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Abstract—Joint routing-and-scheduling has been considered in wireless mesh networks for its significant performance improvement.
While existing work assumes it, accurate traffic information is usually not available due to traffic dynamics, as well as inaccuracy and
delay in its measurement and dissemination. In addition, the joint routing and scheduling usually requires a centralized controller to
calculate the optimal routing and scheduling and distribute such policies to all the nodes. Thus, even if the accurate traffic information
is always available, the central controller has to compute the routing and scheduling repeatedly because the traffic demands change
continuously. This leads to prohibitive computation and distribution overhead. Therefore, in this paper, we propose a joint routing-
scheduling scheme that achieves robust performance under traffic information uncertainty. In particular, it achieves worst-case optimal
performance under a range of traffic conditions. This unique feature validates the use of centralized routing and scheduling in wireless
mesh networks. As long as the traffic variation is within the estimation range, the routing and scheduling do not need to be recomputed
and redistributed. Through extensive simulations, we show that our proposed scheme meets the objective (i.e., optimize the worst-case
performance). Moreover, although it only guarantees the worst-case performance in theory, its average performance is also good. For
example, our proposed scheme can perform better than a fixed optimal routing and scheduling scheme in more than 80% of 500
random traffic instances. Our scheme provides insights on the desired properties of multipath routing, namely, spatial reuse and load
balancing.

Index Terms—robust, routing, scheduling, traffic-oblivious, wireless mesh.

✦

1 INTRODUCTION

THERE has been a significant amount of interest in
wireless mesh networking for its deployment flex-

ibility and low cost. Joint routing and (TDM-based)
scheduling has been considered in wireless mesh net-
works to improve performance [1], [2], [3], [4]. Most ex-
isting work in joint routing and scheduling assumes ac-
curate traffic information, e.g., active source-destination
(s-d) pairs and the traffic demand for each pair. However,
accurate traffic information is hardly available because
traffic is dynamic and its accurate measurement is rarely
available. In addition, dissemination of traffic informa-
tion incurs delay and signaling overhead.

In this paper, we propose a robust routing-and-
scheduling scheme to handle traffic dynamics and traf-
fic information uncertainty. To elaborate, the proposed
scheme optimizes the worst-case performance (in terms
of relative congestion level) for a range of traffic con-
ditions and it performs under a whole spectrum of
traffic information granularity. On the one end of the
spectrum where prefect traffic information is available,
the proposed scheme achieves the same performance as
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other optimal routing and scheduling schemes suggested
in the literature. On the other end of the spectrum
where there is no traffic information available, the pro-
posed scheme achieves robust performance while other
schemes cannot generate desired routing and schedule
for the lack of information. In general, the amount of
traffic information available is between the two extremes.
For example, we may know that the traffic pattern is
“single-sink”, i.e., all nodes communicate with a com-
mon sink node (e.g., a portal or gateway in wireless
mesh networks). In addition, the traffic demand between
an s-d pair can be estimated to be within a certain range
(e.g., 2.0Mbps-2.6Mbps) 1. Such traffic information can be
utilized in the proposed scheme. The more accurate the
information, the better the performance of the proposed
scheme. In addition, the scheme is robust even when the
estimate deviates from the reality.

Routing has been extensively studied in multi-hop
wireless networks [5], [6]. Most of the routing protocols
are shortest path routing protocols, although the path
length can be defined using metrics other than the
number of hops or the actual distance [7]. Multipath
routing has also been studied for fault tolerance and
performance improvement [8], [9]. Routing only without
the consideration of the interference can lead to poor
performance in wireless networks. For example, [10]

1. In this paper, we use “traffic pattern” to denote the active source-
destination pairs, and “traffic demand” to denote the actual throughput
requirement for a particular source-destination pair.
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shows that in a random topology with heavy traffic load,
shortest path routing leads to heavy congestion, and
correspondingly significant interference in the center of
the network.

Therefore, joint routing and scheduling has been
studied to achieve optimal performance under various
scenarios. In [1], interference constraint is added into
the multi-commodity flow formulation of the network
to form a single linear program (LP). The active s-d
pairs are required information for the formulation. It
is implied that the actual demand for each s-d pair is
saturated. However, traffic demand can be arbitrary in
practice. Different demand vector may lead to different
optimal routing and scheduling policies. Cruz et al. [2]
considers joint routing, scheduling and power control.
They assume every link in the network is active and
thus do not consider end-to-end flows. In [4], a joint
channel allocation, routing, and scheduling scheme is
proposed for multi-channel multi-radio wireless net-
works. This formulation also requires similar informa-
tion as in [1]. There are two problems which affect the
practical deployment of the existing centralized routing
and scheduling approaches. First, optimal routing and
scheduling schemes assume accurate traffic information,
which is often not available. Second, joint routing and
scheduling optimization requires a central controller to
collect the topology and traffic information of the whole
network, compute the optimal routing and scheduling
policies, and then distribute the policies to each individ-
ual node. Thus, even if the accurate traffic information is
always available, the optimal policies have to be repeat-
edly computed and distributed since traffic demands
vary over time. Although the centralized routing and
scheduling approach can greatly improve the through-
put performance of the network, such prohibitive over-
head prevents it from being deployed.

Researchers have made great progress in traffic-
oblivious routing. A traffic-oblivious routing scheme re-
quires limited information on traffic patterns/demands
and achieves worst-case optimal performance under the
given range of traffic conditions. A recent seminal work
of Räcke [11] shows that for any network there is an
oblivious routing with a polylog competitive ratio with
respect to congestion. In a follow-up work [12], the
authors show how to compute the oblivious ratio in
polynomial time. However, their formulation consists of
polynomial number of variables, but infinite number of
constraints. In [13], the authors further reduce the com-
plexity to compute the oblivious ratio of a given network
through a single LP with polynomial number of vari-
ables and constraints. In [14], the authors apply similar
approaches to derive an energy-efficient traffic-oblivious
routing scheme for wireless sensor networks. Our work
is motivated by previous research. In the routing-only
papers [11], [12], [13], [14], the main challenge is to
handle the infinite number of possible traffic demands
for optimal worst-case performance. Our contribution is
to formulate a joint routing-and-scheduling scheme that

takes into account of interference among links, which is
critical and unique in a wireless network. The existing
algorithm does not imply ours, as explained in more
detail in Section 3.1.

Recently, Kashyap et.al.[15] proposed a joint routing,
scheduling and power control framework that does not
assume knowledge of the traffic matrix. However, they
assumed a simplistic interference model where two links
do not interfere with each other as long as no end point
of the links is shared. While this interference model can
largely reduce the computational complexity, it cannot
capture the interference relationship in many practical
wireless networks. Since the model is integrated into
their framework, it is difficult to extend it to capture the
more practical interference relationship. In our work, we
consider both graph-based and SINR-based interference
model, either of which captures the more complicated
interference relationship in practical wireless networks.
Thus, our work can be applied to a broader set of
scenarios.

