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Abstract

Providing Quality of Service (QoS) is one of significant issues for multimedia traffic. One approach

to achieve the requested QoS is to characterize the traffic flows and guarantee their committed throughput.

In a typical multi-hop wireless ad hoc network, determiningthe feasibility for a given set of flow

characteristics is challenging due to the multi-user interference problem. To that end, this paper presents

the following contributions. First, we describe a simple Aloha-like Medium Access Control (MAC)

protocol that enables each flow to maintain its requested bandwidth, and thus is suitable for multimedia

traffic. Second, we propose a bandwidth feasibility algorithm based on the Variable Elimination (VE)

technique. The bandwidth feasibility algorithm determines whether or not a given network can support

a set of flows of certain bit rates. Simulations indicate thatour solution can precisely control the bit

rates over all hosts while providing the throughput guarantees.

Keywords− Ad hoc network, Multi-hop, Throughput guarantee, Wireless.

I. INTRODUCTION

Recent years have witnessed the rise of wireless ad hoc networking both in research and

real-world deployment. A wireless ad hoc network is most useful in places where installing a

new communication infrastructure is either expensive or inconvenient to use. In such a network,

each wireless host operates not only as a host but also as a router, forwarding packets on

behalf of pairs of senders and receivers who are not within their radio ranges. Thus, packets are

typically forwarded via multiple hops between the sending and receiving hosts. Consequently,

this architecture increases the flexibility of wireless networking at the cost of increased multi-

user interference. Therefore, to provide Quality of Service (QoS) for a flow, in such a network, it

is imperative to determine the algorithm which takes into account the multi-user interference to

accurately model the bandwidth requirement. In particular, providing the throughput guarantee

is widely considered as one of the desired criteria for QoS traffic flows.

We note that guaranteeing the throughput is hard, even for a single-hop wireless network such

as Wireless Local Area Network (WLAN). In a WLAN, the multi-user interference arises due

to the channel contention access, in which the interferenceor collisions between the packets

of the new flow and the existing flows reduce all the flows’ throughput. The number of these

collisions increases nonlinearly with the number of competing flows, making it more difficult

to decide whether or not to admit a new flow based simply on the available bandwidth [1]. On
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the other hand, the network will accept a new flow if it is able to guarantee that the achievable

throughput of all the flows meets the requested requirements.

Furthermore, characterizing the collisions in a multi-hopwireless network is more difficult

due to the hidden terminal problem. That said, designing an efficient throughput guarantee

algorithm in a multi-hop wireless network is a challenging problem. To mitigate multi-user

interference, Medium Access Control (MAC) protocol is usedto regulate competition for a

shared communication medium among the flows. Thus, characterizing the multi-user interference

is specific to a MAC protocol. In this paper, we describe an Aloha-like MAC protocol [2]

which enables QoS support for media streams in terms of guaranteeing to achieve its average

requested throughput. In particular, this is the first step towards providing throughput guarantee

in a multi-hop network with a simple Aloha-like protocol. Using the proposed protocol, we

present a bandwidth feasibility algorithm for determiningwhether or not a network can support

a given number of flows, taking into account the multi-user interference. Therefore, the bandwidth

feasibility algorithm is used in a novel framework which guarantees the throughput of all flows

in a multi-hop wireless network. We note that our framework can be extended to provide

the throughput guarantee and admission control algorithm in traditional IEEE 802.11 or other

contention-based access networks.

For the ease of analysis, this paper mainly addresses the applications over linear wireless ad

hoc networks (e.g., sensor network, railway wayside communication) where all communications

require all hosts to be deployed along a line [3],[4]. In a wireless ad hoc sensor network, each

sensor wirelessly transmits the detected signal to a centralized control device over a multi-

hop route. In railway wayside communication, each mobile wireless device is able to access

the internet through other existing devices/repeaters viaa pre-defined ad hoc route. However,

realistic implementation for a distance wireless connection of existing devices may require a

point-to-point connection between them.

We note that our framework can be easily extended to non-linear wireless networks with

the expense of higher computational complexities. Thus, our contributions are summarized

as follows. First, we describe a simple Aloha-like MAC protocol that enables each flow to

maintain its requested bandwidth. This is in contrast with the existing IEEE 802.11 protocols, in

which the bandwidth of a flow can fluctuate widely, depending on the number of active flows.

