
in the lower layer of our system. Each TDMA frame contains
a fixed number of time slots. The network is synchronized
on a frame and slot basis.

• A mobile node cannot transmit and receive packets simulta-
neously as in [3] and [4].

B. Cluster-Based Scheduling

CSAP is a cluster-based mechanism. All mobile nodes
in the network are logically divided into several clusters.
Clusters may be overlapped, each with a designated code to
avoid interferences. CSAP can cooperate with any existing
clustering algorithm (e.g., [15], [16]) to form clusters. For
example, a cluster could be formed as follows. Each mobile
node periodically broadcasts beacons to nodes located within
its transmission range. Based on the received beacons, mobile
nodes learn of their neighbors and related information, such
as node ID, node stability, etc., for operation. According to
the selected criterion, one node is elected as the scheduler
per cluster. Each scheduler periodically advertises itself to its
neighbors, from which newly arriving mobile nodes learn where
to register. Those nodes which can hear the same scheduler
form a logical cluster. Each node can hear several schedulers,
but can only be registered with one scheduler at a time.

C. Scheduling Tables

Each node on any flow path maintains a table called flow al-
location table (FAT) for flow scheduling. The nodes selected as
schedulers need to maintain an extra table called Node Alloca-
tion Table (NAT) for node scheduling.

1) Node Allocation Table (NAT):Maintained at the sched-
uler; each entry is for a (node ID, service type) pair, and has
seven fields: a node ID, a service type, aResv, aNum, aCredit,
a Usage, and anExcess. The (node ID, service type) pair is to
identify each entry; theResvfield, used in the guaranteed ser-
vice entry, specifies the total reserved resource accounting for
all guaranteed flows relayed by that node; theNumfield, used
in the best effort service entry, records the number of best effort
flows managed by the corresponding node; theCredit, Usage,
andExcessfields are used for the first-tier scheduling.

2) Flow Allocation Table (FAT):Maintained at the path
node (i.e., a node on a flow path); each entry is for a (flow,
service type) pair and has eight fields: a flow ID, a service
type, a scheduler ID, aResv, a Credit, a Usage, an Excess,
and a -size. The (flow ID, service type) pair is to identify
each entry; theResvfield is to specify the requested bandwidth
requirement for the flow; theCredit, Usage, Excess, and -size
fields are used for the second-tier scheduling. Note that the
Resvvalue is used to denote the QoS requirement of a flow, and

Fig. 1. An example to explainQ-size.

is represented as a fraction of one time slot. For a guaranteed
flow, this value is a positive real number between zero and one;
for a best effort flow, this value is always zero.

D. Scheduling Parameters

In CSAP, three parameters are defined for slot allocation:
Credit, Usage, andExcess. For a scheduler, these three param-
eters are used for registered nodes, and for a node, they are for
relayed flows. To accommodate both cases, we use a “request”
to represent a node entry in NAT and a flow entry in FAT.

1) Credit: The cumulative time slots required for a guaran-
teed request, or the remaining slot quota per iteration1 for a best
effort request. For a guaranteed entry, the initialCredit value is
set to aResvand is increased by an amount ofResvat each time
slot. For a best effort entry, the initialCreditvalue in NAT is set
to aNumand is decremented by one when a slot is assigned to
the entry; but in FAT, theCredit value is always set to zero for
each best effort service entry.

2) Usage: The cumulative time slots assigned to a request.
The Usagevalue is initialized to zero and is increased by one
when a time slot is allocated to the request.

3) Excess:This value is used to determine to whom the next
time slot is assigned. The next time slot is assigned to the request
with the least “Excess” value. For guaranteed entries, theExcess
values are equal to “UsageminusCredit,” and are updated at
each time slot. For best effort entries, theExcessvalues in FAT
are also equal to “UsageminusCredit” and are updated at each
time slot; but in NAT, theExcessvalues are initialized with zero,
and are increased by one at each “iteration.” In other words, the
Excessvalue of a best effort entry in NAT is updated only when
the correspondingCredit value counts down to zero. After the
Excessvalue has been updated, theCreditvalue is reset to aNum
value and a new iteration starts.

