This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
IEEE TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT, ACCEPTED FOR PUBLICATION

1

Smart Association Control in
Wireless Mobile Environment Using Max-Flow
Sourav Kumar Dandapat, Bivas Mitra, Romit Roy Choudhury, and Niloy Ganguly

Abstract—WiFi clients must associate to a specific Access Point
(AP) to communicate over the Internet. Current association
methods are based on maximum Received Signal Strength Index
(RSSI) implying that a client associates to the strongest AP
around it. This is a simple scheme that has performed well in
purely distributed settings. Modern wireless networks, however,
are increasingly being connected by a wired backbone. The
backbone allows for out-of-band communication among APs,
opening up opportunities for improved protocol design. This
paper takes advantage of this opportunity through a coordinated
client association scheme where APs consider a global view of
the network, and decide on the optimal client-AP association. We
show that such an association outperforms RSSI based schemes
in several scenarios, while remaining practical and scalable for
wide-scale deployment. We also show that optimal association
is a NP-Hard problem and our max-flow based heuristic is a
promising solution.
Index Terms—Load balancing, association control, wireless
Internet, max-flow, fairness.

I

I. I NTRODUCTION

EEE 802.11, commonly known as WiFi, has proliferated
to a new dimension in the last decade. Several factors
have contributed towards the popularity of WiFi network,
such as connectivity on the fly, low cost and its user friendly
characteristics like easy installation, automatic detection of
WiFi network, displaying of signal strength from different APs
for proper AP selection. Gradually, it is being deployed more
and more in home wireless networks and enterprise networks.
With the increasing number of users, especially in enterprise
setting, WiFi technology faces severe challenges. Among these
challenges one important challenge is to accommodate more
users with limited infrastructure through optimal resource allocation. Study of mobility pattern suggests that the distribution
of devices within WiFi network is not at all uniform; on the
contrary this distribution follows power law [1], [2]. This
implies that a large fraction of devices associate to a small
fraction of WiFi APs. Fig 1(a) shows a small portion of WiFi
network with two APs and distribution of wireless devices.
In this figure, number of devices close to 𝐴𝑃1 is 4, while
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Fig. 1. Fig. 1(a): Small portion of WiFi network with two APs and a snapshot
of clients distribution. Fig. 1(b): Probable association scenario using max-flow
based association control algorithm.

it is 2 for 𝐴𝑃2 . Conventional association scheme based on
Received Signal Strength Index (RSSI) [3], [4] would result in
associating 4 devices (𝐶1 , 𝐶2 , 𝐶3 , 𝐶4 ) with 𝐴𝑃1 and 2 devices
(𝐶5 , 𝐶6 ) with 𝐴𝑃2 . With the limited capacity, every AP has a
maximum limit on the number of devices that it can associate
[5]. This limitation and the non-uniform device distribution
may result in two undesirable outcomes: (1) inability to admit
all clients, and (2) bandwidth wastage by some APs. The main
drawback of the RSSI based association scheme is that it does
not take the load on APs into consideration while associating
a device. To overcome this problem Least Load First (LLF)
[6], [7] based association scheme has been introduced, where
a device associates with the least loaded AP. As this scheme
only considers load, not the signal strength, devices may suffer
from low bit-rate. These traditional association schemes (RSSI
and LLF) also suffer from lack of fairness. By fairness we
mean that all the devices in the network should get admitted
with equal probability, irrespective of the fact that the device
belongs to a dense or sparse area. In reality, admittance
probability of devices in relatively dense area is much lower
compared to the devices in sparse area, which is unfair. These
scenarios motivate us to design a new association scheme.
One important issue that needs to be considered for the
design of the new association scheme is whether the scheme
would be centralized or distributed in nature; this decision
depends on several factors such as the network size and the
additional overhead incurred for implementing the scheme.
Due to the NP-hard nature of the association problem [7],
centralized methods require large execution-time and result
in large overheads on the server implementing the scheme;
hence centralized methods do not scale for large networks.
Moreover, centralized methods also suffer from single point of
failure. Considering the problems with centralized approach,
some distributed association methods (such as highest RSSI
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or LLF) have been proposed, but they have several problems
as discussed earlier. So to address all these issues, designing
a distributed bandwidth allocation algorithm which can admit
maximum number of devices as well as maintain fairness and
high network throughput is an important research challenge.
Recent years are witnessing an architectural shift within
WiFi systems. In enterprise settings, such as in airports,
universities, and corporate campuses, multiple APs are getting
connected to a central controller through high speed wired
backbone [8], [9]. As a generalization, modern networks are
becoming semi-centralized through hybrid wired-wireless architecture. This paper focuses on exploiting the hybrid nature
of wireless networks to improve client association. Hybrid
nature of wireless networks offers new opportunities to redesign protocols for future wireless networks. In our proposed
Smart Association Control (SAC) protocol, we combine the
information from multiple APs to augment load-balancing and
fairness. Using the wired backbone, neighboring APs mutually
exchange information about the number of clients that are
within their communication ranges. Each AP assimilates this
global information and divides the network into “exclusive”
and “shared” zones (Fig. 1(a)), where clients located in the
exclusive zones must associate to a specific AP, while clients
in the shared zone have the choice among two or more APs.
We model this system as a max-flow problem [10] where
APs act as sources of bandwidth and zones act as sinks.
Our goal is to distribute bandwidth fairly and to obtain the
optimal client-AP assignment. Performance improves because
the concentration of clients at specific hot-spot regions does
not overwhelm a single AP. Instead, clients are distributed
among different APs even if the signal strength of their
links is relatively weaker. Fig. 1(b) shows a possible maxflow based association corresponding to the problem instance
shown in Fig. 1(a). Performance results show that compared to
highest-RSSI based association, the proposed max-flow based
association accommodates greater number of clients, increases
overall network throughput, while improving the fairness up
to 50%. The rest of the paper is organized as follows. In
section 2, we discuss some relevant works. In section 3,
we define some terminologies, and metrics used to evaluate
performance of SAC protocol. In section 4, we discuss our
proposed protocol, its distributed implementation, and two
benchmark algorithms used for comparison. In section 5 we
discuss about experimental setup, different traffic and mobility
model and simulation results. Section 6 concludes the paper
with some future directions of work.
II. R ELATED W ORK
Association control is a pressing problem; hence in recent
times several attempts have been made from both academics
and industry to address this issue. The problem has been
studied on different kinds of network (e.g. WLAN, cellular).
Association control is done to optimize different network
parameter. Among these network parameters fairness [7],
[11], [12], [13], throughput [7], [13], interference [14], [15],
percentage of blocking [16], handoff frequency [17], energy
saving to transfer data packet [18] are important.
A wide range of methodologies have been tried to address
association control problem. In [11], [19], [20] authors propose

