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Abstract
Backpressure-based adaptive routing algorithms where each packet 
is routed along a possibly different path have been extensively 
studied in the literature. However, such algorithms typically result 
in poor delay performance and involve high implementation 
complexity. In this paper, we develop a new adaptive routing 
algorithm built upon the widely-studied back-pressure algorithm. 
We decouple the routing and scheduling components of the 
algorithm by designing a probabilistic routing table which is 
used to route packets to per-destination queues. The scheduling 
decisions in the case of wireless networks are made using counters 
called shadow queues. The results are also extended to the case 
of networks which employ simple forms of network coding. In 
that case, our algorithm provides a low-complexity solution to 
optimally exploit the routing-coding tradeoff.
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I. Introduction
The back-pressure algorithm has been widely studied in the 
literature. While the ideas behind scheduling using the weights 
suggested in that paper have been successful in practice in base 
stations and routers, the adaptive routing algorithm is rarely used. 
The main reason for this is that the routing algorithm can lead to 
poor delay performance due to routing loops. Additionally, the 
implementation of the back-pressure algorithm requires each node 
to maintain per-destination queues which can be burdensome for 
a wire line or wireless router. Motivated by these considerations, 
we re-examine the back-pressure routing algorithm in the paper 
and design a new algorithm which has much superior performance 
and low implementation complexity.
Prior work in this area [10] has recognized the importance of doing 
shortest-path routing to improve delay performance and modified 
the back-pressure algorithm to bias it towards taking shortest-hop 
routes. A part of our algorithm has similar motivating ideas, but 
we do much more. In addition to provably throughput-optimal 
routing which minimizes the number of hops taken by packets in 
the network, we decouple routing and scheduling in the network 
through the use of probabilistic routing tables and the so-called 
shadow queues. The min-hop routing idea was studied first in a 
conference paper [7] and shadow queues were introduced in [6], 
but the key step of decoupling the routing and scheduling which 
leads to both dramatic delay reduction and the use of per-next-
hop queuing is original here. The min-hop routing idea is also 
studied in [2] but their solution requires even more queues than 
the original back-pressure algorithm. We also consider networks 
where simple forms of network coding are allowed [11]. In such 
networks, a relay between two other nodes XORs packets and 
broadcast them to decrease the number of transmissions. There 
is a tradeoff between choosing long routes to possibly increase 
network coding opportunities (see the notion of reverse carpooling 
in [10]) and choosing short routes to reduce resource usage. Our 
adaptive routing algorithm can be modified to automatically 

realize this tradeoff with good delay performance. In addition, 
network coding requires each node to maintain more queues [5] 
and our routing solution at least reduces the number of queues 
to be maintained for routing purposes, thus partially mitigating 
the problem. An offline algorithm for optimally computing the 
routing-coding tradeoff was proposed in [13]. Our optimization 
formulation bears similarities to this work but our main focus is on 
designing low-delay on-line algorithms. Back-pressure solutions 
to network coding problems have also been studied in [4], [11], [8], 
but the adaptive routing-coding tradeoff solution that we propose 
here has not been studied previously.
We summarize our main results below.
Using the concept of shadow queues, we decouple routing and 
scheduling. A shadow network is used to update a probabilistic 
routing table which packets use upon arrival at a node. The back-
pressure-based scheduling algorithm is used to serve FIFO queues 
over each link. 
The routing algorithm is designed to minimize the average number 
of hops used by packets in the network. This idea, along with the 
scheduling/routing decoupling, leads to delay reduction compared 
with the traditional back-pressure algorithm. 
Each node has to maintain counters, called shadow queues, per 
destination. This is very similar to the idea of maintaining a routing 
table per destination. But the real queues at each node are per-next-
hop queues in the case of networks which do not employ network 
coding. When network coding is employed, per-previous-hop 
queues may also be necessary but this is a requirement imposed 
by network coding, not by our algorithm. 
The algorithm can be applied to wire line and wireless networks. 
Extensive simulations show dramatic improvement in delay 
performance compared to the back-pressure algorithm. 