In CSAP, a multihop flow is modeled as multiple single-hop
flow segments. For example, flow in Fig. 1 is comprised of
five single-hop flow segments, i.e., , and .
The source and the destination of floware nodes 1 and 6, re-
spectively. The sender of each flow segment is registered with a
scheduler. The registered schedulers may not be the same. For
example, nodes 1 and 2 are registered with scheduler S1, while
nodes 3 and 4 are registered with S2. In CSAP, each scheduler
works independently. As a result, even though a downstream
flow segment has been assigned a slot, it may not have packets
queued to be transmitted unless the upstream flow segments
have all been allocated a slot. To correlate the segments be-
longing to a flow, a new parameter is defined, called-size.
Each flow has a corresponding-sizemaintained in the FAT of
each node on the flow path. This parameter is initialized with

1An “iteration” is a cycle in which the value of aNumis count down from the
original value to zero.
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zero at all nodes except for the sender, which has a nonzero
-sizedepending on the number of packets to be transmitted.

When a node receives a packet sent from its previous node, the
-sizevalue corresponding to this flow is increased by one.

Similarly, the -sizevalue is decremented by one when this
node transmits a packet to its next node. Thus, we can avoid a
downstream segment being allocated a slot but without a packet
ready to be transmitted. Thus, when a node is assigned a slot by
its scheduler, it will further allocate the slot to a flow with the
least Excess value and nonzero-size.

E. Service Registration

Before a transmission starts, the sender of the flow must first
determine a flow path, irrespective of whether it is a best effort
or guaranteed (i.e., QoS) flow. Best effort flows do not place any
resource requirement on the path nodes (i.e., the nodes along the
path). However, for a QoS flow, the determined path needs to
meet the desired QoS level of the flow. CSAP can be easily in-
tegrated with any existing ad hoc routing protocol for path con-
struction. For best effort flows, ad hoc routing is used (e.g., [1],
and [2]); for guaranteed flows, QoS routing is required (e.g., [8]
and [9]). Below, we simply use an existing QoS routing mecha-
nism as an example to illustrate how CSAP works.

1) Path Construction:To construct a path, the sender first
broadcasts a route REQuest (RREQ) message with a service
type, aResv, and other information such as routing messages
to its neighbors. Each node receiving this RREQ to relay the
flow’s packets will verify if the summation of the reservation
levels (i.e.,Resv) of all relayed flows, including the newly ar-
riving one, is less than or equal to the target link utilization. If
the verification fails, the request is denied and the RREQ packet
is discarded; otherwise, the request is tentatively accepted and
the RREQ packet is rebroadcast to its neighbors after a tempo-
rary entry2 for the flow is created in FAT. Duplicated RREQ
messages are dropped when received.

When an RREQ reaches the flow destination, a route REPly
(RREP) message is sent along the reverse path of the RREQ
back to the source. Upon receiving an RREP message at a node,
the node learns which node is the next hop on the path. Suppose
that node receives an RREP from node . Node then
performs service registration as follows.

1) Node sends a resource Allocation ReQuest (ARQ)
message, including the service type and the cumulative
Resvvalue, to a scheduler which can serve both nodes
and . The cumulativeResvincludes theResvvalues of
all entries in its FAT, including temporary entries.

2) The scheduler then verifies if the totalResvvalues of all
entries including the new ARQ are still less than or equal
to the target link utilization. If the verification fails, the
request is denied and an NAK is sent back to the node;
otherwise, the scheduler updates its NAT and an ACK
is replied. Note that the NAT is updated as follows. The
scheduler creates a new entry in the NAT for the request
if the node has made requests for the first time; other-
wise, the scheduler modifies theResvvalue of the corre-
sponding entry in the NAT.

2A temporary entry is not considered in the scheduling at the node. Such an
entry will become regular once a confirmation is received within a predefined
timeout. If the timer expires before a confirmation arrives, the entry is deleted.

3) If an ACK is received, node switches the corresponding
entry in FAT from temporary to regular, and relays the
RREP message to its previous node on the path. If an
NAK is received, node tries to register with another
eligible scheduler (i.e., from which the advertisement can
be heard). If all attempts fail, a new path should be built
and all the constructed entries in both NAT and FAT for
the flow should be deleted.

When this RREP message reaches the source node, a
qualified QoS route is constructed and service registration
is completed.