methods of load balancing by simultaneous association of a
device with multiple APs. The idea is extremely interesting,
however it is an energy hungry solution and hence not suitable
for wireless devices. Another interesting approach is cell
breathing technique which is investigated in [21]. It contracts
(or expands) the coverage of under-loaded (or congested) cells
by reducing (or rising) the power level, and therefore the load
becomes more balanced. In another approach authors used to
predict mobility and accordingly appropriate AP is chosen for
handoff [17]. It reduces total number of handoff, hence delay
and interruption. In [22], [23] authors tried to balance load of
wireless LAN using proper channel management. In another
approach, authors try to balance the load by adjusting the load
in neighbors [6], [7], [24]. But in this case, adjustment is
possible, only if its neighbor can share some load. Further
in other proposals, load on AP is advertised in beacon,
so that any device can consider signal strength along with
load [3], [4]. But the general tendency of any mobile device
is to get maximum signal strength instead of looking for
overall bandwidth utilization; hence strength of received signal
dominates as deciding factor.
In this perspective, our work closely resembles the approach
defined in [7], however our approach takes advantage of the
wired connection of APs and exploits the hybrid nature of
wireless LAN. Our proposed protocol is able to adjust load
with a distant AP (through a series of implicit adjustment),
opposed to the earlier schemes which can just take advantage
of less loaded immediate neighbors (if present). A poster
describing our approach has appeared in [25].
III. E NVIRONMENTAL D EFINITION
In this section, we illustrate terminologies and technicalities
of the mobile Internet used in this paper. We also introduce
metrics used to evaluate performance of our proposed algorithm.
A. Basic Terminology and Protocol
In this section, we define the concepts of zone and beacon,
and also discuss traditional RSSI based association control
protocol as well as outline of our protocol.
Zone: Let us consider an area (say an institute campus),
which is entirely covered by wireless Internet. Every location
of that area is either covered by a single AP or multiple APs.
We denote an area as exclusive zone if the area is in the
range of only one AP. Similarly, we denote an area as shared
zone or overlapping zone if the area is in the range of more
than one AP as shown in Fig. 1(a). The entire area covered
by all the APs in Fig. 1(a) can be represented as set of three
zones (exclusive zone of 𝐴𝑃1 , exclusive zone of 𝐴𝑃2 and
the shared zone formed by 𝐴𝑃1 and 𝐴𝑃2 ). Formally, zone is
an area under the influence of specific set of APs.
Formation of Zone: Every device scans all available
channels and receives beacons from all the APs in its range.
On receiving beacon, device estimates the bit-rate from
corresponding AP, from the RSSI field of the received
beacon. If the bit-rate from a particular AP is not enough
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for connectivity, then device does not consider AP as a
potential candidate for contributing bandwidth for it and
hence a non-influencing AP for the device. Thus every device
individually finds out the set of influencing AP/APs which
can contribute bandwidth for it. Devices under same set of
influencing AP/APs form a zone.
Beacon: An AP periodically broadcasts beacon packets after
every beacon interval period. In response, mobile devices
may either send a probe request (if they are interested for
connection) or may ignore them.
RSSI Based Association: A mobile device receives beacon
packets from all APs in its vicinity. Device, interested for
association, checks RSSI field of beacon packet, and sends
probe request to the AP with strongest RSSI. On receiving
probe request, AP associates the device [3], [4].
AP-Client communication: As soon as any client joins
the network it associates using RSSI based association
and communicates with the APs as per the WiFi protocol
standard. Clients which are associated with any AP have the
flexibility to later re-associate to a different AP.
Inter AP communication: APs are connected through a wired
backbone, and they communicate among themselves according
to the CSMA/CD protocol. Such communication, being outof-band, does not utilize the wireless bandwidth and is much
faster than the wireless communication.
B. Metrics
In this section, we introduce the notations used in the
paper, and illustrate the set of desirable metrics that an
association control algorithm should optimize. We assume
that there are n APs: 𝐴𝑃1 , 𝐴𝑃2 , ..., 𝐴𝑃𝑛 and m zones: 𝑧1 ,
𝑧2 , ..., 𝑧𝑚 in the entire network. We also assume that every
AP has the same capacity 𝐶. The total number of devices
requesting admittance in zone 𝑧𝑖 is denoted as 𝑟𝑖 , and the
number of devices actually admitted (by all the APs) from
that zone is 𝑠𝑖 . We assume that a device is admitted only
when an AP can offer it a minimum bandwidth, as configured
by the system designer. For convenience, we assume that
each device requires a unit amount of bandwidth to get
admitted. Hence the maximum number of devices that can
be admitted in the network is 𝑛 ⋅ 𝐶. When the total number
of devices requesting admittance exceeds 𝑛 ⋅ 𝐶, the system
needs to undergo admission control in order to optimize
different metrics.
Jain’s Fairness Index (JFI): 𝐽𝐹 𝐼 is used to measure fairness
of bandwidth allocation over zones. This is an important
metric in load balancing protocol [26]. To measure 𝐽𝐹 𝐼 of
the network, first we measure Fairness Ratio (𝐹 𝑅) for each
zone. 𝐹 𝑅 is measured as the ratio of admitted device and
total number of device of a zone. Fairness ratio for 𝑗 𝑡ℎ zone
is defined as
𝑠𝑗
𝐹 𝑅𝑗 =
(1)
𝑟𝑗

3

where 𝑠𝑗 is the number of admitted devices from 𝑗 𝑡ℎ zone and
𝑟𝑗 is the total number of devices in 𝑗 𝑡ℎ zone. To ensure higher
fairness, 𝐹 𝑅 of the zones across the network should be similar.
The fairness is quantified using the following expression
∑𝑚
( 𝑗=1 𝐹 𝑅𝑗 )2
∑𝑚
JFI =
(2)
𝑚 × 𝑗=1 (𝐹 𝑅𝑗 )2
Higher value of 𝐽𝐹 𝐼 indicates higher fairness in bandwidth
allocation. JFI value lies between 0 and 1. 𝐽𝐹 𝐼 obtains
maximum value 1 when 𝐹 𝑅 value of all zones across the
network is same.
Percentage of Connection Admitted (PCA): The 𝑃 𝐶𝐴 is
the percentage of devices admitted in the network. If∑
the total
𝑚
number of ∑
devices requesting admittance is 𝑀 = 𝑗=1 𝑟𝑗 ,
𝑚
and 𝐷 =
𝑗=1 𝑠𝑗 is the total number of devices that are
actually admitted by the APs, then 𝑃 𝐶𝐴 can be formally
defined as
∑𝑚
( 𝑗=1 𝑠𝑗 ) ⋅ 100
𝐷 ⋅ 100
∑𝑚
PCA =
(3)
=
𝑀
𝑗=1 𝑟𝑗
The proposed algorithm also aims to maximize the 𝑃 𝐶𝐴 in
the network.
Throughput: Network throughput is the amount of data (bits)
transmitted in the network per unit time (second). Throughput
is computed by adding effective bit-rate of all the admitted
devices in the network, where Bit-Rate (𝐵𝑅) of a device is
defined as the number of bits that are transmitted per unit time
by a device. If 𝐵 bits of data are transmitted by a device in 𝑡
time unit then bit-rate of that device can be defined as
BR =

𝐵
𝑡

(4)

If the average bit-rate of all admitted device (𝐷) is assumed
as 𝐵𝑅𝑎𝑣𝑔 then throughput of the network can be defined as
Throughput = 𝐷 × 𝐵𝑅𝑎𝑣𝑔

(5)

IV. S MART A SSOCIATION C ONTROL P ROTOCOL
In this section, we propose Smart Association Control
(SAC) protocol which consists of two algorithms: Fair
Bandwidth Allocation (FBA) and Association for Maximum
Throughput (AMT) algorithm. FBA is a modified max-flow
algorithm, which determines number of devices from different
zones that an AP should associate. To execute FBA, we map
association control problem to a max-flow problem. We show
that the pure max-flow algorithm lacks fairness; hence, we
suitably modify the algorithm to incorporate fairness. We
theoretically justify the applicability of FBA algorithm for
association control problem. In AMT algorithm, we propose
a protocol which precisely determines one-to-one association
between an AP and a device. We present a distributed implementation of SAC (FBA and AMT) which is scalable and
fault tolerant. Our analysis reveals that SAC is a very efficient
algorithm and it executes in O(𝑁 𝑙𝑜𝑔𝑁 ) time (where 𝑁 is the
number of devices within a zone).
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(a) Snapshot of small WiFi Network

(b) Mapping

(c) Complete max-flow graph

Fig. 2. Reduction of association control problem to a flow problem. Fig. 2(a): An instance of association control problem. Fig. 2(b): Mapping of the problem
instance shown in Fig 2(a) to a multiple source multiple sink flow problem. Fig. 2(c): Logical graph at initial stage of flow.

