
Offset Selection for Bandwidth Maximization on Multiple Routes

Negar Mehr1, Marc Sanselme2, Nitzan Orr3, Roberto Horowitz1, Gabriel Gomes1

Abstract— We consider the problem of offset selection for
fixed–time signals in a network of arbitrary shape so as to
increase the bandwidths that vehicles on multiple routes receive.
Assuming that all signals have a common cycle, we utilize the
concept of relative path offsets and formulate the problem of
maximizing a weighted sum of path bandwidths. This leads to
a nonlinear optimization problem. We demonstrate how this
problem can be converted to a mixed–integer linear program;
hence, providing a scalable computational framework. Our
approach is in fact a generalization of a previous method in
which the single arterial problem was found to be equivalent
to a linear program, and is distinct from the traditional
formulation as a mixed–integer program. We further show the
practicality of our approach in a case study of a traffic network
in San Diego, California.

I. INTRODUCTION

The rapid increase of vehicular traffic congestion, delays
and emissions in metropolitan areas, coupled with the costs
of infrastructure expansion, points to the importance of
traffic management and control to improve the efficiency and
throughput of transportation networks. It is well known that
the parameters of traffic signals such as cycle length, green
times, and offsets play a key role in shaping traffic streams
and network efficiency in general. The focus of this work
is on how to select offsets of signalized intersections in an
urban network in order to reduce stop–and–go waves.

Traffic signals are normally designed to guarantee that
conflicting movements are not allowed at the same time at
an intersection. In addition to these safety requirements, it
is desired to design them such that the number of stops that
vehicles make at intersections is minimized, which leads to
increases in average traffic speed. Early traffic signal control
systems focused primarily on maintaining the speed limit
along a single path through the network.

The problem of selecting signal control offsets for maxi-
mizing the size of uninterrupted platoons, that is, maximizing
the two-way bandwidth along an arterial route, was first
formulated in [1]. This work used a simple model where
every signal was assumed to have only two stages. Moreover,
it was assumed that no stage allowed for simultaneous
actuation of through and left–turn movements. It was shown
that maximization of bandwidth could be achieved by an

1N. Mehr, R. Horowitz and G. Gomes are with the
Mechanical Engineering Department, University of California,
Berkeley, 94720 CA, USA. negar.mehr@berkeley.edu,
horowitz@berkeley.edu, gomes@path.berkeley.edu

2Marc Sanselme is a former engineering stu-
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exhaustive search of order of 2n, where n is the number
of intersections. The computational hindrances of [1] were
addressed in [2] by utilizing the symmetry of the bandwidth
definition introduced in [1].

In [3], traffic signal synchronization was first formulated
as a mathematical program. The approach allowed the op-
timization of other control parameters, in addition to the
offsets, such as cycle length and speeds. This resulted in
a mixed-integer linear program. An improved numerical
approach was proposed in [4]. An algorithm based on
the concept of interference minimization was introduced at
IBM and implemented in [5]. This approach was further
extended in [6] to enable the consideration of more than
two stages. Cross–street flows were incorporated into the
problem with work on multi–bandwidth methods beginning
with [7]. The implementation of this approach can be found
in MULTIBAND [8]. This approach was also extended in [9]
to capture complex networks going beyond the arterial case.
In [10], the network queueing process was approximated by
sinusoidal waves, and a semidefinite relaxation for the offset
optimization problem was proposed.

As a result of the ongoing rise of interest in online adap-
tation of signal offsets, various algorithms for online tuning
of offsets such as SCATS, SCOOT, OPAC and RHODES
have been developed [11], [12], [13], [14]. The majority
of these programs operate by making small adjustments to
the parameters such that the timing plans evolve to match
the measured traffic data. In [15], an adaptive algorithm for
online tuning of offsets was proposed. The used framework
was a data–driven approach where the collected data from
onsite sensors was utilized to find offsets such that the
majority of the traffic was accommodated by the green
window.

