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Abstract 
 

Backpressure based scheduling has been considered as a promising technique for improving 
the throughput of a wide range of communication networks. However, this scheduling 
technique has not been well studied for heterogeneous wireless networks. In this paper, we 
propose a virtual-queue based backpressure scheduling (VQB) algorithm for heterogeneous 
multi-hop wireless networks. The VQB algorithm introduces a simple virtual queue for each 
flow at a node for backpressure scheduling, whose length depends on the cache size of the 
node. When calculating flow weights and making scheduling decisions, the length of a virtual 
queue is used instead of the length of a real queue. We theoretically prove that VQB is 
throughput-optimal. Simulation results show that the VQB algorithm significantly 
outperforms a classical backpressure scheduling algorithm in heterogeneous multi-hop 
wireless networks in terms of the packet delivery ratio, packet delivery time, and average sum 
of the queue lengths of all nodes per timeslot. 
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1. Introduction 

Backpressure based routing and scheduling has been considered as a promising technique for 
improving the throughput of a wide range of communication networks because of its 
throughput-optimality property. The first backpressure scheduling algorithm was proposed in 
[1]. It is a cross-layer queue-length based scheduling algorithm for packet transmission, which 
has been proven to be throughput optimal. Moreover, it can provide network-utility-optimal 
scheduling guarantee when combined with rate control (e.g., [2]-[4]) and high packet delivery 
performance when used for route selection (e.g., [5]-[8]). Although this algorithm has many 
advantages, e.g., throughput optimality, achievable adaptive resource allocation, support for 
stateless and flexible load-aware routing and scheduling, there are still some problems that 
prevent it from being widely deployed in the real world, including its centralized control mode, 
high computational complexity, and poor delay performance [9]. Recently, considerable 
research work has been conducted to address these problems and provide different solutions to 
efficient deployment of backpressure based scheduling [7]-[14]. However, the use of a 
backpressure based scheduling algorithm in heterogeneous multi-hop wireless network 
environments is still an issue not well addressed, which motivated us to conduct this work. 

Heterogeneous multi-hop wireless networks have become increasingly common with the 
popularity of wireless devices with routing functions. As such heterogeneous devices usually 
have different capabilities in terms of cache, battery, and computation, many classical 
backpressure based algorithms designed for homogeneous networks cannot perform 
efficiently in such networks. For a classical backpressure algorithm, time is slotted and each 
node in the network maintains a queue structure for each flow passing through it. In each 
timeslot, a set of non-interference links whose overall link weight can contribute to a global 
maximum sum are activated to transmit packets. Here, the weight of a link is the largest flow 
weight on the link, where the weight of a flow, also called flow weight, is the differential of the 
flow’s queue backlogs between the two endpoints of the link. A classical backpressure 
algorithm only concerns about the absolute (per-flow) queue backlog differential between 
neighbor nodes. However, when it is used in a heterogeneous network where different nodes 
have different cache sizes, it may cause unexpected problems. For example, a packet 
scheduled to be sent to a node may be directly dropped if the receiving node does not have 
enough buffer space, which would reduce the packet delivery ratio and thus the throughput of 
the network. 

To address the above problem, we propose a new efficient backpressure scheduling 
algorithm for heterogeneous multi-hop wireless networks. Specifically, we introduce a simple 
virtual queue for each flow at a node for backpressure scheduling, whose size depends on the 
cache size of the node. To the best of our knowledge, this is the first work that considers the 
impact of the cache size of a heterogeneous node on backpressure scheduling.  Simulation 
results show that the proposed backpressure scheduling algorithm outperforms a classical 
backpressure scheduling algorithm significantly in heterogeneous multi-hop wireless 
networks in terms of the packet delivery ratio, packet delivery time, and average sum of the 
queue lengths of all nodes per timeslot. 

The rest of the paper is organized as follows. Section II reviews related work. Section III 
describes the system model under study. Section IV first gives a brief review to classical 
backpressure algorithms and then presents the proposed backpressure scheduling algorithm. 
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Section V shows simulation results to evaluate the performance of the proposed algorithm. 
Section VI concludes this paper. 

2. Related Work 
The backpressure algorithm in [1] was proposed by Tassiulas and Ephremides. Although this 
algorithm has many advantages, e.g., throughput optimality, achievable adaptive resource 
allocation, support for stateless and flexible load-aware routing and scheduling, there are still 
some problems that prevent it from being widely deployed in the real world, including its 
centralized control mode, high computational complexity, and poor delay performance. To 
address these issues, considerable research work has been conducted recently in this field.  

In [12], Laufer et al. designed a practical cross-layer backpressure structure to reach the full 
capacity of a multi-hop wireless network. Under that structure, a mesh network is transformed 
to a wireless switch, where packet routing and scheduling decisions are made by a 
backpressure scheduler. Moreover, they also implemented and evaluated the performance of 
backpressure scheduling over a Time Division Multiple Access (TDMA) based Media Access 
Control (MAC) protocol in such networks. In [10, 18], backpressure scheduling was 
implemented on a contention-based MAC protocol by adjusting the contention behavior 
according to contending nodes’ queue differentials. Moreover, backpressure-based rate 
control at the transport layer was also considered in [10]. Horizon in [11] is a 
backpressure-based system designed for enhancing Transmission Control Protocol (TCP)’s 
performance, which balances the traffic load over multiple disjoint paths by using the 
information on queue states. Backpressure Collection Protocol (BCP) in [7] is a backpressure 
based collection protocol for wireless sensor networks (WSNs). In BCP, backpressure-based 
routing is carried out by taking into account queue differentials and link rates. In [8], Diff-Max 
considers the issue of separating routing and scheduling in the context of backpressure in order 
to make practical implementation easier. In [8], the authors focused on how to implement 
backpressure based scheduling in CSMA based wireless networks in a distributed manner. In 
[14], Sridharan et al. conducted empirical study on the performance of backpressure 
scheduling in CSMA wireless networks. 

