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Abstract

Methods for identifying optimal decisions for dedicated bus lane locations (DBLs) on a network have been extensively studied
in the literature. However, the impacts in relation to changes to car and bus delays of deploying a DBL on a given link largely
depend on where other DBLs exist on the network. Therefore, for a network-wide location optimization or a bus lane
design problem, linkages exist between decision variables. Typically used metaheuristic methods to optimize DBL locations,
such as genetic algorithms (GAs), do not perform well for such problems with linkages between decision variables. To this
end, this paper has two novel contributions to the literature by (a) demonstrating that the linkage problem exists, and (b)
testing different heuristic algorithms that are more suitable than GAs for optimizing the locations of DBL on a network. The
linkage problem in the location optimization of DBLs is demonstrated by enumerating all possible bus lane locations in a small
grid network. Next, optimization algorithms that do not enumerate all possible bus lane locations that are capable of learning
linkages between decision variables, namely Bayesian algorithm and a population-based incremental learning algorithm, are
proposed. These algorithms are compared with two types of GAs in relation to consistency and quality of the solutions, and
exploration capability. Results show that algorithms that can learn linkages between decision variables perform better than
the GAs.

Keywords
bus lane, bus transit systems, optimization, optimization, planning and analysis, public transportation, transportation network
modeling

Transportation planning and management involve count-
less decisions that can have effects that span the entire
network. Because of the importance of these decisions,
many researchers have studied methods that can identify
the optimum decisions for a given problem on a network
such as traffic signal coordination (I, 2), traffic signal
timing (3, 4), toll pricing (5-8), bus fare (9), network
design (10, 11), transit network design (/2, 13), and bus
lane placement (/4-23). Specifically, the dedicated bus
lane (DBL) implementation location selection problem
has been formulated as a combinatorial optimization
problem in the literature (/4-22). Typically, a bi-level
methodology is used. The upper level of these methods
determines the optimal combination of bus lane locations
to minimize total travel time, while the lower level evalu-
ates the network to determine the travel times. The upper
level of these models is solved using Benders’ decomposi-
tion (21), branch and bound (/9), or genetic algorithm

(GA) (14-18, 20), whereas the lower level is typically
solved with the Akcelik or Bureau of Public Roads cost
functions. The use of metaheuristic algorithms at the
upper level can often find reasonably good solutions that
can be used for planning and decision-making purposes.
However, for the problems that involve optimization of
capacity-changing network modifications (e.g., bus lane
placement), basic evolutionary algorithms are not ideal
choices for optimization because of the linkage problem
between decision variables.

'Department of Built Environment, Aalto University, Espoo, Finland
2Department of Civil and Environmental Engineering, The Pennsylvania
State University, University Park, PA

Corresponding Author:
Murat Bayrak, murat.bayrak@aalto.fi


us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/03611981221148490
https://journals.sagepub.com/home/trr
http://crossmark.crossref.org/dialog/?doi=10.1177%2F03611981221148490&domain=pdf&date_stamp=2023-01-25

434

Transportation Research Record 2677(6)

In the literature on metaheuristic algorithms, the link-
age between decision variables is defined as the influence
of one variable on another variable. From the transpor-
tation optimization perspective, linkage means that the
effect of one network modification decision depends on
the existence of another network modification. For
example, any modification of signal settings at an inter-
section can also affect the delay in neighboring intersec-
tions. Thus, for an optimization problem considering
signal settings in an area, the decision variables are
dependent on each other. This dependence makes it more
difficult for basic evolutionary algorithms, especially
GAs, to efficiently find the optimal solution, as GAs do
not explicitly account for the dependency in the decision
variables. Previous studies have found that unaccounted
linkages between decision variables can significantly
impact the performance of GAs (24, 25).

The issues caused by linkage can be avoided by signif-
icantly increasing the exploration capability of GAs
using several modifications such as diversity control
measures, increasing the size of the population, and
adopting an aggressive mutation approach. However, as
these methods increase the computation time of the opti-
mization algorithm, these methods may not be viable for
optimization problems that are computationally expen-
sive to evaluate, for example, microsimulation. Several
methods can be used to make GAs capable of learning
linkages. These methods include mutation (e.g., inver-
sion) (26), crossover regulating non-coding bits (e.g.,
metabits and punctuation marks) (27, 28), and crossover
methods (e.g., Masked crossover, shuffle crossover,
adaptive uniform crossover, selective crossover, linkage
evolving genetic operator) (29-33). These are simple
methods as they only utilize the fitness of each solution
to learn linkages between decision variables. Some more
advanced crossover methods use probabilistic models for
the crossover operator, such as general linkage crossover
(34), adaptive linkage crossover (34), and linkless self-
distancing GA (35). Regardless, if a high number of lin-
kages is present in the optimization problem, these meth-
ods are not effective in identifying and learning the
linkages. For such problems, an optimization method
capable of learning the dependencies between the deci-
sion variables is needed.

Messy GAs and estimation of distribution algorithms
are the two main types of evolutionary algorithms capa-
ble of learning linkages. The main difference between
these two types of algorithms is how the existing linkages
between the variables are identified. Messy GAs first con-
duct a partial enumeration of the solution space to select
promising building blocks to identify linkages, and then
use these building blocks to continue with a solution
method similar to the basic GA. Some common examples
of messy GAs are messy GA, gene expression messy GA,

fast messy GA, ordering messy GA, and structured messy
GA (36-39). The need for partial enumeration makes
these types of algorithms infeasible to use for simulation-
based transportation optimization problems because of
the required computation time. On the other hand, esti-
mation of distribution algorithms identify the existing
linkages within the decision variables by leveraging prob-
ability theory. Some of the commonly used estimation of
distribution algorithms include population-based incre-
mental learning (PBIL), extended compact GA, bivariate
marginal distribution algorithm, factorized distribution
algorithm, edge histogram-based sampling algorithm,
and Bayesian optimization algorithm (BOA) (40—45).
These methods construct and sample probabilistic mod-
els of linkages, and do not require a computationally
expensive partial enumeration.