Recently, a new formulation of bandwidth maximization
was proposed in [16]. This formulation was a generalization
of class of methods that derive from [3], in that it considered
as given the distributions of vehicle arrivals, rather than the
green times. In this framework, the case of given green times
is equivalent to an assumption of “pulse” vehicle arrival
functions, or non-dispersing platoons. It was shown that the
bandwidth maximization problem can be formulated as a
linear program in the case of pulse arrival functions, reducing
the computational complexity with respect to previous meth-
ods. However, the approach only considered a single two-
way arterial, and did not generalize to networks of arbitrary
topology.

In the present work, we generalize the framework of [16]
and develop a formulation that is applicable to arbitrary
networks. We first derive an explicit formula for the band-



Fig. 1. Schematic of the sample network.

width as a function of the so–called “relative offsets”. The
formulation assumes given a set of “target routes”. The
target routes might be the routes with larger demands or
the major routes taken by vehicles in the network. The goal
of the problem is to select the offsets for the intersections
encountered along these routes, so as to maximize a weighted
sum of the route (or path) specific bandwidths. Note that
these paths correspond to the directions taken by the ag-
gregate flow of vehicles; they are not specific to a single
vehicle. The formulation also assumes that the green times,
cycle lengths, and phase sequences are fixed and given. It is
shown that this optimization problem can be converted into a
mixed–integer linear program. The efficacy of the approach
is demonstrated with several examples and a case study. It is
important to mention that although [16] can handle general
vehicle arrival functions (corresponding to different platoon
dispersion characteristics and signal actuation), the present
work is restricted to the traditional case in which vehicle
arrivals are pulsed.

The organization of this paper is as follows. Section II
provides notation and an introduction to the modeling
framework. The definition of the path–specific bandwidth
is provided in Section III. Sections IV and V present the
formulation of the problem and its solution. The algorithm is
demonstrated with a case study and examples in Section VI.
Finally, conclusions and potential future directions for this
approach are provided in Section VIII.

II. MODEL AND NOTATION

The traffic network is represented as a graph G such that
the set of the edges of the graph L represent the network
links, and its set of vertices N represent the network nodes.
Each link l ∈ L is characterized by its travel time τ(l) > 0.
We assume that link travel times, τ(l)foralll ∈ L are given
for the current traffic conditions. It is assumed that a set of
paths P through the network is given. Each path p ∈ P
consists of an ordered sequence of links Lp and nodes N p

leading from the start to the end of the path. It is further
assumed that these paths are linear, connected, and contain
no loops.

Let Ns ⊆ N denote the subset of the nodes that are
signalized. A movement is defined to be an input/output
link pair on a signalized node, e.g. the north-bound left-
turn movement. The set of movements for signalized node
n ∈ Ns is denoted with Mn. A signalized node with 4
incoming links and 4 outgoing links might have up to sixteen
movements, but typically has only eight since U–turns and
right–turns are often unsignalized.Mp ⊆M denotes the set
of signalized movements encountered by a vehicle following

the path p. Throughout the paper, superscripts refer to paths
whereas subscripts refer to nodes.
Example: Consider the network shown in Figure 1. There
are two paths p and p′ on this network, with

Lp = {l1, l2, l3, l5, l7}
Lp

′
= {l1, l2, l4, l6, l7}

Mp = {(l1, l2), (l2, l3), (l3, l5), (l5, l7)}
Mp′ = {(l1, l2), (l2, l4), (l4, l6), (l6, l7)}

It is assumed that all of the signals operate on a periodic
fixed–time schedule with a common cycle time C, where
the controller provides a certain amount of green time to
each movement within a cycle. It is further assumed that
each movement receives a green indication only once during
a cycle. The green time for each movement m ∈ Mn is
characterized by its duration g(m) > 0 and its offset θ(m)
with respect to a global periodic clock. Each movement offset
θ(m) is the time measured to the midpoint of the movement’s
green period. In each signalized node n ∈ Ns, for each pair
of movements m,m′ ∈Mn, δ(m,m′) is defined as:

δ(m,m′) = (θ(m)− θ(m′)) mod∗ C. (1)

The mod∗ C is a modulo operator which returns the signed
distance from the nearest multiple of C, as in [16]. This
implies that for any real number x, x mod∗ C always lies
in the interval [−C2 ,

C
2 ] . As an example, 6 mod∗ 5 = 1

while 4 mod∗ 5 = −1. δ(m,m′) measures the time between
the midpoint of the green periods for movements m and
m′ in the same signalized node. Note that δ(m,m′) is a
signed variable whose sign indicates the ordering of the green
periods of movements m and m′. Positive δ(m,m′) implies
that actuation of the midpoint of the green period belonging
to movement m happens after the actuation of the same
quantity for movement m′. The assumption of given green
durations, cycle time, and phase sequences implies that the
values of δ(m,m′)’s are fixed in the problem. Hence, we
are only allowed to select a single offset for each signalized
node n ∈ Ns, which determines the displacement of the
given timing plan with respect to a fixed clock.

