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Abstract—Mobile ad hoc networks (MANETs) provide a range of each other, or indirectly using multiple hops through
powerful and dynamic platform to enable mobile computers to  jntermediate nodes. Nodes are free to move around, join and
establish communications without an existing infrastructure. In leave the network as needed. As this happens, new links form
order to provide support for multimedia applications, Quality s ’ . .
of Service (Q0S) support becomes an important component in &5 nodes come within range of each other, and existing links
their design. Research is being conducted to design routing break as two nodes move out of range of each other. These
protocols in MANETs that contain QoS support features constant changes in topology impose a significant challenge
and capabilities. However, the research in this area is still in for communication protoco|s to continue to provide multi—hop
its early stages. In this paper, we present a dynamic range communication between nodes.

bandwidth reservation protocol for TDMA-based MANETS. In - . . -
this protocol, a source nodeS, that needs to send data, sends a Existing MANET routing protocols provide the capability

request message (QREQ) to reserve a QoS path to the desiredfor eStabliShing mUlti-hOp paths between nodes on a best
destination node D. In the reservation message, the source effort basis [11]. However, some applications, such as real-
node specifies a dynamic rangebfnin, bmaz] Of the number of  time and multimedia, need not only the capability to establish
slots needed to transmit the data. The intermediate nodes along .o ymunications between nodes but also require of the network
the path try to reserve a number of slots, b..-, that is equal . . . .

to the maximum number of slots that are “available” within duality of service (QoS) guarantees on bandwidth, bit error
this range Bmin < bewr < bmas). The protocol also permits rate, and delay. The bandwidth requirement is usually the most
intermediate nodes to dynamically “downgrade” existing paths essential and challenging in such a dynamic environment [5].
that are functioning above their minimum requirements in There are several papers that address the subject of QoS
order to allow the successful reservation for the maximum o\ ting in MANETS in different environments and with differ-
number of requested paths. When the network traffic load is ¢ del d h 1211141, In thi id
later decreased, the existing paths are able to be “upgraded” ent models and approac e§[ .][ ]. In this paper' We_ (?O.nSI er
to function with higher bandwidth requirements that are close the problem of QoS routing in a TDMA (Time Division

or equal to the maximum desired level §,...). This allows Multiple Access) environment. This communication protocol
the network to admit new QoS paths instead of denying such is a simpler and less costly alternative to the CDMA-over-
requests by allowing for “graceful degradation” of other paths. TDMA (CDMA: Code Division Multiple Access) environ-

The paper also presents several optimization techniques which .
are designed to increase the efficiency and throughput of the ment. QoS routing protocols for CDMA-over-TDMA based

network. This protocol allows a higher level of flexibility in @d hoc networks are considered in other papers [2][4][10]. In
providing and maintaining QoS support in MANETS. the latter protocol, a particular node’s use of a slot on a link is

dependent only upon the status of its 1-hop neighbor’s use of
this slot. However, in the TDMA model, a node’s use of a slot

depends not only on the status of its 1-hop neighbor’s use of
this slot; its 2-hop neighbor’s current use of this slot must be
. INTRODUCTION considered as well. This is due to the well-known hidden and

Networki q icati " idl exposed terminal problems, which must be taken into account.
__etworking and communication systems are rapidly 9roWs,q o 5qer s referred to [5] for a more thorough discussion
ing in use, sophistication, power, flexibility and mob|I|ty.0 these issues

Mobile ad hoc networks (MANETS) are also gaining increase Jawhar and Wu [7][6] provided a race-free bandwidth

attention in the research community because of the great PO$8Larvation protocol for QoS routing in TDMA-based ad hoc

bilities they provide in many applications such as conferenc%setworks_ It extends the work done by Liao and Tseng [8]
disaster recovery, military systems, as well as other envir

: : . hich presents a bandwidth reservation protocol for MANETSs
ments that require the establishment of dynamic networ

between mobile devices without existing infrastructure [13 ich does not solve the race condition that can arise when
. : ultiple paths sharing intermediate nodes are being reserved
In a MANET, mobile nodes establish a network on the fly ble p g 9

- C multaneously. This problem can reduce the throughput and
they come within range of each other. Communication bewVegﬁiciency of communications in MANETS as the traffic load

two nodes is done either directly with 1-hop if they are W'th"&nd mobility of the network increase. The solution provided
This work was supported in part by NSF grants CCR 0329741, caRy Jawhgr and Wu uses three states to control slgt release and
9900646, ANI 0073736, and EMI 0130806. Emdiimadi, jie} @cse.fau.edu reservation as opposed to the two-state mechanism presented
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by Liao and Tseng. This process is discussed later in thismd status of the network.
paper. The remainder of the paper is organized as follows. Section
In this paper, we propose a protocol that builds on o@rdiscusses related work in this field. Section 3 provides back-
previous work in [7] by adding the flexibility of dynamic ground and current research. It also discusses the limitations of
range reservation. Instead of specifying a fixed numbgr €EXisting protocols. In section 4, we present our protocol, and
of TDMA-frame data slots, the application layer specifies &€ corresponding algorithms at the source and intermediate
range P,nin, bmaz] for the number of slots that are needed fopodes. Section 5 contains the algorithms for downgrading and
a particular session. The advantages of this added flexibil#pgrading paths. The last section will present conclusions and
are that it: future research.