To the authors’ knowledge, no existing work has
shown the problem with dependency in location selec-
tion problems in the transportation context and
explored potential heuristic solutions that can deliver
an improved performance in light of this dependency.
To this end, the first goal of this paper is to illustrate
the linkage problem among the location of DBLs on
transportation networks. More specifically, this study
will demonstrate how implementing a DBL on a given
link can change the benefits or disbenefits of imple-
menting a DBL on a different link. DBL locations are
the ideal subjects for this study because of the trade-off
between reduction in transit delay and reduction in
capacity of non-transit traffic. To do so, a bi-level algo-
rithm will be formulated and enumeration will be used
at the upper level to evaluate changes in travel time
considering all possible combinations of DBL locations
on a small network. The second goal of this paper is to
evaluate optimization algorithms (without enumera-
tion) that can account for linkages in the data, that is,
more specifically the dependency among the locations
of DBL implementations, to find near-optimum solu-
tions. This paper will explore the use of estimation of
distribution algorithms to optimize transportation
infrastructure networks. The PBIL and BOA are cho-
sen as candidates in this paper specifically for their
popularity and ease of implementation.

The optimization results of two GAs and two estima-
tion of distribution algorithms will be compared.

The rest of the paper is organized as follows. The next
section describes the network evaluation methodology
and using this method the dependency problem is demon-
strated by enumerating the total travel time of all combi-
nations of locations for possible DBL implementation in
a small network. Then, the tested optimization methodol-
ogies are described in the Solution Methods section. The
test network and experiment setup, along with the results
of four different optimization algorithms are presented in
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the Results section. Finally, some concluding remarks
are provided in the last section.

Network Evaluation Methodology

In this study, the bi-level methodology used in Bayrak
and Guler (20) is used to evaluate the network. In this
optimization framework, the lower level evaluates a set
of implementation locations of DBLs by using link
transmission model (LTM) to estimate total travel time
of network users. The LTM is chosen as it can account
for queue spillbacks caused by congestion and provide
more accurate estimations of change in car travel time
resulting from the implementation of DBLs. The LTM is
a dynamic network loading model that provides an
approximate solution to the kinematic wave problem at
the network scale (46). The inputs to the LTM are net-
work parameters (e.g., capacity of links, free-flow speed,
etc.), simulation parameters (e.g., time step, simulation
duration), and an origin—destination matrix (e.g., num-
ber of vehicles wanting to travel between an origin and
destination for each time step). The LTM propagates
aggregated groups of vehicles along a link and distri-
butes them at nodes (i.e., intersections) at discrete time
intervals according to the principles of kinematic wave
theory while assuming a triangular fundamental diagram
(47, 48). Triangular fundamental diagram is a piecewise
linear function of flow with respect to density. The main
output of the LTM is the cumulative vehicle diagrams at
the upstream and downstream end of each link. Other
outputs, such as link travel times, flows, and densities,
are obtained from the cumulative diagrams by using
queuing theory. However, as the LTM is an aggregated
model, bus movements are not explicitly modeled. To
model transit movements, a separate tracking algorithm
is used. The tracking algorithm uses the cumulative vehi-
cle counts of each link to track buses individually.
Tracking is done by estimating link entry and exit times
of each bus on all links as they travel along their bus
route. The bus-tracking algorithm has two underlying
assumptions: (1) buses travel at the same speed as cars
on links without DBL, and (2) buses travel at free-flow
speed on empty links or links with DBL. The bus-
tracking algorithm works as follows:

Step 0: Initialize the algorithm when a bus is
dispatched.

Step 1: When a bus enters a link, tag the upstream
cumulative vehicle number of the link as a bus, 7y,
and record the current time step, ¢, as the bus entry
time to the link, Zeu,.

Step 2: Proceed to the next time step, ¢.

Step 3: Check the exit condition:

e For an empty link, or a link with a dedicated bus
lane:
o The exit condition is met if the signal is green
and current travel time of the bus on the link,
(t — tewry), 1s greater than the free-flow travel
time.

e For a link that is not empty or does not have a
dedicated bus lane:
o The exit condition is met if the downstream
cumulative vehicle number of the link is greater
than the tagged bus number, np.

e If the exit condition is met, record the current time
step, ¢, as the exit time, f.;, and proceed to Step 4.
Otherwise, return to step 2.

Step 4: Check whether there is a bus stop at the down-

stream end of the link.

e If there is a bus stop, update the on-board passen-
ger count by performing boarding and alighting
operations based on the origin—destination matrix.

e Otherwise, proceed to Step 5.

Step 5: Record the link bus travel time as fovir — fonnrys

and check the termination criteria.

e If the current link is the last link of the bus route,
terminate the algorithm.

e Otherwise, proceed to the next link on the route
and return to Step 1.

For simplicity, in this paper it is assumed that the
boarding and alighting of passengers at bus stops are
instantaneous. Thus, the exit time of the bus from a link
does not depend on the number of passengers at the bus
stop. However, as the number of boarding passengers
and the number of passengers waiting at each bus stop is
known at all times, a dwell time model can be ecasily
implemented in the algorithm by adding an exit condi-
tion to Step 4 of the algorithm.

Because the LTM propagates vehicles at discrete time
steps, implementing a dynamic route and mode choice is
possible. In this paper, mode and route choice of network
users are updated using logit models. These logit models
are based on link travel times of buses calculated from
the bus-tracking algorithm and link travel time of cars
calculated using cumulative vehicle diagrams. Equations
1 to 3 are used to update the modal split at the end of
each signal cycle.

