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Abstract— we study the problem of flow based scheduling in 
multi-hop wireless networks. And propose a Max Flows First-
Shadow queue based Congestion Control (MFF-SCC) algorithm 
for combined scheduling and congestion control that aims to 
solve max-min fairness problem. We give out detailed analysis of 
the algorithm and also conduct simulations to verify its 
performance. The results of simulations indicate that the 
proposed approach can improve fairness of scheduling.  

Keywords- Multi-hop;Shadow Queue;Scheduling 

I.  INTRODUCTION 
In this paper we consider the max-min fairness problem of 

scheduling algorithms for multi-hop wireless networks. During 
packets flow from source to destination, they will traverse 
multiple intermediate nodes in the network. For the shared 
nature of wireless channel, nodes within radio range of each 
other will compete for resources. Since there are many nodes, it 
is important to allocate these shared resources in a fair manner 
among different nodes. Differ from wired network, the time-
varying nature of the wireless environment, coupled with 
different channel conditions for different nodes, brings 
significant challenge to get these goals. Moreover, the lack of 
arrival statistics further complicates the solution. In the past 
few years, efficient and fair scheduling algorithms in multi-hop 
wireless networks have been the subject of intensive and 
interesting research [2][4][5].  

Fairness of service and effective of system are main goals 
of resources allocation in wireless network. One particular 
allocation algorithm called the Back Pressure algorithm was 
shown to be throughput-optimal [12] and it can be combined 
with congestion control to proportion fairly allocate resources 
among competing nodes in a wireless network. Back-pressure 
algorithm requires the queue length of every flow that passes 
through a node to perform resource allocation. It schedules the 
link flow with the largest differential backlog between adjacent 
nodes. For example, a flow f(i), pass through adjacent node n、
m, when equation (1) denotes differential backlogs between 

adjacent nodes, then S*[t]=(S1[t],…,Sn[t]) in equation (2) is the 
scheduling vector according to Back Pressure algorithm, where 
Q denote the queue length in different nodes. 
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But as mentioned in [3], it is known that these two 
objectives may conflict with each other. Maximizing the total 
system throughput may lead to serious unfairness problems, 
e.g., some flows may be starved. And maintaining strict 
fairness may significantly reduce system efficiency, as the 
example showed in Figure 1. 

 
Figure 1.  Faireness of  Back Pressure algorithm 

There are three flows named flow A、B and C separately, 
their source is on node n and destinations are node m and m’. 
The destination of flow B and C is node m’. Obviously, when 
wA=6，wB=1 and wC=0 in equation (1). According to Back 
Pressure algorithm, link nm will acquire more chances than 
nm’ in node n, then flow B and C will attain less bandwidth. 
Finally user A、B and C are treated unfairly concerning 
transmission time slot in this scenario. Due to the fairness 
problem of throughput first algorithm, extensive researches are 
done to deal with fair scheduling in multi-hop wireless 
network. But most works are based on existing method and 
combine with utility functions. In other word, they all need 
data source to adapt their sending rate according the function to 
achieve proportion fairness. And they also can’t be 
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implemented in practice without disruption to existing wireless 
protocols. Related works will be outlined in section 5. 

Realizing the problem of existing scheduling algorithm, we 
try to improve the performance of scheduling from a different 
perspective. We propose a link schedule method called 
MFF(Max Flows First), which will choose the link to 
transmission with more flows; and an congestion control 
method based on shadow queue length of each flow, which 
named SCC (Shadow queue based Congestion Control).  The 
goal of MFF is to achieve fairness among links and the target 
of SCC is fairness among different flows in same link. We 
name these two methods as MFF-SCC algorithm. MFF-SCC 
keeps separate queues for different links and separate shadow 
queue for different flows. As show in following analysis, the 
implementation of MFF-SCC is simple; however its 
performance is good. In this paper we address such issues. In 
particular:   

①Differ from traditional max-min definition, we use a 
time slot based max-min fairness definition in corresponding 
to features of wireless network. And propose MFF-SCC 
algorithm. 