In this paper, we propose a robust routing-and-
scheduling scheme under traffic dynamics and traffic
information uncertainty. We show that the proposed
scheme achieves optimal worst-case performance, as
well as good average performance under traffic dynam-
ics. It does not have the aforementioned two implemen-
tation problems, namely information availability and
prohibitive overhead. First, it does not require accurate
traffic information. Specifically, it only needs a rough
estimation of the traffic demand, which can range from
accurate information to no information at all. Second, the
routing and scheduling policies need not be recomputed
and redistributed often. As long as the actual traffic
is within the estimation range, no update is needed.
Therefore, such a scheme is feasible and with affordable
overhead. In practice, centralized structure has also been
considered in wireless mesh networks to provide better
quality of service, especially for enterprise applications.
For example, Cisco’s unified wireless network archi-
tecture enables centralized control and include addi-
tional control and management functionalities [16]. Our
scheme can be applied in such architecture to further
improve the system performance.

We implement the joint routing and scheduling
scheme in Qualnet [17]. Through extensive simulations,
we show that our proposed scheme meets the objective
(i.e., optimize the worst-case performance). Moreover,
although it only guarantees the worst-case performance
in theory, its average performance is also good. For
example, our proposed scheme can outperform a fixed
optimal routing and scheduling scheme in more than
80% of 500 random traffic instances.

In case delay is a concern in the performance, we add
a preprocessing stage to eliminate extra-long routes. In
other words, we add the hop-count constraint (relative
to the shortest-path routing) into our framework. The
simulation result shows that the routing and scheduling
with hop-count constraints can considerably improve the
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delay performance, especially when the traffic load is
small. We consider the possibility to exploit the oblivious
routing with the decentralized MAC in case the central-
ized scheduling is hard to implement (e.g., in wireless
networks without centralized structure). Note that, it
is different from generating the oblivious routing only
as in the previous work. We actually generate the joint
routing and scheduling. But we only use the routing with
the 802.11 MAC. We study in detail the output from
the scheme to understand the desirable properties of
routing and scheduling that is robust to traffic variations.
The routing generated in our framework is multi-path
routing that exploits spatial reuse in the network and
provides tolerance to traffic dynamics. Its tolerance to traffic
dynamics is due to the load balancing effect of splitting
flows to multiple paths. This is important in wireless
networks because the load on a link interferes with its
neighboring links. Therefore, good multi-path routing is
important to achieve robust performance in a wireless
network. Routes generated by our work provide insights
to the design of decentralized routing and medium
access schemes (i.e., sensing-based or distributed TDM
schemes).

The rest of the paper is organized as follows. In Sec-
tion 2, we introduce the system model and define routing
and schedulability formally. In Section 3, we present our
traffic-oblivious routing and scheduling (TORS) scheme.
We first consider two cases: without traffic information
and with some traffic information. Then we present how
to incorporate hop-count constraints into our frame-
work. Simulation results are presented in Section 4.
Conclusions are in Section 6.

2 SYSTEM MODEL

2.1 Interference

We note that various interference models have been
proposed in the literature, including graph-based and
SINR-based models. It is important to note that none
of our algorithms relies on the specifics of the interference
model used. The only input from the interference model
required by our algorithm is the sets of links that can
be scheduled simultaneously. Different interference models
may result in different sets of links that can transmit
simultaneously. As long as such an input is provided
by an interference model, the proposed algorithm can
be applied without modifications. We will show how
different interference models can be incorporated into
our framework. For simplicity, we will use graph model
and SINR model to indicate graph-based interference
model and SINR-based interference model, respectively.

2.1.1 Graph Model
There are several variants of the graph model [18],
[19]. Usually the concept of transmission range and/or
interference range are defined in graph model. A link
exists between two nodes if they are within the transmis-
sion range of each other. The interference relationship

defined between two links is binary, and is indepen-
dent of other links. It can be generalized as a K-hop
interference model where no two links within K hops
can successfully transmit at the same time [19]. The
mostly used model in the research community is 2-
hop interference model [20], [21]. It is more realistic
than the 1-hop model because the interference range
of a node is usually larger than its transmission range
in practice. Furthermore, it models the interference in
the IEEE 802.11-based networks where the receiver also
sends back the acknowledgment frame during the data
transfer. Therefore, both the sender and the receiver may
cause interference at other nodes.

We also use the 2-hop interference model when graph
model is considered. Let lij be the link between nodes i
and j. Links lij and luv interfere with each other if either
of their transmissions can cause interference at the other.
More precisely,

lij and luv interfere with each other (1)
if and only if

i = u or i = v or j = u or j = v

or at least one of the four links exist:
liu, liv, lju and ljv

We use the conflict graph to store the interference rela-
tionship among links. In the conflict graph, each vertex is
a link in the original communication connectivity graph.
Two vertices are connected with an edge in the conflict
graph if the corresponding communication links cannot
transmit simultaneously. Therefore, the conflict graph
captures mutual interference between any two links. Due
to space limit, please refer to Fig. 4 and Table 1 in [1]
for an example of conflict graph. Links are scheduled
based on maximal independent sets. In graph theory,
an independent (vertex) set is a subset of vertices such
that no two vertices in the subset represent an edge in
the graph. A maximal independent set is therefore an
independent set containing the largest possible number
of vertices. The maximal independent sets are derived
from the conflict graph. The vertices (the corresponding
communication links in the connectivity graph) within
a maximal independent set can transmit simultaneously
without collision. Let Ii, i = 1, · · · , K , be the maximal
independent sets. The schedulability constraint under
graph model can be formulated as:

K∑
i=1

λi ≤ 1

g(l) ≤
∑
l∈Ii

λicap(l), (2)

where λi is the portion of time allocated to independent
set Ii, cap(l) is the capacity of link l, and g(l) is the load
on link l. A link can belong to multiple independent sets.
Therefore,

∑
l∈Ii

λi is the total portion of time that link
l can transmit. We denote λ = {λi} the scheduling. In
graph model, capacity of a link is usually considered as
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a constant.
It has been proved that when K > 1, the optimal

scheduling based on K-hop interference model is NP-
hard [19]. In our case, the hardness to perform optimal
scheduling under 2-hop interference model is translated
into finding all maximal independent sets, which is
known to be NP-hard. We exploit the technique in [1]
to find a subset of them within a given amount of effort.
Thus, the scheduling on the subsets results in a lower-
bound of the optimal performance. The effort needed
to find the maximal independent sets is controllable
and independent of the network size. Generally, the
more the effort spent, the more close to the optimal
performance the result will be. In our simulations, we
set the number of efforts to be sufficiently large such that
all maximal independent sets are found for the network
we simulated. Fortunately, this is a one-time overhead.
As long as the topology is not changed, the maximal
independent sets will not be recomputed. In general,
however, it is computationally infeasible to obtain all
maximal independent sets for large networks. But [19]
does show that, for the geometric graph (i.e., two nodes
are connected as long as their distance are within a
constant transmission range), the maximal scheduling
policy can guarantee a constant factor approximation of
the optimal performance under the graph model.