To our knowledge, the only previous work that considered the issue of backpressure based 
scheduling in heterogeneous networks is [4]. In this work, Neely et al. considered the issue of 
optimal rate control for a network with both wireless and wired components and time varying 
channels. They developed a dynamic strategy to handle all possible traffic to make optimally 
fair decisions on which data to serve when input traffic exceeds the network capacity. 
However, they did not consider the impact of different characteristics of heterogeneous nodes 
(e.g., buffer size) on the performance of backpressure scheduling in a heterogeneous network. 
In this paper, we consider the issue of performing backpressure scheduling in a 

heterogeneous network where different nodes have different cache sizes. We introduce a new 
metric taking into account nodes’ cache sizes for improving the backpressure scheduling 
performance in the heterogeneous network. In this context, there has been some previous work 
reported in the literature [6][7][15][16]. In [6] and [7], backpressure routing protocols for 
Delay Tolerant Networks (DTNs) and WSNs consider not only queue differential but also 
other factors (e.g., routing loop punishment, packet reception ratio, node’s social selfishness 
behavior, etc.) to make a proper routing decision. In [15], Ji et al. introduced a delay metric and 
accordingly extended classical backpressure to a delay-aware modified version. In [16], 
backpressure is combined with inter-flow network coding and the available coding 
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opportunity is a new concern introduced in making scheduling decisions to reduce the packet 
delivery latency. 

 

3. System Model 
We consider a multi-hop wireless network and model it as a directed graph G = (V, E), where 
V(G) and E(G) represent the set of nodes and the set of links in the network, respectively. The 
weight associated with a link (u, v)∈E(G) is not necessarily the same as its counterpart for link 
(v, u). Time is divided into timeslots, which are denoted by t. We use the “unidirectional equal 
power” interference model described in [17]. When a node is transmitting, all the links whose 
receivers are located within the communication range of the node will be interfered. A data 
packet can be transmitted on link (u, v) if the link does not interfere with the transmissions 
currently ongoing on other links. A non-interference link set in timeslot t is denoted by I(t), 
which is a subset of E(G) and contains the links with no interference to each other. The set of 
all possible non-interference link sets in timeslot t is denoted by S(t). Thus, I(t)∈S(t). 

We use F to denote the set of flows in the network. The data packets of a flow arrive in and 
leave the network via the source node and destination node of the flow, respectively. The 
arriving rate of a flow f∈F is denoted by 𝜆𝜆𝑓𝑓 and is measured in number of packets per timeslot. 
We only consider unidirectional flows in which the packets of a flow always travel from the 
source of the flow to its destination.  

Next, we introduce the queue structure at a node in V(G). Each node in V(G) maintains a 
forwarding queue for each flow traversing it. The data packets received at a node are buffered 
in the forwarding queue of the node before the packets are forwarded. The forwarding queue 
backlog of flow f at node n in timeslot t is denoted by 𝑄𝑄𝑛𝑛

𝑓𝑓(𝑡𝑡). Assume that data packets enter 
the network via the source node of each flow in each timeslot. Thus, the dynamics of the queue 
of flow f at its source node can be described as 

 
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑓𝑓)
𝑓𝑓 (𝑡𝑡 + 1) = 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑓𝑓)

𝑓𝑓 (𝑡𝑡) + 𝜆𝜆𝑓𝑓 .                  (1) 
 
Further, the data packets of a flow leave the network after arriving at the flow’s destination. 

As a result, the queue of a flow at the flow’s destination node can always be set to being empty, 
i.e., 

 
𝑄𝑄𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑(𝑓𝑓)
𝑓𝑓 (∞) = 0.     (2) 

 
To handle the diversity of nodes’ different cache sizes in a heterogeneous network, we 

introduce a virtual queue structure into backpressure scheduling. That is, in addition to a real 
queue, each node maintains one virtual queue for each flow passing through it. We use 𝑄𝑄�𝑛𝑛

𝑓𝑓(𝑡𝑡) 
to denote the virtual queue backlog of flow f at node n in timeslot t. Furthermore, the dynamics 
of these virtual queues at the source and destination of the flow are the same as their 
counterparts for real queues1, i.e., 

1 This is made under an assumption that flow sources and destinations will not act as intermediate nodes for other 
flows, an assumption used in a lot of work in this area. 
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𝑄𝑄�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑓𝑓)
𝑓𝑓 (𝑡𝑡 + 1) = 𝑄𝑄�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑓𝑓)

𝑓𝑓 (𝑡𝑡) + 𝜆𝜆𝑓𝑓,                   (3) 
 

𝑄𝑄�𝑑𝑑𝑠𝑠𝑠𝑠𝑑𝑑(𝑓𝑓)
𝑓𝑓 (∞) = 0.                                (4) 

 

4. Virtual-Queue Based Backpressure Algorithm 
In this section, we first describe the scheduling process of the classical backpressure algorithm 
(denoted as BP hereafter) proposed in [1], and then present the proposed virtual-queue based 
backpressure (VQB) algorithm. 