2) Path Remedy:Rerouting is used to deal with the problem
of path disconnection due to node mobility. From periodic bea-
cons, each node on the flow path can detect if its previous node
or next node has moved away from its transmission range. Once
a broken path is detected, the nodes detecting the breakage each
sends an NAK (i.e., path broken) message to the sender or the
destination following the flow path.3 The nodes, say node ,
on the path receiving this NAK releases the reserved resources,
and updates the tables as follows.

a) Remove the corresponding flow entry from its FAT.
b) Inform the scheduler. There are two cases:

• Send an NAK (i.e., service deactivation) to the
scheduler if node has no more flows with that
service type registered with the scheduler. This will
make the scheduler delete the corresponding entry
from its NAT;

• Send an ACK (i.e.,Resv/Numupdate) to the sched-
uler if node still has some other flows with that
service type registered with that scheduler. This will
make the scheduler update the corresponding entry
in its NAT. For guaranteed service entries, this up-
datedResvis equal to the originalResvvalue (i.e.,
the sum ofResvvalues from all managed flows)
minus this flow’sResvvalue; for best effort entries,
the updatedNumis equal to the originalNumvalue
minus one.

Once this NAK (path broken) message reaches the sender,
the path construction and service registration procedure as de-
scribed in Section III-E is reinitiated.

F. Two-Tier Slot Allocation

In CSAP, slot allocation is based on a two-tier mechanism.
The scheduler assigns time slots to nodes based on the first tier
slot allocation mechanism. The node to whom the next time slot
is assigned then in turn assigns the time slot to a flow based on
the second-tier slot allocation mechanism.

1) Table Initiation: Suppose that there are entries in the
NAT of a scheduler. These entries can be divided into two
sets: and , indicating guaranteed and best effort service
entries, respectively. Each entry of NAT is initialized as follows.
For each entry in set Credit Resv Usage

, andExcess Usage Credit ; for each entry

3Note that depending on which ad hoc routing is used, the path can be recon-
nected from the broken point, i.e., at the node which has detected the breakage,
or from the sender. In this example, we just demonstrate how rerouting is per-
formed from the sender.
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in set Credit Num Usage Excess

.
FAT entries are initialized similarly. Suppose that there are
entries in the FAT of a node, say node. Each entry of

FAT is initialized asCredit Resv Usage

Excess Usage Credit , and
-size if node is not the sender of flow.
2) Slot Allocation: The first tier slot allocation mechanism

works as follows.

a) The scheduler assigns the next time slot to the node with
the smallestExcessvalue in the NAT at the decision time.

The scheduler then updates the values ofCredit, Usage,
andExcessin all entries of the NAT, as follows.

b) TheUsagevalue of the node scheduled to send at the next
time slot, say node , is incremented, and all the others
are left intact, i.e.,Usage Usage , where
Excess Excess .

c) The Credit value of each guaranteed-service entry is
increased by aResv, i.e., Credit Credit

Resv . The Credit values of all nodes be-
longing to set remain intact. However, if node
to whom the slot is assigned is in set, the Credit
value of node will be decremented by one, i.e.,
Credit Credit , and the other best effort
entries will still remain intact.

d) TheExcessvalue of each guaranteed-service entry is up-
dated asExcess Usage Credit ,
and that of each best effort entry stays unchanged. How-
ever, if node to whom the slot is assigned is in set
and theCredit value of node is zero, theExcessvalue
of node will be increased by one and theCredit value
of node will be reset to the value of aNum, i.e., if
Credit , thenExcess Excess and
Credit Num .

The second-tier slot allocation algorithm works as follows.

a) A node, say node , cannot schedule any flow packets
unless it has been assigned a time slot. Once nodeis
assigned the time slot, it assigns the slot to a flow with
nonzero -size. Suppose that of the entries in the
FAT have nonzero -sizevalues, where . The time
slot is assigned to flow if it satisfies the following three
conditions.