2.1.2 SINR Model

In SINR model, a message can be received successfully
if the ratio of the received signal strength and the sum
of the received interference from other senders plus the
noise level is larger than a hardware-dependent thresh-
old β. Formally, for link lij , the SINR at the receiver j
is,

SINR(j) =
Pij

Ij + N

=
Pij∑

u�=i Puj + N

≥ β, (3)

where Pij is the power strength sent from node i and
received at node j, Ij is the cumulated interference level
which is the sum of received signal strength from other
concurrent senders, and N is the noise level. Pij is usu-
ally expressed as Pij = P

dα
ij

, where P is the transmission
power, dij is the distance between node i and j, and α
is the path-loss exponent, which usually ranges from 2
to 6.

The major difference between the SINR model and
the graph model is the interference among links. The
interference relationship between two links is no longer
binary, and is dependent on other links. For example,
link A and B may not interfere with each other when
they are the only active links, neither does A and C.
But if link A, B, and C are active at the same time, the
cumulative interference of B and C may cause the SINR
of A below the threshold. Thus, the interference exists

between A and B, C, but not between A and B, or A
and C. Thus, potentially all subsets of all links need to
be examined to find the interference relationship, which
is of exponential complexity. So it is not surprising that
the optimal scheduling under SINR model is also NP-
hard [22], [23].

We use a similar idea as in the graph model to obtain
the performance lower-bound [1]. The conflict graph for
graph model is a complete graph with weighted edges.
The edge weight represents the amount of interference
one end node contributes to the other. The same tech-
nique can be used to find the maximal independent sets.

The link capacity is not fixed under SINR model. It can
be either expressed as the theoretical Shannon capacity,
or the practical data rate after translating SINR into BER
and taking into account the auto-rate algorithm used. In
either case, the link capacity is a function of the received
SINR. Since the schedule is performed on each maximal
independent set, a link may have different SINRs when
it is scheduled in different maximal independent sets.
We use cap(k, l) to denote the capacity of link l when it
is scheduled in the independent set k. The schedulability
constraint under SINR model can be formulated as:

K∑
i=1

λi ≤ 1

g(l) ≤
∑
l∈Ii

(λicap(i, l)) , (4)

Due to space limit, we will only present the framework
under the graph model. It requires very minor changes
to extend to the SINR model.

2.2 Traffic Patterns and Demands

We use a traffic matrix (TM) to represent the traffic pattern
and demand. A traffic matrix is an n × n matrix where
the diagonal entries are set to 0. A traffic matrix provides
the traffic demand of each s-d pair. The ith row and jth
column of the traffic matrix, dij , denotes the amount of
traffic from the source node i to the destination node
j. We use the traffic matrix to model different amount
of traffic information available. We consider three cases:
1) no information is available; i.e., 0 ≤ dij ≤ ∞ for
all i, j; 2) known s-d pairs but no information on the
corresponding traffic demand; i.e., 0 ≤ dij ≤ ∞ for s-d
pairs and dij = 0 for non-s-d pairs; and 3) known s-d
pairs with a range of traffic demand; i.e., aij ≤ dij ≤ bij

for s-d pairs and dij = 0 for non-s-d pairs.

2.3 Routing

A routing specifies how traffic of each s-d pair is routed
across the network. We denote f = {fij(e)} a routing,
where fij(e) specifies the proportion of demand from i to
j that is routed on the edge e. When f is used to route
a demand dij , the actual load of this demand on edge e
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is dijfij(e). Thus, a routing f is formally defined as

∀ edges e, ∀ nodes i, j �= i : fij(e) ≥ 0 (5)
∀ nodes i, j �= i, k �= i, j :∑

e∈out(k)

fij(e) −
∑

e∈in(k)

fij(e) = 0 (6)

∀ nodes i, j �= i :∑
e∈out(i)

fij(e) −
∑

e∈in(i)

fij(e) = 1, (7)

where in(k) and out(k) denote the set of edges pointing
to and from node k respectively, (6) is the flow con-
servation constraint at the intermediate node, i.e., if a
node is neither the source nor the destination of the flow,
then the amount of flow “in” equals the amount of flow
“out”, and (7) is the flow conservation constraint at the
source node. Note that the flow conservation constraint
at the destination node is redundant given (6) and (7).
We should also note that arbitrary multi-path routing is
considered in f by definition.

3 TRAFFIC-OBLIVIOUS ROUTING AND
SCHEDULING

Motivated by existing work on traffic-oblivious routing
in Internet, we propose a traffic-oblivious routing-and-
scheduling (TORS) scheme that captures the interfer-
ence constraints in wireless networks. The objective of
a traffic-oblivious scheme is to handle uncertainty in
traffic information and achieve worst-case optimal per-
formance under the given range of traffic information.
We first introduce the notations.

The performance metric of a given routing-and-
scheduling pair, (f, λ), with respect to a TM D, is the
maximum congestion level among all links via (f ,λ),
defined as follows:

CONG(f, λ, D) = max
m

∑
ij fij(m)dij

cap(m)
∑

m∈Ii
λi

, (8)

where
∑

ij fij(m)dij is the aggregated load on link m for
all s-d pairs,

∑
m∈Ii

λi is the aggregated portion of time
available for link m to transmit from all independent
sets it belongs to, (

∑
ij fij(m)dij)/(cap(m)

∑
m∈Ii

λi) is
ratio between the aggregated load and the available
capacity on link m, i.e., the congestion level of link
m. The congestion of the network is then defined as
the maximum congestion among all links. An optimal
routing and scheduling with respect to TM D minimizes
the maximum congestion level:

OPT(D) = min
(f,λ)

CONG(f, λ, D).

In other words, OPT(D) is the minimum congestion level
possible for the given D.

The competitive ratio of an (f ,λ) on a given TM D
measures the performance of the given (f ,λ) with respect

to that of the optimal one on TM D. It is defined as:

PERF(f, λ, D) =
CONG(f, λ, D)

OPT(D)
.

The competitive ratio is always at least 1. It is exactly 1
if and only if the routing and scheduling is optimal for
D.