POD — exp(Un?D) ( 1)
" > exp(UFP
UCOaDr = Ccar - acarTTgI? (2)
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UPP = Cpus — apus TTEP (3)

bus bus

where PP is the probability of a commuter using mode
m from origin O to destination D, TT9? is the travel time
by car between origin O and destination D, TTZ? is the
travel time by bus between origin O and destination D,
C,, and a,, are the calibration coefficients that represent
the mode choice behavior of the network users. The
travel time by car, 7792, is calculated as the sum of the
link travel times on the fastest route (the route with
shortest travel time) between the origin and destination
(OD) pair. The bus travel time, 7702, is calculated as the
sum of in-vehicle bus travel time (determined as the sum
of bus link travel times), the walking time to the bus stop,
the waiting time at the bus stop, and the transfer time (at
most one transfer is allowed). It is assumed that bus pas-
sengers are assumed to use the bus stop closest to their
origins and if their journeys require transfers, passengers
use the route with the fewest number of transfers.

A similar logit model is also used to update the route
choice dynamically. Different from the mode choice,
route choice is updated at every time step at every inter-
section by using travel times from a given intersection to

every destination.

»  expla X TTP)
4 > rexpla X TTP)

4)

where PP is the probability that route » from intersec-
tion 7 to destination D is chosen, 777 is the travel time
of route r from intersection / to destination D, a is the
sensitivity of the route choice to travel time, and R is the
set of alternative routes that is determined as the routes
that have the same travel distance as the fastest route
between intersection / and destination D. As a result of
Equation 4, although most cars are routed to the fastest
route, some also choose alternative routes that have the
same travel distance as the fastest route.

For each combination of DBL locations on the net-
work, the LTM is used to evaluate traffic. Cars are gener-
ated in the network for 60 min (400 time steps), where for
the first 15 min the demand is gradually increased and then
kept at the peak level for 45 min. Then the total demand is
set to zero and the simulation is continued until all the
vehicles are discharged. The second 30 min of the LTM
run is used to calculate the total travel as the sum of car
and bus passenger travel times as the mode and route
choice reach and equilibrium (i.e., vehicle accumulation
becomes stable) after the first 30 min of the LTM run.

Test Network

In this section, the dependency problem is demonstrated
by enumerating all possible combinations of links for
DBL implementation for a small network shown in

° ° a7y ° *
(] [ 5|0|4 [ °
il
. ] : TS .
. . 6|0|3 ) . »>:B ‘
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Figure 1. Test network for exploring linkages.
Note: OD = origin—destination.

Figure 1. The test network is a five by five square with
sixty-five nodes and 160 links. OD nodes are located at the
middle of each link. The link length between each node is
200m (i.e., the distance between intersections is 400 m).
Each link has two lanes per direction and speed limit, capac-
ity, and jam density of the links are 40 km/h, 1200 vehicles
per hour per lane (vphpl), and 135 vphpl, respectively. Every
intersection in the network is a signalized intersection with
30s green and 30 s red phases that start their cycles simulta-
neously. A transit network that has four bus routes running
horizontally and vertically on a total of sixteen links is used.
Headways of all bus routes are assumed to be 6 min, bus
stops are located in between intersections, and the walking
speed to bus stops is assumed to be 4.5 km/h. For simplicity,
it is assumed that the boarding and alighting of passengers
at bus stops are instantaneous.

A demand pattern with 28,000 total trips per hour is
used, which is enough to saturate the network without
leading to oversaturation. The trip demand between each
OD pair has a constant and a random component. The
constant component is the same for all OD pairs, but the
random component is a uniform random variable with a
mean value of 20% of the constant component. As the net-
work is a grid network, a larger number of shortest routes
pass through center of the network than the periphery of
the network. Thus, a distinctive congestion pattern is cre-
ated by the constant part of the demand, such that the
links closer to the central part of the network carry more
volume than the links closer to the periphery of the net-
work. The random part of the demand on the other hand
is used to break the general symmetry of the network.

Dependency Problem

The dependency problem is demonstrated by determin-
ing the range of impacts a single DBL can have on car
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Table I. Distribution of Percent Change in Total Travel Time (TT) for Dedicated Bus Lane on Each Link

Link number Min. TT (% change) Max. TT (% change) Avg. (% change) SD Skew
I -2.77 2,22 —0.02 0.35 —0.31
2 =3.11 4.10 0.47 0.83 —0.16
3 —1.90 4.60 0.6l 0.80 0.44
4 —2.38 2.88 —0.04 0.18 0.03
5 —2.34 2.51 0.01 0.33 0.39
6 —3.12 4.38 0.48 0.80 —0.27
7 —2.20 471 0.62 0.76 0.6
8 -2.10 2.51 —0.03 0.20 0.28
9 —2.67 2.60 0.03 0.35 0.4
10 —3.72 3.23 0.22 0.76 —0.37
I —2.40 4.59 0.52 0.77 0.59
12 —2.24 317 —0.04 0.20 1.36
13 —3.08 2.22 —0.04 0.35 —0.08
14 -2.92 3.69 0.39 0.8l —0.25
I5 -3.39 4.51 0.53 0.80 0.24
16 —2.20 2.24 —0.05 0.19 —0.06

Note: Min. = minimum; Max. = maximum; Avg. = average; SD = standard deviation. Optimum bus lane locations are shown in bold and italics.