4.1 Classical Backpressure Algorithm 
In the BP algorithm [1], for each link (m, n)∈ E(G), its link weight in timeslot t is the 
maximum backlog differential of all flows currently passing through the link, where ties are 
broken arbitrarily, i.e., 
 

𝑊𝑊𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓:(𝑚𝑚,𝑚𝑚)∈𝐸𝐸(𝐺𝐺)[𝑄𝑄𝑚𝑚
𝑓𝑓 (𝑡𝑡) − 𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡)].                   (5) 
 

The objective of the classical backpressure algorithm is to determine a schedule 𝜋𝜋(t) which 
solves the following optimization: 

 
Maximize: ∑ 𝑊𝑊𝑚𝑚𝑚𝑚(𝑡𝑡)𝑅𝑅𝑚𝑚𝑚𝑚(𝐼𝐼(𝑡𝑡))(𝑚𝑚,𝑚𝑚) ,               (6) 
 Subject to: 𝐼𝐼(𝑡𝑡) ∈ 𝑆𝑆(𝑡𝑡),                 

 
where Rmn(I(t)) is the link rate of (m, n)∈I(t), which is measured in number of packets per 

timeslot. As a result, the schedule π(t) indicates the number of packets needed to be 
transmitted on links belonging to I(t), while the packets are from the flows whose differential 
backlogs achieve the maximum in (5). 

4.2 Motivation 
In the BP algorithm, queue backlog differential is used as the only parameter for making 
scheduling decisions. However, this parameter may not be appropriate for a heterogeneous 
network where different nodes can have different capabilities. For example, let us consider the 
heterogeneous network shown in Fig. 1. There are two flows traversing the network from 
source S to destination D. Both node A and node B are intermediate nodes, and the buffer size 
of node B is much smaller than that of node A. Here, we assume that node B can buffer at most 
six packets. Fig. 1 shows the queue backlog of each node in timeslot t. Accordingly, since 
there are six packets already stored in the buffer of node B in timeslot t, there is no more buffer 
space available in node B. In this case, if a new packet arrives at node B, it will be directly 
dropped. However, if a classical backpressure scheduling algorithm is performed, the backlog 
differential between the queue of flow f2 at node S and that at node B, i.e., 𝑄𝑄𝑆𝑆

𝑓𝑓2(𝑡𝑡) − 𝑄𝑄𝐵𝐵
𝑓𝑓2(𝑡𝑡), 

achieves the maximum in one-hop neighborhood. In this case, six packets will be scheduled to 
be transmitted from node S to node B consequently in timeslot t+1, which will be then dropped 
due to insufficient buffer space in node B.  
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The inadequacy of classical backpressure scheduling in a heterogeneous network motivated 
us to design a new backpressure scheduling algorithm, which can adapt to the heterogeneous 
network environment while still maintaining the advantages of the backpressure scheduling 
algorithm.  

S

A

B

D

8
6

4

5
7

2

f1
f2

f1
f2

f1
f2

 
Fig. 1. An example illustrating the inefficiency of classical backpressure scheduling in heterogeneous 

networks. The digits in the slash-filled and gray filled columns in this figure represent the queue 
backlogs of flows f1 and f2, respectively. 

 

4.3 VQB algorithm 
1) Main idea 

The main idea of the VQB algorithm is to allow each node to establish a virtual queue for 
each flow passing through the node, and use the backlog differential of the virtual queues 
instead of real queues to calculate flow weights. In the VQB algorithm, the varying rate of a 
virtual queue, also called virtual rate, plays a vital role. If the virtual rate equals to the rate of 
its corresponding real queue, the VQB algorithm becomes the BP algorithm. After assigning 
different virtual rates to different nodes, the VQB algorithm can then implement transmission 
scheduling using virtual queue length based backpressure, which treats heterogeneous nodes 
differently. To understand this, let us consider a flow-specific real queue of node n with VQB. 
When a packet of flow f arrives at node n in timeslot t+1, the dynamics of the real queue of the 
node can be described as 

 
𝑄𝑄𝑚𝑚
𝑓𝑓(𝑡𝑡 + 1) = 𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡) + 1.                                             (7) 
 
Meanwhile, the dynamics of the corresponding virtual queue is 
 

𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡 + 1) = 𝑄𝑄�𝑚𝑚

𝑓𝑓(𝑡𝑡) + 𝑅𝑅𝑉𝑉𝑉𝑉(𝑛𝑛),        (8) 
 

where RVQ(n) denotes the virtual rate of node n, which is measured in number of packets. 
According to Eq. (8), RVQ(⋅) is obviously flow irrelevant. The virtual rates of different nodes in 
a heterogeneous network are usually different. For example, a node with a smaller cache could 
be assigned a larger virtual rate, which makes the virtual queues in this node grow more 
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rapidly than the nodes with a bigger cache and thus reduce the possibility for this node to be 
selected as a forwarder by virtual-queue based backpressure scheduling (recall that VQB 
calculates flow weights using backlog differentials of virtual queues).  