II. The Network Model
We consider a multi-hop wire line or wireless network represented 
by a directed graph G = (N ; L); where N is the set of nodes and L 
is the set of directed links. A directed link that can transmit packets 
from node n to node j is denoted by (nj) 2 L: We assume that time is 
slotted and define the link capacity cnj to be the maximum number 
of packets that link (nj) can transmit in one time slot.
Let F be the set of flows that share the network. Each flow is 
associated with a source node and a destination node, but no route 
is specified between these nodes. This means that the route can 
be quite different for packets of the same flow. Let b(f) and e(f) 
be source and destination nodes, respectively, of flow f: Let xf 
be the rate (packets/slot) at which packets are generated by flow 
f: If the demand on the network, i.e., the set of flow rates, can 
be satisfied by the available capacity, there must exist a routing 
algorithm and a scheduling algorithm such that the link rates 
lie in the capacity region. To precisely state this condition, we 
define dnj to be the rate allocated on link (nj) to packets destined 
for node d: Thus, the total rate allocated to all flows at link (nj) 
is given by  nj  :=dnj: Clearly, for the d2N network to be able to 
meet the traffic demand, we should have:f njg(nj)2L2;where is 
the capacity region of the network for 1-hop traffic. The capacity 
region of the network for 1-hop traffic contains all sets of rates 
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that are stabilizable by some kind of scheduling policy assuming 
all traffics are 1-hop traffic. As a special case, in the wire line 
network, the constraints are:nj   cnj;8(nj):As opposed to ; let 
denote the capacity region of the multi-hop network, i.e., for any 
set of flows fxf gf2F 2 ; there exists some routing and scheduling 
algorithms that stabilize the network.
In addition, a flow conservation constraint must be satisfied at 
each node, i.e., the total rate at which traffic can possibly arrive 
at each node destined to d must be less than or equal to the total 
rate at which traffic can depart from the node destined to 

d :

xffb(f)=n;e(f)=dg+
ln

d

f2F l:(ln)

X

nj
d;

X2L

Xj:(nj)2L
where I denotes the indicator function. Given a set of arrival rates x 
= fxf gf2F that can be accommodated by the network, one version 
of the multi-commodity flow problem is to find the traffic splits dnj 
such that (1) is satisfied. However, finding the appropriate traffic 
split is computationally prohibitive and requires knowledge of the 
arrival rates. The back-pressure algorithm to be described next is 
an adaptive solution to the multi-commodity flow problem.

III. Throughput-Optimal Back-Pressure Algorithm and 
its limitations 
The back-pressure algorithm was first described in [5] in the context 
of wireless networks and independently dis-covered later in [2] 
as a low-complexity solution to certain multi-commodity flow 
problems. This algorithm combines the scheduling and routing 
functions together. While many variations of this basic algorithm 
have been studied, they primarily focus on maximizing throughput 
and do not consider QoS performance. Our algorithm uses some 
of these ideas as building blocks and therefore, we first describe 
the basic algorithm, its drawbacks and some prior solutions.
The algorithm maintains a queue for each destination at each node. 
Since the number of destinations can be as large as the number 
of nodes, this per-destination queuing requirement can be quite 
large for practical implementation in a network. At each link, the 
algorithm assigns a weight to each possible destination which 
is called back-pressure. Define the back-pressure at link (nj) for 
destination d at slot t to be wnj

d[t] = Qnd[t]  Qjd[t]; where Qnd[t] 
denotes the number of packets at node n destined for node d at 
the beginning of time slot t: Under this notation, Qnn[t] = 0; 8t: 
Assign a weight wnj to each link (nj); where wnj is defined to be 
the maximum back-pressure over all possible destinations, i.e.,
wnj[t] = max wnj

d[t]:d
Let dnj be the destination which has the maximum weight on 
link (nj);

d [t] =arg maxwd [t] :

nj df nj g(2)

If there are ties in the weights, they can be broken arbitrarily. Packets 
belonging to destination dnj[t] are scheduled for transmission over 
the activated link (nj): A schedule is a set of links that can be 
activated simultaneously without interfering with each other. Let 
denote the set of all schedules. The back-pressure algorithm finds 
an optimal schedule [t] which is derived from the optimization 
problem:X[t]=argmax cnjwnj[t]:(3)2(nj)2

Specially, if the capacity of every link has the same value, the chosen 
schedule maximizes the sum of weights in any schedule.