Second, we propose a bandwidth feasibility algorithm basedon the Variable Elimination (VE)
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technique which has been used extensively in Artificial Intelligence (AI) and discrete optimization

literatures. The bandwidth feasibility algorithm determines whether or not a given network can

support a set of flows of certain bit rates. By using the bandwidth feasibility algorithm and

the proposed MAC protocol, we guarantee that the solution satisfies all minimum requested

bandwidth requirements of all the flows with minimal wasted bandwidth.

II. PRELIMINARIES

A. Related Work

Providing QoS for the flows on wireless contention-based access networks is difficult because

each host competes with other hosts for accessing the sharedchannel. The current design places

no limit the number of flows entering the network, or attempt to regulate the bandwidth of

individual flows unless admission control algorithm is used. For example, Aad et al. [5] proposed

the method to enhancing IEEE 802.11 MAC protocol in congested networks by slowly changing

the Contention Window (CW). Similarly, Banchs et al. [6] tuned up the parameters of the IEEE

802.11e in the contention-based mode. When these parameters are set appropriately, this can

enable flows to achieve their requested throughputs or reduce the delay. Gao et al. [7] provided

the framework by using the long-term average physical ratesbased scheme in IEEE 802.11e

to reserve the channel for some amount of time, called the Transmission Opportunity (TXOP),

for each associated host. Furthermore, Bai et al. [8] improved the bandwidth utilization by

dynamically changing the transmission time based on the current traffic condition. Pong and

Moors [9] proposed the strategy for QoS of flows in IEEE 802.11by adjusting the CW and

TXOP. In all aforementioned works, there is no explicit mechanism to precisely control the bit

rates. However, our proposed framework sets right on how to control the bit rates by fine tuning

the transmission probability for each host. The detailed discussion for our proposed framework

will be discussed in section III.

B. Characteristics of Wireless Networks

Transmissions in wireless networks typically take place intime slots. Often, all the hosts are

equipped with a single antenna; as such sending and receiving must be performed in different

time slots. Furthermore, all hosts are typically transmitting using the same carrier frequency.
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Therefore, a successful transmission from hostsi to j implies that no neighbors of hostj other

than hosti, are transmitting at the same time, otherwise interferencewould occur at hostj.

Centralized scheduling can be employed to coordinate the transmission schedules of all the

hosts in the network in order to satisfy the above condition.However, this approach is complex

and not scaled to a large network. Therefore, a scalable approach is to allow every host to send

its packets opportunistically when a host determines that no other hosts are transmitting. This

is the basic framework for the popular IEEE 802.11 protocols. Of course, this approach suffers

from several problems. Multiple hosts may decide that no other hosts are transmitting, and thus

they all decide to transmit at the same time, resulting in interference. In addition, there is also the

hidden terminal problem. The hidden terminal problem arises in the scenario in which the hosti

can listen to the transmissions of both hostsj andk, but hostj cannot listen to the transmission

of hostk, and vice versa. The problem occurs when both hostsj andk try to transmit to hosti at

the same time since hostj cannot listen to hostk’s transmission and vice versa. Current WLAN

employs IEEE 802.11 protocol to resolve these problems at the expense of some bandwidth

overhead. We now first describe the basic of Aloha and IEEE 802.11 protocols. We then present

our proposed MAC protocol as a conjunction between those protocols together with a feasibility

algorithm to guarantee the requested bandwidth requirements.

C. Aloha Protocol

Contention based access enables multiple hosts to compete for a shared wireless channel. The

ALOHA protocol is a MAC protocol for wireless networks with broadcast topology. There are

a few remarkable Aloha protocols such as pure Aloha and slotted Aloha protocols. The basic

concept of a pure Aloha protocol is described as follows. When a host has data to send, it

simply sends out the data to a shared medium. If the data collides with another transmission

from other hosts, that host will wait and then re-transmit the data later. We note that pure

Aloha has a maximum throughput of about 18.4% of the total available bandwidth. However,

there is an improvement to pure Aloha protocol called a slotted Aloha protocol. In a slotted

Aloha protocol, we discretize the channel into time slots. Therefore, a host can send only at

the beginning of a time slot, and thus collision is reduced. That said, a slotted Aloha protocol

provides significant improvement over a pure Aloha protocol. However, these protocols do not

have capability to listen to the channel before making a decision to send out the data. Therefore,
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researchers propose an additional technique called Carrier Sense Multiple Access (CSMA) to

avoid such collisions. Note that CSMA is now considered as the standard for typical networks.