• .
• Flow has the smallestExcessvalue among the

flows.
• The service type of flow matches the service type

of node designated by the scheduler.
Node then updates the values ofCredit, Usage, Ex-

cess, and -sizein all entries of the FAT, as follows.
b) Increment theUsagevalue of the flow scheduled to send

at the next time slot and leave the others intact. That
is, Usage Usage , whereExcess

Excess .
c) Update theCredit values of all entries in the FAT as

Credit Credit Resv .
d) Update theExcessvalues of all entries in the FAT as

Excess Usage Credit .

e) Update the -size values of flow and leave the
others intact. In other words, the-sizevalue of flow

is decremented, while that of the flow receiving
a packet from its previous node is incremented, i.e.,

-size -size if node is the sender of
flow ; -size -size if node is the
receiver of flow .

3) Table Updates for Broken Path Remedy:When a flow
route is broken due to node movements, a path remedy process
is initiated. Depending on the companion routing protocol, path
remedy may be initiated by the sender or the path node dis-
covering the broken path. After the route is reconnected, those
nodes no longer on the path delete the corresponding entries in
their FAT’s. Meanwhile, the scheduling parameters at all nodes
on the reconnected path are updated. Thus, for each node, say
node , on the reconnected path of flow, flow ’s entry in
its FAT is reset as follows:

a) Credit Resv ;
b) Usage ;
c) Excess Usage Credit ;
d) -size if node is not the sender of flow .
The NAT of node ’s scheduler is also modified. There are

two cases.

a) Update theResvvalue for node as Resv

Resv Resv , or Num Num ,
depending on the service type, and keep other parameters
intact if node has other flows and has been registered
with the scheduler.

b) Create a new entry for node, and set the parameters as
follows if node is registered with the scheduler for the
first time. If the service type is guaranteed, the setting is
Resv Resv Credit Usage

, andExcess Usage Credit ; if it
is a best effort entry, the parameter setting becomes
Num Credit Num Usage

, andExcess .

Note that the schedulers of path nodes may move away. In
this case, the affected path nodes have to reinitiate the scheduler
selection process as mentioned in Section III.B so as to select
a new scheduler, even though the path is not broken. Let node

denote the move-away scheduler, anddenote the newly
selected scheduler. The corresponding tables of these two nodes
are updated as follows.

a) If node has not received beacons from some the reg-
istered nodes for a predefined time interval, the corre-
sponding entries in its NAT are deleted. Once all the en-
tries of its NAT become empty, nodeswitches its role
to a normal node.

b) For node , a new entry is created for each registered
node in its NAT and the table is updated accordingly.

G. An Example

Figs. 2 and 3 show how CSAP works. Fig. 2(a) shows a
seven-node ad hoc network. These nodes are logically divided
into two clusters, each with one scheduler (represented as a
square). Nodes 1 and 2 are the schedulers; nodes 3, 5, 6, 7 can
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(a) (b)

Fig. 2. An example for CSAP operations. (a) Network topology. (b) Flow
information.

hear scheduler 1; nodes 3 and 4 can hear scheduler 2. There are
two flows currently active in this network, i.e., flows F1 and F2.
Fig. 2(b) summarizes the flow information. Suppose that each
flow has 12 packets to be sent. Thus, the-sizevalues of nodes
5 and 6 are both initialized with 12, and those of the other nodes
are set to zero. Both flows are multihop flows. Thus, node 1 has
four entries in its NAT: two for guaranteed service and two for
best effort service. Node 2 has only one entry in its NAT, which
is a guaranteed entry.

Fig. 3(a) and (b) shows the slot allocations of the schedulers
(i.e., nodes 1 and 2) to the registered mobile nodes. The for-
mats of K(b) and K(r) denote the entries of the NAT for node
K with best effort and guaranteed service types, respectively. C,
U, and E representCredit, Usage, andExcess, respectively. Ini-
tially (i.e., at time zero), the scheduler copies theResvvalues
of ARQs as theCredit values in the corresponding entries, sets
the value ofUsagezero in all entries, and calculates theEx-
cessvalue as “UsageminusCredit” for each entry. For sched-
uler node 1, theExcessvalues of N1(r), N1(b), N5(b), and N6(r)
are , respectively. The first slot can be assigned
to either entry of N1(r) or N6(r) due to a tie on the leastEx-
cessvalue. Suppose the first slot is assigned to N6(r). Therefore,
the Usageof N6(r) becomes one, and the newExcessvalue is

. The second time slot is assigned to N1(r) due to
the leastExcessvalue. The updates of the NAT’s at scheduler
nodes 1 and 2 are based on the first tier scheduling in a five-slot
time span.