IV. Implementation Details
The algorithm presented in the previous section ensures that the 
queue lengths are stable. In this section, we discuss a number of 
enhancements to the basic algorithm to improve performance.

A. Exponential Averaging Algorithm
^njd[t] = (1   ) ^njd[t  1] +   njd[t];
where 0 <  < 1:
Computing the average shadow rate ^njd[t] and generating 
random numbers for routing packets may impose a computa-tional 
overhead of routers which should be avoided if possible. Thus, 
as an alternative, we suggest the following simple algorithm. At 
each node n; for each next-hop neighbor j and each destination 
d; maintain a token bucket rnjd: Consider the shadow traffic as a 
guidance of the real traffic, with tokens removed as shadow packets 
traverse the link. In detail, the token bucket is decremented by 
njd[t] in each time slot, but cannot go below the lower bound 0:

B. Token Bucket Algorithm
rnjd[t] = maxfrnjd[t  1]   njd[t]; 0g: [t  1]

 njd[t] < 0, we d say that  njd[t] rnjd  tokens (associated with 
bucket rnj) tokens 
 (associated with bucket rnj) are “wasted” in slot t. 
Upon a packet arrival at node n for destination d; find the token 
bucket rnjd.
 which has the smallest number of tokens (the  minimization  is  
over next – hop  
neighbors j), breaking ties arbitrarily, add the packet to the 
corresponding real queue
Qnj and add one token to the corresponding  
bucket: rnjd [t] = rnjd [t  1] + 1: 
To  explain  how  this algorithm   works, 
Denote  by  njd the average value of njd[t]
 (in stationary regime), and by nd the average rate at which real 
packets for destination d  arrive at node n. Due to the
 fact  that  real  traffic  is  injected by each 
source  at  the  rate  strictly  less  than  the
shadow  traffic,  we  have  nd < X njd:

For a single-node network, (12) just means that arrival rate is 
less than available capacity. More generally, it is an assumption 
that needs to be proved. However, here our goal is to provide an 
intuition behind the token bucket algorithm, so we simply assume 
(12). Condition (12) guarantees that the token processes are stable 
(that is, roughly, they cannot runaway to infinity) since the total 
arrival rate to the token buckets at a node is less than the total 
service rate and the arrivals employ a join-the-shortest-queue 
discipline. Moreover, since rnjd[t] are rates at the outgoing links 
of a node should be proportional to the shadow service rates. It 
is not difficult to see that if “is very small, the proportion will 
be close to ideal. In general, the token-based algorithm does not 
guarantee that, that is why it is an approximation.

C. Extra Link Activation
Under the shadow back-pressure algorithm, only links with back-
pressure greater than or equal to M can be activated. The stability 
theory ensures that this is sufficient to render the real queues. On 
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the other hand, the delay performance can still be unacceptable. 
Recall that the parameter M was introduced to discourage the use 
of unnecessarily long paths. However, under light and moderate 
traffic loads, the shadow back-pressure at a link may be frequently 
less than M, and thus, packets at such links may have to wait a 
long time before they are processed. One way to remedy the 
situation is to activate additional links beyond those activated by 
the shadow back-pressure algorithm.
The basic idea is as follows: in each time slot, first runs the shadow 
back-pressure algorithm. Then, add additional links to make the 
schedule maximal. If the extra activation procedure depends only 
on the state of shadow queues (but beyond that, can be random 
and/or arbitrarily complex), then the stability result of Theorem 
1 still holds (with essentially same proof).
Informally, the stability prevails, because the shadow algorithm 
alone provides sufficient average throughput on each link, and 
adding extra capacity “does not hurt”; thus, with such extra 
activation, a certain degree of “decoupling” between routing                                                                                                                                          
m m,(totally controlled by shadow queues) and scheduling (also 
controlled by shadow queues, but not completely) is achieved. 
For example, in the case of wireline networks, by the above 
arguments, all links can be activated all the time. The shadow 
random processes, the token buckets will “hit 0” in a non-zero   
fraction of time slots, except in some degenerate cases; this in 
turn means that the arrival
rate of packets at the token bucket must be 
bucket must be less than the token generate- on rate: njd<njd;