Let D includes all possible TMs. The oblivious ratio is
defined as

PERF(f, λ, D) = max
D∈D

PERF(f, λ, D).

In other words, the oblivious ratio is the worst per-
formance ratio of the given (f, λ) with respect to all
TMs. A routing and scheduling with the minimum obliv-
ious ratio is the optimal traffic-oblivious routing-and-
scheduling. It optimizes the worst-case performance.

3.1 Routing and Scheduling with No Traffic Knowl-
edge

Our objective is to find a traffic-oblivious routing-and-
scheduling to minimize the oblivious ratio. In other
words, we want a fixed routing and scheduling pair
(f, λ) such that it achieves the worst-case minimum con-
gestion level for all possible TMs under consideration,
among all fixed routing-scheduling pairs. Formally, the
optimal (f, λ) is defined as

argmin
(f,λ)

PERF(f, λ, D),

where D includes all the possible TMs under consider-
ation. We first consider the case with no traffic informa-
tion.

The optimal oblivious ratio r∗ and the corresponding
(f∗, λ∗) can be computed by solving the following prob-
lem:

min
(f,λ)

r (9)

K∑
i=1

λi ≤ 1

f is a routing
∀ links m, ∀ TMs D with OPT(D) = 1:∑

ij fij(m)dij

cap(m)
∑

m∈Ii
λi

≤ r.

In this problem, if we scale a TM D by a constant, the
performance ratio remains unchanged. So we only need
to consider the D’s with OPT(D) = 1 when we compute
the oblivious ratio, as other D’s are scaled versions of
such matrices. The problem is interpreted as follows:
consider any given TM D, if it takes its corresponding
optimal routing and scheduling scheme one unit of time
to serve the demand, then it takes (f∗, λ∗) at most r∗ unit
of time to serve the same demand.

We note that the last constraint is not a linear con-
straint. To solve the problem, we introduce an alternative
variable βi = rλi. We transform Eq. (9) to the following
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LP problem.

min
(f,β)

r (10)

K∑
i=1

βi ≤ r

f is a routing
∀ links m, ∀ TMs D with OPT(D) = 1:∑

ij

fij(m)dij/cap(m) ≤
∑

m∈Ii

βi. (11)

We call this problem the master LP. After obtaining the
optimal solution, we can obtain λ∗ by λ∗

i = β∗
i /r∗. With

some abuse of notation, we also call β = {βi} scheduling.
The master LP has infinite number of constraints be-

cause there are infinite number of D’s with OPT(D) = 1.
Next, we transform the LP formulation with infinite
number of constraints to a LP formulation with finite
number of constraints. Note that for a given link m, rout-
ing and scheduling pair (f ,β), the constraint in Eq. (11)
is satisfied if the maximum value of the following slave
LP is less than 0.

max
g,μ,d

⎛
⎝∑

ij

fij(m)dij/cap(m) −
∑

m∈Ii

βi

⎞
⎠ (12)

g is a flow of demand dij (13)
K∑

i=1

μi ≤ 1 (14)

∀ links l :
∑
ij

gij(l) ≤
∑
l∈Ii

μicap(l) (15)

∀ demands i → j: dij ≥ 0, (16)

where both gij(e) and μi are new variables introduced in
the slave LP to restrict D. Note that g is the flow, defined
as follows:

∀ edges e, ∀ nodes i, j �= i : gij(e) ≥ 0 (17)
∀ nodes i, j �= i, k �= i, j :∑

e∈out(k)

gij(e) −
∑

e∈in(k)

gij(e) = 0

∀ nodes i, j �= i :∑
e∈out(i)

gij(e) −
∑

e∈in(i)

gij(e) = dij ,

and μi is the portion of time the maximal independent
set i can be active. With the two intermediate variables g
and μ, only D’s with OPT(D) ≤ 1 satisfy the constraints
defined in Eqs. (13-16). As stated in [12], at least one
of the maximum of a linear objective function over a
polyhedron are obtained on a vertex of the polyhedron
and that polynomial time LP algorithms can obtain such
a vertex maximum. Thus, the maximum objective value
must be obtained at a certain D with OPT(D) = 1. There-
fore, the slave LP can be used to check the constraint
Eq. (11) in the master LP problem.

To further reduce the complexity, we combine the

master LP with the slave LP. First, for the given m and
(f , β) pair, we derive the dual form of the slave LP (12):

min
s,π,p(m)

(
p(m) −

∑
m∈Ii

βi

)
(18)

∀ nodes i, j �= i :
fij(m)

cap(m)
≤ sij(m, j)

∀ nodes i, j �= i,∀ edges e = i′ → j′ :

π(m, link-of(e)) + sij(m, i′) − sij(m, j′) ≥ 0

∀ maximal independent sets k ∈ [1, K] :∑
l∈Ik

π(m, l)cap(l) ≤ p(m)

∀ links l : π(m, l) ≥ 0

∀ nodes i, j �= i,∀ nodes k :

sij(m, k) ≥ 0

∀ nodes i, j �= i : sij(m, i) = 0

p(m) ≥ 0,

where link-of(e) denotes the link that edge e belongs to.
Since we assume bidirectional link in our study, lij =
link-of(eij) = link-of(eji). The dual variable sij(m, j)
corresponds to the flow conservation constraint of dij ,
π(m, l) to constraint (15), and p(m) to constraint (14).

Based on the duality theorem [24], the dual LP has the
same objective value as the primal LP problem. We then
combine the master LP (10) with the dual form of the
slave LP (18) to form a single LP:

min r (19)
f is a routing
K∑

i=1

βi ≤ r

∀ links m : p(m) −
∑
m∈Ii

βi ≤ 0

∀ links m, ∀ nodes i, j �= i :
fij(m)

cap(m)
≤ qm(i, j)

∀ links m, ∀ nodes i,∀ edges e = j → k :

π(m, link-of(e)) + qm(i, j) − qm(i, k) ≥ 0

∀ links m, ∀ maximal independent sets k ∈ [1, K] :∑
l∈Ik

π(m, l) ≤ p(m)

∀ links m, l : π(m, l) ≥ 0

∀ links m : p(m) ≥ 0

∀ links m, ∀ nodes i : qm(i, i) = 0

∀ links m, ∀ nodes i, j �= i : qm(i, j) ≥ 0

∀ maximal independent sets k ∈ [1, K] : βk ≥ 0.

In this LP, there are finite number of variables and
finite number of constraints. Thus, it can be solved using
standard LP solvers.