②Fairness of the algorithm is also analyzed. 
③ We show via ns2 simulation that MFF-SCC 

significantly outperforms Back Pressure algorithm operating 
in conjunction with TCP. 

The paper is organized as follows. We describe the 
formalization of system model and the detailed MFF-SCC 
algorithm in Section II. Then we discuss the fairness of the 
algorithm in section III. In Section IV, the simulation results 
are described. In Section V, we outline the related works. And 
conclude in Section VI.  

II. SYSTEM MODEL AND ALGORITHM 

A. SYSTEM MODEL 
Let us consider a network modeled by a directed graph, 

G=(V，L), where V is the set of nodes and L is the set of links. 
A link (j，j+1) ∈L only if node j+1 is in the transmission 
range of node j. It is possible for j to transmit packets from 
node j to node j+1 subject to the interference constraints. Let F 
be the set of N flows that share resources of the network G. 
Packets of each flow enter the network G at one node, traverses 
multiple intermediate nodes (which may or may not pre-
determined), and then exit the network at another node. That is, 
for flow fi=( 0

iv ， | |i

i
Pv )∈F, let 0

iv  denote the entering (begin) 

node, and | |i

i
Pv  denote the exiting (end) node of flow fi. 

Network G always runs standard routing protocol link AODV. 
In such a network, a flow fi always travel along the same 
path 0 1 1 | |, ,

i

i i i i i
i j j PP v v v v v+= …（ , , . . . , ） , where 0

iv  denote 

the entering node, and | |i

i
Pv denote the exiting node and i

jv  is a 
node with distance j to v0. 

The network is time synchronized, and that the transmitter 
entering node of each flow is associated with an external and 
independent arrival process Ai(t), which is the cumulative 

number of packet arrivals during the first time slots. Let Ai(t) 
denote the number of packet belongs to flow i entering network 
in time slot t on node v0 . Let vector A(t)=(A1(t),…,AN(t)) 
denote the arrival of N flows, and vector λ=(λ1,…,λN) denote 
corresponding rate. 

At each node, we keep a separate FIFO (first-come first-
served) queue for each outgoing link, and a separate shadow 
queue for each outgoing flow. In another word, we only 
maintain flow number in each link and packet number q 
(shadow queue length) of each flow in queue. 

Instead of keeping a separate real queue Q for each flow as 
in the Back Pressure algorithm, packets are stored in FIFO 
queue for all flows going through the corresponding link. It is 
obvious that packet number counter is much easier to 
implement than a physical queue. Then MFF-SCC is easier to 
implement than other max-min scheduling algorithm.  

When a node receives a packet, it checks the head of 
packet: if the node is the destination of this packet, it will 
deliver to upper layer protocol; otherwise, is will send this 
packet to real queue Q of the link.  

Let ( )l
jQ t  denote queue length of link l on node j, and 

keep count the number of flow ( )l
jX t  in this link. ( )l

jX t  is 

also the number of shadow queue. Let , ( )i l
jq t  denote the 

length of shadow queue. , ( )i l
jq t  is also the number of packets 

of flow fi in the beginning of time slot t on node j. If equation i
∈l represents flow i is passing through link l, then we have 
equation (3) 

,( ) ( )l i l
j j

i l

Q t q t
∈

=∑                                    （3） 

We consider two-hop interference model in IEEE802.11 
protocol. And define a valid schedule to be a set of link rates 
that can be simultaneously supported. Let a activation vector 
S[t] to denote such a schedule, in each time slot, then the value 
of vector S[t] represent schedule under given policy and 
interference model. 

S ( )
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If one packet is transmitted in single slot, the shadow queue 
length in this network is expected to change like 

, ,
-1( +1) ( )-S ( )+S ( ) i l i l i i

j j j jq t q t t t=  （5） 

B. ALGORITHM 
MFF permits a link with more flows to transmit first. The 

node computes the time slot in which each link can injects 
packets into the air according to its flow number. For the 
example in Figure 1, flow A、B and C will be served under the 
statistic multiplexing principle of FIFO during idle. But when 
it’s congestion in the network, flow A、B and C all have lots 
of packets to transmit. Channel allocation will in accordance 



 

 

with the number of flows in each link. For there are two flows 
in link nm’, nm’ will get double slot time to transmit its 
packets.  