D. IEEE 802.11 Protocol

While there are many parameters in contention-based IEEE 802.11 standards, for simplicity

we focus our discussion on the CW and TXOP. To access the channel, a host first senses the

channel. If the channel is idle for more than the ArbitrationInterframe Space (AIFS) time, the

host starts sending the data. Otherwise, it sets a backoff timer for a random number of time slots

between[0, CWmin] whereCWmin is the minimum contention window size. The backoff timer

is decremented by one for each idle time slot after the AIFS time, and halts decrementing when

a transmission is detected. The decrementing resumes when the channel is sensed idle again for

an AIFS time. A host can begin its transmission for TXOP time slots on the channel as soon as

its backoff timer reaches zero. If a collision occurs, i.e.,no acknowledgment packet is received

after a short period of time, the backoff timer is chosen randomly between[0, (CWmin+1)2i−1]

wherei is the number of retransmission attempts [10]. In effect, the contention window size is

doubled for each retransmission in order to reduce the traffic in a heavily loaded network. By

using this procedure, collisions still occur, although less frequently, since each host effectively

reduces its transmission rate when there are many active senders.

III. PROPOSEDMAC PROTOCOL

One of the main reasons to propose a new MAC protocol is that the current IEEE 802.11

protocols do not support the precise rate control to allocate different bandwidth for different flows.

Instead, every flow in the current IEEE 802.11b protocol has the same priority and consumes

more or less the same amount of bandwidth under similar network conditions. There have been

the work to provide the service differentiation of the flows in IEEE 802.11 networks by tuning

the values ofCWmin and TXOP [11] for each flow. A detailed survey of existing MAC scheme

for traffic differentiation can be found in [12]. We note thatthe recent IEEE 802.11e standard has

capability to tune up those parameters [13]. However, the service differentiation only guarantees

that a flow belonging to one type can obtain larger bandwidth than those of other types, rather

than providing a specified bandwidth for a flow.
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The idea to control the average bit rate of individual flows issimple. Rather than doubling the

contention window size of a flow after a collision is detected, every flow maintains a fixed window

size unless it is told to change explicitly by the throughputguarantee algorithm. We note that

doubling the contention window size makes sense when such algorithm is not employed in the

network. Thus every host must reduce its rate correspondingto an increased traffic load in order

to avoid collisions. We argue that when a proper throughput guarantee algorithm is employed,

eliminating this doubling of the contention window size helps to increase the bandwidth efficiency

by not reducing the sending rate of each flow unnecessarily.

For simplicity to analyze our proposed MAC protocol, similar to a slotted Aloha MAC

protocol, we do not employ the RTS/CTS packets to reserve thechannel before sending data.

Each host arbitrarily sends packets with some transmissionprobability p. That said,p is the

probability for transmitting a packet given that the host has a packet to send out to its neighbor

in the current time slot. Note that, for each packet, the hosttransmits it until the first success

meets which is the characteristic of the geometric distribution. Therefore, the time taken for each

host to access the shared channel is a geometrically distributed random variable with parameter

p. Thus, the effective transmission rate of a host depends on the frequency of sending packets,

i.e., p, and their successful percentage. Furthermore, setting appropriate values ofpi’s for each

host i is a way to precisely control the transmission rates of different flows. To translate the

transmission probabilityp back to the contention windowCW used in IEEE 802.11 protocols,

Bianchi [14] extensively analyzed the performance of IEEE 802.11 and showed that CW can

be approximately set to2/p − 1 ≈ 2/p. This is only an approximation since CW in IEEE

802.11 protocols is not reset at every time slot. Note that our proposed protocol is intentionally

designed for contention-based access networks. Therefore, in the case of multi-mode devices

(e.g., CDMA/OFDMA), we may apply our protocol to the situation where the bandwidth is not

sufficient for all requested throughputs and multiple hostsneed to compete each other in order to

access the shared channel. Thus, for computing probabilitiesp’s, we require one host to perform

this computation.