A. Fair Bandwidth Allocation Algorithm (FBA)
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In this section, we discuss the details of the FBA algorithm.
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1) Mapping of Association Control Problem to MaxFlow Problem: Max-Flow is a classical graph theoretical
approach for solving resource allocation problem. Objective
of this algorithm is to achieve maximum flow in a given
graph from source node to sink node without violating edge
capacity constraint. Max-flow can produce many alternative
solutions depending on the path selection strategy for flow. In
the following, we represent a WiFi network as a flow graph.
Fig. 2(a) shows a small WiFi network where 𝑇𝑎 and 𝑇𝑏
are the APs and 𝐸𝑎 , 𝐸𝑏 and 𝑆𝑎𝑏 are the zones formed by
those APs. Fig. 2(b) shows the flow-graph corresponding to
the network in Fig. 2(a); both zones and APs are represented
as nodes in the flow graph. We introduce an edge between
an AP-node (e.g. 𝑇𝑎 in Fig. 2(b)) and a zone-node (e.g. 𝐸𝑎
in Fig. 2(b)) when the AP is able to contribute bandwidth
for the zone. Every zone can avail bandwidth from the set of
influencing APs up to the bandwidth requirement of the zone.
According to the problem instance of Fig. 2(a), requirement
of zone 𝐸𝑎 is 8 units, requirement of zone 𝑆𝑎𝑏 is 28 units
and the requirement of zone 𝐸𝑏 is 14 units. As zone 𝐸𝑎 is
under influence of only AP 𝑇𝑎 , there is only one directed edge
from AP node 𝑇𝑎 to zone node 𝐸𝑎 and the edge capacity is
8. Similarly, there is an edge between AP node 𝑇𝑏 and zone
node 𝐸𝑏 with capacity 14. Zone 𝑆𝑎𝑏 has the influence from
both AP 𝑇𝑎 and 𝑇𝑏 . So, edge exists between 𝑇𝑎 and 𝑆𝑎𝑏 and
also between 𝑇𝑏 and 𝑆𝑎𝑏 , and both having the capacity 28.
Fig. 2(b) shows a connected bipartite graph where APs act
as sources of bandwidth and zones act as sinks. Maximum
number of devices across all the zones will be satisfied when
there is a maximum flow of bandwidth from all the sources
(APs) to all the sinks (Zones). Hence, max-flow algorithm is
a natural choice for this scenario.
Traditional max-flow algorithm works on a graph with
single-source and single-sink, so we add a super-source and
super-sink to the flow graph to convert it to a single-source
single-sink max-flow problem. The super-source node is connected to all the source nodes (APs) with edges and the supersink node is connected to all the sink nodes (zones) with
edges [27]. The capacity of an edge between the super-sourcenode and a source-node (AP) is equal to the actual capacity
of the AP (𝐶) and the capacity of an edge between a sinknode (zone) and the super-sink-node is equal to the bandwidth
requirement of the zone (capacity of the edge from 𝑖𝑡ℎ zone

T
60

60
B 60

Fig. 3.

Max-flow does not maintain fairness!

to super-sink-node is the requirement of 𝑖𝑡ℎ zone which is 𝑟𝑖 ).
This completes the formation of the flow graph (Fig. 2(c)).
2) Introducing Fairness in Max-Flow: Max-flow
algorithm ensures maximum flow of bandwidth through the
flow graph. But it does not ensure equitable distribution
of bandwidth over the zones. It may happen that some
of the zones get 100% of their required bandwidth while
several other zones get only a small percentage of the
required bandwidth. In this section, we discuss the required
modification of max-flow algorithm and integrate modified
version of max-min fairness with our max-flow algorithm to
improve fairness.
Max-Min Fairness and Its Limitation: Let us illustrate
the scenario with an example. Fig. 3 depicts two bandwidth
allocation scenarios. Zone 𝐴 has bandwidth requirement of
20 units, and zone 𝐵 has bandwidth requirement of 60 units
and total available bandwidth of AP 𝑆 is 40 units. Depending
on the order of augmenting path selection there will be two
kinds of allocation scenarios. In one case (𝑆 − 𝐵 − 𝑇 is
chosen) zone 𝐴 does not get any bandwidth, in another case,
zone 𝐵 gets only 33% of its bandwidth requirement while
zone 𝐴 gets 100% of its requirement. So both the scenarios
are unfair and hence undesirable. To counter this problem, we
propose to incorporate the fairness features of the Max-Min
fairness [28] algorithm in the max-flow algorithm.
Max-Min fairness algorithm is a well-known algorithm used
to ensure fairness in resource allocation. Fig. 4 illustrates
an example of Max-Min fairness with a single AP and
four zones. Four zones 𝑧1 , 𝑧2 , 𝑧3 and 𝑧4 have bandwidth
requirements 5 units, 10 units, 12 units and 17 units
respectively (Fig. 4(a)). Fig. 4(b) and 4(c) represent the
amount of bandwidth still required by the zones after 1𝑠𝑡
and 2𝑛𝑑 stage of allocation. However, this kind of stage
allocation policy penalizes zones having higher requirement
and goes against the fairness principle of proportionate
allocation. Moreover, single stage proportionate allocation in
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Fig. 4. Three stages of bandwidth allocation according to Max-Min fairness.Fig. 4(a): Initial configuaration. Fig. 4(b): After 1𝑠𝑡 stage of allocation. Fig. 4(c):
After 2𝑛𝑑 stage of allocation.

a multiple source (multiple APs) scenario penalizes exclusive
zones or zones with less number of influencing APs. Hence,
bandwidth should be allocated in multiple stages instead of a
single stage to reduce the unfair distribution of bandwidth. In
the following, we discuss the modified stage allocation policy.
Modification: In every stage, each AP allocates a certain
percentage of its total capacity among all its attached zones
proportionately to their requirements. Let us assume that the
total capacity of an AP is 𝐶, and 𝑝 zones are attached with
the AP with requirements 𝑟𝑒𝑞1 , 𝑟𝑒𝑞2 , ..., 𝑟𝑒𝑞𝑝 respectively
(this 𝑝 is a small value due to the geometric distribution of
APs in planned enterprise). In a particular stage, if an AP
allocates 𝑥% (we refer this 𝑥 as allocation fraction, which
means fraction of the bandwidth to be allocated in current
stage) of its capacity to all its attached zones, then the edge
capacity between the AP and the 𝑖𝑡ℎ zone is 𝐸𝑑𝑔𝑒𝐶𝑎𝑝𝑖 , where
𝐸𝑑𝑔𝑒𝐶𝑎𝑝𝑖 is formally defined as
𝐸𝑑𝑔𝑒𝐶𝑎𝑝𝑖 =

𝑟𝑒𝑞𝑖
𝐶⋅𝑥
× ∑𝑝
100
𝑖=1 𝑟𝑒𝑞𝑖

(6)