« Provides the network with an ability to adapt the resource Il. RELATED WORK

reservatlon process to its 't.rafflc load conditions. . Bandwidth reservation with QoS routing in MANETS is
« Provides a higher probability of successful allocation of .

. .an issue that has been and continues to be investigated by
the requested QoS path. More sessions can be adm'ﬁl‘acrjrent researchers. In [2] a ticket-based QoS reservation

?g etrP;(te)yn?rt]v(\:/:)erI; S?:S ?rlllgm:]eudmtg;:al;ef F:J:gzs'amngltg?:\zgisg*otocol has begn proposed.. However, it makes the assumption
better resource sharing, balancing and utilization. Hat the bandW|dth caIguIann of a npde can be determ|r'1ed

« Provides the ability Ofg;“aceful degradation to mul- independently of its ne|ghbors. Th|§ IS a strpng assumption
because such a protocol might require a multi-antenna model.

timedia or Tea"“me appllcat|or_13. The q_uahty of thqn [10] a calculation algorithm for bandwidth is presented.
communication (and corresponding bandwidth usage) cgn

be increased during periods of low network traffic an owever, it assumes that neighboring nodes broadcast with
' auning period N W W ) ' aifferent codes, which is the case in the CDMA-over-TDMA
decreased without disruption (“bend but don’t brea

e . : : L model. In that case a code assignment algorithm must be used.
policy”) during periods of increased network activity. Such an algorithm was presented in [1].

The protocol is on-demand, source based and similar toThe protocols in [3][10] combine information from both
DSR [11]. Its on-demand nature makes it generally mothe network and data link layers. One of several paths to the
efficient, since control overhead traffic is only needed whetestination are discovered, regardless of the link bandwidth
data communication between nodes is desired. The protoashilable on the nodes along those paths. The path bandwidth
works in the following manner. A routing protocol of ato the destination is calculated only after the path is discov-
source nodeS, receives a request from its application layeered. Having to discover the paths to the destination before
to establish a communication session (QoS path) with dg@termining whether the required bandwidth is available along
particular nodeD. The application layer specifies a dynamithose paths provides for less scalability, less adaptability to fast
range pmin, bmaz] for the number of data slots (bandwidth)topology changes, added calculation overhead, and increased
required for this session. Nodg issues a QoS path requesmessage traffic. In [4], this combined approach is also used.
(QREQ) message to the destination. As the QREQ messdde authors modified two existing on-demand routing pro-
propagates to the destination, it will allocate as many slaiscols, the Ad hoc On-demand Distance Vector Protocol, or
as possible within the specified range. An intermediate no8©DV [11], and Temporally Ordered Routing Algorithm, or
will only forward the QREQ message if it is able to allocatf ORA [11], to perform scheduling and resource reservation
at leastb,,;, slots. If that is not the case, then it will try tofor time-slotted data link control mechanisms, such as TDMA.
downgrade existing QoS paths that are operating above theMthough the focus of that work is on bandwidth reservation
minimum in order to free enough slots for the required pathithin a TDMA framework, this technique can be extended to
When the destination nod® receives the QREQ messageother data link layer types. The protocols in [4] use some
this means that the required path was able tauliecated. of the scheduling mechanisms presented in [10]. However,
At this point, the allocation is not yet confirmed and théheir approach differs from those in the above protocols in
corresponding slots are netserved. The destination will that they incorporate QoS path finding based on bandwidth-
then unicast a QoS reply (QREP) message back to the souscheduling mechanism into already existing ad hoc non-QoS
along the intermediate nodes. Each intermediate node wiluting protocols, AODV and TORA. Their routing algorithms
then confirm the reservation of the corresponding slots lagld several messages and procedures to the existing protocols
changing their status fromllocated to reserved. When the to support QoS path reservation and release.
source nodeS receives the QREP message, this will then Liao and Tseng present a ticket-based protocol for CDMA-
confirm the reservation of the path and start data transmissmrer-TDMA for ad hoc networks [9]. It is a multi-path QoS
to the destination. When the network traffic load subsides armlting protocol for finding a route with bandwidth constraints
different QoS paths are terminated, the source nodes that iara MANET. As opposed to the proactive routing protocol in
still transmitting data will then try to upgrade their existing2], their protocol is based on an on-demand process to search
sessions to operate with more bandwidth. These attemptsfbya QoS route, so no global link state information must be
the source nodes to upgrade their existing sessions cancbbected in advance. The protocol in [9] can flexibly adapt to
done periodically or when theyense that the traffic load in the status of the network by spending route-searching overhead
the network is below a certain threshold. More research canly when the bandwidth is limited and a satisfactory QoS
be done in this area to enable the nodes to monitor the trafftate is difficult to find.



