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We used an agent-based model to examine the impact of the walking school

bus (WSB) on children’s active travel to school. We identified a synergistic effect

of the WSB with other intervention components such as an educational

campaign designed to improve attitudes toward active travel to school. Results

suggest that to maximize active travel to school, children should arrive on time

at “bus stops” to allow faster WSB walking speeds. We also illustrate how an

agent-based model can be used to identify the location of routes maximizing

the effects of the WSB on active travel. Agent-based models can be used to

examine plausible effects of the WSB on active travel to school under various

conditions and to identify ways of implementing the WSB that maximize its

effectiveness. (Am J Public Health. 2014;104:1196–1203. doi:10.2105/AJPH.

2014.301896)

Active travel to school (ATS) is of special
significance to children’s physical and mental
health and has important implications for the
environment and sustainable development.1,2

Today, fewer than 15% of US children and
adolescents walk or bicycle to school, com-
pared with approximately 50% half a century
ago.3 Multiple factors are associated with ATS,
including characteristics of children and fami-
lies as well as features of schools and neigh-
borhoods.1,4

Existing interventions designed to promote
ATS are heterogeneous in terms of size, scope,
and focus,5---7 and according to a recent sys-
tematic review,8 most have shown limited
effectiveness in promoting ATS. Interventions
targeting schools, parents, and communities
and those geared toward a specific goal tend to
be more effective than those that are broader in
focus. The ability to evaluate an intervention’s
impact has often been limited by methodolog-
ical issues such as lack of an experimental study
design and limitations in the validity and re-
liability of the measures used. The complexity
of the factors influencing ATS and the fact
that the effects of these factors may vary from
context to context further limit the utility of
both observational and experimental studies
in evaluating the long-term impact of various
interventions.

One notable example of an intervention to
increase ATS is the walking school bus (WSB).9

The WSB is a program in which children

walk to school in groups led by adults along a
planned route with designated meeting places
(i.e., “bus stops”) where other children join in.
The primary goal is to allow children to actively
and safely commute to school. During the
2009---2010 school year, about 6.2% of the
elementary schools in the United States orga-
nized a WSB.10 Although most WSBs have
shown promising short-term benefits,7,11---15

evidence of their effectiveness over long
periods is limited.

A major challenge in evaluating the impact
of interventions such as the WSB is that it is
difficult to evaluate how the intervention may
interact with features of the context in which it
is implemented or how features of the inter-
vention may influence its effectiveness. For
example, the effects of ATS may be modified
by educational campaigns targeted at increas-
ing favorable attitudes toward walking among
children.

Various features related to how the WSB is
implemented may also influence its effective-
ness. When using the WSB, children may take
longer to arrive at school because of the waiting
time at the “bus stop,” the group’s decreased
walking speed, and detours that need to be
taken for the child to reach the WSB route. If
children arrive at the stop earlier (increasing
their waiting times), group walking speed can
increase (because the group is less likely to
wait at each stop for other children to join in),
reducing the total travel time. The challenge is

to find the strategy that minimizes waiting time
while maximizing walking speed.

Another challenge for the WSB is the selec-
tion of bus routes and stops. More bus routes
may attract more children to join the WSB but
may also necessitate more adult involvement. It
is therefore important to identify the most
beneficial placement of a limited number of bus
routes. To our knowledge, there is scant in-
formation on how these contextual or imple-
mentation factors could affect the impact of the
WSB on children’s active travel to school.

A large body of work has recommended
multilevel interventions (i.e., interventions that
combine environmental and individual-level
elements) for behavioral change because of
possible synergistic effects.16---20 It has been
noted that evidence on interventions derived
from randomized trials is often limited because
the impact of context as a modifier cannot be
investigated. For example, it is well established
that physical activity is influenced by the in-
terplay between environmental and psycho-
logical factors.21,22 Yet, existing observational
or experimental studies are ill suited to in-
vestigate these interactions. Modeling or simu-
lation studies can be important sources of
complementary evidence on how the impact
of interventions such as the WSB may be
affected by various contextual factors.