An exclusive zone receives bandwidth from a single AP while
shared zone receives bandwidth from multiple APs and every
AP allocates bandwidth independently. It may result in over
allocation of a shared zone and at the same time starvation of
exclusive zone. This would reduce PCA of the network. To
avoid this scenario, we should carefully choose 𝑥 for every
stage. Fig. 5 shows actual number of devices from different
zones which are going to be associated with specific AP as
outcome of 1𝑠𝑡 stage of allocation on example WiFi network
shown in Fig. 2(c) with 𝑥 = 90. Although it was targeted
to utilize 90% of capacity (27 units) of each AP, 𝑇𝑎 could
use only 53% of bandwidth (16 units). This choice of 𝑥
impacts the allocation in 2 ways: (a) all the APs (here 𝑇𝑎 )
could not utilize their full quota, and (b) some zones (here
𝐸𝑏 ) would never be successful in acquiring their complete
requirement (even after the last stage of allocation), because
all the influencing APs will have imprudently exhausted their
complete bandwidth. To counter these impacts, we should
choose smaller value of 𝑥 in the initial stages and progressively
increase it. At the same time, we need to remember that
smaller value of 𝑥 increases the total number of stages in FBA,
and hence the execution time. After a set of experiments, we
have chosen a four-stage allocation policy; at the first stage,
50% of the capacity of each AP is targeted to be utilized, and
the target is then successively set to 75%, 92% and 100%. We

Fig. 5. Flow graph after 1𝑠𝑡 stage of allocation when 𝑥 is chosen to be 90.

refer this as 𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 for stages.
3) FBA Algorithm: In this section, we integrate aforesaid
stage allocation policy with max-flow algorithm to propose
the FBA algorithm. This algorithm takes allocation fraction,
bandwidth requirement of all the zones and capacity of all APs
as input parameters and generates association weight for every
AP-zone pair. Association weight of an AP-zone pair indicates
the number of devices that the AP is going to associate from
the zone. At the beginning of each max-flow stage, flow
graph needs to be formed. To build the flow graph, remaining
bandwidth requirement for all the zones as well as capacity
of the APs to be allocated for the current stage is computed.
Remaining bandwidth requirement for a zone in 1𝑠𝑡 stage is
equivalent to the original bandwidth requirement of the zone.
For all other stages, remaining bandwidth requirement for a
zone is computed as the difference between total bandwidth
requirement of the zone and total association weight between
this zone and all influencing AP of this zone. Capacity of an
AP for the current stage is set by computing the difference
between 𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (50%, 75%, 92% and 100% for
consequent stages) and the capacity utilized by all previous
stages. Then according to the procedure discussed in section
IV-A1, a flow graph is formed and max-flow is executed on
that flow graph. At the end of each stage, max-flow results in
some flow between APs and zones which is association weight
between AP-zone pairs for the current stage. This completes
one stage of max-flow. At the end of four stages of max-flow,
we get the cumulative association weight which is considered
as final association weight between AP-zone pairs.
4) Distributed Implementation of the FBA: We have
implemented a distributed algorithm which is scalable and
fault tolerant 1 .
1 For any distributed system, fault tolerance is an important feature. When
an AP fails, all the devices associated with it, will not receive beacon from
it. The devices belong to the exclusive zone of the failed AP will experience
network unavailability. However, the devices in shared zones will still get
beacons from other APs in their range and they will associate with one of
those APs.
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Distributed implementation of max-flow needs active participation of every node in the flow graph. However, except AP
nodes all other kinds of nodes in max-flow graph are logical
nodes and hence do not have any physical processor. So the
APs take the responsibility of executing processes on behalf
of all zone nodes, the super-source node and the super-sink
node. Procedure of selecting responsible AP for the execution
of processes of other kinds of nodes (zone, super-source, and
super-sink) is as follows. Responsibility of executing a zone
process is taken by one of those APs having influence over the
zone. As exclusive zone has influence of only one AP, zone
process is executed in that AP. On the other hand, for a shared
zone, one AP is elected from the set of influencing APs based
on distributed election algorithm [29]. AP election to execute
processes on behalf of super-source node and super-sink node
is done in similar fashion as AP election is done for sharedzone.
For the problem instance shown in Fig. 2(a), a possible
mapping of the processes and APs in which they are executed
is shown in Fig. 6.
Algorithm:FBA
Input: Allocation fraction for the stages;
Bandwidth requirement of all the zones;
Capacity of all APs;
Output: association weight for every AP-zone pair
foreach AP-zone pair do
initialize association weight to 0;
end
foreach stage of allocation do
Consider the allocation fraction (𝑥) ;
Compute the capacity of all APs for current stage;
Compute the remaining bandwidth requirement of all
zones;
Use modified max-min fairness to create flow graph;
Execute max-flow on this flow graph;
Update association weight for AP-zone pairs;
foreach zone do
if total association weight by all APs> required
bandwidth then
Push back the bandwidth to contributing APs
in proportion to their contribution.
end
end
end
We adopt the distributed implementation of max-flow algorithm proposed by Pham et.al [30], [31]. In this implementation, all the internal nodes (except super-source node and
super-sink node) in max-flow graph are similar. However, in
our implementation, there are two types of internal nodes:
AP nodes, zone nodes. Nodes exchange messages among
themselves to build the flow graph and ultimately to push
bandwidth towards super-sink.
5) Messages Exchanged in FBA: Two main jobs of FBA
algorithm are flow graph formation and execution of max-flow
on that flow graph. Flow graph formation requires knowledge
of allocation fraction for the current stage, capacity left of
APs and the current bandwidth requirement of zones. To know
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the bandwidth requirement of attached zones, every AP sends
bandwidth request message (Fig. 7) to all its attached zones2 .
In response, every zone process sends bandwidth response
message containing the current bandwidth requirement of the
zone. Every AP waits for 𝑝 such messages, where 𝑝 is the
number of zones under its influence. After receiving all 𝑝
messages, AP computes the bandwidth (according to Eqn. 6)
that needs to be allocated/pushed to each zone. Each AP then
sends pushed bandwidth message containing the amount of
bandwidth pushed and zone identifier to all its attached zones.
Consequently, each zone process waits for 𝑞 number of pushed
bandwidth message, while it is under influence of 𝑞 APs. After
getting all pushed bandwidth message, a zone process updates
the amount of bandwidth received from all the influencing
APs and re-computes the current requirement. In response to
pushed bandwidth message, zone sends pushed acknowledgement message. Pushed acknowledgement message contains
a control bit which indicates the utilization of the pushed
bandwidth. The values 0 and 1 of control bit respectively
indicate full and partial utilization of pushed bandwidth. In
case of over allocation of bandwidth for a zone (control bit
is set to 1), excess amount of bandwidth is pushed back
to the APs according to their contribution. The amount of
bandwidth pushed back to AP is mentioned in the pushed
acknowledgement message and receiving AP adjusts their
capacity accordingly. From the pushed bandwidth messages
of FBA stages, every zone computes the association weight
between the influencing APs and the zone.
6) Theoretical Justification of FBA: We have shown
that max-flow naturally fits into the bandwidth allocation
algorithm. The effectiveness of max-flow can be shown by
analyzing the complexity of the problem. In this section
2 In this paper, zone is either a zone process or a geographical area
corresponding to a zone. Meaning of zone will be clear from the context.
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we reveal that finding the optimal solution of the allocation
problem is NP-Hard, whereby max-flow is a good heuristic
solution.
For the theoretical formulation of the problem we have
defined another metric called Percentage of Flow (𝑃 𝐹 ).
This metric tries to estimate the performance of the system
comparing the current association scenario with best possible
association scenario at that load situation. At the low load
(less than 100%) scenario this is similar as PCA; when the
load is high, it compares the number of device associated with
maximum number of possible association. Definition of PF is
as follows.
Percentage of Flow (PF): We measure the performance of the
system by the 𝑃 𝐹 metric. It is measured as max (percentage
of device satisfied, percentage of satisfied device with respect
to number of devices that can be satisfied at max) which is
formally defined as
{ ∑𝑚 𝑠 ⋅100 ∑𝑚 𝑠 ⋅100 }
𝑗
𝑗=1 𝑗
∑
PF = max
, 𝑗=1𝑛⋅𝐶
𝑚
𝑗=1 𝑟𝑗
}
{
𝐷⋅100
(7)
= max 𝐷⋅100
𝑀 , 𝑛⋅𝐶
Problem Formulation: We want to optimize two objective
functions for our intended association control protocol. One
objective is to minimize the variance of Fairness Ratio (𝐹 𝑅)
across the zones and other objective is to maximize the 𝑃 𝐹 .
So we want to minimize 𝑓𝑜𝑏𝑗 , where one way of representing
𝑓𝑜𝑏𝑗 is
𝑓𝑜𝑏𝑗 = 𝑣𝑎𝑟(𝐹 𝑅 across zones) − 𝑃 𝐹
(8)
Let us consider a WiFi network with 𝑚 number of zones and
𝑛 number of APs. Let us assume that in a particular moment,
𝑟𝑗 is the requirement of 𝑗 𝑡ℎ zone. We also assume that, in
such traffic scenario the optimum number of device that 𝑖𝑡ℎ
AP should associate from 𝑗 𝑡ℎ zone is 𝑥𝑖𝑗 . If 𝑖𝑡ℎ AP does not
have influence on 𝑗 𝑡ℎ zone then 𝑥𝑖𝑗 is always 0, otherwise it
is greater than or equal to 0. Formally,
{
0
if 𝑖𝑡ℎ AP does not have influence in 𝑗 𝑡ℎ zone.
𝑥𝑖𝑗 =
≥0
otherwise
(9)
As the total amount of bandwidth that an AP can provide to
its clients is less than or equal to its capacity (𝐶), we formally
represent the constraint as
𝑚
∑