In specialized time slot, let vector X[t] denote flow number 
of each link  

[ ] 1X : ( [ ],..., [ ])nt X t X t=   （6） 

Consider following schedule of priorities for each link 

[ ] 1S : (S [ ],...,S [ ])nt t t=   （7） 

Let Г be the set of all possible valid schedules, and J be 
channel condition. We must solve the problem 

[ ]
1

S arg max [ ]
n

iS i
t X t J

∈Γ =
∈ ∑      （8） 

SCC does fair channel allocation or congestion control for 
flows. We set an upper-bound Max_Q of the arrival rates for 
each flow based on the memory size of node. Where Max_Q is 
a positive parameter. It shows maximum packets that can keep 
in memory for each flow. When shadow queue size satisfy 
equation (9) on node j during congestion,  

[ ] Max_i
jq t Q>                       （9） 

SCC will drop packet or send congestion notification to 
source in probability as follows 

min{( [ ]  Max_ / Max_ ,1}i
jq t Q Q− ) （10） 

The source will adjust its sending rate at which it injects 
packets into the network. Here congestion is indicated by 
memory overhead on the node. 

III. FAIRNESS ANALYSIS OF ALGORITHM 
Definition 1 clique [11]: A clique is a subset of a graph G 

such that for all distinct node pair j, j+1∈V’, has the edge (j，
j+1) ∈L’. Flows transverses clique will compete for resources, 
in one time slot there is only one flow can transmit its packets. 

Definition 2 maximal clique: A maximal clique represents a 
maximal set of those sub-flows that contend with each other. It 
can’t be contained by other cliques. 

Definition 3 max-min fairness of time slot: There are N 
flows in a network, if an end-to-end flow rate allocation vector 
(r1，r2，…，rN) is feasible and is said max-min fair only if for 
any flow fi, its time share cannot be increased without 
decreasing the fraction of time for any other flow in the clique. 

Proposition 1 Scheduling with algorithm MFF-SCC in 
networks, if each flow passes through one or more than one 
cliques, then rate allocation in this network is max-min fair of 
time slot.  

Proof: Consider a network with N flows. Each flow passes 
through one or more than one clique. Let rk denote the 
allocated rate of flow k (k∈{1, 2, . . .,N}). Then there is a 
feasible rate allocation vector (r1，r2，…，rN). 

When flow fi increases its time share ri in clique A, but 
doesn’t decrease that of other flow fk. 

On the assumption that ri，…，rj share link l in clique A, 
we consider two different situations: 

First to rk, where k∈(i，…，j) but k≠i,  ri increases its 
value to ri’ in clique A, the value of rk doesn’t decrease, then 
we have 

'

( 1,... ) ( ,... )
i k k

k i j k i j

r r r
∈ + ∈

+ >∑ ∑     （11） 

But link l’s time share in clique A doesn’t increase. 
According to scheduling algorithm introduced above, it is 
impossible that rk increases its share but link l doesn’t. 

Then to rk, but k does not belong to (i，…，j), when fi 
increases its share in clique A, but fk doesn’t decrease. We 
would have 

'

( 1,... ) ( ,... )

                    

l k k
k i j k i j

r r r

C
∈ + ∈

+ >

>

∑ ∑
 （12） 

Where C denote the transmission capability of clique A. 
That is impossible either. 

Following definition 3, allocation vector (r1，r2，…，rN) 
is max-min fair of time slot to all flows. □ 

IV. SIMULATION RESULTS 
Evaluation is done with ns-2. We develop our MFF-SCC 

algorithm based on 802.11Ext module. We considered 
networks as shown in Figure 2 and Figure 5. The basic access 
method is set in DCF since the similar result with RTS/CTS is 
show in our experiments. Routing protocol AODV is used all 
along the simulation. The value of parameter Max_Q is set to 
5. 