In this context, there is some existing work using virtual queues reported in the literature [7, 
9, 19-21]. For example, in [7], a virtual queue structure (called floating queue therein) is used 
for recording the number of packets which have been dropped and the dropped packets are still 
used in the calculation of queue differentials for packet scheduling. In [19], the purpose of 
using a virtual queue (called shadow queue) is to extend the network utility maximization 
framework to support multicast flows. Similar virtual queue structures are also used in [9, 20, 
21]. Different from existing work, the purpose of introducing virtual queue and also virtual 
rate in this paper is to support efficient backpressure scheduling in a heterogeneous network 
while making it be aware of different nodes’ cache status. Moreover, a key difference between 
this work and existing work is how queue dynamics is managed upon packet arrival and 
departure.  In this work, the virtual queue size of a node is a function of the node’s cache size. 
Instead, in existing work, queue dynamics is cache size irrelevant. 
2) Major procedure 

Firstly, each node maintains a virtual queue for each flow that passes through the node. A 
virtual queue does not need to store any real packet (or packet-related information). Thus, it 
can simply be implemented as a counter. When a packet of flow f arrives at (resp. leaves) node 
n in timeslot t, the corresponding virtual queue will change as shown in Eq. (9) (resp. Eq. 
(10)): 

 
𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡) = 𝑄𝑄�𝑚𝑚

𝑓𝑓(𝑡𝑡 − 1) + 𝑅𝑅𝑉𝑉𝑉𝑉(𝑛𝑛),         (9) 
 

𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡) = 𝑄𝑄�𝑚𝑚

𝑓𝑓(𝑡𝑡 − 1) − 𝑅𝑅𝑉𝑉𝑉𝑉(𝑛𝑛).    (10) 
 

There are different ways to determine the values of RVQ(n), n∈V(G). The way used in the 
VQB algorithm is a simple but effective method. Consider Fig. 1 again and assume that nodes 
A and B play only as intermediate nodes between source S and destination D, and node A has a 
larger cache size than node B. In this case, node A is supposed to undertake more transmissions 
than node B as it has more available buffer space. For this purpose, RVQ(B) is supposed to be 
larger than RVQ(A) and it is intuitive that the larger the value of CA/CB is, the larger the value of 
RVQ(B)/RVQ(A) should be, where CA and CB denote the cache size of node A and that of node B, 
respectively. Following this intuition, the virtual rate RVQ(n) for a node n∈V(G) is defined as 
the ratio between Cmax and Cn, i.e., RVQ(n) = Cmax/Cn, where Cmax denotes the maximum cache 
size of an intermediate node in the network and Cn denotes the cache size of node n. The idea 
behind this virtual rate assigning method is that if an intermediate node has the maximal buffer 
space among all intermediate nodes, it will be assigned the lowest virtual rate, i.e., the same to 
that of its real queue, which may increase its possibility of being selected as the next hop when 
making forwarding decisions. 

There is no modification to the management of real queues in the VQB algorithm. In 
addition to Eq. (10), the backlog of a virtual queue will immediately turn to zero when its 
corresponding real queue becomes empty. 

In timeslot t, for each link (m, n)∈E(G), its link weight equals to the maximum 
virtual-queue-backlog differential of all the flows passing through the link (ties broken 
arbitrarily): 
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𝑊𝑊�𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓:(𝑚𝑚,𝑚𝑚)∈𝐸𝐸(𝐺𝐺)[𝑄𝑄�𝑚𝑚
𝑓𝑓 (𝑡𝑡) − 𝑄𝑄�𝑚𝑚

𝑓𝑓(𝑡𝑡)].   (11) 
 
The VQB algorithm then selects a schedule π (t) to solve the following optimization: 
 

Maximize: ∑ 𝑊𝑊�𝑚𝑚𝑚𝑚(𝑡𝑡)𝑅𝑅𝑚𝑚𝑚𝑚(𝐼𝐼(𝑡𝑡))(𝑚𝑚,𝑚𝑚) ,          (12) 
Subject to: 𝐼𝐼(𝑡𝑡) ∈ 𝑆𝑆(𝑡𝑡),              

 
where Rmn(I(t)) denotes the actual link rate of link (m, n) that belongs to I(t). Thus, selecting 

such a schedule π(t) will indicate the (potential) number of packets needed to be transmitted on 
the links in I(t), while the packets are from the flows whose virtual-queue-backlog differential 
achieves the maximum in Eq. (11). A real queue belonging to a flow which is allowed to be 
activated will send 𝑊𝑊�𝑚𝑚𝑚𝑚(𝑡𝑡) packets or until it becomes empty in the case when the number of 
packets stored in a real queue is smaller than 𝑊𝑊�𝑚𝑚𝑚𝑚(𝑡𝑡). When all the packets in a real queue 
have been sent out, the backlog of its corresponding virtual queue will also drop to zero. 

Let us revisit the example shown in Fig. 1 and see how the VQB algorithm works for this 
example network. As node B’s available buffer space is much smaller than that of node A, it is 
assigned a larger virtual rate RVQ(B) = CA/CB consequently based on the virtual rate assigning 
method described earlier. Meanwhile, we have RVQ(A) = CA/CA = 1. Thus, node B may have a 
higher virtual queue backlog and smaller possibility of being selected as the next hop than 
node A.  