In public health, there has been growing
interest in using complex systems modeling as
a complement to observational studies and
randomized trials to better understand the
plausible impact of interventions or policies in
different contexts.23---25 The tools of complex
systems models allow researchers to evaluate
the effects of interventions while accounting
for dependencies and feedbacks, which are
not easily captured in standard statistical anal-
yses. One such tool is agent-based modeling.
Agent-based models (ABMs) are computational
models that can be used to simulate the actions
and interactions of agents as well as the dy-
namic interactions between agents and their
environments to gain an understanding of the
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functioning of a system.26,27 ABMs have in-
creasingly been used to investigate how the
social and built environments shape people’s
travel behavior.28---32

We previously developed an ABM31 to
simulate children’s ATS within a hypothetical
city. The model was used to explore the
plausible implications of policies targeting 2
established barriers to ATS: long distance to
school and traffic safety. In this study, we
extended the model to examine the potential
effects of the WSB on ATS. Specifically, we
examined whether the effects of the WSB are
enhanced by an educational campaign aimed at
improving attitudes toward ATS among chil-
dren, how changing the walking speed of the
WSB and the waiting time for children at the
WSB stops affects ATS, and the impact of
different bus route placements. All 3 issues are
important in the design and implementation
of the WSB but are difficult to assess in
experimental or observational studies. Because
previous work suggested that ATS is influenced
by population density,31 we investigated the
3 issues across various levels of population
density.

METHODS

Our ABM of children’s travel to school
was based on a theoretical and empirically
informed conceptual model of the factors that
influence school travel mode choice in chil-
dren.1,4,31,33---38 We included only key elements
and made no attempt to incorporate all possible
influences on travel mode choice, which would
have made the model difficult to evaluate and
would have detracted from its ability to provide
insight into fundamental dynamics. The goal
was not to predict ATS in a specific context but,
rather, to gain insight into the factors that affect
the WSB under different real-world conditions.
These insights can later be tested empirically via
other studies and analytical approaches.

Our previously developed ABM on active
travel was adapted to incorporate the WSB.
We describe only key elements of the model
here (additional details have been reported
elsewhere31). The model, developed in Java
and Repast,39 represented a hypothetical city
with a grid-shaped road network, different
numbers of households (based on different
scenarios), and 4 elementary schools. Each

household included a single child, and each
child was enrolled in1of the 4 schools. The city
was divided into 4 school zones of equal size,
with 4 schools located at the center of each
zone, and children were enrolled in the school
within their zone.

Each household had an assigned level of
concern toward traffic safety with respect to
children walking to school, and each child had
an assigned attitude toward ATS. A random
draw from a uniform distribution between
0 and 1 was used in assigning both variables at
model initialization. Two dynamic processes
suggested by empirical work were included in
the model.40---48 First, traffic safety on roads is
a function of the total number of people who
walk; that is, more people walking increases the
level of traffic safety. Previous studies have
suggested that increased walking and bicycling
may help improve traffic safety.40---42 A

possible explanation is that drivers adjust their
behaviors when they expect or experience
people walking and bicycling. This “safety in
numbers” phenomenon has been repeatedly
noted in research on active travel.43,44

Second, children’s attitude toward ATS is
influenced by the total number of children who
walk to school; that is, children who attend
schools where more children engage in active
travel develop a more favorable attitude to-
ward ATS. This is supported by studies show-
ing the influence of peers and friends on
children’s physical activity.45---48

Each school was assigned certain walking
bus routes. To use the WSB, children walked
from their home to the nearest bus route,
where they joined other WSB children. In the
baseline scenario, bus routes were selected to
include one horizontal street and one vertical
street that intersected at the school (the streets

Note. The school is located in the center of the grid, where the 2 dark-lined streets cross. The 2 dark lines are the bus routes

in the baseline scenario, and the 4 dashed lines are examples of placements of additional routes.

FIGURE 1—Street network for a single school zone with distance between the existing and

additional routes of (a) 1 block, (b) 2 blocks, (c) 5 blocks, and (d) 10 blocks.
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shown with dark lines in Figure 1). Because the
children walked together with adults along the
WSB route, the safety level on the bus routes
was set to 1, the highest model value for safety.