We formulate the problem of finding the offsets of network
nodes in terms of the path relative offsets ωp(m). For a path
p, as illustrated in Figure 2, path relative offsets measure the
center of the green period of a movement m with respect to
a coordinate frame that moves along path p at the speed of
traffic (i.e. in accordance with the travel time τ(l) in each
link l), but without stopping at red lights. Thus, for each
movement m on path p (m ∈ Mp), belonging to node the
n (m ∈Mn), we have:

ωp(m) = (θ(m)− T pn) mod∗ C, (2)

where T pn is the travel time from the path p’s origin to node
n. It is computed as the sum of the travel times τ(l) for all
links l ∈ Lp preceding node n:

T pn =
∑
l∈Lp

l precedesn

τ(l). (3)



The relative offset defined in Equation (2) is in fact the actu-
ation time of the midpoint of the green period of movement
m in the reference frame of path p. In other words, it is the
time between the middle of the green phase utilized by path
p at node n, and the arrival time of a test vehicle along that
path. Figure 2 shows reference trajectories for the paths p
and p′ from our previous example. The relative offsets are
measured with respect to these reference trajectories, and
to the center of the green periods (rectangles). The internal
offsets provide the distances between green windows in the
same node.
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Fig. 2. Reference trajectories for p and p′. Note that Mp =
{m1,m3,m5,m7} and Mp′ = {m2,m4,m6,m8}.

III. PATH BANDWIDTH

As mentioned previously, in the case where there exist
multiple paths, we define a bandwidth for each path. The
bandwidth for a path p ∈ P is defined as the portion of the
cycle during which a vehicle may start a journey along p and
complete it without stopping. Normally, there will be only
one interval of time during which an uninterrupted trip can
be initiated. If there are several disconnected such intervals,
then, we will define the bandwidth as the largest one. For
long paths (or poorly coordinated signals) the bandwidth
may reduce to zero, meaning that it is impossible to traverse
the entire path without encountering a red light. Our goal
for signal coordination is to maximize a weighted sum of
the bandwidths for all paths included in P . The weights
assigned to the paths determine the priority or importance
of some paths over the others. This allows us to present a
generalization of the bandwidth definition provided in [16].
In [16], maximization of bandwidth was proposed for the
basic case of a single road with two paths: inbound and
outbound.

The computation of the bandwidth for a single path is
analogous to the problem of finding the intersection of q
intervals on the real line: {[αj , βj ], 1 ≤ j ≤ q}. The length
of the intersection of these q intervals is:

max

(
0,min

k,j
(βj − αk)

)
. (4)

A path bandwidth bp is the intersection of all green intervals
for the movements belonging to the path p. The green interval
for a movement m utilized by path p, can be expressed in
terms of path relative offsets as [ωp(m) − g(m)

2 , ωp(m) +
g(m)
2 ]. Hence, bp can be expressed in terms of relative offsets

as the intersection of green intervals for all movements
belonging to path p:

bp(ωωω) =
⋂

m∈Mp

(
[ωp(m)− g(m)

2
, ωp(m) +

g(m)

2
]

)
, (5)

where ωωω denotes the vector of all the relative offsets. There-
fore, using Eq. (4), replacing β’s and α’s with ωp(m) ±
g(m)/2, we obtain the bandwidth for path p as a function
of the offsets:

bp(ωωω) = max

(
0, min
m,m′∈Mp

(ωp(m)− ωp(m′) + ḡ(m,m′))

)
,

(6)
where ḡ(m,m′) is the average of g(m) and g(m′). Note
that since movement green times g(m) and g(m′) are always
positive, ḡ(m,m′) is also greater than zero.