It can be seen that the scheduling operations in VQB are mainly under the basic idea of 
backpressure, i.e., packets are always pushed from the nodes with a higher virtual queue 
backlog to the lower ones with a lower backlog. However, there may exist some cases wherein 
packets are scheduled to be transmitted from the nodes with a lower (real) queue backlog to the 
ones with a higher backlog. Let us again consider the example in Fig. 1 but with some slight 
modifications. Assume node D is also an intermediate node on the way to a packet’s 
destination and has a much larger cache space than node B. As a result, RVQ(B) will be larger 
than RVQ(D). In this case, if a larger RVQ(B) is assigned, the virtual queue length of node B may 
be higher than its counterpart of node D (i.e., 𝑄𝑄�𝐵𝐵

𝑓𝑓 ≫ 𝑄𝑄�𝐷𝐷
𝑓𝑓), which may cause a transmission 

from node B to node D. Meanwhile, it is still possible that the statuses of their real queues are 
the opposite to those of their virtual queues, i.e., the real queue backlogs of node D is higher 
than those of node B (i.e., 𝑄𝑄𝐷𝐷

𝑓𝑓 > 𝑄𝑄𝐵𝐵
𝑓𝑓). As a result, the packets will have the probability to be 

transmitted from a node with a lower (real) queue backlog to one with a higher queue backlog. 
Intuitively, a scheduling decision made by the VQB algorithm in such cases may bring a 

negative impact on the performance of backpressure scheduling. However, it should be 
noticed that although the real queue length of node B is smaller than that of node D, a larger 
virtual queue length of node B actually means that node B has a higher cache occupancy ratio 
than node D. In such a heterogeneous network, this is a hint that a quick relief to the pressure 
on the inadequacy of cache of node B is necessary. Thus, the scheduling decision made by the 
VQB algorithm is indeed consistent with the design goal to provide a cache-availability-aware 
backpressure algorithm for heterogeneous networks. Next, we will give a theoretical analysis 
to prove that the VQB algorithm can always stabilize a when the traffic arrival rate is within 
the capacity region of the network. 
3) Performance of algorithm 

First, we prove that the VQB algorithm is throughput-optimal, i.e., VQB can always 
stabilize a network when traffic arrival rate is within the capacity region of the network. 

It is known that a network is strongly stable if for all n∈V(G) and f∈F, the following 
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inequality holds [1]: 
 

𝑙𝑙𝑙𝑙𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑→∞
1
𝑑𝑑
∑ 𝔼𝔼[𝑄𝑄𝑚𝑚

𝑓𝑓(𝜏𝜏)] < ∞𝑑𝑑−1
𝜏𝜏=0 .           (13) 

 
Furthermore, in VQB, the length of a virtual queue is used for making scheduling decisions. 

Although a virtual queue is simply implemented by using a counter, its length still cannot 
increase without bounds because it would affect the corresponding scheduling decisions. Thus, 
to prove VQB’s stability, the virtual queue at a network node n∈V(G) also needs to satisfy the 
following inequality:  

 
𝑙𝑙𝑙𝑙𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑→∞

1
𝑑𝑑
∑ 𝔼𝔼[𝑄𝑄�𝑚𝑚

𝑓𝑓(𝜏𝜏)] < ∞𝑑𝑑−1
𝜏𝜏=0 .          (14) 

 
For deducting our following analysis, we first have the following lemma. 
Lemma 1 There always exists a finite factor 𝜃𝜃𝑚𝑚 (≥ 1) that can be used for expressing the 

relationship between the lengths of actual and virtual queues of node n as follows, 
 

𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡) ≤ 𝜃𝜃𝑚𝑚𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡).         (15) 
 
Proof According to Eq. (7) and Eq. (8), it is known that once a packet arrives at an 

intermediate node n, its real queue will increase one, i.e., 𝑄𝑄𝑚𝑚
𝑓𝑓(𝑡𝑡 + 1) = 𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡) + 1. Meanwhile, 
the dynamics of the corresponding virtual queue is 𝑄𝑄�𝑚𝑚

𝑓𝑓(𝑡𝑡 + 1) = 𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡) + 𝑅𝑅𝑉𝑉𝑉𝑉(𝑛𝑛). Here, 

recall RVQ(n) denotes the virtual rate of node n, which is defined as RVQ(n) = Cmax/Cn in this 
paper, where Cmax denotes the maximum cache size of an intermediate node in the network and 
Cn denotes the cache size of node n. Thus, RVQ(n) ≥1 must hold in this paper. As RVQ(n) is 
determined in system’s initial phase, we have 𝑄𝑄𝑚𝑚

𝑓𝑓(0) = 𝑄𝑄�𝑚𝑚
𝑓𝑓(0) = 0. During the time period 𝑡𝑡′ 

(≥ 1), 𝜑𝜑 packets have arrived at 𝑄𝑄𝑚𝑚
𝑓𝑓, from which meanwhile 𝜔𝜔 packets are scheduled to be 

sent out according to Eq. (11). Then we have 𝑄𝑄𝑚𝑚
𝑓𝑓(𝑡𝑡′) = 𝑄𝑄𝑚𝑚

𝑓𝑓(0) + 𝜑𝜑 − 𝜔𝜔  and 𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡′) =

𝑄𝑄�𝑚𝑚
𝑓𝑓(0) + (𝜑𝜑 − 𝜔𝜔)𝑅𝑅𝑉𝑉𝑉𝑉(𝑛𝑛) . Furthermore, each time 𝑄𝑄𝑚𝑚

𝑓𝑓  drops to zero, the length of the 
corresponding virtual queue will also be set to zero at this time. Thus, we can always have 
𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡′) = 𝑅𝑅𝑉𝑉𝑉𝑉(𝑛𝑛)𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡′)  when n is an intermediate node. Moreover, for source and 
destination nodes in network, 𝑄𝑄�𝑓𝑓 = 𝑄𝑄𝑓𝑓 always holds in our settings. As a result, we conclude 
that for each node n in network, there always exists a finite positive factor 𝜃𝜃𝑚𝑚 can make 
𝑄𝑄�𝑚𝑚
𝑓𝑓(𝑡𝑡) ≤ 𝜃𝜃𝑚𝑚𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡) hold.   
Lemma 1 provides us an intuitive clue that once the real or virtual queues have been proved 