While motivated by previous work, our problem is
different because we need to explicitly address schedu-
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lability. In [11], [12], [13], Internet routing is considered,
and thus there is no interference or schedulability issue.
We note that we cannot directly apply the schedulability
constraint defined in Eq. (2) to the slave LP in [13] to set
additional constraints on gij(e). Because schedulability
constraint is not considered in the master LP of [13],
some qualified D’s (i.e., with OPT(D) = 1) may not
be included if (2) is directly applied. As a consequence,
the maximum value of the slave LP could be obtained
at some D’s with OPT(D) �= 1, which would result in
incorrect solutions.

In [14], the authors propose an energy-efficient traffic-
oblivious routing scheme in wireless sensor networks.
The authors also discuss the schedulability issue and
suggest additional constraints to be placed in a slave LP
formulation. In [14], the definition of OPT(D) is based
on power consumption instead of link congestion, and
thus does not need to take into account schedulability.
Therefore, the schedulability constraint can be directly
applied to the slave LP as suggested in the discussion
in [14]. However, applying schedulability constraint in
the slave LP implies that schedulability is guaranteed
only with perfect traffic information, which deviates
from the original motivation of being traffic-oblivious.
We note that schedulability is not a major concern in
wireless sensor networks due to the low traffic demand.
In comparison, because our objective is to maximize
network utilization, schedulability constraint has to be
defined in OPT(D). Therefore, the approach in [14] does
not apply to our case. In addition, our scheduling is
also traffic-oblivious while it is not in [14]. In summary,
all previous works consider traffic-oblivious routing and
our framework considers traffic-oblivious routing-and-
scheduling, which addresses the unique constraint in
wireless networks.

3.2 Routing and Scheduling with Some Traffic Infor-
mation

The LP in (19) is derived without any traffic information.
As discussed in Section 2.2, in some cases we could
also have a certain amount of traffic information, i.e.,
the active s-d pairs or the s-d pairs with the range of
the traffic demand. Such information can be modelled
by introducing constraints on dij ; i.e., aij ≤ dij ≤ bij

for s-d pairs, and dij = 0 for non-s-d pairs. Similar to
[13], we introduce slack variables s−m(i, j) and s+

m(i, j) for
the lower and upper bounds on dij . Following similar
approaches in Section 3.1, we can find the optimal
routing-scheduling by solving the following finite LP
formulation:

min
f,β

r (20)

f is a routing
K∑

i=1

βi ≤ r

∀ link m : p(m) −
∑

m∈Ii

βi ≤ 0

∀ link m, ∀ node i, j �= i :
fij(m)

cap(m)
− s+

m(i, j) + s−m(i, j) = qm(i, j)

∀ link m, ∀ node i,∀ edge e = j → k :

π(m, link-of(e)) + qm(i, j) − qm(i, k) ≥ 0

∀ link m, ∀ maximal independent sets k ∈ [1, K] :∑
l∈Ik

π(m, l) ≤ p(m)

∀ link m :
∑
ij

(
bijs

+
m(i, j) − aijs

−
m(i, j)

)
≤ 0

∀ links m, l : π(m, l) ≥ 0

∀ link m : p(m) ≥ 0

∀ link m, ∀ node i : qm(i, i) = 0

∀ link m, ∀ node i, j : qm(i, j) ≥ 0

∀ maximal independent sets k ∈ [1, K] : βk ≥ 0

∀ link m, ∀ node i, j : s−m(i, j) ≥ 0

∀ link m, ∀ node i, j : s+
m(i, j) ≥ 0.

Note that, if aij = bij = dij for all i, j (i.e., there is no
uncertainty on traffic information), the oblivious ratio
is one, which means that the routing and scheduling
outputted from our framework is the optimal routing
and scheduling.

3.3 Routing and Scheduling with Delay Considera-
tions

Delay is an important issue in real-time applications,
such as audio, video, and gaming. In a wireless network,
packet delay is affected by many factors, including hop
count, link quality, congestion level, and scheduling. In
a TDM-scheduled network, hop count determines the
minimum delay of a packet: if a route has n hops, then
the packet delay is at least n time slots. Therefore, it is
necessary to eliminate extra-long candidate routes for
each s-d pair when delay is a concern. In this section, we
discuss p-TORS, a modified TORS with preprocessing to
eliminate extra-long routes.

Let Dij
min be the shortest distance (in terms of hop

count) from node i to node j. Let Rth be a threshold
such that the maximum hop count of a route from i to
j must be smaller than Rth ∗Dij

min. This defines the hop
count constraint. For example, we set Rth = 2 in our
simulations. Consider an edge e from k to m. We set
fij(e) = 0 in the LP formulation if

max
l∈{k,m}

(
Dil

min + Dlj
min

)
≥ Rth × Dij

min. (21)

In other words, we eliminate routes through edges that
will definitely violate the hop count constraint in the
preprocessing. We conduct the preprocessing for all s-d
pairs. The results are used in the LP formulation. The
preprocessing disables extra-long routes. It also reduces
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the number of (unknown) variables in the LP formu-
lation and thus helps speed up the computation. Thus
early elimination of longer paths based on hop-count
helps in improving the scalability of the LP solution.

Two things are worth noting before we proceed. First,
our heuristic cannot guarantee a strict hop count relative
to the shortest path length. Instead, it tries to reduce the
hop count by pruning out the links which apparently
lead to extra long routes. Second, the hop count con-
straint cannot guarantee an upper bound of the delay. It
can reduce the delay when hop count is the major cause
of the delay. It does not work well when other factors
(e.g., congestion) dominate. More details are provided in
Section 4.3.

4 PERFORMANCE EVALUATION

4.1 Simulation Setup

We use Qualnet [17] for performance evaluation. Qualnet
is a commercial wireless-network simulator that pro-
vides good PHY layer modeling as well as upper-layer
protocol implementations. We use 802.11b PHY layer.
The data rate is 11 Mbps. Every node uses the same
transmission power. The channel model is the 2-ray
path loss model with slow fading. The conflict graph
is measured after the network is setup. For a link A, we
enable all the other links one by one, and measure the
throughput. If the throughput degrades after link B is
enabled, A and B interfere with each other. CBR is used
as the application for each active s-d pair. We use the
maximum possible payload size (i.e., 1500 bytes MAC
layer payload). The traffic demand varies, which will be
explained later in this section. For a multipath routing,
a node splits its traffic among multiple paths based on
the corresponding ratio on each path. We implement
the scheduling using TDMA with fixed length super
frames where each time slot is allocated to a maximal
independent set. Total number of time slots allocated to
a maximal independent set i is proportional to its time
allocation λi. Note that the length of the super frame is
carefully chosen to fit the precision of the scheduling λi.
For example, if the λi is rounded to the second decimal
place, we will use 100 time slots in each super frame.
Within a super frame, we schedule the transmission
as fair as possible. For instance, consider two maximal
independent sets A and B, A is allocated 60 time slots
while B is allocated 40 time slots. In the first 80 time
slots, we schedule A and B in a round-robin manner,
then A transmits in the remaining 20 time slots.