I1l. BACKGROUND AND CURRENT RESEARCH case, hodd unicasts a QREP message to nsteThis reply

In the TDMA environment, a single channel is used tg'€Ssage is sent along the nodes indicate? #i"H. As the
communicate between nodes. The TDMA frame is compos&iREP message propagates back to the source node, all of the
of a control phase and a data phase [2][10]. Each node in g’ﬁgerme(jiate nodes along the allocate_d path must confirm the
network has a designated control time slot, which it uses fgservationifeserve) of the corresponding allocated slots. The
transmit its control information. However, the different nodedMing and propagation of the QREQ and QREP messages are
in the network must compete for use of the data time slots @ntrolled by timers, a queueing process, and synchronous and
the data phase of the frame. asynchronous slot status broadcasts, discussed in more detail

The paper in [8] shows the challenge of transmitting arlfl [7]:
receiving in a TDMA single channel environment, which is
non-trivial. The hidden and exposed terminal problems mak¥. THE DYNAMIC BANDWIDTH RESERVATION PROTOCOL
each npde’s allocation of slots dependent on its 1-hop andAg_— The algorithm at the source
hop neighbor’s current use of that slot. In the model used in ,
this paper, each node keeps track of the slot status informatjorf/€n @ nodes' wants to send data to a node with a
of its 1-hop and 2-hop neighbors. This is necessary in orderigndwidth requirement _Of_ rr_u_mmurrb,,ml,, and maximum,
allocate slots in a way that does not violate the slot allocati@raz» NUMber of slots, it initiates the QoS path discovery
conditions imposed by the nature of the wireless mediumocesss determines if enough slots in the specified range are

and to take the hidden and exposed terminal problems ir%ai_lal;)le to send frpm itself to each one of its 1—hqp neighbors.
consideration. Below are the slot allocation conditions. || thiS is the case, it then broadcast®® £Q(S, D, id, byin,

bmaz, v, PATH, NH) to all of its neighbors. The message
contains the following fields:

e« S, D and id: IDs of the source, destination and the
session. ThéS, D, id) triple is therefore unique for every
QREQ message and is used to prevent looping.

e byin aNdb, .. The minimum and maximum number of
slots required in the QoS path fromto D.

o x: The node ID of the host that is forwarding this QREQ
message.

e PATH: A list of the form (Gll, l1), (hg, 12), ey (hk, lk))

It contains the accumulated list of hosts and time slots,
which have been allocated by this QREQ message so far.
h; is the ith host in the path, and is the list of slots

B. The data structures used byh; to send toh; ;.

Each node maintains and updates three tables, ST, RT ane V/: A list of the form (B, 1, b1_cur)s (R, L, ba_cur),
H. At a nodez, the tables are denoted 7, , RT, and H,. ey (As Ly b _cur))- It cONtains the next hop information.
ST, and RT, contain slot status information for the 1-hop  If node z is forwarding this QREQ message, then NH
and 2-hop neighbors. A slot can have one of the following contains a list of the next hop host candidates. The triple
values representing three different states: 0 - for free, 1 - for (%, Lis bi.ur) is the ID of the host, a list of the slots
allocated to send (receive), 2 - for reserved to send (receive). Which can be used to send data framto 4,;, and the
The H, table contains information about which nodes are 1-  current number of allocated slots in the QoS path (so far)

hop and 2-hop neighbors af More information about these ~ from S to D (passing througth;) as the path is being
structures can be found in [7]. allocated. Note that there is a separate,,, associated

with each neighbor, in the N H list. This is because the
number of available slots to send from nogédo each

of its neighbors can be different. As the QREQ message
propagates through the nodes, each intermediate node will

A. Slot allocation conditions

A time slott is considered free to be allocated to send data
from a nodex to a nodey if the following conditions are true
[8l:

1) Slot ¢ is not scheduled for receiving or transmitting in

x or y.

2) Slot ¢ is not scheduled for receiving in any noddhat

is a 1-hop neighbor of.

3) Slott is not scheduled for sending in any nod¢hat is

a 1-hop neighbor of;.

C. The previous race-free protocol

As mentioned earlier, the protocol in this paper builds upon

the protocol in [7]. The following is an overview of that
protocol. When a source nodewants to reserve a QoS path
to send data to a destination nodg it sends the QREQ

try to reserveb.,, slots if it can. If it cannot do so, and
is only able to reserve a smaller number of slpts>
bmin then it setsd.,,,. = ps in the QREQ message before

message that contains the source, destination and session ids,forwarding it to its neighbors.

with the number of required slots, and other reservation

related information which is described in more detail later ] ] )

in this paper. If and when the QREQ message reaches n&tje! e algorithm at an intermediate node

D, then this indicates that there was a QoS path figrto The QREQ message will propagate to the destination

D which was discovered, and there were at léagtee slots through intermediate nodes. When an intermediate node re-
to send data from each node to each subsequent node alosiges the QREQ message, it checks the tuple S/D/SessionlD
the discovered path. These slots are now markediasated to see if it previously processed this message. If so, then

in the corresponding nodes (in the ST and RT tables). In thisll drop this QREQ message. This is done to prevent looping.