and bus travel times. Note that the implementation of
DBLs can reduce bus delays but increase car travel times
as a result of the reduction of capacity of a link (e.g.,
reducing the roadway from two to one lanes). To achieve
this result, first a candidate link is chosen for DBL imple-
mentation. Then, two sets of scenarios are compared: (1)
DBLs are implemented on all possible combinations of
links except for the candidate link, and (2) DBLs are
implemented on all possible combinations of links, as
well as the candidate link. This comparison is done in a
paired fashion and the difference in the total travel time
by car and bus in the two scenarios is recorded. As a
result, for each candidate bus lane location, 32,768 (2'°)
many different comparisons are made. The distribution
of the percent difference between pairs of scenarios for a
candidate DBL link for all possible combinations of links
is created. The average, standard deviation, skew, mini-
mum and maximum of this distribution is reported in
Table 1. If there is no significant variance in the change
in total travel time resulting from a DBL implementation
depending on the location of existing DBLs, it can be
assumed that the impact of implementing a DBL on that
specific link is mostly independent of where other DBLs
are located. Otherwise, it can be concluded that the
impact of implementing a DBL on a given link largely
depends on the existence of other DBLs on the network.
Table 1 shows how the existence of DBLs located at
other, different, locations influence the impact of a DBL
at a given specific location. Furthermore, an enumeration
of all possible DBL locations was conducted to determine
the optimum solution, that is, the set of DBL locations
that led to the lowest person delay. These solutions are
shown in italics in Table 1. Looking at this table, imple-
menting a DBL at a given location can have a range of

impacts on the overall person delay depending on the
location of the existing DBLs. Moreover, a specific DBL
can increase or decrease the overall person delay depend-
ing on the location of the existing DBLs (in the range of
—3.39%-4.60%). Note that although these percentages
may appear small, this is the impact of a single DBL on
the entire travel time. Further, as the results of LTM are
deterministic, these differences are absolute, and not a
margin of error.

The average impact for some DBL locations is close
to zero for implementation of DBLs at certain locations
(e.g., links 1, 4, 5, 8,9, 12, 13, 16) with relatively small
standard deviations, shown in bold. These are the DBL
locations that have the smallest impact on person travel
time, and thus they can reduce overall delay for a wider
range of combinations of existing DBL locations. On the
other hand, for other locations the average is greater than
zero with a larger standard deviation (e.g., links, 2, 3, 6,
7, 10, 11, 14, 15), which implies that implementing DBLs
to these locations is on average expected to increase over-
all total travel time. Overall, these results show that the
decision variables of the DBL location selection problem
are dependent on each other. Therefore, an algorithm
that can account for the dependencies is needed to opti-
mize DBL locations on a network.

Further, it can be seen that the links that are chosen
for the optimal DBL location problem, shown in italics,
all have mean values close to zero with relatively small
standard deviation. This implies that the change in travel
time expected from implementing DBL on these links is
relatively stable. Thus, an optimization algorithm that
can estimate the distributions presented in Table 1 can
improve the optimum solution for the location selection
problem, as these distributions contain important
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Figure 2. Flowcharts of: (a) GAI, (b) GA2, (c) BOA, and (d) PBIL.

Note: GA = genetic algorithm; BOA = Bayesian optimization algorithm; PBIL = population-based incremental learning.

information on identifying the optimum locations of
DBL implementation.

Solution Methods

This section describes possible methods to optimize the
location of DBLs on a network, and discusses their effec-
tiveness given the dependency problem. To determine
the optimum location of the DBLs on a network a bi-
level optimization method is used. The upper level of the
optimization utilizes different heuristics to minimize the
total in-vehicle travel time. The lower-level algorithm
evaluates the total-in-vehicle travel time as the sum of
the travel time by car and by obtained from the LTM as
described previously. Note that the waiting time and
walking time of bus passengers are not included in the
objective function, as a DBL does not change these val-
ues. The decision variable is a vector consisting of 0 (no
bus lane) or 1 (bus lane) for all possible bus lane loca-
tions. To solve this problem, a bi-level approach is used.
The lower level uses the LTM as described to evaluate
the network. The upper level uses one of four different
optimization algorithms to determine the optimized bus
lane locations: (1) Basic genetic algorithm (GA1l), (2)

Genetic algorithm with diversity control (GA2), (3)
BOA, and (4) PBIL. The GAs are chosen because of
their popularity in the transportation literature, and in
solving the specific DBL location optimization problem
(1418, 20). The BOA and PBIL are chosen as they can
be used to estimate distributions and thus can help can
account for dependencies between the decision variables.

Genetic Algorithms

The flowcharts of the two GAs are shown in Figure 2, ¢
and b. The first GA (GALl) is a basic GA. It follows a
simple selection, reproduction, mutation, and recombi-
nation cycle. First, a random set of solutions (i.e., vectors
of DBL location configurations) is generated to create a
population of solutions. Next, a tournament selection
method is used (49) for selecting parents for generating
the next population. In a tournament selection, first, a
group of two chromosomes is picked randomly from the
population. Then, the chromosome with the lower total
travel time is selected from this pool as a parent.
Tournament selection decreases the selection pressure on
better chromosomes, thus increasing the likelihood of a
more diverse population. After two parents are selected,
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two offspring chromosomes are created by a reduced
surrogate crossover method. In the reduced surrogate
crossover method, the crossing over, that is, swapping of
the genes between the parents, is only done at cutting
points where the genes differ between the two parents.
Therefore, the chance of producing identical chromo-
somes is significantly reduced. Additionally, after the
crossover is performed, a random mutation of a gene is
applied with a five percent probability. Selection, repro-
duction, and mutation steps are repeated until all the off-
spring chromosomes are created. For the recombination
step, where the next generation is created, the worse half
of the population is replaced with the offspring
population.