to be stable as shown in Eq. (13) and Eq. (14), the stability of VQB can be proved. Here, we 
still use the Lyapunov stability criterion for proving the stability of both the real and virtual 
queues, by using the Lyapunov function L(Q) = ∑ ∑ 𝜃𝜃𝑚𝑚(𝑄𝑄𝑚𝑚

𝑓𝑓)2𝑓𝑓𝑚𝑚 , which is also used in [22].  
Lemma 2 Given finite constants 𝔹𝔹 and ϵ, lengths of both real and virtual queues in network 

are always bounded as follows.  
𝑙𝑙𝑙𝑙𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑→∞

1
𝑑𝑑
∑ 𝔼𝔼�∑ ∑ 𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡)𝑓𝑓𝑚𝑚 �𝑑𝑑−1
𝜏𝜏=0 ≤ 𝑙𝑙𝑙𝑙𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑→∞

1
𝑑𝑑
∑ 𝔼𝔼�∑ ∑ 𝑄𝑄�𝑚𝑚

𝑓𝑓(𝑡𝑡)𝑓𝑓𝑚𝑚 �𝑑𝑑−1
𝜏𝜏=0 < 𝔹𝔹𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚

𝜖𝜖
.  

Proof Consider that the actual queue dynamics at each timeslot satisfy the following 
inequality: 

 
𝑄𝑄𝑚𝑚
𝑓𝑓(𝑡𝑡 + 1) ≤ 𝑚𝑚𝑚𝑚𝑚𝑚[𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡) − ∑ 𝜇𝜇𝑚𝑚𝑛𝑛
𝑓𝑓 (𝑡𝑡)𝑛𝑛 , 0] + ∑ 𝜇𝜇𝑎𝑎𝑚𝑚

𝑓𝑓 (𝑡𝑡)𝑎𝑎 + 𝐴𝐴𝑚𝑚
𝑓𝑓(𝑡𝑡),   (16) 
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In Eq. (16), 𝐴𝐴𝑚𝑚

𝑓𝑓 is an indicator for external traffic. When node n is the source of flow f, we 
have 𝐴𝐴𝑚𝑚

𝑓𝑓(𝑡𝑡) = 𝜆𝜆𝑓𝑓; Otherwise, 𝐴𝐴𝑚𝑚
𝑓𝑓(𝑡𝑡) = 0. Further, 𝜇𝜇𝑎𝑎𝑛𝑛

𝑓𝑓 (𝑡𝑡) represents the transmission rate of 
flow f on link (a, b) at timeslot t. Based on the fact that (max(U-b,0)+A)2 ≤ 
U2+A2+b2+2U(A-b), we have: 

 
�𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡 + 1)�
2
≤ �𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡)�
2

+ �∑ 𝜇𝜇𝑎𝑎𝑚𝑚
𝑓𝑓 (𝑡𝑡)𝑎𝑎 + 𝐴𝐴𝑚𝑚

𝑓𝑓(𝑡𝑡)�
2

+ �∑ 𝜇𝜇𝑚𝑚𝑛𝑛
𝑓𝑓 (𝑡𝑡)𝑛𝑛 �

2
+ 2𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡)[∑ 𝜇𝜇𝑎𝑎𝑚𝑚
𝑓𝑓 (𝑡𝑡)𝑎𝑎 +

𝐴𝐴𝑚𝑚
𝑓𝑓(𝑡𝑡) − ∑ 𝜇𝜇𝑚𝑚𝑛𝑛

𝑓𝑓 (𝑡𝑡)𝑛𝑛 ].                     (17) 
 
Then we multiply both sides of (17) by 𝜃𝜃𝑛𝑛 and then sum all (n, f) pairs, i.e., 

 
∑ ∑ 𝜃𝜃𝑚𝑚�𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡 + 1)�
2

𝑓𝑓𝑚𝑚 ≤ ∑ ∑ 𝜃𝜃𝑚𝑚�𝑄𝑄𝑚𝑚
𝑓𝑓(𝑡𝑡)�

2
𝑓𝑓𝑚𝑚 + ∑ ∑ 𝜃𝜃𝑚𝑚�∑ 𝜇𝜇𝑎𝑎𝑚𝑚

𝑓𝑓 (𝑡𝑡)𝑎𝑎 + 𝐴𝐴𝑚𝑚
𝑓𝑓(𝑡𝑡)�

2
𝑓𝑓𝑚𝑚 +

∑ ∑ 𝜃𝜃𝑚𝑚�∑ 𝜇𝜇𝑚𝑚𝑛𝑛
𝑓𝑓 (𝑡𝑡)𝑛𝑛 �

2
𝑓𝑓𝑚𝑚 − 2∑ ∑ 𝜃𝜃𝑚𝑚𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡)[∑ 𝜇𝜇𝑚𝑚𝑛𝑛
𝑓𝑓 (𝑡𝑡)𝑛𝑛 − ∑ 𝜇𝜇𝑎𝑎𝑚𝑚

𝑓𝑓 (𝑡𝑡)𝑎𝑎 − 𝐴𝐴𝑚𝑚
𝑓𝑓(𝑡𝑡)]𝑓𝑓𝑚𝑚 .     (18) 

 
Thus we can rewrite the above inequality as follows.  
 