Each day, children considered travel options
according to the following sequence: joining
the WSB, walking on their own, and being
driven. The WSB was considered first. A child
joined the WSB if the value assigned for safety
along the route was above the value assigned
for household concern regarding traffic safety
(by definition, the safety level along the WSB
portion of the route was set to the highest
value, as noted) and if the value for child’s
attitude toward ATS was higher than a
threshold value that depended on the dis-
tance to the school along the WSB route (the
WSB route might necessitate a detour from
the most direct route that the child would
normally take if he or she walked alone) and
the additional time needed for the trip (to
accommodate waiting times for the WSB, the
possibility of slow walkers in the group, and
the need to wait for other children at later
stops).

Children who did not join the WSB would
subsequently consider walking on their own,
with the same 2 conditions but possibly a route
different from that of the WSB. Generally, in
the case of children walking on their own, the
first condition (safety concerns) was less likely
to be met than with the WSB because of the
higher degree of safety along the WSB route,
whereas the second condition (attitude) was
more likely to be met because of the longer
distance to school along theWSB route and the
impact of waiting times and slower walking
speeds. We selected safety and distance as the
main factors influencing travel mode choice
because safety concerns and long distances to
school have been identified as key barriers to
ATS among children in the United States.49

Children who neither joined the WSB nor
walked on their own were driven to school.

The 3 issues noted earlier (whether the
impact of the WSB is enhanced by an educa-
tional campaign aimed at improving children’s
attitudes toward ATS, how changing walking
speeds and waiting times influences ATS, and
the impact of different bus routes) were ex-
plored for different levels of population density
(scenarios with 1000, 2000, 4000, 8000,
and 16 000 total households in the city or,

equivalently, 250, 500, 1000, 2000, and
4000 students per school). The percentages of
children who walked to school were compared
across the different scenarios.

Effects of an Educational Campaign

To test the independent and synergistic
effects of theWSB and an educational campaign,
we compared the impact on active travel of
improving attitudes toward ATS (by adding
0.1 to the attitude toward ATS value for each
child (in the baseline scenario, the mean
attitude value was set to 0.5), implementing
the WSB, and combining these 2 interven-
tions. We also explored whether the WSB
effect was modified by the mean attitude
toward ATS in the population (ranging from
0.2 to 0.8 at intervals of 0.1).

Effects of Walking Speed and Waiting

Time

We explored the effects of reducing the
waiting time for each child at the bus stop from
5 to 0 minutes, the effects of increasing the
walking speed of the WSB (for ratios of WSB
speed to single child walking speed ranging from
0.5 to 1), and the combination of reducing the
waiting time and increasing the walking speed
(with waiting times ranging from 0 to 5 minutes
and speed ratios ranging from 0.5 to 0.9).

Effects of Different Bus Route

Placements

We assumed that an additional set of WSB
bus routes could be added to the existing routes

(Figure 1 shows the sample scenarios com-
pared). We contrasted a range of placement
scenarios (shown in panels a through c of
Figure 1), with the new routes being placed
at increasing distances from the original routes
(each scenario was labeled 1---10 according
to the number of blocks between the original
and new bus routes). The goal was to identify
where bus route placement would maximize
the effect of the WSB on ATS.

RESULTS

As can be seen in Table 1, in the baseline
model without the WSB, a higher population
density was associated with a higher percent-
age of children walking to school. The imple-
mentation of the WSB resulted in a higher
percentage of children using ATS; increases
were greater in areas with lower population
densities, such that only small differences in
ATS remained across levels of population
density after implementation of the WSB.
Improving attitudes toward active travel was
also associated with increases in the percentage
of children using ATS. These effects were
greater at higher population densities. When
the 2 elements (WSB and improved attitudes
toward ATS) were combined, the increase in
ATS was larger than the sum of the effects of the
2 elements separately, with the synergistic effect
being greater at lower population densities.

Figure 2 shows the effects of the WSB on
active travel for different mean attitudes to-
ward ATS and different population densities.

TABLE 1—Effects of Scenarios With and Without a Walking School Bus and an Educational

Intervention on Children’s Attitudes Toward Walking to School, by School Population

Density

School

Population

Children Using

ATS Without

WSB, %

Children

Using ATS

With WSB, %

Children Using ATS

With Educational

Intervention, %a

Children Using ATS

With Both WSB and

Educational Intervention, %

250 7.6 15.1 12.7 23.1

500 9.3 15.2 16.0 23.7

1000 11.6 15.7 19.6 24.7

2000 13.6 16.2 22.7 25.8

4000 15.1 16.7 25.0 26.9

Note. ATS = active travel to school; WSB = walking school bus.
aIn this scenario, each child’s attitude value (range = 0–1) was increased by 0.1 (with higher values indicating that the child
is more likely to engage in ATS). In the baseline scenario, the mean population value was 0.5.
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The WSB was increasingly effective when the
mean attitude toward ATS in the population
increased from a value of 0.2 to 0.5. However,
within the range of 0.6 to 0.8, the effectiveness
of the WSB was almost unchanged. This
pattern was similar for all population densities.