IV. PROBLEM FORMULATION

Our objective is to find the node offsets such that a
weighted sum of the bandwidths for a given set of network
paths is maximized. This is expressed as a mathematical
program as follows.

maximize
ωωω

∑
p∈P

λp bp(ωωω)

subject to ωωω ∈ Ω,

(7)

Here λp is the weight associated with the path p. Ω is the
set of feasible relative offsets, which following Eq. (2) is
a hypercube in Rr with sides of length C and centered at
the origin. As stated earlier, the assigned weights reflect the
importance of certain paths and directions in the network.
For instance, one might assign more weight to the paths with
larger demands. Note that r =

∑
p∈P |Mp| is the number of

unknown relative offsets.
Optimization problem (7) allows for finding relative off-

sets independent of each other. However, if fixed timing
plans are given, as has been assumed, relative offsets of
movements must be such that they conform with the given
timing plans. Thus, we need additional constraints to encode
this requirement.

Equation (8) encodes the dependence amongst the relative
offsets in a single intersection. This constraint is enforced
for all intersections n ∈ Ns and for all pairs of variables
ωp(m) and ωp

′
(m′) related to that intersection. Hence, for

each pair of distinct paths p and p′ that have a common
signalized intersection n ∈ Ns, with respective movements
m,m′ ∈Mn ∩Mp ∩Mp′ , we have

ωp(m)− ωp
′
(m′) = (θ(m)− T pn) mod∗C−(

θ(m′)− T p
′

n

)
mod∗C.

(8)

Equation (8) can be rewritten as:



(
ωp(m)− ωp

′
(m′)

)
mod∗C =

(
(θ(m)− θ(m′))−

T pn + T p
′

n

)
mod∗C.

(9)

which can be expressed in terms of δ(m,m′) (which is fixed
and given). Introduce the notation,

∆p,p′(m,m′) =
(
δ(m1,m2)− (T pn + T p

′

n )
)

mod∗C (10)

and note that the value of ∆p,p′(m,m′) is known and fixed
by the assumption of fixed timing plans. Then, we have(

ωp(m)− ωp
′
(m′)

)
mod∗C = ∆p,p′(m,m′). (11)

Adding this constraint to the optimization problem, we
obtain,

maximize
ωωω

∑
p∈P

λp bp(ωωω)

subject to ωωω ∈ Ω,(
ωp(m)− ωp

′
(m′)

)
mod∗C = ∆p,p′(m,m′),

∀n, ∀m,m′ ∈Mn ∩Mp ∩Mp′ .
(12)

The objective function in the above optimization problem
is non-linear, non-convex, and non-differentiable. The con-
straints are also nonlinear. In the next section, we describe
how the above optimization problem can be solved.

V. BANDWIDTH MAXIMIZATION

In order to solve (12), we show that it can be encoded as
a mixed–integer linear program. For each path p, define the
binary variable αp such that αp = 1 if bp > 0 and αp = 0
if bp = 0. αp is an indicator variable for the “max” operator
in Eq. (6), taking the value 1 when minm,m′∈Mp(ωp(m)−
ωp(m′) + ḡ(m,m′)) is positive, and 0 otherwise. With the
introduction of these binary variables and using Equation (6),
we can rewrite (12) as:

maximize
ωωω,bp,αp

∑
p∈P

αp λp bp

subject to:
ωωω ∈ Ω,

αp ∈ {0, 1},(
ωp(m)− ωp

′
(m′)

)
mod∗C = ∆p,p′(m,m′),

∀n, ∀m,m′ ∈Mn ∩Mp ∩Mp′ ,

bp ≤ ωp(m′)− ωp(m′′) + ḡm′,m′′ ,

∀p, ∀m′,m′′ ∈Mp.