The second GA (GA?2) aims at increasing the diversity
of the population. The only difference between GA1 and
GA?2 is the diversity management step. The selection,
reproduction, mutation, and recombination methods
used for GA2 are the same as the methods used for
GAL1. The purpose of the diversity management step is
to detect a converged population and increase its diver-
sity by forcing the algorithm to explore different areas of
the solution space. The diversity check is done by calcu-
lating the average Hamming distance (i.e., number of dif-
ferent bits between two solutions) and checking the
improvement of the best solution over the generations.
This step of the algorithm is initiated if the best solution
does not change for ten generations, and the population
is not diverse. When it is initiated, half of the offspring
chromosomes with the smallest Hamming distance (i.e.,
the chromosomes that are the most similar to each other)
are replaced with randomly generated chromosomes.
Note that, even though half of the offspring chromo-
somes are eliminated, the other half is still produced
from the parent population. Therefore, the information
from previous generations is not lost, and they can still
guide the algorithm to a better solution.

Bayesian Optimization Algorithm

The BOA evolves a population of solutions by fitting
and sampling of Bayesian networks. Unlike the GA, the
BOA accounts for the dependent relationships between
decision variables (i.e., locations of DBL implementa-
tions). Bayesian networks used in this algorithm repre-
sent the dependency structure between decision variables.
Each node of a Bayesian network corresponds to a possi-
ble DBL location, and each directed edge of a Bayesian
network represents a dependent relationship between
locations of DBL implementations. The flowchart of the
BOA is shown in Figure 2c.

Similar to the GA, an initial random population is
generated, and future solution populations are selected
from the current population using a tournament selection

method. Next, a Bayesian network (i.e., a network of
dependencies between decision variables) is fitted to the
selected solutions using a search procedure to find the
best Bayesian network that reflects the dependencies and
independencies of the problem. The Bayesian network is
constructed using a separate optimization algorithm
within the BOA. The BOA uses a scoring metric to assess
the quality of a Bayesian network structure, and a search
procedure to test different network structures for a given
scoring metric. In this study, the Bayesian information
criterion (BIC) is used as a scoring metric (50). The BIC
assumes that the number of dependencies in the network
is proportional to the amount of compression of the data
allowed by the network. Therefore, a Bayesian network
structure that maximizes the BIC metric can be used to
effectively describe the dependencies. The search proce-
dure uses a simple greedy algorithm to learn the structure
of the network. The process starts with a network with
no edges (i.e., a network with no dependencies), then
tests the change in the BIC metric for basic graph opera-
tions (edge addition, removal, and reversal). The opera-
tion that most increases the score is chosen. These two
steps (testing and selecting operations) are repeated until
the network can no longer be improved.

Next, offspring solutions are generated by sampling
the fitted Bayesian network. In the Bayesian network, the
variables (i.e., the presence of a DBL on a given link) can
be categorized into three groups: (1) completely indepen-
dent variables (i.e., no links are formed in the Bayesian
network), (2) variables that depend on others, and (3)
variables that others depend on (i.e., the value of the vari-
ables in group 2 that depend on the value of the variables
in group 3). To sample from these sets of variables, a for-
ward simulation is used (57). This sampling is done based
on the conditional probabilities encoded in the Bayesian
network, by assigning first the value (0—no bus lane, or
1—bus lane) for the independent variables (those in
group 1), next assigning the value for the variables in
group 3 (as the values of these do not depend on other
variables) and finally by assigning the values of variables
in group 2 (as their values depend on the values of the
variables in group 3). The sampling process is repeated
until all offspring solutions are generated.

Finally, the offspring solutions and the previous pop-
ulation are recombined by replacing the worse half of
the population with the offspring solutions. The selection
and recombination methods used in this algorithm are
the same as the GAs.

Population-Based Incremental Learning

PBIL combines the generational evolution of GAs with
competitive learning. The flowchart of the PBIL algo-
rithm is shown in Figure 2d. The main difference between
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Table 2. Results of No Dedicated Bus Lane (DBL) and Full DBL Cases

Total bus travel time (TT) (Avg. bus TT) Total car TT (Avg. car TT) Total TT Bus mode share (%)
No DBL (baseline) 603 h (3.9 min) 1,316 h (4.9 min) 1919h 30
Full DBL 508h (2.9 min) 1,309 h (5.5 min) 1817 h 36

Note: Avg. = average.

PBIL and the other algorithms tested is that there is no
parent—offspring relationship between consecutive gen-
erations. A probability vector, P, consisting of the prob-
ability of implementing a DBL on each link is used to
generate an entire new population of solutions. The
probability vector is updated and mutated after evalua-
tion of each new population, as shown in Equations 5
and 6.

Pt = (Pix(1—LR)) + (V{ XLR) (5)

Pf»+1

i, mutated

=P " (1 — Am) + rand(0,1) X Am  (6)

where P! is the probability of implementing a DBL on
link i in generation ¢, LR is the learning rate, and V/ is
the value (0 or 1) of the i th position of the best solution
found in generation, ¢. The new generation of solutions
is created by randomly sampling the solution space
weighted by the probability vector. Therefore, Equation
5 moves future solutions toward the best solution found
in the current generation. Similar to other methods
tested, the probability vector converges around a solu-
tion as the search progresses. However, unlike GAs, the
PBIL allows explicit control of the speed of convergence
with the learning rate parameter, LR. The learning rate
parameter enables the PBIL to explore a larger portion
of the solution space, which is essential for problems
with dependencies, before starting to converge to a solu-
tion. The value of the LR creates a balance between the
portion of the solution space explored and the conver-
gence speed. The mutation operator, see Equation 6, is
also responsible for expanding the explored solution
space by shifting the probabilities with a magnitude of
Am in the probability vector. Mutation only happens
with a predefined mutation probability. Notice that, dif-
ferent from GAs, the mutation is applied to the probabil-
ity vector instead of to individual solution vectors.