Figure 3 shows the effects of WSB waiting
time and walking speed on ATS. Reductions in
waiting time and increases in WSB speed were
associated with increases in the effects of the
WSB on active traveling, and these effects were
smaller at higher population densities. Within
the range ofWSB waiting times and speeds that
we investigated, increases in speed were more
influential than reductions in waiting time in

increasing the effects of the WSB on active
travel, especially at lower population densities
(as shown by the steeper curves in Figure 3a
than in Figure 3b).

As can be seen in Figure 4 (with 1000
students in each school), waiting time and
walking speed jointly affected the increase
in ATS associated with implementation of
the WSB. Greater decreases in walking speed
necessitated shorter waiting times to achieve
the same effect on ATS. For example, as
highlighted by the horizontal line in Figure 4,
the same ATS percentage can be achieved with
a waiting time of 0 minutes and a 30% re-
duction in WSB speed (ratio of 0.7) as with

a higher walking speed (ratio of 0.9) and
waiting times as long as 5 minutes. These
patterns were similar for the other population
densities (data not shown).

Figure 5 shows the impact on ATS of 10
alternate bus route placements. The WSB
was most effective when the additional group
of bus routes was placed 1 block (200 m) or 2
blocks (400 m) away from the existing routes
(the streets shown with dashed lines in Figure
1a and 1b, respectively). When the distance
was 10 blocks from the existing routes, the
additional group of bus routes had no added
value (as can be seen from a comparison of the
percentages in Figure 5 and Table 1).

Mean Attitude Toward ATS

Mean Attitude Toward ATS Mean Attitude Toward ATS
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FIGURE 2—Percentages of children engaging in active travel to school (ATS) with and without the walking school bus (WSB), by mean attitude

toward ATS value and school population density of (a) 250 students, (b) 500 students, (c) 1000 students, (d) 2000 students, and (e) 4000

students.
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DISCUSSION

We used agent-based modeling to examine
the potential impact of the walking school bus
on ATS under various conditions to gain in-
sight into how the beneficial effects of the WSB
could be maximized. The WSB was more
effective in areas with lower population densi-
ties. We identified a synergistic effect of the
WSB in combination with interventions such as
educational campaigns that enhance attitudes
toward ATS. We also showed that effectiveness
of the WSB was influenced by the mean
attitude toward ATS in the population. On
a more practical level, our results suggest that
children should be encouraged to arrive at bus
stops on time to allow faster WSB walking
speeds (i.e., having children wait for the bus is
better than having the bus wait for children).
We also illustrated how an ABM can be used to
identify the locations of bus routes that maxi-
mize the effects of the WSB on active travel.

Consistent with results previously
reported,31 higher population densities were
associated with higher percentages of ATS
because the higher absolute number of walkers
increased the safety level on streets. As noted,
the WSB was more effective in locations with

lower population densities, such that variations
in ATS across levels of population density
almost disappeared after WSB implementa-
tion. The reason is that, under the assumptions
of our model, a key benefit of the WSB is an
improvement in safety levels (the safety levels
of theWSB route were set to the highest level).
Overall, areas with lower population densities
benefited more from the WSB because the
impact of creating a safe walking route was
greatest in these areas (where overall safety
levels were lower).

The WSB and increases in positive attitudes
toward active travel had synergistic effects on
ATS. These effects occurred because, in this
model, 2 conditions (safety concerns and im-
proved attitudes toward ATS) had to be met
for a child to choose ATS. The WSB and
educational interventions helped improve
safety and attitudes toward ATS, respectively.
When one of 2 interventions is implemented,
the pool of children for whom only a single
condition remains to be met is increased, and
thus the effectiveness of the second interven-
tion is magnified. This suggests that, if effects
are to be maximized, implementations of the
WSB should be accompanied by simultaneous
campaigns to improve attitudes toward ATS.