To make the scheduling overhead comparable to the
802.11 CSMA-based MAC protocol, the slot duration
is carefully chosen such that for the simplest scenario
where one node is always sending packets to the other
node with maximum possible payload size, both 802.11
and scheduling lead to the same throughput. In other
words, the slot duration includes all the MAC and phys-
ical overhead of 802.11 except for the collision overhead.
This enables us to distinguish the scheduling gain (i.e.,

avoiding collisions) from joint routing-and-scheduling
gain. In practice, the slot time can be further reduced,
and TORS can achieve a better performance than that
shown here.

We have conducted simulation in a variety of topolo-
gies, including 9-node grid, 16-node grid, chain, and
random networks. We have also conducted simulation
under different traffic patterns, including single-sink,
double-sink, random peer-to-peer, and all s-d pairs. Due
to space limitation, we present the simulations in a 16-
node grid with single-sink and double-sink traffic pat-
terns unless otherwise specified. Other simulations yield
similar conclusions. In the single-sink traffic pattern,
there is one sink node in the network and every other
node communicates with the sink node. In the double-
sink pattern, there are two sink nodes in the network,
every other node choose the closer sink (in terms of
the number of hops) to transport its data. These two
traffic patterns represent wireless mesh networks where
there are mesh portals providing Internet access to the
other nodes in the network. Furthermore, single-sink
pattern leads to a more congested network condition
than double-sink pattern. We compare the performance
of four routing and scheduling schemes. Since TORS and
its extension p-TORS do not incur any network overhead,
we use a pre-computed shortest path routing instead of
practical distributed shortest path routing such as AODV
to ensure fair comparison.

• SP+802.11: The routing protocol is a pre-computed
shortest path routing, and the MAC is 802.11 CSMA-
based MAC.

• SP+schd: The pre-computed shortest path routing is
combined with an optimal scheduling for a given
TM D. The optimal scheduling is calculated as
follows:

min

K∑
i=1

βi (22)

∀ links m:∑
ij

fij(m)dij/cap(m) ≤
∑

i:m∈Ii

βi,

where fij(m) is pre-computed.
• Estimate: We assume a base TM, which is our best es-

timate of the actual traffic. The actual traffic pattern
and demand may vary from the estimation. Then we
compute the optimal routing and scheduling based
on this estimated traffic matrix.

• TORS or p-TORS: We use the oblivious routing and
scheduling proposed in Section 3. We assume the
same base TM as in Estimate, but takes into account
traffic information uncertainty.

We assume a base traffic demand for each s-d pair.
The actual traffic demand fluctuates around the base
traffic demand when we run the simulation. In order to
model the traffic fluctuation as well as traffic information
inaccuracy, we consider the error margin w. An actual
TM, D′ ∈ D’, satisfies dij/w ≤ d′ij ≤ wdij . For example,
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TABLE 1
Throughput performance of four routing and scheduling

schemes when w = 1

Pattern SP+802.11 SP+schd Estimate TORS
Single 2.59 3.02 4.07 4.07

Double 4.83 5.02 5.76 5.76

if w = 1.5, the upper bound on traffic demand is 225% of
the lower bound. For each set of simulations, the actual
demand is generated randomly within [dij/w, dij∗w]. We
do not use the range [dij −w, dij +w], to ensure that the
lower bound is always larger than zero. As we explained
in Section 3.1, the oblivious ratio remains the same if we
scale TM D by a constant. Thus, once the lower bound
is zero, no matter what the upper bound is, it is always
equivalent to no information at all.

4.2 Traffic-Oblivious Routing and Scheduling

We first compare the throughput performance of the four
routing and scheduling schemes discussed in Section 4.1.
Although the objective of our framework is not to maxi-
mize the throughput, we still expect a large throughput
gain over heuristic-based protocols (i.e., shortest path
routing and 802.11 scheduling). The results are tabulated
in Table 1. We only consider w = 1 here. As mentioned
earlier, when w = 1, there is no variation in the traffic
demand, which means that perfect traffic information is
given. In this case, TORS and Estimate both achieve the
same optimal performance. Through this simple case, we
want to show how optimal spatial reuse and schedul-
ing can improve the performance. Benefiting from op-
timal scheduling only, SP+schd achieves 17% and 4%
higher throughput than SP+802.11 under single-sink and
double-sink pattern, respectively. Such gains increase to
57% and 19% under Estimate and TORS, as they benefit
from both the optimal spatial reuse and scheduling.

Next, we show how TORS is robust to traffic varia-
tions. We compare the throughput and fairness perfor-
mance under SP+802.11, Estimate and TORS. More im-
portantly, we compare the network congestion between
Estimate and TORS, as minimizing congestion is our
objective. Note that, the maximum link congestion is de-
fined as the network congestion in our framework. How-
ever, there is no direct way to measure link congestion
in the simulation. Thus, we measure an alternate metric:
node congestion, which is represented as the average
queue length of a node throughout the simulation. This
is reasonable because queue length is directly related
to link congestion. In order to minimize the impact of
limited queue capacity, we assume a large queue size so
that no packet is lost due to queue overflow throughout
the simulation.

Both single-sink and double-sink patterns exhibit the
same performance trend. We show the performance un-
der single-sink to save space. We assume every s-d pair
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Fig. 1. Performance of three schemes under a simple
variation model
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Fig. 2. Cumulative distribution of improvement (TORS
over Estimate) for 500 random traffic demand instances

(totally 15 pairs in the single-sink pattern) has the same
demand d. The base demand is set as 0.3 Mbps. TORS
is computed with w = 1.5, which corresponds to the
variation range of [0.2, 0.45]. We increase d from 0.2 to
0.45, at a step size of 0.05 Mbps. This is an oversimplified
”variation” model since every s-d pair always has the
same demand. But it gives us insights on how TORS
works.

Fig. 1(a) compares the congestion performance be-
tween Estimate and TORS. To better illustrate the dif-
ference, we also print the percentage of improvement
of TORS over Estimate, i.e., CONGEstimate−CONGTORS

CONGEstimate
. As

can be seen, the difference between Estimate and TORS
is almost zero when the actual demand is exactly the
base demand (i.e., 0.3 Mbps). This is expected because
Estimate is the optimal routing and scheduling for the
base demand. However, TORS has a considerably better
congestion performance than Estimate as long as the
actual demand deviate (smaller or larger) from the base
demand. This is more than expected. Theoretically, TORS
only guarantees the worst-case performance. But the
simulation results clearly show that it can do better than
that.