∆𝐿𝐿(𝑄𝑄) ≤ 𝔹𝔹𝜃𝜃𝑚𝑚𝑎𝑎𝑚𝑚 − 2𝜖𝜖 ∑ ∑ 𝜃𝜃𝑚𝑚𝑄𝑄𝑚𝑚
𝑓𝑓(𝑡𝑡)𝑓𝑓𝑚𝑚 ,    (19) 

 
where 𝔹𝔹 ≜ ∑ [(𝜇𝜇𝑚𝑚𝑛𝑛𝑚𝑚𝑎𝑎𝑚𝑚)2 + (𝜇𝜇𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚 + 𝐴𝐴𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚)2]𝑚𝑚 , 𝜖𝜖 = ∑ 𝜇𝜇𝑚𝑚𝑛𝑛

𝑓𝑓 (𝑡𝑡)𝑛𝑛 − ∑ 𝜇𝜇𝑎𝑎𝑚𝑚
𝑓𝑓 (𝑡𝑡)𝑎𝑎 − 𝐴𝐴𝑚𝑚

𝑓𝑓(𝑡𝑡) , and 
𝜃𝜃𝑚𝑚𝑎𝑎𝑚𝑚 , 𝜇𝜇𝑚𝑚𝑛𝑛𝑚𝑚𝑎𝑎𝑚𝑚 , 𝜇𝜇𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚 , and 𝐴𝐴𝑚𝑚𝑚𝑚𝑎𝑎𝑚𝑚  represent the achievable maximum value of 𝜃𝜃𝑚𝑚, ∑ 𝜇𝜇𝑚𝑚𝑛𝑛

𝑓𝑓 (𝑡𝑡)𝑛𝑛 , 
∑ 𝜇𝜇𝑎𝑎𝑚𝑚

𝑓𝑓 (𝑡𝑡)𝑎𝑎 , and 𝐴𝐴𝑚𝑚
𝑓𝑓, respectively. The inequality in (19) exactly obeys the form provided in 

Lyapunov stability lemma in [21]. Thus we can have 
 

𝑙𝑙𝑙𝑙𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑→∞
1
𝑑𝑑
∑ 𝔼𝔼[∑ 𝜃𝜃𝑚𝑚𝑄𝑄𝑚𝑚

𝑓𝑓(𝑡𝑡)𝑚𝑚𝑓𝑓 ] < 2𝔹𝔹ℕ𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚
𝜖𝜖

𝑑𝑑−1
𝜏𝜏=0 .     (20) 

 
Based on Lemma 1, we can conclude the stability of both the real and virtual queues and 

thus the stability of VQB, i.e., its throughput optimality.            
Next, we discuss the overhead of VQB. The only additional overhead introduced by VQB is 

that used for maintaining per-flow virtual queues at each node. A virtual queue is actually a 
counter for its corresponding flow-based real queue. Once the backlogs of real queues change, 
their corresponding virtual queues also need to be updated. The total number of such counters 
at a node is bounded by the number of active flows in the network, i.e., O(|F|), where |F| 
represents the number of flows in the network. 

5. Performance Evaluation 
In this section, we evaluate the performance of the VQB algorithm through simulation results. 
As discussed in the preceding section, for a node n∈V(G), RVQ(n) = Cmax/Cn. In the simulations, 
we assume that RVQ(n) = ⌊𝐶𝐶𝑚𝑚𝑎𝑎𝑚𝑚 𝐶𝐶𝑚𝑚⁄ ⌋, where ⌊x⌋ returns the largest integer smaller than or 
equal to x. We consider such a setting because RVQ(n) is measured in number of packets, which 
is always an integer. 
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In the simulations, we compare the VQB algorithm with the BP algorithm. Both of the two 
algorithms were implemented using a commonly used practical method for schedulable link 
set generation, which is known as Greedy Maximal Scheduling (GMS) or Greedy Maximal 
Matching (GMM) [23]. Specifically, for each timeslot, when generating a non-interference 
schedule, a link (m, n) with the global maximum weight Wmn(t) will be added to the schedule at 
the beginning. By removing all the links interfering with (m, n) and repeating such greedy 
selection until there is no link left, a schedulable link set for the timeslot is obtained. Such a 
GMS-based method usually generates suboptimal schedules but only has O(|E|log|E|) 
computational time, where |E| is the number of links in the network.   