Algorithm 1 The main algorithm at an intermediate node

When a nodey receives a QREQ message
Update theST and RT tables with the information ilPAT H
if yis not in NH list then
drop QREQ message and exit this procedure
end if
let beur = by_cur in the NH list in the QREQ message
update theST and RT tables with the information ilPAT H

NH _temp = ¢
for each 1-hop neighbor nodeof y do
L=¢

ANUyz = calcA(z,ST, RT)
Fyz = calcF(z, ST, RT)
if F'yz > bewr then
bz,cur =
else
if Fyz > bmin then
bz,cu'r = FyZ
L = select_slot(y, z,bs_cur, ST, RT)
else
Lqg = TryDowngrade(S, D, y, z, bmin, bmaz)
if size[Lag] > (bmin — Fyz) then
L = select_slot(y, z,bs_cur, ST, RT)
L=1L| Lqg
end if
end if
end if
if L # ¢ then
NH _temp = NH_temp(z,L) | (2,L)
end if
end for
if NH _temp 75/ ¢ then .
Let (h;, I;, beur) be the entry inNH such thath,;=y
let PATH temp = PATH | (z,1;)
broadcastQ REQ(S, D, id, bmin, bmaz, x, PATH temp,
N H _temp) message
else
for each 1-hop neighbor nodeof y do
if (Fyz+ ANUyz) > bmin then
let tmas = maximum time left for required
allocated slots to become free (or reserved)
if mar_ QREQ _tot_wait_time > tmas then
insert QREQ message iR REQ _pending-queue
exit this procedure
end if
end if
end for
end if

bcur

neighbor, z, separatelyy will calculate the number of free
slots, F'yz, and the number of slots that atlocated not
usable, ANUyz with this neighbor. If Fyz > b, theny
has b.,, available to be allocated for this path. So it sets
by cur = beyr. Otherwise (i.e.Fyz < be,r), y does not
have b, slots available to allocate for sending 0 so it
checks if F'yz > bnn). If that is the case, then it sets
b, cur = Fyz and calls theselect_slot(y, z,b,_cur, ST, RT)
function to return a list of slots available to sendzto

If y does not have enough slots with any neighbor then try to
downgrade another path:

Otherwise, ify does not have the minimum number of slots
required,b,;,, for this path it does the following. It calls the
functionTryDowngrade(S, D, y, 2, byin, bmaz ) t0 S€€ ifitis
possible to downgrade an existing path in order to free up slots
to be used for the path requested by the QREQ message that
is being processed. THEryDowngrade function will return
a non-empty list of slots.y, that are able to be freed by
downgrading a path. This is done only if the number of those
slots is enough to cover the “slot deficit” to satisfy thg;,,
requirement (i.esize[Lqg] = bmin). In this casey will set
by cur = bmin and will create a list of slots, that contains
the available slots (returned by the functieelect lot) and
the slots that are in théy, list. The neighborz along with
the associated list of slofs are then added to th¥ H list that
is being formed. If, however, the returndg,, list is empty,
this means thay does not have slots that can be freed in order
to satisfy theb,,;, requirement of the QREQ message. In that
case, the neighbor is not added to theéVH list, and z will
not be a candidate to extend the path that is being allocated.

If the constructedVH list is not empty then forward the
QREQ message:

After considering all of its neighborsg; will check if the
resulting NH list is not empty. If so, that means that the
path that is being allocated could be extended by at least one
neighbor. So,PATH is extended with an entry containing
x along with the associated slots. Thgrwill broadcast the
resulting QREQ message which will then be processed by
only the neighbor nodes specified in theH list. The QREQ
message will then be propagated further to the destination in
the same indicated fashion.

If the constructedV H list is empty, decide if it is possible to
place the QREQ message in thEREQ _pending_queue Of

Otherwise, ify received this QREQ message for the first timejrop it:
it performs the algorithm given in Algorithm 1 which works On the other hand, if the resultiny / list is empty, then

in the following manner:
Retrievingb...., and updating theST and RT tables:

Node y checks if its id is in theNV H list that is included
in the QREQ message. If sg, will then retrieve the value
for b, .. that is associated with its id in th¥ H list and set
beur = by_cur- Nodey will also update itsS7" and RT" tables

with the information inPAT H.