Network and Experiment Setup

The four optimization algorithms described in the previ-
ous section are tested using a 7 X 7 symmetrical grid net-
work shown in Figure 3. There are a total of eight bus
routes, each of length 2.4km (corresponding to six links)
that run east/west and north/south, see Figure 4. For this
network, the decision variable is a 48 X1 vector

consisting of 0 (no bus lane) or 1 (bus lane) for all possi-
ble DBL links. The network parameters (jam density,
capacity, link length, free-flow speed, signal settings, bus
headway, and walking speed) are the same as in the link-
age problem section.

The average total trip demand in the network, equal
to 48,800 vehicles per hour, is chosen such that a network
without DBLs is saturated. The trip demand between
each OD pair has a constant and a random component,
similar to that described in the linkage problem section.

The modal split model used in the LTM calibrated to
create a 6% modal shift from cars to buses when DBLs
are implemented on all potential links. The values of
parameters used in Equations 2 and 3 are C,., = 50,
Cpus = 54.1, and a., = apys = 0.5. For the route selection
model (see Equation 4), the sensitivity parameter, a, is
set to 2.33 to limit the unnecessary detours. The car total
travel time (in-vehicle), bus total travel time (in-vehicle),
and modal split values for the no DBL and full DBL sce-
narios are shown in Table 2.

The trade-off between the decrease in bus delay and
the increase in car delay can be seen in Table 2. Note
that as the bus network does not completely cover the
whole network, the average travel distance by bus is
shorter than by car. Therefore, the average travel time
by bus is lower than by car, too. When DBLs are imple-
mented, the car travel time increases by 12%, and the
bus travel time decreases by 25%. Overall, this corre-
sponds to a decrease in total travel time of 5%, even
though there are fewer bus users than car users. The
decrease in total travel time, despite the increase in car
travel time, can be attributed to the mode shift, that is,
the 6% mode shift from cars to buses removes enough
cars from traffic to offset the delay increase caused by
the reduction in car capacity. Even though implementing
DBLs at all possible locations can improve the total
travel time compared with the baseline scenario, it is not
the optimum solution in relation to total travel time for
the location selection problem. Given that the bus travel
time, car travel time, capacity, and mode shift directly
affect each other, it is possible that a set of DBL loca-
tions can reduce the total travel time more than the full
DBL case. The expectation is that this optimum combi-
nation of DBL locations would facilitate a mode shift by
only reducing the bus travel time without significantly
increasing car delay.
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Figure 3. Test network for exploring use of different algorithms.
Note: OD = origin—destination.
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Figure 4. Ranked results of all optimization instances.
Note: GA = genetic algorithm; BOA = Bayesian optimization algorithm;
PBIL = population-based incremental learning.

The parameters used for each optimization algorithm
are listed in Table 3. Note that the parameters are set to
achieve comparable computation times among the algo-
rithms. Although the computational efforts of the algo-
rithms themselves are not the same, the major
determinant of the computational time is the number of
evaluations of the test network, as each LTM run is

Table 3. Parameters of Each Optimization Algorithm

relatively computationally expensive. Each optimization
algorithm is run 30times, and for each optimization
instance, 4,000 individual solutions are created over 100
generations. The consistent value of 4,000 individual
solutions ensures that the computation time of each algo-
rithm is similar. The GA algorithms, along with BOA,
have a recombination step which implies that in each
generation half the population is the same as the previ-
ous generation (and does not require evaluation).
Therefore, to generate 4,000 solutions a population size
of eighty is needed for these algorithms. On the other
hand, the PBIL generates an entirely new population in
each generation and so a population size of forty suffices
to generate 4,000 solutions. The performance of each
optimization algorithm is compared with each other in
relation to consistency and quality of the solutions, and
exploration capability of each algorithm.

All four algorithms are coded in MATLAB and a PC
with a 12-core AMD Ryzen 3900x CPU was used to
run the codes. On average, each optimization instance
took less than 4h to complete. It should be noted that
the computation time is dominated by the lower-level
evaluation (i.e., LTM model). Thus, as the number of
lower-level evaluations for each algorithm is same and
equal to 4,000, the run time of each algorithm is almost
the same.

Results

In this section, the optimization performance of the
GAI1, GA2, PBIL, and BOA are compared. First, the
solutions found by each optimization algorithm are com-
pared considering the value of the optimum minimum
total travel time on the test network, and the common
spatial characteristics of the optimum DBL configura-
tions found by the algorithms. Then, the capability of
each algorithm in exploring the solution space is com-
pared according to the number of unique evaluations,
the number of objective value improvements over the
solution duration, and the number of generations to con-
vergence in a single optimization instance.

GAI GA2 BOA PBIL
Population size 80 80 80 40
Mutation probability 0.05 0.05 na 0.05
Tournament size 2 2 2 na
Learning rate na na na 0.1
Mutation shift na na na 0.05

Stopping criteria 100 generations

100 generations

100 generations 100 generations

Note: GA = genetic algorithm; BOA = Bayesian optimization algorithm; PBIL = population-based incremental learning; na = not applicable.



442

Transportation Research Record 2677(6)

Table 4. Range of Resulting Total Travel Time Values (in hours)
for Each Optimization Algorithm

GAI GA2 BOA PBIL
Minimum 1,594 1,594 1,579 1,578
Average 1,627 1,615 1,595 1,593
Maximum 1,673 1,641 1,601 1,600

Note: GA = genetic algorithm; BOA = Bayesian optimization algorithm;
PBIL = population-based incremental learning.

Comparison of Solutions Found by the Algorithms

To compare the solutions found by the optimization
algorithms, each optimization algorithm is run 30 times.
The solutions found by the algorithms are first compared
considering travel times, and next the optimum solutions
are compared spatially.