In the simulations, we consider two types of network topologies. The first topology is a 
diamond network shown in Fig. 1. Two flows traverse the network from left to right with 
arrival rates 𝜆𝜆𝑓𝑓1

= 3 and 𝜆𝜆𝑓𝑓2
= 2, respectively, while a third flow travels from right to left with 

𝜆𝜆𝑓𝑓3
= 4. All these rates are measured in number of packets per timeslot. The cache sizes of the 

only two intermediate nodes in the network are assigned as follows: CA = 150, CB = 100 in case 
1, which means nodes A and B can store at most 150 and 100 packets, respectively; CA = 150, 
CB = 70 in case 2; CA = 150, CB = 50 in case 3. More details can be found in Table 1. The 
second topology is a 4×4 grid network shown in Fig. 2. In this network, node 0 and node 15 are 
the source and destination nodes, and all other nodes are intermediate nodes, which are further 
divided into three categories. The cache sizes of the slash-filled nodes (i.e., nodes 2 and 13) are 
assigned to be larger than the gray nodes (i.e., nodes 4 and 10) but smaller than those of others, 
where gray, slash-filled, and all remaining nodes’ cache sizes are assigned 40, 80, 150, 
respectively, in case 1; 30, 60, 150 in case 2; and 20, 60, 150 in case 3. More details can be 
found in Table 2. There are six flows traveling through the network. Three of them travel from 
left top to right bottom with arrival rates 𝜆𝜆𝑓𝑓1

= 3, 𝜆𝜆𝑓𝑓2
= 2, and 𝜆𝜆𝑓𝑓3

= 4, while the other three 
travel from right bottom to left top with 𝜆𝜆𝑓𝑓4

= 3, 𝜆𝜆𝑓𝑓5
= 2, and 𝜆𝜆𝑓𝑓6

= 5.  
 

Table 1. Cache sizes of nodes for different cases in topology in Fig. 1. 

Cases 
 
Node ID 

Case 1 Case 2 Case 3 

A 150 100 150 
B 100 70 50 

 
Fig. 2. A grid topology. 
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Table 2. Cache sizes of nodes for different cases in the topology in Fig. 2. 

Cases 
 
Node ID 

Case 1 Case 2 Case 3 

1 150 150 150 
2 80 60 60 
3 150 150 150 
4 40 30 20 
5 150 150 150 
6 150 150 150 
7 150 150 150 
8 150 150 150 
9 150 150 150 

10 40 30 20 
11 150 150 150 
12 150 150 150 
13 80 60 60 
14 150 150 150 

 

In the simulations, we assume that each flow has 200 packets in total, which are called 
original packets. Once an original packet is dropped by an intermediate node, it will be 
retransmitted by the source node until it is correctly received by the destination. 

For performance evaluation, we use the following three metrics: packet delivery ratio, 
packet delivery time, and average sum of the queue lengths of all nodes per timeslot. The 
packet delivery ratio is defined as the ratio of the number of packets received by the 
destinations to the number of packets sent by the sources. The packet delivery time is defined 
as the number of timeslots needed for delivering all the original packets.  The average sum of 
the queue lengths of all nodes per timeslot is the average value of the sum of all nodes’ 
forwarding queue lengths during the simulation period. 

Fig. 3 compares the BP algorithm with the VQB algorithm for the diamond network 
topology shown in Fig. 1.  Fig. 3(a) shows the packet delivery ratio with the BP algorithm and 
the VQB algorithm, respectively. It is seen that the packet delivery ratio with VQB is much 
larger than that with BP except in case 1, which we will explain later. This is because VQB 
takes different node cache sizes into account and thus can reduce the number of dropped 
packets caused by cache shortage. 
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Fig. 3(b) shows the overall packet delivery time with the BP algorithm and the VQB 

                      
          (a)                                                               (b)  

 
 (c) 

 
Fig. 3. Performance comparison for the diamond network in Fig. 1. 

 
 

                     
          (a)                                                               (b)  

 
 (c) 

Fig. 4. Performance comparison for the grid network in Fig. 2. 
 

 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 9, NO. 12, December 2015                              4869 

algorithm, respectively. It is seen that VQB needs less time for delivering all packets than the 
BP algorithm, which means that VQB can achieve a higher throughput than BP. The reason is 
that the VQB algorithm can reduce the number of dropped packets and thus the number of 
retransmissions than the BP algorithm.  

Fig. 3(c) compares the average sum of the queue lengths of all nodes per timeslot with the 
BP algorithm and the VQB algorithm, respectively. It is seen that VQB has a smaller average 
queue length than BP.  

Finally, it is important to indicate that when all nodes in the diamond network have similar 
cache sizes (e.g., in case 1 where RVQ(B) = 1), VQB performs similarly to BP, which can be 
seen in Figs. 3(a), (b), and (c) (for case 1). This is reasonable because we should not violate 
the throughput-optimal scheduling by backpressure when it is suitable for a network wherein 
all nodes have sufficient buffer spaces. 

Fig. 4 compares the BP algorithm and the VQB algorithm in terms of the packet delivery 
ratio, the overall packet delivery time, and average queue lengths for the grid network shown 
in Fig. 2. It is seen that VQB can achieve a much larger packet delivery ratio, less overall 
packet delivery time, and smaller queue lengths than BP in all cases, which justifies that VQB 
outperforms BP in a heterogeneous network.  

5. Conclusion 
In this paper, we have proposed a VQB algorithm for heterogeneous multi-hop wireless 
networks. By introducing a per-flow virtual queue structure, VQB can effectively treat 
heterogeneous nodes differently based on their cache sizes during backpressure scheduling for 
packet transmissions. The simulation results show that VQB significantly outperforms the 
classical BP algorithm in a heterogeneous network in terms of the packet delivery ratio, packet 
delivery time, and average sum of the queue lengths of all nodes per timeslot. 

Our future work will concentrate on designing more efficient virtual-queue based 
backpressure algorithms and related issues. Meanwhile, we are also interested in the 
performance of a virtual-queue based backpressure algorithm in a practical environment and 
will continue our exploration along this direction. 
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