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Abstract

In this report we describe a QoS reservation mechanisnMidtirate Ad-hoc Wireless Networks (AWNSs)
that allows bandwidth allocation on a per flow basis. By maté we refer to those networks where wireless
nodes are able to dynamically switch among several linksraiéis allows nodes to select the highest possible
transmission rate for exchanging data, independentlydoh eeighbor.

1 Introduction

In this report we propose a simple, yet effective method topate the available bandwidth at a node in AWNSs.
We use this method to propose a reservation based QoS msetsamihich we call BRAWN (Bandwidth Reser-
vation over Ad-hoc Wireless Networks). Our proposal nolanlarantees certain QoS levels, but also naturally
distributes the traffic more evenly among network nodeslpad balancing).

Our mechanism takes into account the multirate capabifityi@less networks, i.e., it considers that wireless
nodes are able to choose among several modulation scheroeslipg different transmission rates, in order to
accommodate to different channel conditions. We providetatQoS constraintshat must be satisfied for the
ongoing QoS flows to consume an overall bandwidth at any noddler than or equal to a certain threshold.
Along the report we shall refer to this threshold@s It may be understood as the percentage of time that the
channel can be busy at any given node, because it is tramamittceiving or listening to traffic that belongs to
QoS flows. We propose a set of CAC rules that, upon the assomnsgisted in the following subsection, can satisfy
the QoS constraints

Our scheme can be easily integrated in the many of the roptiotgcols that have been proposed for AWNSs.
For instance, in [1] we describe how could it be integrate@jptimized Link State Routing Protod@LSR) [2],
and inAd-hoc On-demand Distance Vec&®DV [3]. We have evaluated a preliminary version of BRAWNgda
some enhancements in [1], [4], and [5]. In this report we givdetailed description of BRAWN, and we add the
proof that BRAWN satisfies the stated QoS constrains.

1.1 Our proposal

We treat the problem of achieving end-to-end bandwidthrzasien. Our mechanism, which we call BRAWN
(Bandwidth Reservation over Ad-hoc Wireless Networkspased on the computation of the available bandwidth
seen by a given node and the use of this value to verify whetheiflows can still be routed through this node.

Our scheme is based on the following assumptions: (i) Qo&-@applications are able to request the appro-
priate bandwidth when establishing a connection. (ii) Thdas know the capacity of the wireless links that is
available for QoS flows. Besides this, we assume that the M#«tl is able to isolate traffic classes, in such a
way that QoS traffic has priority over non-QosS traffic (we chdibr instance, use 802.11e). This allows nodes to
fix the previously introduce@ threshold. (iii) A pure Carrier Sensing Medium Access (CS\Motocol is used.
Thus, whenever a node is transmitting, all its neighborsneihain silent. Through the report we shall refer as
neighbors each pair of nodes that are in the receiving rahg@ah other. Note that we are not considering a MAC
using RTS/CTS, although it could be easily supported, asrapgsed in [4]. (iv) Nodes are able to reach all their
neighbors through broadcast packets.



Of course, the previously described assumptions are nat @xaeal wireless networks. For instance, the
available capacity for QoS traffic may be influenced by nors@affic and other network conditions. To cope
with that, a conservative value shall be used®oor it may be made adaptive, as we proposed in [5]. Furthegmor
changes in the network conditions, which can be very fregumeAWNs, make the information used by nodes to
compute the available bandwidth to be uncertain. Theretdter a flow is accepted, its QoS parameters (end-to-
end delay, packet loss, etc.) should be constantly mouitiorerder to react to congestion. This could be done by
re-routing or even dropping some of the involved flows. Wd mndlt deal with these issues, in order to keep the
report focused on the reservation mechanism.

Note that a reservation mechanism approach is more appteor wireless ad-hoc networks with fixed nodes
(e.g. wireless mesh networks [6]) or where mobility is natMgigh (e.g. pedestrian networks). If nodes constantly
move with high speeds (vehicular networks, for instance®nges on the topology are very frequent, thus, the
reserved path should be constantly updated. For this re@sarse the term AWN (Ad-hoc Wireless Networks)
and not MANET (Mobile Ad-hoc NETworks). MANET is commonly ed in literature to remark the mobility
characteristic of the AWN under consideration.

2 How much bandwidth isavailable for reservations?

The BRAWN mechanism is based on the computation of the dlailzandwidth AB) by each node in the network
in a distributed way. By knowing its available bandwidth,aa is able to accept or reject a new reservation. So,
the first step we should take in order to define our mechanisandesmpute thé\B of each node.