Travel Time Comparison. The maximum, minimum, and
average of the total travel times found as the optimal
solution are shown in Table 4. From this table, the BOA
and PBIL are able to find better solutions than the GA1
and GA2. This is further investigated in Figure 4, which
shows the ranked optimum total travel time values
obtained from these 120 optimizations runs. Figure 4
reveals that the worst nine solutions are obtained from
the GA1. Given that the GALI is the most basic form of
the GAs, and it does not have a mechanism either to
learn linkages or to keep the population diverse enough
to explore a large part of the solution space, this result is
not surprising. Although the GA1l found decent solu-
tions in some optimization instances, results show that
the overall performance of the GA1 is unreliable. The
GA2 performed better than the GA1 as a result of the
diversity management step. However, the results of GA2
are also inconsistent compared with the results of BOA
and PBIL. Overall, the worst forty-five solutions are
found by the GA1 and GA2. Overall, the range of the
optimum travel times found from these algorithms is
rather large (1,594-1,673h). The best performing algo-
rithms are the BOA and the PBIL. Both algorithms con-
sistently found better solutions than the GAs and the top

twenty solutions are found by either the BOA or the
PBIL. The performance difference between the BOA and
the PBIL is negligible, and the range of the optimum
total travel times found from these algorithms is rather
narrow (1,578-1,600 h).

Table 5 shows the total car travel time, total bus travel
time, and the modal split values for the top three optimi-
zation results, where the top two results are found by the
PBIL and the third is found by the BOA. The results sug-
gest that the travel time values of these configurations
are similar to each other. Next, these three results are
compared spatially.

Spatial Comparison of Optimal Results. The DBL configura-
tions for the top three optimization results are shown in
Figure 5. As can be seen from Figure 5, share similar spa-
tial characteristics. These results suggest that to minimize
total travel time, the algorithms avoid implementing
DBLs on central links. These links on the central portion
of the network carry higher car and bus passengers flow
than the rest of the network. Therefore, implementing
DBLs on these links provides the largest delay savings to
bus passenger. However, the car delay significantly
increases if DBLs are implemented on these central links,
as the car volume is large. Thus, implementing DBLs to
these locations is likely to increase the total travel time of
the network users. As the objective of the optimization is
to minimize the total travel time, it is expected that the
optimization algorithms avoid the solutions that contain
the central portion of the network. This is an expected
result, as to minimize total travel time the DBLs need to
be implemented on links where they can create a mode
shift ~without significantly affecting car traffic.
Considering Table 5, all three DBL configurations not
only improved the bus travel (in-vehicle) time but also
slightly decreased the average car travel (in-vehicle) time
by creating a three percent mode shift from cars to buses.
Compared with the full DBL implementation, these opti-
mum DBL locations can reduce bus delays nearly as
much, with significantly lower car travel times.

Figure 6 shows a frequency heat map of the number
of runs of the optimization algorithm that finds that a

Table 5. Results of No Dedicated Bus Lane (DBL), Full DBL, and Best Three Optimization Instances

Total bus travel time (TT) (Avg. bus TT) Total car TT (Avg. car TT) Total TT Bus share (%)
No DBL (baseline) 603 h (3.9 min) 1,316 h (4.9 min) 1,919 h 30
I'st configuration 471 h (3.0 min) 1,107 h (4.7 min) 1,578 h 33
2nd configuration 472 h (3.0 min) 1,106 h (4.7 min) 1,578 h 33
3rd configuration 468 h (3.0 min) I,11'1h (4.7 min) 1,579h 33
Full DBL 508h (2.9 min) 1,309 h (5.5 min) 1,817h 36

Note: Avg. = average.
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Figure 5. The dedicated bus lane configurations of the best three optimization instances: (a) best configuration, (b) second best
configuration, and (c) third best configuration.
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Figure 6. Heat map showing common dedicated bus lane implementation locations found from 30 optimization instances of (a) GAI, (b)
GA2, () PBIL, and (d) BOA.

Note: GA = genetic algorithm; BOA = Bayesian optimization algorithm; PBIL = population-based incremental learning.
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Table 6. Number of Unique Evaluations, Number of Generations in Which the Best Solution Improved and the Generation Number in

Which the Final Optimum Solution First Appeared

GAl GA2 BOA PBIL

Number of unique evaluations

Minimum 284 750 1,178 2,579

Average 435 1,454 1,477 2,985

Maximum 635 2,025 2,028 3,661
Number of generations in which the best solution improved

Minimum 7 Il 8 I

Average 15 19 16 20

Maximum 25 30 24 34
The generation number in which the best solution first appeared

Minimum 9 35 19 37

Average 6l 8l 44 72

Maximum 98 100 99 97

Note: GA = genetic algorithm; BOA = Bayesian optimization algorithm; PBIL = population-based incremental learning.

DBL should be implemented on a given link in the opti-
mum solution. More yellow rectangles indicate a higher
frequency of DBLs being implemented, whereas more
blue rectangles indicate a lower frequency. This figure
can be used to identify the commonalities among the
solutions found for the different solution algorithms.
Most of the optimum solutions found from the different
algorithms avoid DBL implementation to the central
links to minimize the total travel time. However, as seen
from Figure 6, a and b, some of the GAl and GA2
results include links from the central network, whereas
solutions found from PBIL and BOA always avoided
that region. On inspection of the results of the individual
optimization instances, it is found that the worst-
performing solutions found by GA1l and GA2 are the
solutions that contain links from the central part of the
network.

On the other hand, the GAl and GA2 find a more
varied set of optimum DBL locations for the outer links
as the result of each run (average Hamming distance
between solutions is 0.79 and 0.71, respectively), whereas
the PBIL and BOA are more consistent in their solutions
(average Hamming distance between solutions is 0.51
and 0.45, respectively). Also, the links found in the best
solution as described above are frequently found in the
configurations found by the PBIL and BOA.