(13)

Note that the decision variables in optimization prob-
lem (13) are relative offsets ωωω, path bandwidths bp and binary
variables αp’s while the solution of the above optimization
problem is equivalent to that of (12). Now, the objective

function of (13) is mixed bilinear. Alternatively, we can move
the binary variables, αp’s, to the constraints:

maximize
ωωω,bp,αp

∑
p∈P

λp bp

subject to:
ωωω ∈ Ω,

αp ∈ {0, 1},(
ωp(m)− ωp

′
(m′)

)
mod∗C = ∆p,p′(m,m′),

∀n, ∀m,m′ ∈Mn ∩Mp ∩Mp′

bp ≤ αp (ωp(m′)− ωp(m′′) + ḡm′,m′′) ,

∀p, ∀m′,m′′ ∈Mp.
(14)

The above conversion is true because any bp whose αp is
set to zero will naturally rise to its upper bound at bp =
0. Note that the inequality constraints in the optimization
problem (14) are encoded for every pair of movements
including the repeated movements. It is crucial to enforce
these constraints for the repeated pairs of movements too so
as to make sure that the path bandwidth is always smaller
than or equal to the green duration of every movement
belonging to that path.

The next step will be to relax the bilinear constraints
to an equivalent mixed–integer form. Define the continuous
variables Kp(m′,m′′) as:

Kp(m′,m′′) , ωp(m′)− ωp(m′′) + ḡm′,m′′ . (15)

We know that Kp(m′,m′′) is bounded above by 2C, since
|ω| ≤ C/2 and g ≤ C. Now, as suggested in [17], the
inequality constraints bp ≤ αp Kp(m′,m′′) in (14) can be
replaced by,

bp ≤ αp(2C), (16)
bp ≤ (1− αp)(2C) +Kp(m′,m′′). (17)

When αp = 0, the first inequality becomes bp ≤ 0 and
the second is redundant; while, when αp = 1, the second
inequality is bp ≤ K(p,m′,m′′) and the first is redundant.
Thus, we have converted our mixed bilinear problem into the
following problem:

maximize
ωωω,bp,αp

∑
p∈P

λp bp

subject to:
ωωω ∈ Ω,

αp ∈ {0, 1},(
ωp(m)− ωp

′
(m′)

)
mod∗C = ∆p,p′(m,m′),

∀n, ∀m,m′ ∈Mn ∩Mp ∩Mp′

bp ≤ αp(2C), ∀p
bp ≤ (1− αp)(2C) +Kp(m′,m′′),

∀p, ∀m′,m′′ ∈Mp.

Kp(m′,m′′) = ωp(m′)− ωp(m′′) + ḡm′,m′′

∀p, ∀m′,m′′ ∈Mp

(18)



Now, what remains for being able to solve (18) is to
encode the equality constraints such that the resulting op-
timization problem is of known formats. Remember that
∆p,p′(m,m′) can be easily computed for every movement
pair at an intersection given the timing plans and path travel
times. Now, note that in order for the equality constraints to
be true, we must have that:

ωp(m)− ωp
′
(m′) = βp,p

′
(m,m′)C + ∆p,p′(m,m′), (19)

where βp,p
′
(m,m′) ∈ Z is an integer variable. In other

words, for the equality constraints, we must have that
ωp(m) − ωp

′
(m′) is equal to a multiple of cycle time

C plus ∆p,p′(m,m′). Since relative offsets are restricted
to lie in [−C2 ,

C
2 ],

(
ωp(m)− ωp′(m′)

)
is bounded above

and below by C and −C. Thus, the only possible values
for βp,p

′
(m,m′) are -1,0, and 1. Hence, we can solve the

optimization problem (18) by solving the following:

maximize
∑
p∈P

λp bp

subject to:
ωωω ∈ Ω,

ωp(m)− ωp
′
(m′) = ∆p,p′(m,m′) + βp,p

′
(m,m′)C,

∀n, ∀m,m′ ∈Mn ∩Mp ∩Mp′ ,

βp,p
′
(m,m′) ∈ {−1, 0, 1}, ∀n, ∀m,m′ ∈Mn∩

Mp ∩Mp′ ,

bp ≤ αp(2C), ∀p
bp ≤ (1− αp)(2C) +Kp(m′,m′′), ∀p, ∀m′,m′′

∈Mp.
(20)

Now, optimization problem (20) is a mixed–integer linear
program which can be easily solved via the available mixed–
integer solvers. The decision variables in this optimization
problem are ωp’s, bp’s, αp’s, and βp,p

′
(m,m′)’s. Once the

optimal solutions are found, optimal offsets of the network
intersections can be extracted from the optimal absolute
movement offsets θ(m)’s. It is noteworthy that when it comes
to computing θ’s, addition or subtraction of multiples of
cycle time C to θ(m)’s does not matter.