If we want to compute the amount of bandwidth that is avaddbt a given node to use for new reservations,
we should first investigate the amount of bandwidth thatrisaaly being consumed by active flows. By knowing
this value, we may just subtract it from the total bandwidtdidated to QoS traffic in order to obtain the currently
available bandwidth.

The first issue that we should notice is that a transmissidwdsn two nodes does not consume bandwidth
only from these nodes but also from the whole neighborhandesho other neighbor is able transmit at the same
time (at least using the same channel) in order to avoidsiofis. In fact, the exact knowledge of which nodes
suffer the interference of a given transmission dependxtijron the MAC protocol that is being used. For this
reason, we assume the use of a Carrier Sensing based (C&®)Apidtocol for the analysis that we will present
throughout the report.

In order to know how much bandwidth is available for a nodede, we must take into account all transmis-
sions that directly affect its opportunities to transmit.tthe case of a CSMA-based wireless MAC protocol, the
bandwidth of a node is consumed whenever:

casel) Ittransmits datato a neighbor;

case2) One of its neighbors is transmitting data (if the node setisssthe medium is being used, it remains in
silence);

Representing this in an analytical way, we may state thatohe impact of all transmissions on a nadis
given by:
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where:

e |; is the load impact of all transmissions (in bps) on ngde

e X is the total traffic (in bps) that nodevants to transmit (either if nodas the source of the traffic or if it is
just forwarding);

e 4 is the set of neighbors of nodle

e ;" is the set of neighbors of nod@nd nodé itself;
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Figure 1: Example of “time-based” union and intersectioarapors

e The union operatadr represents a “time-based union”, i.e., intersectionsasgnt parts of the transmissions
that takes place simultaneously. See figure 1 for an exanigleecappliance of this operator over two
transmissions that overlap in time.

The formula derived before can be generalized for wirelagiirate networks, i.e., networks where nodes can
communicate to each other at different transmission ralegsending on the wireless medium conditions. To do
so, all these values that were represented in bps above mustrinalized, dividing them by the transmission rate

used:

L= U xk/Vik 2
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where:

e L is the normalized load impact on nodeFrom now on, we will consider in this report only the multea
case (since the single-rate can be seen as a particular tagauwdtirate network, where all transmission
rates are the same). We shall use capital letters for refetoi normalized values.

¢ Xk is the total traffic (in bps) that nodewants to transmit to node

e Vjk is the transmission rate used between ngaasdk.

Since the equation is normalized, if the node is not oveddad should be a value between 0 and 1.

The use of the union operator states that some transmigsidhe neighborhood may overlap in time. This
can happen in CSMA-based networks whenever these transngsto not interfere with each other, as shown by
figure 2. In this example, transmissicaandb can overlap in time.

Figure 2: Simultaneous transmissions in the neighborhéadadei

Once we have computed the load impact on each node of thecetwork and after defining the amount of
normalized bandwidth dedicated to QoS traffidasve are able to state the followir@@goS constrainthat should
be respected in order to provide QoS guarantees for realftows:

Li<QVies (0<Q<1) (3)

Wheres is the set of nodes that are transmitting or receiving Qoffidrae. the nodes having at least one
QoS reservation. In the rest of the report we shall refas the QoS set. By guaranteeing condition (3), we can



guarantee that the channel occupancy due to the QoS trafféardx by any node of the QoS set is never greater
thanQ. This condition should guarantee that there is enough dggacaccommodate all QoS flows.

Note thatQ can be understood as the percentage of time that the chaamélecbusy at any node, because
either it is transmitting or receiving traffic that belonggte QoS flows. We shall assume that the MAC is able to
restrict non-QosS traffic, such that the normalized capa@ityill be always available for QoS traffic. This could
be achieved e.g. using 802.11e, or 802.11 with some additinachanism, e.g. SWAN [7], that regulates non-
QoS traffic. Of course, due to collisions, impact of non-Qefit and other reasons, the amount of normalized
capacityQ available for QoS traffic may vary. To cope with that, a comave value shall be used f@), or it
may be made adaptive, as we proposed in [5].

3 Thebasisof BRAWN

As previously mentioned, BRAWN is based on the computatfdheavailable bandwidttAB) in each node of the
network. The goal of oubandwidth reservation mechanissito provide rate allocation (e.g. peak or sustainable
rate) and, at the same time, remain as simple as possiblesdliigon should provide QoS and yet introduce as
little overhead as possible in the network. In order to da,thahould only make use of the information about
its 1-hop neighborhood. Since most of the available ad-bating protocols already provide 1-hop signaling,
e.g. HELLO messages, any additional information that magdmessary can be piggybacked on these signaling
messages.