To that end, a throughput guarantee algorithm based on the proposed MAC protocol needs

to accurately answer the question:Given a number of flows with specified rates in a wireless

network, is there a set of transmission probabilitiespi for each hosti involved in the transmis-

sions, such that all the specified rates are achievable?In the next section, we describe such an
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algorithm.

IV. FEASIBILITY ALGORITHM

We first formally describe a wireless ad hoc network as a graphG(V, E) with a set of vertices

V and a set of edgesE. Each vertexvi ∈ V represents a hosti in the network. An edge

eij between verticesvi and vj exists if and only if hostsi and j can listen to each other’s

transmissions. We assume that all hosts use the same underlying transmission technology with a

fixed known transmission capacity, e.g., 54 Mbps for IEEE 802.11g networks. Using the proposed

MAC protocol in Section III, a hosti transmits a packet with probabilitypi when it has a packet

to send out to its neighbor.

To accurately determine whether or not a given network can support a specified number of

flows with the corresponding rates, we assume that the proposed feasibility algorithm has full

knowledge of the network; including the network topology, the routes of all the flows, and their

corresponding rates. We implicitly assume that the routes taken by the flows are established

previously by some routing protocol. These assumptions areunrealistic for a large network with

many active flows which requires a significant book-keeping effort. On the other hand, for a

smaller network, this approach is feasible. We hypothesizethat a reasonably accurate feasibility

algorithm can be implemented without the full knowledge of such a network. However, the

emphasis of this paper is on the theoretical aspects of the algorithm rather than its implementation.

Thus, we will discuss the feasibility of the proposed algorithms with respect to the characteristics

of network topologies.

To successfully maintain an average requested bit rate of a flow, it is necessary that each link

(edge) in a path connecting the source and the destination isable to support the requested bit rate.

To determine the bandwidth between two hosts, we must model the transmission behaviors of

associated neighbors of those two hosts in order to take intoaccount the multi-user interference.

To that end, a successful transmission from a sender directly to a receiver implies that no neighbor

of the receiver or the receiver is transmitting a packet whenthe sender is transmitting a packet.

Otherwise, the packet transmitted by the sender will be collided at the receiver.

We note that the scope of this paper is mainly for a linear wireless ad hoc network logically

similar to a chain topology where all communications require all hosts to be deployed along a

line. However, this framework can be applied to other network types with higher computational
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Fig. 1. A simple subnetwork ad hoc model when hosti intends to send the packets to its neighborj. We need to take into

account hostsi, j, andc for successfully transmitting packets from hosti to hostj.

complexities. Therefore, as an example, a linear wireless ad hoc network is depicted in Fig.

1 where each large arrow represents a flow on a particular linkand the circle represents the

transmission ranges. In particular, the transmission fromhostsi to j is successful if none of

hostsc and j is transmitting packets in the same time slot. Note that transmission from either

hostsd or e will not affect transmission from hostsi to j due to parallel transmission property

[15]. In particular, the radio ranges from hostsd or e do not reach to a hostj. As a result for the

transmission from hostsi to j, we need to take into account all associated hostsv ∈ {j, N(j)}

whereN(j) represents the neighbors of hostj.

Therefore we can formulate the equations representing wireless behaviors of ad hoc hosts over

an entire network, specified by giving:Ri is the total outgoing throughput from hosti; Rij is

the outgoing throughput from hostsi to j; pi is the transmission probability that hosti sends a

packet; andSij is the percentage of successfully transmitting packets from hostsi to j.

The relationship betweenRi and Rij is thatRi =
∑

j∈NI(i) Rij whereNI(i) is the neighbor

of host i that hosti intends to send the packets to. Therefore, the fractional throughput from

hostsi to j over total outgoing throughput from hosti is θij = Rij/Ri. That is,

θijpi

∏

v

(1 − pv) ≥ Sij (1)

wherev ∈ {j, N(j)\i}. The solution exists if (1) is achievable.