We measure the good put achieved by each flow in the 
given topology by MFF-SCC, and compare the good put with 
Back Pressure algorithm. Instead of realizing the complex 
signaling protocol of Back Pressure algorithm, we compute the 
backlog of queues on neighboring nodes directly. This method 
decreases the complexity of the algorithm, so we believe it will 
bring positive effect to its performance.   

A. Experiment 1 
We conduct this experiment on the network topology as 

show in Figure 2. Neighboring eight nodes form a network in a 
line. Flow 1 traverses all eight nodes, and flow 2、3 the other. 
All sources run FTP which is TCP below and can adjust its rate 
according to congestion notification. The experiment runs for 
150 seconds. We choose data acquired between 11-110 second 
and plot as show in Figure 3 and 4. As show in Figure 3, the 
performance of MFF-SCC is good. It assigns max-min fair 
rates to all the flows, and is within 9.6% of the optimal. MFF-
SCC assigns comparable rates to flow 2 and flow 3 as they 
traverse the same number of nodes. Flow 1 traverses more 
nodes than the other two flows, so it has longer delay. It 



 

 

acquires less bandwidth than the others. Figure 4 shows the 
results under Back Pressure algorithm. It starves the flow 1 
which traversing the longest path. Flow 1 acquires bandwidth 
only about 41Kb. There is obvious bias to flows with longer 
delay.  

 

Figure 2.  Topology for experiment 1 

 

Figure 3.  Sharing under MFF-SCC 

 

Figure 4.  Sharing under Back Pressure 

B. Experiment 2 
We conduct this experiment on the network topology as 

show in Figure 5. As shown in Figure5, nodes 4、5、9、10、
12 and 13 form a clique of the network, and link (9, 10) is a 
bottle neck of this sub networks. Flows 1 to 6 traverse this 
clique. Flow 1、2、3 and 5 run FTP sources. Flow 4 and 6 run 
CBR (Const Bit Rate) sources. Flow 1、2、3 and 4 leave 
network on node 13. Flow 5 and 6 leave network on node 6. 
The experiment runs for 150 seconds under both algorithms. 
We plot the result as shown in Figure 6. MFF-SCC assigns 
max-min fair rates to all the flows, and is within 8% of the 
optimal. But Back Pressure algorithm assigns rates with 
deviation up to 50%. The throughputs of both algorithms are 
close, one for 787Kbs and the other 828Kbs, deviation is 2％. 

Figure 7 shows the delay of flows in the bottleneck. Larger 
Max_Q values increase the delay. When Max_Q set to 7、5 
and 3, the average delay are 0.1201、 0.1122 and 0.1035 
second respectively. Different Max_Q values don’t interfere 
with the fairness of MFF-SCC algorithm. The allocation bias 
keeps under 10％. 

 

Figure 5.  Topology for  experiment 2 

 

Figure 6.  Sharing comparision  

 

Figure 7.  Delays with diferent Max_Q values 

V.  RELATED WORKS 
Efficient scheduling in multi-hop wireless networks has 

been the subject of intensive research in the past few years 
[2,4,5]. Early works include those done by Tassiulas and 
Ephremides[12]. They developed a programmatic procedure 
for establishing the stability of queuing networks and 
scheduling policies. And for a Markovian system, they show 
their method establishes positive recurrence and the existence 
of a steady-state probability distribution. 

0

0. 1

0. 2

0. 3

11 21 31 41 51 61 71 81 91 101t i me

s Max Q=7 Max Q=5 Max Q=3

0

50000

100000

150000

200000

250000

1 2 3 4 5 6 f l ow

Kb BackPresurre MFF-SCC

1

8 
6

2
5 3 

7
4

10 
11 

Flow1 

Flow3

Flow5

9 
13 

Flow6 

Flow4

Flow2

12 
14

0

1000000

2000000

3000000

4000000

11 21 31 41 51 61 71 81 91 101t i me

Kb Fl ow1 Fl ow2 Fl ow3

400000

450000

500000

550000

600000

650000

700000

750000

800000

11 21 31 41 51 61 71 81 91 101t i me

Kb Fl ow1 Fl ow2 Fl ow3

1 2 

3 4 

5 6

7 8 
Flow1 

Flow2 

Flow3



 