In order to provide a simple mechanism that is feasible tdémmgent, some simplifications must be done. The
first of them is related to the computation of the load impaceach node of the ad-hoc network. The use of the
union operator, as shown by equation (2), is not possibieesh node has no idea of the “degree of simultaneity”
of the transmissions on the neighborhood. For this reasesjmplify the equation by using a simple sum instead,
since itis always more restrictive than using the union ¢&dL), what still guarantees the QoS requirements. Thus,
the load on a nodewill be computed as:

Li = UXJNZXJ (4)
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is the normalized amount of QoS traffic that ngdeants to transmit (either if nodigs the source of the traffic
or if it is just forwarding). In BRAWN each node would reservandwidth for this traffic, thus; can also be
interpreted as the total reserved bandwidth at npdgsing a sum in equation (4) to represent a union may be
pessimistic in some scenarios. In [8] the approximatioegivy equation (6) has been proposed.

U X[~ 3 Xi— 5 [XinX{ (6)
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However, in 802.11-like networks two transmissions carowarlap in time whenever either the sender or
the receiver of one transmission is a neighbor of either émelar or the receiver of the other one. Therefore,
in order to accurately compute which intersections fromagign (6) are not null, a node would need individual
information about every flow in the neighborhood, so thatauld be able to identify those that may take place
simultaneously. Exchanging this information would intncd too much overhead in the protocol. Consequently,
we have considered equation (4) as a convenient approximfati the load demand.

3.1 The Available Bandwidth in each node

Once each node is able to compute the load demand on itsislfyalue can be used to establish which part of
the total bandwidth dedicated to QoS connections is stillakile for reservations. By using just the information
locally known by a node (the pre-establisf@dalue and the computed load impact), we define a new value that
represents this availability for new flows to be establishekich we call the Maximum Available Bandwidth
(MAB).

MAB = Q—L; ()



This value is simply the amount of bandwidth available foilSQlmws minus the amount of bandwidth already
consumed under the point of view of this node, i.e., its leagact. By looking at equation (3) it is quite simple to
notice that we may re-write the QoS constraint using this vahwe.

MAB > 0,Vi € § (8)

However, knowing the locaylAB of a node is not enough for the node to decide if new flows carcbepded.
This is because the available bandwidth of a given nadealso affected by transmissions of its two-hop nodes
that have one of the neighborsiads a receiver. In figure 3, for example, the transmission fydgoh only causes
an impact on the computation MABy and MAB;, although when it takes place, noidis not allowed to transmit
(notice, however, tha®iAB; = 1). That means that a node also needs to take into accoueigishors restrictions.

g h i
MABg=0 MABn=0 MAB=1 MAB;=1

Figure 3: The Maximum Available Bandwidth and restrictiomposed by neighbors

We, thus, propose to estimate what we call the Available Badiith of a nodé (AB;) as the minimum value of
the MABs in its QoS set neighborhood:

AB = min{MAB;},j € ;" N 9)

This value can also be understood as a more complete vieve oidtie about the impact of new transmissions
on the neighborhood. It is, in fact, the amount of bandwidtkilable for new transmissions over a given node.

Now, the QoS constraint given by equation (8) can be rewritigerms of the available bandwidth as we state
in the following theorem:

Theorem A. Guaranteeing that the AB given by equati@) of every node that takes part in a reserved path is
non-negative, is equivalent to guaranteeing that the MABvefy node of the QoS set is non-negative.

See the proof of this theorem in appendix A. In other words,@oS constraint given by equation (8) can be
rewritten as:

AB; > 0,Vi € reserved paths (10)

Summing up, BRAWN requires that the nodes know the normai@aount of traffic Xj) and the maximum
available bandwidth\AB;) of their neighbors belonging to the QoS sej.(These values should be periodically
exchanged among neighbors belonging tdNodes that do not belong sowould compute th&AB;, which could
be needed in the CAC of future QoS reservations, but theydvool send it. Each nodeusesX; to compute the
loadL; using equation (4), anBliAB; using equation (7). Finally, the available bandwidd;} is computed using
equation (9).

3.2 Call Admission Control

After defining the distributed mechanism to computeatailable bandwidtlat each node of the network, we will
use this value to decide whether a new connectianiagfs fits or not in a given node.