(𝑥𝑖𝑗 ) ≤ 𝐶

[1 ≤ 𝑖 ≤ 𝑛]

(10)

𝑗=1

Similarly, as 𝑗 𝑡ℎ zone has requirement 𝑟𝑗 , so contribution from
all APs (𝑠𝑗 ) for that zone should be less than or equal to 𝑟𝑗 .
Formally,
𝑠𝑗 =

𝑛
∑

(𝑥𝑖𝑗 ) ≤ 𝑟𝑗

[1 ≤ 𝑗 ≤ 𝑚]

(11)

𝑖=1

From equations (1) and (11) we can write
∑𝑛
(𝑥𝑖𝑗 )
𝑠𝑗
= 𝑖=1
𝐹 𝑅𝑗 =
𝑟𝑗
𝑟𝑗
From equation (12) we can write
𝑚

𝜇 = 𝐴𝑉 𝐺(𝐹 𝑅𝑗 ) =

∑
1
×
𝑚 𝑗=1

(12)

∑𝑛

𝑖=1 (𝑥𝑖𝑗 )

𝑟𝑗

(13)
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Let us assume that X be a discrete random variable which
takes the value from list of fairness ratio over the zones
[𝐹 𝑅1 , 𝐹 𝑅2 ,...,𝐹 𝑅𝑚 ] with equal probability, var(X) can be
mathematically expressed as
𝑚

𝑣𝑎𝑟(𝑋) =

∑
1
×
(𝐴𝑉 𝐺(𝐹 𝑅𝑗 ) − 𝐹 𝑅𝑗 )2
𝑚 𝑗=1

(14)

From equations (7) and (11) we can write,
{ ∑𝑚 𝑠 ⋅100 ∑𝑚 𝑠 ⋅100 }
𝑗
𝑗=1 𝑗
∑
, 𝑗=1𝑛⋅𝐶
PF = max
𝑚
𝑗=1 𝑟𝑗
⎧ 𝑚 𝑛
⎫
𝑛
𝑚 ∑
∑∑
∑





(𝑥𝑖𝑗 ⋅ 100)
(𝑥𝑖𝑗 ⋅ 100) 


⎨
⎬
𝑗=1 𝑖=1
𝑗=1 𝑖=1
(15)
= max
,
𝑚
𝑛⋅𝐶
∑






𝑟𝑗


⎩
⎭
𝑗=1

Hence our objective is to minimize value of 𝑓𝑜𝑏𝑗 where
𝑚

𝑓𝑜𝑏𝑗 =

∑
1
×
(𝜇 − 𝐹 𝑅𝑗 )2 − 𝑃 𝐹
𝑚 𝑗=1

(16)

Subject to:
𝑚
∑

(𝑥𝑖𝑗 ) ≤ 𝐶

[1 ≤ 𝑖 ≤ 𝑛]

𝑗=1

𝑠𝑗 =

𝑛
∑

(𝑥𝑖𝑗 ) ≤ 𝑟𝑗

[1 ≤ 𝑗 ≤ 𝑚]

(17)

𝑖=1

In the analysis of the problem, we show that FBA is suitable
heuristic for this optimization problem.
Analysis of the Problem: As equation (16) contains quadratic
term, instead of linear programming, quadratic programming
is required to handle this optimization problem. Mathematically, quadratic programming can be represented as, Minimization of the objective function 𝑓 (𝑥) where

Subject to:

1
𝑓 (𝑥) = 𝑐𝑥 + 𝑥𝑇 𝑄𝑥
2
𝐴𝑥 ≤ 𝑏
𝑥≥0

(18)

(19)

In equation (18), 𝑐 is a row vector describing the co-efficient of
the linear terms and 𝑄𝑥 is the symmetric matrix describing the
co-efficient of the quadratic terms. In addition, 𝑥 is a column
vector of decision variables and 𝑥𝑇 is transpose of matrix 𝑥.
In equation (19), constraints are defined as matrix 𝐴.
Let us now compare equation (16) with equation (18). As there
are 𝑛 number of APs and 𝑚 number of zones, we have 𝑚 ⋅ 𝑛
number of decision variables (𝑥𝑖𝑗 ) in our quadratic equation.
So dimension of 𝑐 vector for the equation (16) is 𝑚 ⋅ 𝑛 and
dimension of 𝑄𝑥 is 𝑚 ⋅ 𝑛 × 𝑚 ⋅ 𝑛. Moreover, derivation of
equation (16) reveals that diagonal elements of 𝑄𝑥 contain
negative element. It implies that matrix is not positive definite
matrix or it has negative eigenvalue. Quadratic programming
with negative eigenvalue is a NP-Hard problem [32], [33]. Lots
of heuristic solutions have been proposed to get solution of
this kind of NP-Hard problem [34], [35], [36]. Out of which
max-flow [34] is a possible method. Intuitively again, it is
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easy to understand that we can satisfy maximum number of
devices using max-flow and with a little modification, fairness
can be ensured in max-flow. So, modified max-flow (FBA) is
a natural choice for this NP-Hard problem.
B. Association for Maximum Throughput (AMT)
In FBA stage, APs collaboratively decide the number of
devices they are going to associate from each zone. We refer
to this number as association weight between the AP and
the zone. However, one-to-one association between device
and AP is still left after FBA stage. A protocol needs to be
devised for one-to-one association between devices and APs
without violating FBA constraint (association weight) such
that overall network throughput is maximized. We propose
an Association for Maximum Throughput (AMT) algorithm to
achieve aforesaid objective. This algorithm is being executed
in each zone process in parallel.
Message Exchanged in Interval Phase: Before describing
AMT in detail, we briefly describe the association mechanism
in the interval period of two successive executions of SAC.
As soon as a device enters in WiFi network, it receives
beacon message from all the APs in its range. If the device
is interested for association, it checks the RSSI field from
all received beacon and sends probe request message to the
AP from which it is getting strongest signal (Fig. 8) and the
AP associates the device if possible. It is worth mentioning
here that the probe request message contains some additional
information like AP identifier of all the APs in device’s range
and corresponding bit rate from those APs. On receiving probe
request message, AP takes the following actions: 1) sends
probe response message and associates device if possible 2)
extracts the extra information from probe request message and
construct share bit-rate message.
Fig. 9 shows structure of share bit-rate message of a device
𝐷1 where q is the number of influencing APs for the zone.
AP identifier, bit-rate from that AP and the device identifier
of client are kept as a 3-tuple in share bit-rate message. AP
identifies the zone to which device belongs from the list of
APs in share bit-rate message and sends share bit-rate message
to the corresponding zone process. However, zone process for
a zone may not exist (just after network setup) and in such
case, a new zone process has to be formed. The AP receiving
the first probe request message from any device of that zone
initiates the process of electing a responsible AP for the new
zone process; it sends a control message to all others APs

Fig. 9.