Fig. 3(c), (d), and (e) shows the slot allocations of mobile
nodes to the relayed flows. To better examine the allocation for
a multihop flow, the FAT updates at the path nodes of a flow are
depicted. We use F1 as an example, and show the FAT updates at
nodes 6, 1, and 3. Since the first slot of scheduler node 1 is allo-
cated to node 6, node 6 then allocates the slot to a flow based on
the second-tier slot allocation. Since, flow F1(r) is the only flow
with a nonzero -sizemanaged by node 6, the slot is assigned
to F1(r). Thus, the -sizeof F1(r) at node 6 (i.e., sending node)
is decremented by one, i.e., [Fig. 3(c)], and that of
F1(r) at node 1 (i.e., receiving node) is incremented by one, i.e.,

[Fig. 3(d)]. The other fields of F1(r) in node 6’s FAT
are updated accordingly. The second slot of scheduler node 1 is
allocated to node 1. Node 1 then in turn allocates the slot to flow
F1(r) due to the leastExcessvalue and a nonzero-sizevalue.
The -sizevalues of F1(r) at nodes 1 (sending node) and 3 (re-
ceiving node) are updated accordingly. Note that in Fig. 3(e),
while the first two slots of scheduler node 2 is allocated to node
3, node 3 does not further allocate these two slots to F1(r), the
only flow managed at node 3, due to the zero-sizevalue of
F1(r) at node 3. Thus, these two slots are wasted. Flow F1(r) at

node 3 is allocated a slot at the third slot, when the-sizeof
F1(r) is nonzero.

H. Bottleneck Consideration

In CSAP, a multihop flow is treated as multiple single-hop
flows called flow segments. Each multihop flow is associated
with a -sizeso that a downstream segment will not be allocated
a slot unless the upstream segments have all been assigned a
slot. The use of the -sizeparameter can only correlate those
segments belonging to a multihop flows to some extent. Each
segment may be registered with a different scheduler engaging
a different number of flow segments. Some may be involved in
more segments and some may in less. As a result, each segment
may not be allocated with the same number of time slots. The
more segments managed by a scheduler in a cluster, the less
residual bandwidth each segment can be allocated and the less
throughput each flow can have. Thus, the bottleneck cluster of
a multihop flow, i.e., the cluster with the largest number of flow
segments on the flow path, will determine the flow throughput.

Fig. 4 shows an example to explain how the bottleneck cluster
affects the throughput of a multihop flow. Fig. 4(a) shows a
14-node mobile ad hoc network, in which the squares represent
schedulers and the circles are mobile nodes. There are five mul-
tihop flows active in the network. The dashed arrows are for
best effort flows and the solid arrows are for guaranteed flows.
Fig. 4(b) summaries flow information. Suppose Fx is a mul-
tihop flow with path . The segments
of flow Fx are denoted as , respec-
tively. Fig. 4(c) shows the schedulers and the senders of flow
segments registered to the schedulers. It also shows segment in-
formation including the sender of each segment (i.e., indicated
by NID), the service type, and theResvvalue.

We introduce a recursive methodology to estimate flows’
throughputs. Suppose that the network is partitioned into

clusters. Without loss of generality, the clusters are
assumed in a descending order of the congestion degree4 , i.e.,
Resv Resv Resv . Let denote the
number of flow segments in cluster, and denote the
number of flow segments in both clustersand . Let denote
the set of flows in cluster, and denote the set of flows
in both clusters and . Let be the target share of residual
bandwidth for flow in cluster . Thus, the target share of
residual bandwidth for each flow, say, in cluster 1 is in (2)

Resv
(2)

The target share of residual bandwidth for each flowin
cluster 2 but not in cluster 1 is (3)

Resv

(3)

Therefore, to find the share of flowin cluster , we should
first recursively calculate the share of each flow segment in
cluster , but bottlenecks are in clusters .

4The congestion degree of a cluster is defined as the total reservation level
recorded by the scheduler.
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Fig. 3. CSAP operations.

(a) (b) (c)

Fig. 4. An example of a bottleneck cluster. (a) Network topology. (b) Flow
information. (c) Scheduler registrations.