Fig. 1(b), 1(c) show the throughput and fairness per-
formance. The fairness index is computed as f =
(
∑

i
Ti)

2

N∗
∑

i T 2

i

[25]. As expected, both Estimate and TORS
achieve a better throughput and fairness performance
than SP+802.11. In addition, fairness performance of
Estimate and TORS decreases slower with traffic load
than SP+802.11. The reason is the hidden-node problem.
As the traffic load increases, hidden-node becomes the
major reason to cause collisions. In the single-sink traffic
pattern, nodes farther away from the sink suffer more
from hidden-node collision losses than nodes closer to
the sink, which in turn leads to a larger unfairness in the
throughput distribution. On the other hand, Estimate and
TORS completely eliminate collisions since the schedul-
ing always performs on independent sets. Their fairness
performance is thus much better than SP+802.11 under
high traffic demand.

To verify our observation in Fig. 1(a), we adopt a more
realistic variation model. We run 500 simulations. Each
simulation lasts for 60 seconds. In each simulation, each
s-d pair independently chooses a random traffic demand
from the variation range. We measure the congestion
of Estimate and TORS for each simulation. Among 500
simulations, the worst-case congestion of TORS is 24%
and 15% better than that of Estimate under single-sink
and double-sink pattern, respectively. In addition, we
plot the cumulative density function of the improvement
of TORS over Estimate in Fig. 2. The improvement is
defined as CONGEstimate−CONGTORS

CONGEstimate
. The x-axis is the

improvement in percentage. The y-axis is the cumula-
tive density. The negative improvement indicates that
TORS leads to a worse congestion than Estimate for
this instance. So we are interested in how often the
improvement can be positive. Under single-sink, more
than 60% of all simulations have positive improvement.
Under double-sink, such percentage is larger than 80%.
That is, for majority of the time, TORS has a better con-
gestion performance than Estimate. This is a good news
for the applicability of TORS in practice. Its average
performance is good enough despite the fact that it only
guarantees the worst-case performance in theory.

4.3 TORS with Hop Count Constraints

In Table 2, we compare TORS and p-TORS with w = 1.0.
We set Rth = 2 for both traffic patterns. Recall that
Rth = α means the maximum hop count for each s-d
pair under p-TORS cannot exceed α times the hop count
under shortest path routing. In both cases, shortest path
routing always has the minimum average hop count. The
average hop count of p-TORS is considerably smaller
than that of TORS. On the other hand, the throughput
of p-TORS is lower than TORS, because the hop count
constraint limits candidate routes, which limits spatial
reuse. The average number of edges pruned out per
s-d pair is smaller in single-sink pattern than that in
double-sink pattern. This is because the average shortest
path length in single-sink pattern is larger than that in
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TABLE 2
TORS with hop-count constraint

Single SP+802.11 p-TORS TORS

Throughput (Mbps) 2.57 3.03 4.04

Avg. hop count 3.2 4.9 8.8

Avg. # of edges pruned \ 18.4 \

Double SP+802.11 p-TORS TORS

Throughput (Mbps) 5.24 6.32 6.43

Avg. hop count 2.3 2.7 4.8

Avg. # of edges pruned \ 28.3 \

double-sink pattern. Thus, more links will be pruned out
in double-sink pattern.

Fig. 3 plots the delay improvement of p-TORS over
TORS under different traffic demands. Both TORS and p-
TORS is computed with w = 1.5. As shown in the figure,
the improvement in the average delay can achieve up
to 40% under single-sink and 80% under double-sink,
when traffic demand is small. But such improvement
decreases significantly when the demand is high. Under
light traffic demand, delay is mainly determined by the
number of hops. Thus, p-TORS has a big advantage
(in terms of delay) over TORS because p-TORS tried
to reduce the number of hops in the framework. Under
heavy traffic load, however, the delay is mainly caused
by congestion (channel access delay, queuing delay, etc.).
In this case, p-TORS cannot significantly outperform
TORS in terms of delay.

4.4 Oblivious Routing with 802.11 MAC

Centralized routing is easier to implement than central-
ized scheduling because scheduling requires synchro-
nization. Therefore, a natural step is to integrate cen-
tralized routing with distributed scheduling or sensing-
based medium access scheme. Our heuristic is to gen-
erate the joint routing and scheduling using TORS and
then extract the routing and combine it with a decentral-
ized MAC (e.g., 802.11). The results are shown in Table 3.
w is fixed at 1.5. We generate 100 random traffic demands
within the range and measure the average through-
put. In single-sink traffic pattern, oblivious routing with
802.11 has comparable throughput as SP+802.11. But
in double-sink traffic pattern, oblivious routing with
802.11 outperforms SP+802.11. In general, we observe
that the performance of the heuristic depends on traf-
fic patterns. If the number of s-d pairs is relatively
small (as in double-sink pattern), the proposed heuristics
outperforms SP+802.11 significantly. It is due to the
spatial reuse introduced by the routing. Under more
“congested” traffic pattern (as in single-sink pattern), the
heuristic using oblivious routing may not outperform
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Fig. 3. Delay improvement of p-TORS over TORS under
different traffic demands

TABLE 3
Oblivious routing with 802.11 MAC

SP+802.11 Oblivious routing+802.11

Single 2.58 2.55

Double 5.94 6.51

SP+802.11 due to the existence of collisions and the lack
of optimal scheduling support. We do not have a way
to give a quantitative measure on the traffic patterns
under which oblivious routing with 802.11 outperforms
SP+802.11. We consider it as our future work.

4.5 Insights of TORS

Fig. 4 shows the oblivious routing (left-hand side) and
scheduling (right-hand side) when there is only one
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Fig. 4. Traffic-oblivious routing and scheduling for the s-d
pair (1, 4)

TABLE 4
The oblivious ratio under different w’s

w 1.0 1.5 2.0 2.5 3.0 4.0

obl. ratio 1.00 1.24 1.52 1.64 1.71 1.79

s-d pair (1, 4). The routing is of multiple paths: half
of the flow goes through the shortest path, the other
half goes through a much longer path. Such routing
is quite counter-intuitive, especially the longer path. It
seems that such a long path may consume much more
bandwidth than the shortest path, which should lead to
a lower performance. However, we will show that this
oblivious routing does require less scheduling time than
the shortest path routing. Given the routing f and the
TM D, the optimal scheduling can be obtained using
(22).

According to (22), the optimal scheduling time for the
shortest path routing is 3, for oblivious routing is 1.5.
It means that oblivious routing does lead to a higher
throughput than shortest path routing under the optimal
scheduling. The intuition is that, although oblivious
routing consists of a longer path which consumes more
bandwidth, such a path also balances the traffic load to
exploit the spatial reuse of the network, with the help of
the scheduling.