Structure of share bit-rate message of a device.

in the list of share bit-rate message, indicating that a new
zone has to be formed (i.e. an AP needs to be elected for
handling the zone process for this new zone). All the APs
getting this message generate a random number and exchange
among themselves. The AP which generates the minimum
number is elected as the responsible AP for the new zone.
Once the zone process is active, share bit-rate message is
forwarded to the zone process. Thus in interval period, zone
process receives detail of all the devices that belong to it and
make an aggregated list of messages.
Message Exchanged in AMT Phase: At the beginning of
AMT stage, every zone has obtained the association weight
of all influencing APs. Moreover, zone process has complete
information of the devices belong to that zone and the bit-rate
that each device can avail from all APs. This information is
stored in a common share bit-rate message structure as shown
in Fig. 9. The zone process sorts the (bit-rate, AP, D) tuples
contained in all the share bit-rate messages in non-increasing
order of the bit-rates. Let the tuple with the highest bit-rate
among all share bit-rate messages in this zone be noted as
(peak.bit-rate, peak.AP, peak.device). The devices are then
associated as follows.
The zone process checks if peak.AP can still accommodate
more devices from this zone according to current association
weight. If peak.AP can still accommodate devices from this
zone, the zone process sends association message (Fig. 10)
containing the identifiers of peak.device and peak.AP to all
the influencing APs for this zone. If peak.device is already
associated with peak.AP, then no further action is required
except for reducing the association weight for the AP-zone
pair. However, if peak.device is associated with some other
AP, that AP sends disassociation notification message to
peak.device. Disassociation notification message contains the
identifier of peak.AP to guide peak.device in re-association.
Then peak.device sends re-associate request message to suggested AP (i.e. the peak.AP) and association is done. The
above process is repeated until all the devices in this zone
are associated or all APs influencing this zone finished their
quota of association weight. Once a device is associated, all
tuples of that device are ignored henceforth. When association
weight reaches zero for some AP-zone pair, the zone process
ignores all tuples corresponding to that AP.
C. Run Time Complexity
In this section, we analyze the run time complexity of
SAC protocol. As SAC consists of two algorithms: FBA and
AMT, we subsequently analyze the complexity of each of the
algorithm separately.
Analysis of FBA Algorithm: Let us assume that the total
number of nodes in flow graph is 𝑣 and total number of
APs in the network is 𝑛. If every vertex participates in the
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Algorithm:AMT
Input: 1) association weight generated by FBA stage
between this zone and all influencing APs;
2) List of tuples of share bit-rate message (li)
Output: One-to-one AP client association
while li is not empty do
Find the tuple with peak.bit-rate;
Denote the corresponding AP and device as peak.AP
and peak.device;
if association weight for this zone and peak.AP > 0
then
Associate the peak.device with peak.AP;
Remove all the tuples with peak.device id from li;
Reduce association weight for the AP-zone pair;
end
else
Remove all tuples with peak.AP id from li;
end
end

computation, the distributed implementation ensures that the
run time complexity of the max-flow algorithm is O(𝑑𝑣) where
𝑑 is the length of the longest path between super-source and
super-sink [31]. In our context, 𝑑 always remains constant at 3
irrespective of network size (Fig. 2(c)); hence the complexity
reduces to O(𝑣). In our protocol, since only APs are the
computing nodes, we need to establish a relationship between
the number of AP’s- 𝑛, and the total number of nodes- 𝑣. In
planned enterprise settings, the AP deployment ensures that
each AP influences a small number of overlapping zones.
Hence the maximum number of zones is O(𝑛). Therefore, the
number of nodes in the flow graph is also O(𝑛). This implies
that each AP needs to execute the algorithm on behalf of a
constant number of nodes in the flow graph. Therefore, the
time complexity does not degrade, and each individual AP
takes O(𝑛) time. As max-flow takes O(𝑛), FBA (4-stage maxflow) also runs in O(𝑛).
Analysis of AMT Algorithm: Run time of AMT depends on
number of devices within each zone. To achieve the goal of
maximum throughput, every zone process needs to find out
device with maximum bit-rate repeatedly. Let us assume that
𝑁 is the number of devices in the zone. Using priority queue,
we can perform the required operation in O(𝑁 𝑙𝑜𝑔𝑁 ) time.
But, as 𝑁 is not very big (in order of hundred) it does not