Note that the percentage of successfully transmitting packets Sij can be represented by (2)

where the maximum payload size of each packet for every host is equal to the transmission
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opportunity (TXOP); the number of packets we need to transmit for the required throughputRij

is ⌈Rij/TXOP ⌉; and the size of channel capacity isBW . Recall that we consider the channel

into time slots. For simplicity of analysis, we assume one time slot is equal toTXOP . Each

packet contains only a payload without PHY or MAC overhead portions. That is,

Sij =
number of packets forRij

channel capacity

=

⌈

Rij

TXOP

⌉

BW
(2)

Finally, we can formulate the potential functionfi→j to send packets from hostsi to j as shown

in (3).

Function fi→j

=











1 ; if θijpi

∏

v(1 − pv) ≥ Sij

0 ; otherwise
(3)

wherev ∈ {j, N(j)\i} and0 < Sij ≤ 1. We note that the result computed for one subnetwork

is not a solution for an entire network containing a number ofsubnetworks. Assume there are

n active hosts. Therefore, the solution for an entire networkexists if the result computed by (4)

is greater than zero. That is,

max
p1,p2,...,pn

∏

(i,j)

fi→j

∏

i

(1 − pi) (4)

where i = 1,2,...,n and j ∈ NI(i). The product offi→j returns a set of solutions to achieve

all desired throughput requirements. In order to avoid unnecessarily transmitted packets due

to assigning unnecessarily high transmission probabilities to everyone, we use the product of

(1− pi) together with maximizing the final computation. Thus, this technique would provide us

a solution with minimal collisions.

Note that when a number of wireless hosts are close to each other, a linear wireless network

turns into a non-linear wireless network. This is because the transmission range of one host covers

a number of surrounding hosts considered as its neighbors. By using a feasibility algorithm, the

computational complexity relies on all neighbors of considered wireless host where we intend

to transmit the packet to. Thus, our framework may not be suitable for a large network with

high density of wireless hosts. Therefore, based on our assumptions over the implementation

aspects, our proposed protocol is able to operate in practice if we know all of the requested
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Pseudocode for a generic variable elimination

1:   xi :=  an assigned value to a variable Xi

2:   :=  an elimination ordering ( assume { x1, x2, x3,..., xi,..., xn } )

3:   :=  a product of all the functions

4:   xi
:=  a new function where variable xi was eliminated 

5:   :=  a set of optimal solutions for all variables

6:   for each variable xi in do

7:         remove all functions containing xi from then multiply those removed functions to

form a potential function xi

8:         create a table for xi
. Each entry (in the same row) contains a set of all possible   

combinations of all variables in xi
except xi together with the best xi that

maximizes xi
. Then return argmaxxi xi

9:   for each variable xi in reverse order of  do

10:       if xj is variable in xi

11:                 Search for optimal value xj
* in  then substitute the value of xj in xi

with xj
*

12:                 Find  xi
* that maximizes xi

then record xi
* in

13:   return  = { x1
*, x2

*, x3
*,…, xi

*,..., xn
* }

Fig. 2. Pseudocode for a variable elimination technique.

throughputs, network topologies, and channel conditions.This implies that our protocol provides

high efficiency if we operate under some certain conditions.

V. VARIABLE ELIMINATION TECHNIQUE

To determine a solution for multiple variables, one option is to employ a useful technique

called Variable Elimination (VE). This technique [16] multiplies all given potential functions

(each composed of at least one variable) to achieve an overall function. Clearly, an overall

function gathers the properties from all variables. VE technique eliminates one variable at a

time by replacing a product of all functions containing thatvariable with a single function. In

particular, if we are eliminating a variableXi with an assigned value ofxi, a product of all

functions containingxi becomes a new functionΦxi
which does not containxi. Note that a

VE technique requires knowing the range of possible solutions for all variables. Once we know

the range, we discretize it into multiple bins. When we create Φxi
, we will generate a table

containing the results for all possible combinations for all variables inΦxi
exceptxi. In other

words, each of possible combinations inΦxi
would keep the bestxi maximizingΦxi

. Once we

eliminate all variables, we are now able to optimally determine the solution for each variable in
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*
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*
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Finally, }3.0,3.0,9.0{},,{ *

3

*

2

*

1 ppp    

P3 2(p3) P2
*

0.3 0.598 0.3 

0.6 0.539 0.3 

0.9 0.480 0.3 

p3 p2 1(p2)·(1-p2p3)