Exploration of Each Algorithm

For each algorithm used, there is an initial exploration
phase followed by a phase that is aimed at fine-tuning
the solution. The exploration phase is when the algo-
rithms create a variety of different solutions to explore
the solution space with the goal of identifying the general
region within the solution space that the optimal solution
may located. Next, all the algorithms shift to the

exploitation of the locality phase, where the goal is to
find a good solution within a small area of the solution
space. This dual functionality is the basic mechanics of
all evolutionary algorithms. However, without enough
exploration in the initial phase, it is likely that these algo-
rithms are likely to exploit a sub-optimal part of the
solution space.

In this section, the capability of the algorithm to
explore the solution space is investigated by comparing
the different runs of each algorithm using three metrics:

(1) The number of unique solutions evaluated in an
optimization run of 100 generations (i.e., over
the 4,000 total solutions evaluations),

(2) The number of generations in which the best
solution was improved in an optimization run of
100 generations, and

(3) The generation number in which the final opti-
mum solution first appeared in the solution space
of the optimization run.

These metrics are calculated for thirty different runs
of each algorithm, and the maximum, minimum and
average values over these thirty runs for the above
metrics for each algorithm are shown in Table 6.

Looking at Table 6, it can be seen that the GA1 evalu-
ated the least number of unique solutions, whereas the
GAZ2 and the BOA evaluated a similar number of unique
solutions approximately three times larger than that of
the GA1. This shows that the diversity management step
increased the exploration capability of GA2 as compared
with the GAIl. Because of the increased exploration
capability, GA2 improved the best solution more fre-
quently than GA1. On inspection of the results of indi-
vidual population instances, it is found that the GAIl
often converged prematurely and relied on the mutation
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operator for generating better solutions. However, as the
GA2 does not have a mechanism to learn linkages, this
increased exploration capability did not result in better
solutions.

On the other hand, the PBIL evaluated the greatest
number of unique solutions, approximately 104% more
than the GA2 and the BOA. The main reason for this
superior exploration capability is that the PBIL pro-
duces an entirely new population at each generation by
using the probability vector. PBIL’s superior explora-
tion capability can also be seen in Table 6. PBIL
improved the best solution more frequently than any
other algorithms. However, the exploration focus of
the PBIL diminishes the exploitation capability of the
algorithm (52), resulting in slower convergence. On
average, the best solution in an optimization instance
first appeared in the population in the later stages of
the optimization (most of the time, more than halfway
through the optimization). The exploitation capability
of the PBIL can be enhanced by increasing the learning
rate parameter (LR). However, as the DBL location
selection problem is a problem with dependencies,
increasing the learning rate can result in the premature
convergence of the solution.

The BOA was able to find solutions as good as the
ones found by the PBIL by evaluating only half of the
unique solutions that the PBIL evaluated. Moreover, the
BOA can on average find the final optimum solution in
the least number of iterations out of all the algorithms.
This is because the BOA exploits the dependencies
among the solutions to identify the optimum solution.
As BOA utilizes Bayesian networks to learn the linkages
among solutions, both the exploration and exploitation
processes are more guided than the other algorithms.

Discussion and Concluding Remarks

This study examined the dependency problem in the
mathematical optimization of transportation networks.
First, the dependency problem in the selection of the
optimum location of DBLs on a small network is illu-
strated by enumerating all possible DBLs location con-
figurations. Results show that the performance in
relation to impacts on bus and car travel times of a given
DBL depends on where other DBLs exist. Therefore, a
linkage exists between locations of DBLs on a network.
Although this work only considered the DBL location
selection problem, other transportation network optimi-
zation problems that involve capacity-changing modifi-
cations are likely to have similar linkage problems. After
the illustration of the linkage problem, the performance
of two evolutionary algorithms that are more capable of
linkage learning compared with GAs that are widely
used in transportation literature are explored.

Results show that both PBIL and BOA perform better
than the tested GAs. These two algorithms can explicitly
account for the dependencies in the solution space and
therefore can guide the algorithm to a better solution. As
expected, the basic GA (GAl) performed the worst
among the tested algorithms as its exploration capability
is significantly worse than other algorithms, and often
converged prematurely. On the other hand, because of
the diversity management step, the modified GA (GA2)
explored a much larger portion of the solution space and
found better solutions than GA1. However, the solutions
found from GA2 had a much larger range as compared
with the solutions found from BOA and PBIL. BOA and
PBIL performed similarly in relation to the total travel
time of the solutions they found. Out of a total of thirty
runs of GA1, GA2, PBIL and BOA each, the top twenty
are found by BOA and PBIL. However, BOA required
fewer generations and less exploration than PBIL to find
the solutions. When all results considered, BOA per-
formed best among all tested algorithms.

In this study, BOA and PBIL are selected as an alter-
native solution method to GAs to identify methods that
are capable of learning the linkage between decision vari-
ables better than GAs. Of course, the performance of a
metaheuristic algorithm would be subject to features that
are problem specific and algorithm specific, such as the
structure of the optimization problem and selection of
algorithm parameters. Also, with enough computational
power and fine-tuning of an optimization algorithm,
most of the metaheuristic methods can find a reasonably
good solution to an optimization problem. However, for
optimization problems that require computationally
expensive solution evaluation methods, such as microsi-
mulation or LTM, the number of iterations required to
find a good solution becomes important for practitioners.
Although GAs are easier to implement and more intui-
tive to work with, using more advanced metaheuristics
can save time and significantly improve the solutions
found.

Even though the methods are flexible, the results are
limited to the few test scenarios shown in this paper.
Future work can consider different shapes and types of
networks, travel time, and demand stochasticity, and fur-
ther test different algorithms for accounting for the
dependencies in networks. However, it is expected that
the dependency problem exists for all transportation net-
works, and that heuristic algorithms that explicitly
account for this dependency, such as BOA and PBIL,
can perform better for other transportation networks
and other location selection problems.
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