For example, as shown in Fig. 4(c), the most congested cluster
is managed by node 0 and the residual bandwidth shared by each
single-hop flow is . Thus, F3 and F4 are each
allocated the resource in a fraction of . The
second congested cluster is managed by node 1. The residual
bandwidth shared by each flow segment is .
Thus, F1, F2, and F5 share the resource in a proportion of (0.267,
0.067, 0.067). The least congested cluster is managed by node
2 and the residual bandwidth shared by each flow is supposed
to be . However, F5 spans over two clusters and
its bottleneck cluster is the second one (i.e., managed by node
1). Thus, it can only be allocated the resource with a fraction of
0.067 in this cluster (i.e., ).

IV. SIMULATION

In this section, the performance of CSAP is evaluated
via simulation. The simulation environment is described as
follows. There are 20 mobile nodes randomly distributed in a
670-m 670-m area. The transmission range of each node is
250 m. We randomly select nodes, some as flow sources and
some as flow destinations. Each flow may be a best effort or

guaranteed flow. The duration of each slot is set to 577s and
each frame is of eight slots. Each packet is assumed to occupy
one time slot, and is of fixed packet length.

In the simulation, a cluster is formed as follows. Each node
can learn of its neighbors from periodic beacons. The node with
the smallest node ID becomes the scheduler. The scheduler then
periodically broadcasts a message to advertise this information.
Those nodes, which can hear the same scheduler, form a log-
ical cluster. Therefore, clusters may be overlapped and a node
may hear multiple schedulers. Once the scheduler of a node has
moved away, the scheduler selection process is reinitiated.

A. Performance Metrics

We define several metrics to better evaluate the performance
of CSAP as follows.

1) Flow Throughput : The fraction of bandwidth allo-
cated to each flow. The flow throughput of flow is defined
as Slot total slots , whereSlot denotes the
number of packets received at the destination of flow. Flow

is satisfied with the QoS demand if is larger than its
reserved level, i.e., Resv .

2) Share Degree : The fraction of residual bandwidth
shared by each flow. Here, residual bandwidth means the band-
width left after the bandwidth up to the minimum requirements
requested by all QoS flows have been allocated. The share de-
gree of flow is defined as the slot allocation minus its reser-
vation level, i.e., Resv .

3) Satisfaction Index : This parameter indicates how
well all QoS flows are satisfied. is defined in a way similar
to the definition of the fairness index in [17]. The parameter

indicates if a QoS flow has been satisfied. If the time slot
usage of a QoS flow is larger than or equal to its minimum
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requirement, is set to be one; otherwise indicates the
insufficient portion. Thus, , where

Resv

is a weight, is number of QoS flows and
.

4) Fairness Index : This parameter indicates how fair the
residual bandwidth is shared by all flows. Again, this definition
is similar to the fairness index defined in [17]. The difference
is that our definition is based on the share degree, instead of
flow throughput . Thus, , where

is the number of flows, and .
5) Network Throughput:Defined as , where

is the set of all flows in the ad hoc network.

B. Multihop Flows Without Mobility Support

We randomly generate five flows in a 20-node network, two
are best effort flows and three are guaranteed flows. These 20
nodes are logically partitioned into four clusters. There are no
node movements during the simulation period. Fig. 5(a) shows
the node topology and Fig. 5(b) describes the flow informa-
tion, including the flow route, the service type andResvvalue,
the corresponding single-hop flow segments, and the registered
scheduler of each segment. TheResvvalues of guaranteed flows
are randomly generated between zero and one to indicate the
QoS requirements. Fig. 5(c) shows the flow throughput of each
flow. The black bars are for CSAP, and the white bars are for
the respectiveResvvalues. We see that CSAP provides the min-
imum requirement for all guaranteed flows.

We then calculate the estimated the share degree of each flow.

1) The residual bandwidth shared by each segment in each
cluster is roughly derived as follows.

a) Scheduler 2 manages three flow segments, each
with a share of .

b) Scheduler 8 manages five segments, each with a
share of .

c) Scheduler 1 manages one segment, with a share of
.

2) The descending order of clusters according to the conges-
tion degree is: .