V. Extension to the Network Coding Case 
In this section, we extend our approach to consider net-works 
where network coding is used to improve throughput. We consider 
a simple form of network coding illustrated in Figure 2. When i and 
j each have a packet to send to the other through an intermediate 
relay n, traditional transmission requires the following set of 
transmissions: send a packet a from i to n, then n to j, followed 
by j to n and n to i. Instead, using network coding, one can first 
send from i to n, then j to n, XOR the two packets and broadcast 
the XORed packet from n to both i and j. This form of network 
coding reduces the number of transmissions from four to three. 
However, the network coding can only improve throughput only 
if such coding opportunities are available in the network. Routing 
plays an important role in determining whether such opportunities 
exist. In this section, we design an algorithm to automatically find 
the right tradeoff between using possibly long routes to provide 
network coding opportunities and the delay incurred by using 
long routes.

Fig. 1: Network Coding Opportunity.

VI. Simulations
We consider two types of networks in our simulations: wireline 
and wireless. Next, we describe the topologies and simulation 
parameters used in our simulations, and then present our simulation 
results.

 

A. Simulation Settings 

1. Wireline Setting
The network shown in Fig. 2 has 31 nodes and represents the 
GMPLS network topology of North America [1]. Each link is 
assume to be able to transmit 1 packets in each slot. We assume 
that the arrival process is a Poisson process with parameter ; and 
we consider the arrivals come within a slot are considered for 
service at the beginning of the next slot. Once a packet arrives 
from an external flow at a node n, the destination is decided by 
probability mass  

=1; 2; :::N; probabilityfunction Pnd;d where Pnd

that a packet is received externally at node n destined for d:

Obviously

^

d:d6=n  

P
nd

 = 1; and P
nn
 

= 0: 

 The probability

P

nd is

calculated 
by

P

J
d
 + J

n ;

Pnd =

X
(Jk + Jn)
k:k6=n

Fig. 2: Sprint GMPLS Network Topology of North America with 
31 Nodes [1]

2. Wireless Setting
We generated a random network with 30 nodes which resulted 
in the topology. We used the following procedure to generate the 
random network: 30 nodes are placed uniformly at random in 
a unit square; then starting with a zero transmission range; the 
transmission range was increased till the network was connected. 
We assume that each link can transmit one packet per time slot. 
We assume a 2-hop interference model in our simulations. By a 
k-hop interference model, we mean a wireless network where a 
link activation silences all other links which are k hops from the 
activated link. The packet arrival processes are generated using 
the same method as in the wireline case. We simulate two cases 
given the network topology: the no coding case and the network 
coding case. In both wireline and wireless simulations, we chose 
in (13) to be 0:02.
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B. Simulation Results 
Wireline Networks: First, we compare the performance of three 
algorithms: the traditional back-pressure algorithm, the basic 
shadow queue routing/scheduling algorithm without the extra link 
activation enhancement and PARN. Without extra link activation, 
to ensure that the real arrival rate at each link is less than the link 
capacity provided by the shadow algorithm, we choose “ = 0:02: 
Figure 5 shows delay as a function of the arrival rate lambda for 
the three algorithms. As can be seen from the figure, simply using 
a value of M > 0 does not help to reduce delays without extra link 
activation. The reason is that, while M > 0 encourages the use of 
shortest paths, links with back-pressure less than M will not be 
scheduled and thus can contribute to additional delays.

VII. Conclusion
The back-pressure algorithm, while being throughput-optimal, 
is not useful in practice for adaptive routing since the delay 
performance can be really bad. In this paper, we have presented an 
algorithm that routes packets on shortest hops when possible, and 
decouples routing and scheduling using a probabilistic splitting 
algorithm built on the concept of shadow queues introduced in 
[6], [7]. By maintaining a probabilistic routing table that changes 
slowly over time, real packets do not have to explore long paths to 
improve throughput, this functionality is performed by the shadow 
“packets.” Our algorithm also allows extra link activation to reduce 
delays. The algorithm has also been shown to reduce the queuing 
complexity at each node and can be extended to optimally trade 
off between routing and network coding.
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