that means tha was not able to find any neighbor, with
whom it is able to allocaté,,;, slots. In that casey will
determine if Fyz + ANUyz) > bpi,. Note that a slot is
called ANU (allocated-not-usable) if it is not able to be used
to send fromy to z because of allocations (not reservations)
at y or its neighbors. If that is the case, thgnwill place

the QREQ message in th@ REQ_pending_queue in order

to wait for the allocated slots to be either reserved (then the

Begin determining to which neighbors the QREQ messa@QREQ message is dropped from the queue) or freed (then

must be propagated (to include in théH list):

the QREQ message is forwarded further). This is specified in

Node y determines if it has thé.,, number of slots more detail in [7]. Otherwise, iF'yz+ ANUyz) < bpmin, then
available with each of its neighbors. As it considers eaghdrops the QREQ message which cannot be propagated any



E

e " bandwidth requirements,,;,, = 3. However, nodeB has 8

O = slots available to send to nod§ which is equal tob,, ..
QREQ@BJ / oREQ@89) Node B also has 7 slots available to send to naédeAlthough
A | omeoass orqaen ¢ this number is below the required number of slots in the path
— -~ oReP38A) so far, b, Which is 8, it is still above the minimum number
S, QREP“‘&y %:E‘:‘;w oRERGEA) of slots b,,i,. Consequently, nod& will include nodeC in
/ areqaedN | O the N H list along with a list of corresponding allocated slots
R N and an adjusted.,,. = 7. Node B will also include nodekK
CID O O&O in the NH list along with the list of allocated slots and a
’ * QreQeas) —O corresponding..,, = 8. From this point on, the subsequent

M

nodes along the allocation route going through nédeill

. _ only try to allocate up to 7 slots (not 8), because all nodes

Fig. 1. Propagation of QREQ and QREP messages as a path from SoWggny the path ultimately must transmit with the same number

node A to destination nodé? is being reserved. The parameters indicated are
of slots. Consequently, they have to use the number of slots

available in thesmallest — bandwidth — link along the path.

In a similar manner, nod& receives the QREQ message with

(b'miny bma;ca bcu'r‘)-

further. the parameter tripl€b, . in, bmaz, beur = (3,8,8), and does
not propagate it to nodé’ because it does not have 3 slots
C. Sending the reply message from the destination available to send t@’'. However, it has 5 slots available to

When the two QREQ messages arrive at the destinati;(s)end to nodel so it propagates the message to it with the

n ; X
node D, this indicates that the QoS path was able to br|ple_(3,8,5)._NodeL de.termmes that thg number of available

: slots it has with nodé/ is less than 3 so it drops the message.
successfully allocated. Nod® can respond to the first ar-

L : On the other hand, nod€ receives the message with the
riving QREQ message and drop all others with the same . .

< . . : triple (3,8,7) and forwards it to noded, D and K with the
source/destination/sessionID stamp, or it can follow a dlffere%

. : . . . Iples (3,8,5), (3,8,6), and (3,8,3) respectively. When néade
policy which can include responding to all received QRE Irf‘geives the message, having processed that message identified

messages and letting the source node choose among the.b the source/destination/sessionID parameters before, it drops
ferent allocated paths. If and when the QREQ message arriv

at the destination nod®, then indeed, a QoS path to Sen%jt?é gﬁglﬂzﬁf r?g;iéed r'g tgea‘t)égtfhcslr;gsg:v:?; Ir?%)éng.
data fromsS to D with b.,, slots whereb, i, < beur < bmaz ’ propag 9

in each hop was discovered. In this case, the destindﬂonmg (ﬁjélgztlgq;ﬂwcvﬁt;hfhgl?:? l(eB’é'?g %ndHllovfli;e\z?p:gthes
replies by unicasting @ REP(S, D, id, byin, bmazs Deurs 9 P e ’

: : oes not propagate the message to nddsince the number
PATH, NH) back to the source, which confirms the pathf slots it has that are available to sendNois less than the

that was allocated by the corresponding QREQ message. The. . . S
QREP message propagates frdito S through all of the minimum required number of slots for this path which is 3.

. . e . When the two QREQ messages arrive at the destina-
intermediate nodes that are specified in PATH. PATH conta;glgn node E, the latter can respond to the first one and
e

a list of the nodes along the discovered path along wi lop all other arriving QREQ messages with the same

the slots which were allocated for this path at each node, L .
. sgurce/destination/sessionID stamp, or another strategy can be
As the QREP message propagates through the intermediate :

) ) eployed to choose among them. In this example, nbde
nodes, each node will only reserbg,,. slots and will free

any additional slots that were allocated for this path. Wh rﬁceives both messages from nodésand D and chooses
the QREP message arrives at the source rydie will then ¢ send a QREP message to confirm and reserve the path

o S . allocated along nodeD, because that path has the larger
initiate data transmission along the reserved path u&ipg - o : .

arriving b, value which is 4. This means that sending data
data slots per frame whetg,;, < beur < bmagz-

from the source to the destination using this path can be done

with 4 slots instead of 3 which is the number of slots possible

D. A detailed example of the path reservation process along the path passing through noHe The QREP message
An example of the path allocation and reservation proceissthen propagated along the nodes in the allocated path (A-

is presented in Figure 1. The application layer of no#le B-C-D-E). Each node along that path will then reserve only 4

requests to establish a session with destination néd&he slots and will free any additional slots that have been allocated

desired session has a bandwidth dynamic rang,@f = 3, for this path. For example, nodg, having initially allocated

and b, = 8. Consequently, the routing protocol at nodd slots to send to nod€' along this path, will only reserve 4