3) The estimated share degree is then

a) Flows 0 and 4 are bottlenecked by cluster 2, and
each has a share degree of 0.0273.

b) For those segments (except from flow 0) managed
by scheduler 8, the share for each becomes

. Thus, each of
flows 1 and 3 has a share degree of 0.126 425.

c) Flow 2 is the only flow managed by scheduler 1 and
has a share degree of 0.603.

Fig. 5(d) shows how these five flows share the residual band-
width. In this example, CSAP has a share degree slightly lower

(a) (b)

(c)

(d)

(e)

Fig. 5. Mixed flows without mobility support. (a) Node topology. (b) Flow
information. (c) Flow throughput. (d) Share degree. (e) Other performance
index.

than the estimated value because some slots may be assigned
to nodes which have no flows with nonzero-size. Thus, some
slots are wasted. Fig. 5(e) shows the other performance indices,
including the satisfaction index, fairness index, and network
throughput. Since each guaranteed flow is satisfied with the re-
quested resource, the satisfaction index is one. The low fairness
index is again due to the effect of clustering on a nonmobile
network and the high network throughput is thanks to the spa-
tial channel reuse from clustering.

C. Multihop Flows With Mobility Support

This simulation evaluates the performance of CSAP when
node mobility is allowed. The mobility pattern of each node
follows the random waypoint model [18]. Each node randomly
selects a target position and speed to move. The speed a mo-
bile node selects is within (0 and Max) meters per second. After
arriving at the target position, the mobile node stays in that po-
sition for a predefined period of time called pause time. The
mobile host then randomly selects a new target position and a
speed, and move again.
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(a) (b)

(c) (d)

(e) (f)

Fig. 6. Mixed flows with mobility support. (a) Flow information. (b) Flow throughput. (c) Share degree. (d) Satisfaction index versus mobility. (e) Fairness index
versus mobility. (f) Network throughput versus mobility.

We randomly generate five flows: three are best effort
flows and two are guaranteed flows. The network is initially
partitioned into five clusters. Flows 0, 1, and 2 are best effort
flows; flows 3, and 4 are guaranteed flows with aResvof 0.295
and 0.322, respectively. Fig. 6(a) shows the flow information.
Fig. 6(b) shows the flow throughput of each flow with a setting
of 20 m/s maximum speed and 1-s pause time in the mobility
model. The black bars are for CSAP and the white ones are for
the requestedResvvalues. Again, CSAP can satisfy each QoS
flows’ minimum bandwidth requirement. Fig. 6(c) shows the
share degree of each flow. Again, it has a high fairness index of
0.948 289. Fig. 6(d) and (e) shows the impact of mobility on the
satisfaction index and the fairness index for CSAP. We find that
our mechanism meets the minimum requirement of each flow
at any speed (i.e., the values of the satisfaction index are all
one) and fairly share residual resource among flows especially
at a higher speed. However, as the moving speed is very fast
(40 m/s in this example), flows with frequently broken routes
are allocated less number of slots. Thus, the fairness index
degrades. Finally, the network throughput, with the maximum
speed varying from 5 m/s to 40 m/s, is shown in Fig. 6(f). It
is above one in all cases. Again, due to frequent rerouting, the
network throughput decreases as the speed increases.

V. CONCLUSION

In this paper, we have proposed a credit-based slot alloca-
tion protocol (CSAP) with mobility support, which provides fair

scheduling with QoS support for multihop, multimedia ad hoc
wireless networks. Based on a two-tier scheduling algorithm,
CSAP can cope with frequent node movements and the fully dis-
tributed nature of ad hoc networks, which distinguishes CSAP
from other credit-based solutions for wired or single-hop wire-
less networks. CSAP models each multihop flow as multiple
single-hop flows and uses a-sizeto correlate the segments be-
longing to the same flow. We have studied the performance of
CSAP via simulation, both with and without node movements.
The simulation results show CSAP improves system throughput
and ensures global fairness among all flows while satisfying the
requirements of guaranteed flows.

There are still many related issues to be studied. For example,
in this paper, we only consider “bandwidth” as the QoS metric
for guaranteed flows. In the future, we will investigate the same
issue but with different metrics such as delay/latency. Besides,
we will verify our results but based on different fairness indices
such as min–max fairness.
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