In order to better understand TORS, we measure the
oblivious ratio obtained under different levels of traffic
variations. The results are shown in Table 4. The first
row is w. The second row is the corresponding oblivious
ratio for TORS. As w increases, TORS has to cope with
more variation in traffic demands, which leads to a
higher oblivious ratio. But even if w = 4.0 (i.e., upper
bound of traffic variation is 1600% of the lower bound),
the oblivious ratio is only 1.79, which guarantees a
satisfactory worst-case performance.

TORS is also robust under false traffic information. In
Table 5, we compare TORS and Estimate. Both calculate
routing and scheduling assuming the all-pair traffic pat-
tern (i.e., every node transmits to all the other nodes.),
and TORS is calculated with w = 1.5. However, in the
simulations, the actual traffic patterns are single-sink,
random (i.e., we randomly pick half of the nodes as
senders. Each node randomly chooses a destination.),

TABLE 5
Performance under inaccurate estimation of the traffic

Single-sink Random All-pair

Estimate 1.15 / 1.02 2.50 / 1.98 4.86 / 3.97

TORS 1.73 / 1.54 3.26 / 2.75 4.74 / 4.48

and all-pair, respectively. We generate 100 random traffic
demands within the estimation range for each traffic
pattern. For each entry in the table, the left is the average
throughput, and the right is the worst-case throughput.

We observe that, when the estimation is correct, i.e.,
the all-pair traffic pattern, TORS achieves comparable av-
erage performance and better worst-case performance. In
addition, when the actual traffic patterns are single-sink
and random (i.e., largely deviate from the estimation),
the performance of TORS is robust and always better
than Estimate. It indicates the robustness of TORS even
under false traffic information.

We study in detail the output of TORS to under-
stand the desirable properties of robust routing and
scheduling. The routing generated by TORS is multi-
path routing that exploits spatial reuse in the network and
tolerance to network dynamics. In general, TORS results in a
more even distribution of flows in the network and more
balanced utilization of network resources. Its tolerance
to traffic dynamics is due to the load balancing effect of
splitting flows among multiple paths. In addition, TORS
tends to allocate overlapping routes to different flows;
i.e., an edge can be used by subflows from multiple
flows. Such an allocation provides tolerance to traffic
dynamics due to the smoothing effect of statistic mul-
tiplexing. TORS makes it easier to admit new flows
because it adapts to demand changes and distributes
resource relatively evenly.

5 DISCUSSIONS

5.1 Implementation Issues

Contemporary infrastructure-based WLAN network de-
signs employ a centralized, lightweight WLAN archi-
tecture [16]. In such an architecture, a WLAN con-
troller conducts most management functionalities, and
lightweight access points offer services, monitor chan-
nel conditions, and send feedback information to the
controller. Similar monitoring and control functions are
needed in general multi-hop mesh networks. For ex-
ample, Intel’s enterprise OverMesh [26] is hierarchical
and implements a lightweight control-and-management
plane [27]. The control plane is an overlay network
logically, which consists of a portion of mesh nodes
to monitor the network, collect traffic information, and
send feedback information to control nodes. Therefore,
in the implementation, we assume that a (logical) control
plane is available and periodically sends traffic and
channel information to the control node.
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To implement the schemes suggested in this paper,
a control node could compute the desired routing and
scheduling based on available information, and sub-
sequently distribute the routing and scheduling infor-
mation through the network. The network would op-
erate in cycles. Each cycle would consist of a short
routing-scheduling update frame and a super transmis-
sion frame. In the beginning of the transmission cycle,
the controller broadcasts the routing/scheduling in the
update frame using a precomputed broadcasting tree.
The length of the update frame depends on the size
of the network. We consider that 3-8 time slots are
reasonable for a medium size network. The super trans-
mission frame follows the update frame. In the trans-
mission frame, each node performs routing and schedul-
ing following the broadcasted routing and scheduling
information. The length of a time slot is the same for
all nodes and when using a schedule, one can assume
that these times slots are synchronized. The number of
packets transmitted in a time slot varies depending on
link conditions.

The length of the transmission frame should be larger
than the time for information feedback and computing
routing and scheduling. Traffic and channel information
can be collected in the network in the order of a few
hundred ms through lightweight overlays, to achieve
relatively stable measurements. Therefore, the length
of the transmission frame can be a few hundred time
slots, before the routing and scheduling are updated.
In general, cross-layer adaptation in the system needs
to happen fast enough so as to be proactive, and yet
slow enough so as to allow for link condition variations
to stabilize and for the overhead of such overlays and
cross-layer optimization to be minimal.

5.2 The path to full decentralization without
scheduling

While a schedule is suggested, it is not required that the
schedule needs to be followed. A controller node could
recompute the LP periodically. However, the node will
broadcast the new routing only policies for the flows,
and choose to not broadcast any schedule at all. Not
implementing the optimal schedule will result in some
performance degradation. However, not requiring the
broadcast of a schedule will result in reduced complexity
of implementation, and will not require any synchro-
nization between nodes. It is not required that all nodes
receive the route updates for the flows at the same time.
Source nodes change the routes whenever they receive
the updated routes. Likewise, intermediate nodes can
start forwarding packets on new routes for each flow
whenever they receive suggestions for updates to their
routing tables. Thus the entire optimization with over-
lays and data transmissions in the network can proceed
completely asynchronously. In general, it is expected that
this would result in the nodes contending for access
and transmitting data packets in maximal independent

sets simultaneously resulting in a schedule that could be
expected to produce a performance relatively similar to
what could have been expected if the schedule obtained
from the LP had actually been implemented. In addition,
based on the information in the network, each of the
source nodes in the network could independently solve
the LP assuming requirements for other flows have not
changed. In general, asynchronous computation and de-
centralized decision-making without constraints of fixed
schedules will result in the least complex mesh network
system implementations and help in scalability in future
mesh networks.

6 CONCLUSION

In this paper, we propose TORS, a joint routing-and-
scheduling scheme, that achieves robust performance
under traffic information uncertainty. To elaborate, the
proposed scheme optimizes the worst-case performance
(in terms of relative congestion) for a range of traffic
conditions. The proposed scheme works under the whole
spectrum of traffic information uncertainty from perfect
traffic information to no traffic information. The perfor-
mance of TORS adapts to the granularity of the traffic
information available. The more accurate the information
is, the better the performance will be. We show that
TORS achieves optimal worst-case performance, as well
as good average performance. The performance of TORS
is robust under traffic dynamics, or even false traffic
information.

TORS generates multipath routes that exploit spatial
reuse and provide more balanced utilization of network
resources. These properties also provide insights into
the design of joint routing and MAC schemes in a
distributed manner.
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