A setSbe,, = bne and initiates a QREQ message with thslots and will free the other 3 slots to be used by other arriving

parametersb,,in, bmaz, beur) = (3,8,8) and broadcasts it to QREQ messages.

its neighborsB, F andI. NodesF and I receive the QREQ

message and realize that they do not have any neighbors toV: THE DOWNGRADE AND UPGRADEALGORITHMS

send the message to so they drop the QREQ message. Noda this section, the downgrade and upgrade algorithms

B receives the message and determines that it does not halmg with the corresponding control message exchanges are

enough slots available with nodésand.J with the minimum discussed.



A. The downgrade algorithm desired pathp, was not able toullocate a complete path

The function executing this algorithm is invoked at af® theé destination, an intermediate nodg,keeps track of
intermediate nodey, under the following conditions. The nodethe slots that could be freed up ferand adds that list of
y receives QQREQ(S, D, id, bymin, bmaz, ¥, PATH, NH) to slots.(Ldg in algonthm 1 that was presented earlier) to the
set up a pathp. Node y will then retrieve b, .., that is slpt list for that ne|ghbc_>r in the QREQ message’s NH list
associated with its id in theV H list. It then determines the Without actually performing the downgrading process far.
number of free slots available with each of its neighbors faonsequently, only when the QREP message arrivgsaéter
order to construct théV I/ list. However,y determines that it & Successfulilocation of the pathp, doesy actually perform
does not have enough free slots to satisfyithe,, or even the the downgrading process of pafitz, free up the corresponding
bmin r€QUIrements with any of its neighbors (iByz < by, Sots. and reserve them for
for every neighborz). Under these circumstanceg,cannot The downgrade path (DP) message:
forward the QREQ message any further, unless it is able toThere are two types of nodes involved in the downgrading
free enough slots by downgrading an existing path. In thptocess. The first type are nodésectly involved in freeing
case,y executes this algorithm to determine if any of thep particular slots for nodg to use. These nodes are 1-hop
existing paths igligible to be downgraded in order to free upand 2-hop neighbors of node This is because, according to
slots that can be used to extend the QREQ message. Whten slot allocation rules, the freeing of slots for use by any
considering the downgrading of existing paths,proceeds node directly involves its 1-hop and 2-hop neighbors’ use of
as follows. y determines which neighbor node, has the these slots. The other type includes all other nodes along the
minimum number of additional slots that are needed to exteddwngraded path that atedirectly involved. These nodes
the QREQ message. Thenproceeds to calculate if there aremust free up the number of slots specified in Ih® message

existing paths which are eligible to be downgraded. The DP(S,D,id, DNL,NS,DN_PATH) message that

Eligibility of a path to be downgraded: is issued by the intermediate nogecontains the following
A candidate pathPc, is eligible to be downgraded if it fields in addition to the §, D, id) triple that identifies the

satisfies the following conditions. messageDN L: This a list of the 1-hop and 2-hop neighbor

1) The current number of slots used By, CS, is greater nodes that ardirectly involved in the downgrading process
than its minimum number of slots fdéc (i.é. path Pc along with a list of the slots to be downgraded for each node.

is functioning above its minimum requirement). The node issuing thé P message must create this list and

2) If there are enough slots used By: which can be freed include it in th(_a messangS: This is thg numbgr of slots
to be used by to completely satisfy its additional slott© Pe freed. This number is used by thelirectly involved
requirements in order to send to at least one neighpddes along the path which will simply free up this many
2. In other words, it is highly desirable to be able t('}slots_. DN_,PATH: This is a list of the nodes along the path
downgrade only one path in order to satisfy another. Wat is being downgraded.
can however consider downgrading more than one pdgsuing and propagation of the DP message:
as an optional feature that is controlled by the network The issuing of the DP message from an intermediate node
administrator and the particular network and applicationsis done in the following manner:

involved. However, downgrading more than one path 1) Node y changes theST and RT tables to free the
would cost too much in control message overhead, so  desired slots and broadcasts a status update message to
our protocol does not allow that option. y's 1-hop and 2-hop neighbors.