0.3 0.598 

0.6 0.340 0.3

0.9 0.201 

0.3 0.539 

0.6 0.265 0.6

0.9 0.127 

0.3 0.480 

0.6 0.190 0.9

0.9 0.052 

p2 1(p2) p1
*

0.3 0.657 0.9 

0.6 0.414 0.9 

0.9 0.276 0.6 

p2 p1 p1(1-p1p2)

0.3 0.273 

0.6 0.492 0.3

0.9 0.657

0.3 0.246 

0.6 0.384 0.6

0.9 0.414

0.3 0.219 

0.6 0.2760.9

0.9 0.171 

Fig. 3. Example for a variable elimination technique.

reverse elimination ordering. Finally, the pseudocode fora VE technique is shown in Fig. 2.

For a concrete example as shown in Fig. 3, we have three variables (i.e.,p1, p2, p3) with the

possible values of{0.3, 0.6, 0.9}. We have been asked to maximizeΦ = p1(1− p1p2)(1− p2p3)

over p1, p2, and p3. Assume an elimination orderingπ = {p1, p2, p3}. First, we eliminatep1

by creating a table for a product of all terms containingp1, which is p1(1 − p1p2). Second,

we create a table forΦ1(p2) that contains the bestp1 for each possible value ofp2 such that

Φ1(p2) = max
p1

p1(1− p1p2). On the other hand,φ1(p2) = arg max
p1

p1(1− p1p2) returns the best

p1 for any given value ofp2. Next, recursively compute forΦ2(p3). Note that we first get the

optimal value ofp3, denoted byp∗3. Then, we computep∗2 = φ2(p
∗

3) andp∗1 = φ1(p
∗

2), respectively.

Finally, we have a set of optimal solutionΩ = {p∗1, p
∗

2, p
∗

3} to maximizeΦ over p1, p2, andp3.

Consider the computational complexity where we need to determine a solution forn variables.

Note that the theoretical computational cost of our proposed protocol depends on type of

network topologies, feasibility algorithm, and VE technique. Because we may not be able to

control network topologies in practice and the performanceof feasibility algorithms relies on

VE techniques, therefore, the computational cost of the system strictly depends on the VE

performance.
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A B C D E F

flow 1 (100-460 kbps)

(a)

A B C D E F

flow 1 (100-460 kbps)

flow 2 (100 kbps)

(b)

A B C D E F

flow 1 flow 2 flow 3 flow 4 flow 5

flow 6 flow 7 flow 9 flow 10flow 8

(c)

Fig. 4. Example for a linear wireless ad hoc network. (a) Network with one flow; (b) Network with two flows; (c) Network

with ten flows.

Clearly, the problem becomes hard if the order of polynomialequations is high and there are so

many variables in the system. Fortunately, each host in a multi-hop ad hoc network gets involved

with only its nearby neighbors. Therefore, the number of variables in each potential function

depends on the number of its nearby neighbors where the variable here is the transmission

probability pi for each hosti. Together with the VE technique, the complexity in each iteration

where we intend to eliminate the variablepi is proportional to the number of all variables over

all the functions containingpi. In particular, if hosti gets involved with otherα hosts and the

possible values in each host are discretized intoǫ bins, then the computational complexity is

O(ǫα), compared toO(ǫn) whereα ≪ n for a large network. Thus, for example in Fig. 3, the

computational costs areO(ǫ2) andO(ǫ3) for computations with and without the VE technique,

respectively.
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VI. SIMULATIONS AND EXPERIMENTAL RESULTS

We have the experimental results based on a linear wireless ad hoc network topology as shown

in Fig. 4. The dash line represents the wireless connection between hosts. On the other hand, it

shows the coverage area from one host to its neighbors. The maximum bandwidth, TXOP, and

time slot size are 2 Mbps, 500 bytes, and 500 bytes, respectively. To be fair among all flows

(also hosts), they use the same TXOP. We discretize the transmission probability from zero to

one with step size of 0.004. For simplicity of analysis, we have the assumptions as follows:

no PHY/MAC overhead in each packet; no acknowledgement packet (ACK) when the receiver

successfully receives the sent packet; when a packet gets lost, the sender simply retransmits that

packet; because this is an Aloha-like MAC protocol, we do notconsider Short Interframe Space

(SIFS) and DCF Interframe Space (DIFS) as in IEEE 802.11 [10].