9

take large time.
Now considering both FBA and AMT, SAC protocol executes
in O(𝑛 + 𝑁 𝑙𝑜𝑔𝑁 ) time where it is expected that 𝑁 > 𝑛 so it
reduces to O(𝑁 𝑙𝑜𝑔𝑁 ). This can allow operations in the order
of packet transmission times. Though we have taken Indian
Institute of Technology Kharagpur campus as a case study,
proposed algorithm is scalable for a large network such as
city network.
V. R ESULTS AND D ISCUSSION
In this section, we state two schemes RSSI and LLF
which are used as benchmark to evaluate performance of our
algorithm. Next, we present a brief description about the experimental setup used in the simulation. We also discuss about
the traffic distribution and mobility models used in our work.
In simulation results, we compare performance of proposed
SAC algorithm with RSSI and LLF based algorithms.
A. Schemes for Comparison
To evaluate the performance of our proposed algorithm, we
compare its performance with one RSSI based association
algorithm and one LLF based association algorithm. These
approaches have been used for comparison in several recent
papers: comparison with RSSI based algorithm (may be found
in [11], [7]), comparison with LLF based algorithm (may be
found in [7]).
In RSSI based algorithm, mobile devices associate with the
AP having the strongest signal. Every device checks the signal
strength from all the APs in its range and selects the AP with
highest signal strength for association.
In our chosen LLF approach, there is a central server,
which keeps track of the entire network. Every mobile device
first associates with an AP with strongest signal. During this
association, device provides ‘QoS it expects’ and ‘list of APs’
in its vicinity to the AP to which it is being associated.
AP sends this information to central server. Central server
chooses one AP with least load [6] which can fulfil the QoS
requirement of device.
B. Experimental Setup and Simulation
We perform a simulation-based experiment in order to show
the effectiveness of our proposed association control protocol
over the RSSI and LLF. The simulator is developed using C.
The detail of the simulator is presented in this section.
Physical Layer Model: We use a simple wireless channel
model where the bit-rate depends only on the distance of the
client from the AP. We have assumed that range of an AP is
100 meter. We have also assumed that a client will receive
36 Mbps speed when it is within 30 meter range from the
AP, when the distance is more than 30 meter then bit-rate is
measured according to the Shannon’s law with constant (unit)
noise. Transmission power of every AP is assumed as 100
mW. We assume that size of contention window is constant
(32). It is also assumed that there is a limit on the number of
devices that an AP can associate simultaneously and this limit
is set to 60 [5].
Mac Layer Model: Presented network is a WiFi infrastructure network, where APs of every BSS’s are connected through
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wired backbone and thus creates a distribution system. Devices
use DCF for data transmission. We have assumed that, each
device requires a unit amount of bandwidth to get admitted.
Topology: We have considered a part of the transportation
network of Indian Institute of Technology (IIT) Kharagpur,
India as a case study. Fig. 11 shows the map of the IIT
Kharagpur campus with proper scaling [37]. The black solid
circles on the map are considered as the APs. We consider
that APs are placed at the junctions of the roads. If the
distance between two nearest road-junctions is more than
150m, then we consider more APs are placed in between
two road junctions, in order to make sure that the maximum
distance between two APs is 150m. Proceeding in this way,
we need 42 APs and 187 zones (42 exclusive zones and 145
shared zones).
Traffic Distribution: Next we consider the geographical
distribution of mobile devices along the roads. We assume that
the density of mobile devices on a given road is determined
according to the importance of the road. To estimate the importance of a road segment, we compute its betweenness where,
betweenness of an edge in a graph is defined as the fraction of
shortest paths (out of the shortest paths between each pair of
nodes) which pass through the given edge [38]. We consider
important places in the campus (such as departments, hostels,
cafes) as nodes and the roads connecting these places as the
edges in a graph. We consider the shortest paths (along the
roads) between each pair of important places, and compute
the fraction of shortest paths which pass through a given
road - this fraction (edge betweenness centrality) is considered
as a metric of the importance of the road. Road segment
between two adjacent APs (according to the transport network)
is denoted as road fragment (an example is shown in Fig. 11
with symbol A). However, mobile devices are associated with
human beings, so study on human mobility pattern can provide
approximation and the pattern of mobile device distribution
over an area. Studies of GPS trace have revealed that in a
city/campus, traffic distribution is not uniform; some places
are more popular than others. Many recent studies suggested
that this nature of traffic distribution follows power law [1],
[2]. Population of a zone is estimated considering all the
portion of road fragments lying within that zone. Similarly, we
measure the population of zone for uniform traffic distribution.
It is assumed that devices are distributed randomly within a
zone. However, we use both uniform and power law traffic
distribution for our simulation.
Mobility Model: We consider a simple mobility model
(random waypoint model [39]) to evaluate robustness of
our algorithm in face of device movement. In this model,
at each step devices, selected for movement, move from
one zone to another. Destination zone is randomly selected
and accordingly devices choose speed between 3km/hour
to 25km/hour. However we made bit modification in the
random waypoint model to make it more realistic. We also
assume that 60% zones are participating in this movement at
each step. Among these zones, half are originating points of
devices while the rest are destination points of those devices.
For convenience, we divide these chosen zones into pairs,
whereby 20% of devices from the originating zones move to
the destination zones. The originating zone and destination

A

Fig. 11. Campus map of Indian Institute of Technology (IIT) Kharagpur and
assumed deployment of APs across the campus.

zone both are chosen randomly. This process is repeated 20
times.
Flash Crowd: Due to some temporal event like a fair,
football match etc, few zones may get over crowded. We
define this as flash crowd. To evaluate the performance of
our association control protocol in such circumstances, we
have simulated a special flash crowd environment. Three
zones are randomly chosen as target zones and devices from
other zones randomly move to either one of the target zones
until total traffic of the targeted zones reach 10% of current
population.
Simulation: As there are 42 APs and each of the AP
can associate up to 60 devices, 100% load signifies 2520
(42 × 60) devices. In simulation, we vary the load from
5% to 250% with step size 5 and evaluate performance of
proposed SAC algorithm, RSSI based algorithm and LLF
based algorithm. To test performance of any algorithm on a
particular load, we distribute the traffic according to power
law and uniform distribution and subsequently execute the
algorithm to compute Percentage of Connection Admitted
(PCA), Jain’s Fairness Index (JFI) and throughput. For every
step, we compute different metrics and check the effect of
movement and interference. We average performance over 200
runs and present the results.
C. Simulation Results
In this section, we present our simulation results to
show that SAC outperforms traditional association control
algorithms based on RSSI and LLF. First, we show that
fairness of SAC is maintained even in very high load. Next,
we show that SAC can accommodate the number of devices
which is near to optimal and maintain a high network
throughput. Finally, we show that SAC is robust in face of
movement and the effect of interference on SAC is almost
negligible in terms of PCA and throughput. However, SAC
has some extra message overhead which is the additional cost
incurred to achieve aforesaid performance. We show that this
cost is tolerable.
Fairness Comparison: Fig. 12 shows that SAC protocol
outperforms RSSI and LLF at higher load while it performs
comparably with RSSI and LLF at low load scenario. Pro-
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Fig. 12. Fairness (JFI) varying with load using 1.SAC 2.LLF 3.RSSI using
power law traffic distribution and inset is the uniform traffic distribution.