The first step toward the definition of a Call Admission Coh¢@AC) is realizing which transmissions cannot
take place while a nodds transmitting towards a node As we have discussed before, if we are using a CSMA-
like protocol, none of thé&'s neighbors nor thg's neighbors are allowed to transmit whilés transmitting toj.
Therefore, the following CAC should be checked in every naldeg a candidate path:



AB > U - (11)
Vy
ye ((M*um{f) mpath)
where

i represents the current node in the path;

j represents the next node in the path (to whialhil transmit);

r represents the bandwidth required by the new connection;

vy is the transmission rate from nogiéoward its next hop in the path.

In this case, just like in the load demand computation (eqod#)), we use a simple sum approximation for

the union operator.
B > -
ye ((m*umﬁ)mpath) W

See the proof that this CAC condition guarantees the QoSreimnispresented by equation (10) in appendix B.

Notice that in the case that nodes move, topology changdmimétwork may cause connections that were
previously accepted by the CAC not to have their QoS requérémmguaranteed after a while. Moreover, even if
QoS can still be guaranteed over a given path, topology @snmy cause more efficient paths to show up, and
being able to use them may optimize the use of network ressurtherefore, in the presence of movement, the
QoS mechanism should be adaptive. This could be achievedyepgriodically refreshing reservations, so that the
network is constantly re-validating the admission cordirtd searching for better routes for previously established
connections.

(12)

4 Exemplifying BRAWN's behavior

In order to better understand the behavior of the BRAWN meisma, we will take a step-by-step look at the
ad-hoc network example depicted by figure 4. In this simp&neple all links between mobile nodes are 5 Mbps.
Assume that in this network there is an established reservétr a QoS flow of 1 Mbps following the path
MNa — MNg — MNe — MNEg. For simplifying the example, we shall also assume thatéisenved capacity for
QoS trafficisQ=1.

he=1 Mpr =5 Mbps

Vie=5 Mbps ‘sc=5 Mbps ¥p=5 Mbps

Figure 4: Network topology

The rowX; in table 1.(a) shows the normalized amount of traffic thatldidne advertised by the nodes. Upon
receiving theses values, each node would computé/#i shown in the corresponding row of the table. For
instance MNg would receiveXay = 0.2, Xc = 0.0 andXg = 0.2. SinceXg = 0.2, it would computeViABg = 0.4.
Finally, upon receiving th&AB from their neighbors, nodes would compute #& given in the table. Note that
nodesMNc andMNp would not advertise thelviAB, because they do not belong to the QoS set.

Assume that after this, nodéNc wishes to establish a new QoS flowrgh = 2 Mbps with nodeViNp. The
following CAC conditions would be checkedBc > 0.4 andABp > 0.4 (2 Mbps / 5 Mbps = 0.4). Thus, the flow
would be accepted, and the valuesxgfMAB; andAB; would change as shown in table 1.(b).



MNa [ MNg | MNc | MNp | MNe | MNg
X 02 | 02 | 00 | 00 | 02 | 00
(a) VAB 06 | 04 | 06 | 1.0 | 06 | 08
AB;
X

04 | 04 | 04 | 1.0 | 04 | 06
0.2 0.2 0.4 0.0 0.2 0.0
() [ VAB 06 | 00 | 02 | 06 | 02 | 08
A, 00 | 00 ] 00 | 02 | 00 | 02

Table 1: Parameters computed by nodes using BRAWN. Withifigw(a), and with flows ar andrcp (b).

We may intuitively check that, after accepting the floyp, the available bandwidth computed by the nodes
is correct: Whenever one of the noddda, MNg, MNc andMNg send a packet, all the others in this set must
remain silent. Since altogether send 5 Mbps, which is tHedapacity, their available bandwidth is 0. Nadé&s
must be silent whenevéiNg, MNc or MNg transmit. Since noddglNg, MNg and MN¢ transmit altogether 4
Mbps, the available bandwidth at noNENr is 1-4/5 = 0.2. Similarly, we can derive that the availabladaidth
at nodeMNp is also 0.2.

5 Conclusions

In this report we have described a bandwidth reservatioaraetfor ad-hoc networks that satisfies the following
QoS constraint: “The load demand offered to the wirelessianieglthe QoS traffic observed at any node in a path
that is about to be establishedQ”. ParametelQ is dimensioned in a way that delays are acceptable for QoS
connections. Our reservation scheme is designed for nkswanere nodes can communicate to neighbors using
different transmission rates depending on channel camdit(multirate ad-hoc networks) and only requires that
nodes know the normalized bandwidth reservation and maxirsnailable bandwidth of their neighbors. These
guantities can be easily advertised by means of HELLO packeé also give a CAC rule that nodes should apply
to new connections requiring QoS.