At this point, we evaluate our proposed framework by using the network topology as shown

in Fig. 4(a). Assume flow 1 (from hostA to hostF ) linearly increases its outgoing rate from

100 kbps to 460 kbps with increased rate of 10 kbps per iteration. Therefore, all senders (hosts

A-E) have the same desired outgoing rates. The simulation results are shown in Fig. 5 which we

averaged out over 200 runs for each iteration. The transmission probabilities for all senders (hosts

A-E) are shown in Fig. 5(a). As expected for a linear network topology with one traffic flow,

the host closer to an origin of the flow has higher transmission probability than the host further

away from an origin. On the other hand, the last-hop sender would have the lowest transmission

probability because its transmission is always successfully received by the destination. Therefore,

transmission probability for a hostE would be minimal compared to those for other hosts in

this network. The outgoing (throughput) rates of all senders are shown in Fig. 5(b). We show

that our novel framework precisely controls the outgoing rates of all senders.

To verify that our proposed protocol is not limited to a one-flow network, we setup the network

topology with two flows as shown in Fig. 4(b). We linearly increase the outgoing rate of flow 1

(from hostsA to E) from 100 kbps to 460 kbps with increased rate of 10 kbps per iteration. The

outgoing rate for flow 2 (from hostC to hostF ) is constant at 100 kbps. In this example, both

flows have the same direction. The corresponding results fortransmission probabilities are shown

in Fig. 6(a). Regardless of the number of flows in the network,our framework always precisely

controls the rate with minimal deviation as shown in Fig. 6(b) if there exists the solution.
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Fig. 5. The outgoing rates from each sender based on a networktopology as shown in Fig. 4(a). (a) Transmission probabilities;

(b) Outgoing rates

For concrete results, we show the degree of scalability of our proposed protocol with 10

flows over the network topology as shown in Fig. 4(c). The transmission rates for flows 1-10

are 100, 300, 30, 40, 50, 60, 70, 80, 90, and 100 kbps, respectively. The corresponding results

are represented in Table I. Note that our protocol guarantees the achievable throughput about

99.98% compared to expected throughput.

We note again that even though it is possible to have more thanone solution, our proposed

technique is able to provide a solution with minimal value oftransmission probabilities based on
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Fig. 6. The outgoing rates from each sender based on a networktopology as shown in Fig. 4(b). (a) Transmission probabilities;

(b) Outgoing rates

(4). Furthermore, smaller step size of transmission probabilities would provide a better solution

in terms of higher accuracy to control the outgoing rates of the hosts but computational cost is

more expensive. Therefore, this framework is able to be applied for applications requiring less

fluctuation in achievable throughput, especially for multimedia streaming.
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TABLE I

PERFORMANCE OF OUR PROPOSED FRAMEWORK BASED ON A NETWORK TOPOLOGY AS SHOWN IN FIG. 4(C)

Expected outgoing rate (kbps) Transmission probability Accuracy (%)

host A 210 0.700 99.8861

host B 310 0.600 99.8931

host C 540 0.565 99.8992

host D 560 0.370 99.8993

host E 470 0.240 99.8986

VII. CONCLUSIONS

In this paper, we propose an Aloha-like MAC protocol which enables QoS support for media

streams in terms of guaranteeing to achieve its requested bandwidth. This is in contrast with

the existing IEEE 802.11 protocols in which the bandwidth ofa flow can fluctuate widely,

depending on the number of active flows. Then, we propose a bandwidth feasibility algorithm

based on Variable Elimination technique. By using the bandwidth feasibility algorithm together

with a proposed MAC protocol, we are able to determine the solution (if one exists) to meet all

requirements for a given network while providing minimal wasted bandwidth caused by multi-

user interference. We note that this is the first step towardsproviding throughput guarantee in a

multi-hop network. Furthermore, our framework is not limited to operate under a simple Aloha-

like network but this also can be extended to provide the throughput guarantee and admission

control algorithm in traditional IEEE 802.11 or other contention-based access networks with

minimal modification. Our simulations indicate that the proposed framework is able to precisely

control the achievable throughput for every host within 1% deviation from requested requirements

while providing the throughput guarantee.
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