portionate allocation of bandwidth among zones makes the
allocation fair. However, due to the skewness of the traffic
movements, some zones become overcrowded and others
remain less crowded. With increasing skewness, proportionate
bandwidth allocation becomes difficult. Hence devices would
experience non-admittance; and consequently 𝐽𝐹 𝐼 in the
entire network decreases. The challenge lies in maximizing
𝐽𝐹 𝐼 in such arduous scenario. The ensured fairness of SAC
stems from the fact that it can elegantly utilize the “global
view” of all resources and distribute the load to suitably adjust
the association. In effect the load of overcrowded area can be
rippled out to distant (apparently not adjacent) APs.
Percentage of Connection Admitted: Fig. 13 confirms that
SAC protocol performs better than RSSI and LLF also in
terms of 𝑃 𝐶𝐴. Inherent optimality of max-flow helps to
maximize 𝑃 𝐶𝐴. When total traffic is significantly less, all
devices can be admitted irrespective of association strategy.
Hence hardly any difference persists among strategies. As load
increases, skewness of traffic distribution increases. In such
scenario, SAC avoids bandwidth wastage of APs by multi
hop adjustment using max-flow. Hence, SAC achieves 𝑃 𝐶𝐴
difference over other strategies and peaks around 100% load.
Though admittance difference is not very high (difference
is 5%-10%), but we achieve this difference in most viable
load region (50%-250%). Inset of Fig. 13 shows the 𝑃 𝐶𝐴
difference when traffic distribution is uniform. In this case,
difference of 𝑃 𝐶𝐴 becomes a bit lower (4%-8%). However,
beyond 250% load, number of devices in each zone becomes
much higher. In presence of skewness and without multi-hop
adjustment, every AP gets enough devices around it so that
no AP wastes bandwidth and associates maximum number
of devices. So, 𝑃 𝐶𝐴 difference becomes insignificant beyond
250% load. It is worthwhile to comment here that 𝑃 𝐶𝐴 is best
obtained when we run simple max-flow algorithm instead of
FBA. However in simple max-flow, we observe huge fairness
deviation.
Comparison in terms of Overall Throughput: Fig. 14 shows
gain of SAC protocol over RSSI and LLF in terms of overall
throughput. Total network throughput depends on the total
number of devices admitted and availed bit-rate by each of the
admitted device. But, 𝑃 𝐶𝐴 differences among strategies are
not very high and hence availed bit-rate by each device plays
the dominating role in throughput gain. Though the 𝑃 𝐶𝐴
obtained by the SAC algorithm is higher than that obtained by
the RSSI algorithm in between 50% and 250%, the throughput
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obtained is insignificant in between 50% and 100%, which
can be explained as follows. In this region of load, there
are a moderate number of devices; to achieve higher 𝑃 𝐶𝐴
and fairness, some devices are associated sub-optimally (i.e.
with an AP other than the one from which it would have
obtained the highest bit-rate) in order to satisfy the constraint
imposed by FBA, and this results in lower throughput than
expected because of high admission. But when load is high,
there are a large number of options for selecting devices to
associate to each AP, hence the constraint imposed by FBA can
be fulfilled without sub-optimal association. This possibility
of sub-optimal association gradually reduces with load as
number of devices becomes significant at higher load. At
higher load, though there is no 𝑃 𝐶𝐴 difference, careful choice
of devices for association by AMT algorithm helps to increase
total throughput. So our scheme performs better than RSSI in
higher load. In terms of throughput, SAC clearly outperforms
LLF, as LLF never considers bit-rate during association. Inset
of Fig. 14 is showing the difference of SAC with RSSI and
LLF. However, we are not considering the possibility of wrong
estimation of bit-rate which may happen in real life situation.
Effect of Movement: In between two executions of SAC protocol, association of new devices as well as re-association due
to movement of devices is handled by RSSI. Fig. 15(a) shows
variation of fairness with and without movement. Though
𝐽𝐹 𝐼 reduction due to movement is prominent, fairness after
movement is still much higher than RSSI and LLF based
algorithm. While the load on most of the APs is relatively
low, it is expected that a device moving from one zone to
another would get associated with a different AP. So at low
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load, hardly any difference exists in fairness due to movement. As load increases, fairness difference appears though
maximum difference is 0.1. The difference arises because at
the interval period devices get associated through RSSI, hence
the inefficiency due to RSSI slightly creeps into the system.
The difference gets eliminated with the next round execution
of SAC. Fig. 15(b) shows the impact of load on 𝑃 𝐶𝐴 with
and without device movement. Though 𝑃 𝐶𝐴 degrades due to
movement, degradation is not significant. Fig. 15(c) shows the
effect on throughput and JFI on different association control
protocol due to flash crowd. In flash crowd scenario, SAC
outperforms LLF and RSSI in terms of throughput and JFI,
whereas PCA is comparable in all three.
Effect of Interference: In this paper, we consider two models
of interference. In first model we consider that in a planned
enterprise setting, interference can be ignored [40]. However,
we try to estimate the performance degradation in presence
of interference. We introduce an adversary in the proposed
protocol to estimate the effect of interference. As there are
only 3 non-overlapping channels [40], zones having influence
from more than 3 APs suffer from interference (ignoring
interference among devices). To model the adversary, we
assume that when a zone is under the influence of 𝑛 > 3
APs, the devices in that zone may not be able to associate
with all APs due to interference; instead it may associate with
maximum 𝑛 − 𝑘 (𝑘 = 1, 2) APs, thus representing certain
loss of association opportunity for a device. So, for every
device in such zones, there are one or two prohibited APs,
which are chosen randomly in simulation. Hence contribution
of the corresponding APs in that zone gets reduced. However,
capacity of these prohibited APs are being utilized in other
zones where they have influence which helps to maintain
the overall network 𝑃 𝐶𝐴 as shown in Fig. 16(b) as well
as throughput as mentioned in Fig. 16(c). Only the fairness
of the network goes down as shown in Fig. 16(a) as the
PCA/throughput of the shared zones with 𝑛 > 3 APs go down.
In another model, we have considered inter-node interference. As 802.11 protocols follow CSMA/CA for acquiring
channel, inter-node interference increases with the increase in
number of contending stations per channel. If more than one
station sends their packet at the same time slot then there will
be collision and in effect packets need to be transmitted again.
Let us assume that 𝑃𝑐 is the probability of collision and 𝜏 is the
probability that a station transmits successfully in a randomly
chosen slot. We assume that size of contention window 𝑤
is constant (assumed 32 for our experiment) and there is no
exponential backoff as an effect of unsuccessful transmission.
Let us also assume that number of the contending stations for
same channel is 𝐶𝑛 . From equation 5 of [41] and equation 8
of [42] we can express 𝑃𝑐 and 𝜏 as follows
𝑃𝑐 = 1 − 2(𝐶𝑛 −1)×𝑙𝑜𝑔(1−𝜏 )
where

(20)

2
(21)
𝑤+1
Overall throughput will be reduced with the increment of
𝑃𝑐 . Fig. 16(d) shows the effect of inter-node interference on
throughput and JFI on SAC, RSSI and LLF. Though performance in terms of throughput deteriorates in all association
𝜏=

control protocols (can be compared with Fig. 14), reduction is
low in SAC (25% reduction) compared to RSSI (around 50%)
and LLF (around 50%). This dramatic resiliency of SAC can
be understood from the fact that it maintains JFI much better
which implies that it distributes the load in balanced manner
among the APs. Hence the number of contending devices
per channel is low which ensures less effect on network
throughput.
Message Overhead: In all the previous results we have
shown that SAC outperforms RSSI and LLF based algorithms.
However, SAC has some extra message overhead which is
the additional cost incurred to achieve aforesaid performance.
Here we discuss in detail about the extra cost incurred in SAC
protocol in terms of message overhead.
Let us first discuss briefly about all the wireless messages
used in SAC protocol. Apart from standard wireless messages
used in any association control protocol, SAC does not use any
new wireless message. Similar to traditional system, every AP
sends beacon message and in response, device interested for
association sends probe request message as shown in Fig. 8.
Other than beacon and probe request messages, there are probe
response message, disassociation notification message and reassociation request message. Fig. 17 shows the fraction of
devices getting re-associated against load. Although, probe
request message contains some extra bytes, the important part
of overhead arises from the re-association induced by SAC
protocol. But, at low level of load (< 50%), even association
without sufficient care leads to an optimal performance in
terms of PCA and fairness. Hence, re-association has no effect
in terms of performance. The re-association phenomenon
quickly diminishes beyond the 200% load where both RSSI
and SAC have similar performance.
Inset of Fig. 17 shows the wired overhead of our proposed
algorithm. For every probe request message, there is one
share bit-rate message to communicate the details to zone
process. So the number of share-bit rate message and the
probe response message is in the order of number of device.
Moreover, there is bandwidth request message and bandwidth
response message. Both are in the order of the number
of zones. Similarly, pushed bandwidth message and pushed
acknowledgement message are also in order of number of
zones. However, these messages are pure overhead for our
association control algorithm. But as they are wired message
(out of band communication) these messages do not incur
much costs. Among these different wired messages, share-bit
rate message is the dominating as it varies with number of
devices. As the dominating factor of wired overhead varies
proportionally with load, the overhead has increased with
almost constant gradient with respect to load.
VI. C ONCLUSION AND F UTURE W ORK
This paper combines results from traditional graph theory
with the emerging opportunities in wireless setting to target the
pressing problem of association control. SAC improves client
association techniques in wireless networks by exploiting the
wired backbone among WiFi APs. The key idea is to share
local information from multiple APs, model it as a maxflow problem, and derive the optimal client-to-AP assignment.
Simulation results demonstrate that such a technique can
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improve over purely distributed association schemes, resulting
in higher fairness, better load balancing properties, and even
some robustness to client mobility. Further the proposed
algorithm also improves the overall throughput of the entire
network and is also resilient to client mobility. The most
important observation from the result is that our algorithm
is better suited for higher load, in fact when the load is less
than 75%, RSSI is a better choice. However, beyond 75% load
SAC outperforms RSSI. Our future work is focused towards
augmenting the system with sophisticated channel and traffic
models and with support for multimedia traffic.
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