 

To proportion fairness problem in wireless networks 
scheduling, there has also been a lot of prior work that 
considers it [8,9]. Proportional fair bandwidth allocations for 
elastic traffic among a set of mobile users was first presented in 
[8]. The dynamic congestion control algorithm, which called 
Greedy Primal-Dual (GPD) algorithm, proves its asymptotic 
optimality. Umut Akyol [6] studied the signaling problem of 
jointly performing scheduling and congestion control so that 
network queues remain bounded and the resulting flow rates 
satisfy an associated network utility maximization problem. 
They proposed an algorithm named wireless GPD can be 
implemented in practice with minimal disruption to existing 
wireless protocols. GPD algorithm and its following researches 
improve the fairness of scheduling. But they require 
exchanging queue length of neighbor nodes to achieve 
centralized information. Then its computational complexity is 
too prohibitive for practice [1]. 

People also do researches based on maximal scheduling. 
Recently, LQF scheduling has been shown to yield a much 
larger stability region than the worst case. An LQF scheduler 
produces a maximal independent set greedily following a 
sequence according to the queue length order of each link 
during maximal scheduling. It is shown that in certain 
circumstance, where the topology satisfies the local-pooling” 
condition, LQF is optimal. QiaoLi [2] improves the 
performance of LQF to support QoS in wireless multi-hop 
networks. They generalize LBS to prioritized maximal 
scheduling, where in each time slot the scheduler chooses a 
maximal schedule following a sequence specified by a priority 
vector, which may be the same as the queue length orders. 
Therefore, it can achieve the fairness among different links, if 
the priorities are properly chosen. But they didn’t consider the 
fairness between flows sharing the same output link.  

Other than proportion fairness, researchers also investigate 
max-min fair allocation of bandwidth in wireless networks 
[10,11]. In [10] formalized the max-min fair objective under 
wireless scheduling constraints, and present a necessary and 
sufficient condition for max-min fairness of a bandwidth 
allocation. And they proposed an algorithm that assigns 
weights to the transportation sessions dynamically. Each node 
allocates service tokens to the sessions traversing the node in a 
round-robin-like fashion. In any time slot, a session would 
receive a service token does not exceed that received in an end 
nodes. Nodes do scheduling according session token. 
Algorithm proposed by Leandros sound reasonable. But its 
implementation is difficult due to signaling complexity. 
Prasanna[5] proposed an similar algorithm. It combined 
maximal scheduling and Token based flow control, and 
characterized the throughput region attained by maximal 
scheduling in terms of the interference degree of the network.  

As mentioned before, most of researches don’t consider the 
dynamics during scheduling. Some of them simply allocate 
bandwidth based on node transmission capability or fluctuation 
of queue length. Others require end users to adapt their rates 
with certain utility function. Without end user’s cooperation the 
network can’t maximize its throughput. Most of them must 
keep separate queues for different traffic flows and need 
centralized decision, though with poor scalability.  

VI. CONCLUSIONS 
We propose a Max Flows First-Shadow queue based 

Congestion Control (MFF-SCC) algorithm for combined 
scheduling and congestion control that aims to solve max-min 
fairness problem. Algorithm does scheduling according flow 
numbers of each link. And does congestion control based on 
shadow queue length of each flow. The shadow queue system 
allows each node to maintain a single FIFO queues for each of 
its outgoing links, instead of keeping a separate queue for each 
flow in the network. So flow based scheduling improves 
fairness of sharing, and shadow queue management improves 
the performance of the algorithm. 

We discuss fairness of the proposed algorithm. Via ns2 
simulations show that MFF-SCC significantly outperforms 
particular allocation algorithm like the back-pressure 
algorithm. One direction of future works is detailed analysis of 
the tradeoff between fairness and throughput of the scheduling 
algorithm. Another is the combination of MFF-SCC and 
routing. They are all interesting topics for following researches. 
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