VI. NUMERICAL EXPERIMENTS

This objective of this experiment is to demonstrate the
ability of the technique to produce positive bandwidths on
multiple paths simultaneously. The test network is a two-
way linear arterial street with 8 intersections (Figure 3). One
hundred instances of this network were generated, each with
different segment travel times (selected uniformly between
60 and 150 seconds) and with different signal plans (selected
from real-world plans found along Huntington Dr. in Arca-
dia, CA). Each of the sample networks was provided with 8
different paths with positive weights. Both the paths and the
weights were generated randomly. The weights represent the
relative magnitudes of the demands on each of the paths.

Fig. 3. A linear arterial with three paths.

The 100 mixed integer linear programs were solved using
the CPLEX software [18]. The experiment was repeated
with 100 arterials with 5 intersections. Results are shown
in Figure 4. The two histograms report the number of paths
with positive bandwidth in the 5 and 8 intersection networks
respectively. In the case of arterials with 5 intersections,
the algorithm was able to assign positive bandwidth to
an average of 6.3 paths, whereas for 8 intersections the
average was 6.1. Thus, approximately 79% of paths could be
traversed without stopping by some portion of the demand.

Fig. 4. Number of positive bandwidths with 8 paths.

VII. CASE STUDY

So far, we have examined the capability of the algorithm in
finding non–zero bandwidths for certain subsets of network
paths. However, this does not necessarily mean that overall
network performance measures such as travel times are
improved. To investigate this, we focused on a traffic network
in San Diego whose topology is shown in Figure 5. The
grid–like geometry of the network allowed for examining the
effect of bandwidth maximization in non–arterial networks.
We considered 7 scenarios. In each scenario, certain numbers
of paths were assumed to exist in the network. For each
scenario, we simulated the network evolution for 1 hour
using BeATS (Berkeley Advanced Traffic Simulator), in 100
experiments with randomly generated offsets for the network
signals. We further used Yalmip [19] to optimize for the
signal offsets such that the sum of path bandwidths in each
scenario is maximized. We simulated the behavior of the
network with optimized offsets for each scenario as well,
and computed the total travel time of the network in each
experiment.

Figure 6, summarizes the results of our experiments. The
figure shows the mean and standard deviation of the total
travel time of the network for 100 random offsets versus
the same quantity for the case when optimized offsets were



Fig. 5. Topology of a traffic Network in San Diego.

picked in each scenario. We are excited to observe that
using bandwidth maximization, we can achieve much smaller
travel times in the network. In particular, when 7 paths
were assumed to exist, the major reductions in travel times
were observed, pointing to the practicality of our framework
for networks with general shapes and multiples routes. The
observed reductions in total travel time further imply that
although bandwidth is not a direct measure of network delay,
maximizing it can be used as a proxy for reducing the
network delays. Note that for the case of 1 and 2 paths,
we recovered the offsets found by the framework of [16].
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Fig. 6. Network total travel time for different number of paths and different
sets of offsets.

VIII. CONCLUSION AND FUTURE WORKS

This paper has presented a first extension to the method
proposed in [16]. The formulation relies on an external
specification of the paths to be optimized, as well as their
relative importance given by the weights. The optimization
problem that resulted is non-convex and non-differentiable,
but was found to be amenable to relaxations that turn
the problem into a mixed–integer linear program . This
problem was solved by converting it first to a mixed integer
bilinear problem, and then to a mixed integer linear problem.
The experiments we have presented, although preliminary,
show that the technique can be used to compute offsets
that provide a significant bandwidth to a majority of the
paths simultaneously. We further observed that bandwidth

maximization leads to improvements in performance measure
of the system such as total travel time in a case study. As a
next step, it would be interesting to investigate how removing
certain paths from bandwidth maximization can lead to better
overall performance in the network. Moreover, it is important
to analyze the effects of weights and their correlations with
the total travel time of the network.
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