3) The time elapsed sinc&c’s status has been changed 2) Nodey sends abP message to all of the nodes that are
(downgraded or upgraded) is more than or equal t0  directly or indirectly involved as described earlier.
a predetermined tunable paramefetinT'ch. This re-  3) When theD P message is received by the corresponding
duces the frequency of fluctuations in downgrading  nodes, each of these nodes frees the corresponding slots
and upgrading paths in order to minimize or reduce  and updates it$7" and RT tables accordingly. It also
the pOSSlbI'Ity Ofthrashing. Thrashing would occur sends a status update message to its l-hop and 2-h0p
if the benefit reaped by changing path status is lower  neighbors to update the7 and RT tables.

than the pr_ice paid by the increased exchange of theUnIike the U PA (upgrade path attempt) message, e
corresponding control messages. message that is sent to downgrade an existing path does not
If more than one path qualifies as eligible to be downgradeghnstitute an attempt. It is actually a command to the nodes
theny can choose among them in a way that promotes fairnggsdo so; all of the nodes along the path will always be able
or by using other criteria. One such way is to keep track @) free up the required number of slots. This is not the case
time T'ch since the last time a path was changed (downgradggwever, when a path needs to be upgraded, since it is not
or upgraded) and downgrade the path with the largest valygaranteed that each of the participating nodes will be able

for T'ch. to find the required number of free slots to upgrade the path.
Downgrade only after receiving the QREP message from tBe, all of the nodes will have to agree not only on upgrading
destination: the path but by how much before the actual upgrading takes

In order to avoid changing the bandwidth usage of a patblace. This process is discussed in the subsequent sections of
Pc, only to find out later that the QREQ message for thihe paper.



B. The upgrade algorithm . " O

This algorithm is executed by the source in order to upgrade e e
an existing QoS path with a certain destination. An UPA o
(Upgrade Path Attempt) message is sent from the source to the 246
nodes along the existing path to the destination. This message’ - —-.
will attempt to upgrade the existing path to thg,,, number of O B
slots initially specified by the application layer. These attempts
to upgrade the path can be done periodically or can follow a
more sophisticated and measured policy which will initiate
such attempts only when the traffic load in the network is
below a certain threshold. In such a case, the nodes in the

network would have to keep track of and communicate this

; ; ; Fig. 2. Dynamic range path reservation. pl - existing path: A..B..C, p2 -
information with each other. existing path: D..B..E, p3 - path being allocated: F..B..G.

p3: 4-6
e

F

Initiation of upgrade attempts by the source:

Here we follow a policy by which the source will periodi-
cally attempt to upgrade any existing paths that are function#timately, all of the nodes along the path have to be able to
ing below theb, .. level. The frequency is a tunable parametdransmit using the same number of slots.
which can be determined by simulation. A hlgh fl’equenCSending and propagation of the rep|y to upgrade message
would cost too much overhead in the continuous attempt (RUPA) from the destination:
upgrade paths while the network has a high traffic load. Onwhen the destination receives the? A message, it checks
the other hand, a frequency that is too low would cause tfiep,, ., > b. ... If that is not the case then the attempt
communication to continue below the desired maximum levg} upgrade the path failed and no additional slots were able
even when the network load is low. A proper frequency @b be allocated by the nodes along the path. Otherwise,
upgrade attempts would balance the two factors involved. the attempt to upgrade the path succeeded. The destination

The upgrade attempt (UPA) message: will then unicast a Reply to Upgrade Path Attempt mes-
In order to attempt to upgrade an existing patsage, RUPA(S, D, id, bmin,bn_curs Omaz, T, PATH) which
the source node setd, .., = bmas and initiates Is similarto the QREP message described earlier, but contains

a UPA(S, D, id, byin, be_curs bn,urs bmaz, , PATH temp) the new number of slots that must be used for sending
message which is unicast along the nodes that are on €#ab,_.... The RUPA message will propagate back to the
existing path to the destination. In addition to the fieftjsD, source along the intermediate nodes. Each intermediate node
id, bmin, bmaz, © @and PATH which were described earlier, will then reserve the additionalallocated slots. When the

the UPA message contains the following fields. ., is source receives the RUPA message it realizes that the path
the current number of slots used in the existing path..,: Was upgraded successfully. Therefore, the source will update
by_cur iS the newb,,,. value that will be checked and updatedts routing table and start transmitting data using the new
by the nodes as the UPA message propagates to the destindfiefeased number of slots.

along the nodes in the existing path.

Propagation of the UPA message: C. An example illustrating the dynamic downgrading and

It is important to note here that in the UPA message thevpgrading of paths
is only oneb,,, value, namelyb,, ..., and there is naVH To illustrate the process of dynamic allocation for differ-
list. This is because only the nodes along the path, which amet paths in an ad hoc network, let's consider the example
included inPAT H, are involved in this process, and there ifllustrated in Figure 2. The figure shows an existing path
no need to include atV H list or a differentb,,, for each which is being used to send data from nodléo nodeC and
neighbor in that list. As each node receives the messagepdisses through nodB. Pathpl has a dynamic range of 3-7
will follow the same process of allocation and reservation d@f.e. b1,,;,, = 3, andbl,,.,, = 7). Another pathp2 is being
additional slots that is used in processing the QREQ messaed to send data from nodeto nodeF and passes through
to meet theh,,_..., requirement that is in the message. In othetode B as well. Pattp2 has a dynamic range of 4-6. At time
words, each node will try tallocate more slots to the existing t0, node F' initiates a QREQ message in order to reserve a
reserved ones for this path to make the number of slots equphth,p3, to send data to nodé with a dynamic range of 4-6.
to b,_c.r- Otherwise, if that additional number of slots is not Let us assume that the QREQ message arrives at Bode
available, it will try to add as many as possible and updaét time¢1, and at that timepl has a current slot reservation
the value ofb,, .., before including it in the UPA messageof bl.,, = bla: = 7 (bley, is the final number of slots
which is then forwarded to the next node indicated? AT H. reserved by all nodes in the pathyl after the reservation
If however, an intermediate node is not able to increase theocess is completed for that path) to send data from rgde
number of slots from the existing valuk,_....., then it simply andp2 has a a current slot reservation ..., = b2,,,,,. = 6
drops the UPA message which is not propagated any furthier.send data from nod® as well. Let us also assume that
There is no point in checking if the subsequent nodes alongt of the total number of data slots in the frame, ndgle
the path are able to increase the number of slots used becadstermines according to the slot allocation rules that it only