Appendix A: Proof of Theorem A

Theorem A. Guaranteeing that the AB given by equati@®) of every node that takes part in a reserved path is
non-negative, is equivalent to guaranteeing that the MABvefy node of the QoS sat)(is non-negative.

Proof. The computation of thé/AB of a given node takes into account only information aboutdnaissions
performed by the node and its 1-hop neighbors (see equatipn Consequently, a transmission between two
nodes only impacts theAB of the 1-hop neighborhood of the sender.

By observing this, we can state that whenever a new realftongs established over the network, only nodes
that takes part in the flow path and their 1-hop neighborhoea@gected by these new transmissions. All the other
nodes throughout the network see no changes onMi#dr Thus, if they were non-negative before the flow was
established, they would remain like that afterwards.

Then:

AB; > 0,Vi € resvd paths=

: A0\
jr;wmlg{l\/AB,} > 0,Vi e resvd paths= (13)
MABj >0,V € A;",Vi € resvd paths

So, considering that in the beginning all nodes of the Qo®@et non-negativi®lABs and that nodes that are
notin the 1-hop neighborhood of reserved paths do not seelamnges on thelAB, we can conclude that:

MAB; > 0,V ¢ A;",Vi € resvd paths=

- (14)
MAB; > 0,V € A; ", Vi € resvd paths
By using the results of (13) and (14):
MAB; > 0,Vj € (AT U™ ),Vicresvd paths=
i Z0vje (%6 U7, p s

MAB; > 0,Vi € §



So, as we were willing to demonstrate:

AB; > 0,Vi € resvd paths= MAB; > 0,Vi € § (16)

Appendix B: Proof that the CAC guaranteesthe QoS Constraint

The use of the CAC proposed in equation (12) guaranteeshbaoS constraint defined in equation (8) is re-
spected in every condition. In fact, as we demonstrate hélis\guaranteed in all cases when using a simple sum
approximation for the union operator.

Proof. As we have previously demonstrated, in order to guaran®®tS constraint presented in equation (8),
we can limit ourselves to guaranteeing the condition prestoy equation (10). Thus, we just need to demonstrate
that the proposed CAC guarantees that after accepting a aevoflr bps, every node in the flow path present a
non-negativéB, i.e., all the nodes in the flow path and their 1-hop neighbodbelonging to the QoS set, present
a non-negativé/AB. Since we are only concerned with the nodes belonging to thte €@t, in the following we
shall refer to only this set of nodes.

Nodes in the flow pattor a given node in the path, we want to guarantee that\#&B is non-negative in the
momentt; just after the acceptance of the new flawrépresents the moment just before the acceptance).

Moxa(tl) >0s
Q —Li(t1) >0<

Qi - z xy(tl) >0
yea;"

Since the only new transmissions frdgrto t; are the ones due to the accepted flow, we have:

Q- Y Xto)— Y
yea; ™ ye(a; npath)
————

=Li(to)

;
Vy

>0

We then have:

MABi(to) > )
ye (2" Npath)

.
% 7

So, in order to be correct, the CAC must guarantee equatign Qur CAC, in simple sum approximation
form, expressed by equation (12) guarantees the followdmglition:

AB (to) > ¥ (18)
ye((26ua;")npath) Y
Since we know that\B;(tp) > MAB; (tg), we may also say that the CAC guarantees that:
MAB (to) > )3 - (19)

ye((aGtuag™)npath) W

And finally, since equation (17) is more restrictive thanatpn (19) (note the additional terms in the former,
as well as the sum over a more restricted set of nodes), we ayahat the CAC satisfies the desired conditions.

Nodes in the 1-hop neighborhood of the flow pdthere are basically two different cases that should bentake
into account:

e Nodenthatis a neighbor of a nodén the path and all its other neighbors in the path are in thighf®rhood
of i or j (considering thaittransmits toj).

e Node whose neighbors in the path are “more spread”.



In the first case, we have that:

MABn(t;) >0 <
MAB, (tg) > (20)

r
ye (- Npath) Vy

Since we know that

AB; (tg) < MABq(to)
(2 Npath) C ((Nﬁ u N,—*) n path)

and since the CAC guarantees equation (18), we are alsocadplmtantee the condition expressed by equation
(20).

Since transmissions that take place outside the neighbdrbiothe sender and the transmitter may overlap in
time, the second case may, in fact, be seen as a combinatsenafal non-correlated occurrences of the first case.
So, if the CAC guarantees the QoS constraints for the firg, ¢awill guarantee for the second as well.
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