The WSB effects were modified by attitudes
toward ATS within the population. The 0.5
value for mean attitude toward ATS was
a tipping point: for attitudes below this value,
higher means resulted in enhanced effective-
ness of the WSB; for attitudes above this value,
the level of effectiveness was relatively stable.
These results again suggest that interventions
designed to improve attitudes toward ATS
should be implemented as a prerequisite to
implementation of the WSB. The community
action model50 supports the idea that efforts
related to preparation, promotion, program-
ming, policy, and physical elements are all
important to the success of these types of
interventions.

Under the assumptions in our model, in-
creases in WSB speed enhanced the impact
of the WSB on ATS more than reductions in
waiting times. The implication is that children
should be encouraged to arrive at bus stops
in time to avoid slowing down the WSB.
However, our conclusion regarding the relative
importance of waiting time and WSB speed is
contingent on whether the ranges we com-
pared are realistic. Drawing firm conclusions
would require real data on reasonable ranges
with respect to children’s walking speeds, group
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FIGURE 3—Percentages of children engaging in active travel to school (ATS), by population density, under the 2 walking school bus (WSB)

scenarios (a) reduced waiting time and (b) increased walking speed.
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walking speeds, and the correlation between
groupwalking speeds and children’s waiting time.

Another caveat is that we used the same
distance decay parameters for scenarios in-
cluding and omitting the WSB; that is, we
assumed that distance has the same influence
on children’s desire to walk regardless of
whether they are walking alone or in groups.
In reality, when children walk together, they
may be happier to walk longer distances than
when they walk alone. Our model did not
explicitly account for the presence of school
buses; however, given that our primary in-
terest was in understanding the primary fac-
tors influencing active travel, we did not
necessarily need to differentiate school buses
from other forms of motorized travel (al-
though research questions differing from
those examined here may require incorpora-
tion of this travel mode).

The percentage of ATS was found to peak
when the additional group of bus routes was
located 2 blocks away from the school. If the
additional group of bus routes is too close to
the existing routes, they will overlap with each
other in terms of attracting children. However,
if the additional group of bus routes is too far
from the school, it is less likely to be effective
because although safety levels are improved,
the distance involved becomes an important
barrier to children living close to the new
routes.

Of course, real street networks are far more
complicated than the simple grid used in our
model. For example, there are important differ-
ences between conventional modern suburban
layouts and older cities’ traditional layouts51 that
could have implications for the effectiveness
of the WSB. There may also be shortcuts
available to walkers across parks or through

buildings that are not available with other
transportation modes. In addition, when
selecting the most appropriate route for the
WSB, one should consider the distribution of
the student population as well, which may be
different from the random distribution as-
sumed in our model.

Our results are based on a theoretical
model of travel mode choice among children
that we believe includes several fundamental
influence factors and processes. More details
could be added to the model if they were
judged to be fundamental to the process or
key to answering a specific research question.
For example, psychological properties such as
travel habits could be added. A child may
become habituated to a certain travel mode
and may tend to repeat the same mode if there
are no significant changes in family, school,
built, or social environments. In addition, the
model could be modified to include assess-
ments of other travel modes (i.e., public
transportation or bicycling) or to explore
variations in attitudes and travel behaviors
according to age, gender, income level, and
environment.31

The model can also be tailored to specific
real cases to further explore its potential and
answer questions relevant to real-world con-
ditions. This requires the model to be empiri-
cally grounded, that is, informed by data
relevant to the specific context. A limitation
of our model is that we assume that all
households use the same set of rules to select
their travel mode; in reality, however, these
rules may vary according to factors such as the
child’s age and the family’s income level. If data
supporting differences in rules are available,
the model can be modified to incorporate this
type of heterogeneity.

In summary, we found that the WSB can
interact synergistically with educational inter-
ventions. Our model illustrates how the effec-
tiveness of the WSB in increasing ATS among
children is affected by route placement, waiting
times, and speed. The model provides a starting
point for efforts to explicitly account for dy-
namic interactions between individuals and
environments. It can be refined in terms of
structure and parameter values as additional
data on related factors and processes become
available. Finally, the valuable insights derived
from the model can be further assessed in
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future empirical studies on the effectiveness of
the WSB. j
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