has 1 slot available to forward the QREQ message throughd path downgrading process.
node H (i.e. Fgy = 1). Obviously Fpy < b3,,:,. Before
dropping the corresponding QREQ message or putting it in
the QREQpendingqueue, nodd3 must determine if there are
existing paths passing through itself that can be downgradedr
order to free the additional slots needed#8r The number of o< jesigned for the TDMA environment, it can be extended
additional slots that are needed in this casksis = b3min — 5 work in other types of networks. In this protocol, the

Fpy =4 —1 = 3. When running the algorithm to find sucha P e :
o . . : pplication layer of the source node specifies a dynamic range
eligible paths, it determines that downgrading pg2hwould [bomin: bnas], Which is the number of data slots (or band-

only pLovide 2 additional slots with neighbaf which is nlc:]t width) that is required. The network will then try to reserve
enough to propagate3’s QREQ message. However, pat a path within the desired range. Downgrading of existing

can be downgraded_from 7 slots to 4 slots and stay W'thﬂ?ﬂhs, within their corresponding ranges, can be performed
its allowable range (it would havel ., " 4 > blmin = 3)- by the reservation protocol in order to accommodate new
NodeB allocates these slots for patpl, includes them in the requests. Active paths can later be upgraded when the traffic
o . #ad of the network subsides. This flexibility in the resource
H. Note that at this time, nodB continues to use these SIOtSreservation is very desirable for QoS support in MANETS

VI. CONCLUSIONS ANDFUTURE WORK

.We presented a protocol for dynamic range bandwidth
&ervation in MANETS. Although the presented algorithm

to send data for patpl even though the same slots have als.
been allocated for path3. This is the case because noBe
will wait for the reception of patip3’s QREP message beforethe
issuing aD P message for the nodes ji1 to downgrade the
latter to 4 slots andeserving the 3 previoushullocated slots
for p3. If, however, the allocation time out timer for these slot

M general. It allows the network to dynamically adjust its
resource allocation as its traffic load changes in order to satisfy

greatest number of sessions. We are considering more

optimization techniques that can be applied to enhance the
erformance, robustness, and efficiency of the protocol as well
s its extension to include other QoS constraints such as delay,

expires at nodeB before the reception of the correspondin%nd error rates

QREP message (i.e. papl3 was not able to bellocated by
the subsequent nodes), noBewill de-allocate these slots and
continue to use them for sending data algrigvithout having
downgraded it unnecessarily.

At time t2, node B receives a QREP message for path
confirming a successful allocation of the path. Na@ewill
then send aDP(S,D,id, NS,DNpATH) message to the
nodes along pathpl instructing the corresponding nodes to3)
free NS = 3 slots, and updates its ow${l" and RT table to
free the 3 allocated slots and reserve them for sending data
from itself to nodeH. Node B will also send a status update 4
message containing the new slot status information to its 1-
hop and 2-hop neighbors which will update th&if and RT' 5]
tables as well.

It is noteworthy here to indicate the following observation.
Recall that nodeB decided to allocate the 3 additional slots!6]
used by pattpl to later be used by path3 if the latter was
able to be allocated successfully. NoBehad to wait for the
corresponding QREP message for pashbefore sending the
D P message to downgragé by 3 slots. It would be possible
to have a racing condition in this process under the followingg]
circumstances. After the forwarding of the QREQ message for
p3 from nodeB and before the reception of the corresponding
QREP message or the timing out of the allocation of the 3]
slots, another node, say nod€ in this example, residing
betweenB and the destination fou3, is faced with the same 1,
problem, and decides to also downgrade another path that
uses nodes in common withl. In that case, bottB and H
are anticipating benefit from downgrading the same nodes %)1/]
possibly the same slots. That would cause the racing conditiqrz]
In order to avoid this problem, the forwarded QREQ message
must also include information about the nodes which would lgg
downgraded along with the corresponding path (session id) anci
associated slots. All subsequent intermediate nodes will théfi
take that information into account during the slot allocation

(1]

(2]

(7]
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