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Abstract: Hit-and-run (HR) crashes refer to crashes involving drivers of the offending vehicle
fleeing incident scenes without aiding the possible victims or informing authorities for emergency
medical services. This paper aims at identifying significant predictors of HR and non-hit-and-run
(NHR) in vehicle-bicycle crashes based on the classification and regression tree (CART) method. An
oversampling technique is applied to deal with the data imbalance problem, where the number of
minority instances (HR crash) is much lower than that of the majority instances (NHR crash). The
police-reported data within City of Chicago from September 2017 to August 2018 is collected. The
G-mean (geometric mean) is used to evaluate the classification performance. Results indicate that,
compared with original CART model, the G-mean of CART model incorporating data imbalance
treatment is increased from 23% to 61% by 171%. The decision tree reveals that the following five
variables play the most important roles in classifying HR and NHR in vehicle-bicycle crashes:
Driver age, bicyclist safety equipment, driver action, trafficway type, and gender of drivers.
Several countermeasures are recommended accordingly. The current study demonstrates that,
by incorporating data imbalance treatment, the CART method could provide much more robust
classification results.
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1. Introduction

As a healthy and environmentally friendly transportation mode, cycling has become more and
more popular in the United States (US) over the past two decades [1]. Previous research has indicated
that cycling can provide substantial individual health benefits and alleviate negative impacts of
motorized transportation, such as congestion and pollution [2–5]. Promoting the development of
cycling could clearly benefit the social, environmental, and economic sustainability [6]. According
to the League of American Bicyclists, the number of bicycle commuters has been increased by 43%
nationwide from 2000 to 2017 in US [7]. However, the percentage of people commuting by bicycles is
still low. The 2017 National Household Travel Survey (NHTS) reported that the bicycle mode share for
commuting is only 1.1% [8]. Compared with European cities, the bicycle ridership level is much lower
in US [9], indicating a substantial potential for increase.

Out of all the deterrents to bicycling, the safety concern has been identified as a primary
hindrance [10]. As non-motorists, bicyclists are more vulnerable when exposed to traffic crashes
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compared to drivers or passengers within vehicles [11,12]. When people have concerns about traffic
safety, they would be less willing to travel by bicycles. As such, reducing vehicle-bicycle crashes
could potentially increase the bicycle ridership and promote the sustainable development of urban
transportation. Among various types of vehicle-bicycle crashes, the hit-and-run (HR) crashes are
particularly dangerous. In such a case, the driver of the offending vehicle flees the crash scene
without providing any assistance to the possible victim(s) or informing the traffic safety authority
for an emergency response. Previous studies estimated that a 10 min reduction in the response time
of an emergency medical service could reduce fatalities by one-third [13]. Conversely, HR could
significantly increase the potential for serious injuries or even fatalities owing largely to delayed or
non emergency medical services. A recent report of the American Automobile Association (AAA)
indicates that HR crashes have increased from 627,200 in 2010 to 737, 100 in 2015 by 17.5% in US [14].
Meanwhile, number of bicyclist fatalities from HR crashes has increased from 94 to 129 by 37.2%
during the same period, and more bicyclists have suffered from injuries [14]. Therefore, it is imperative
to identify factors contributing to HR in vehicle-bicycle crashes and develop effective means to limit
such erroneous behavior.

While the investigations into crashes involving HR actions have drawn some attentions, most
of these studies have focused on vehicle–vehicle or vehicle–pedestrian crashes [15–21]. For instance,
Tay et al. [15] published one of the most notable studies on factors contributing to HR crashes. Using
police-reported crash data in Singapore, a logistic regression model was applied to identify factors
associated with HR actions. In this study, drivers were found to be more likely to flee from crash
scenes when crashes occurred at night, on a straight road, and near shops. Crashes involving right
turn and U-turn maneuvers were less likely to involve HR actions. In another study conducted by
Tay et al. [16], a logistic regression model was developed and factors including highway functional
class, speed limit, lighting condition, and roadway profile were identified as key factors affecting HR in
fatal crashes. To identify factors associated with HR pedestrian fatalities, Macleod et al. [17] developed
a logistic regression model using U.S. national fatal crash records from 1998 to 2007. Alcohol usage and
invalid driving license were revealed as the leading factors contributing to HR pedestrian fatalities.
Aidoo et al. [18] conducted a study on HR crashes involving pedestrians using data from Ghana.
Based on the calibrated logistic regression model, drivers tended to be more likely to flee crash scenes
when crashes occurred in nighttime, on straight and flat road without medians, and at intersections.
Zhang et al. [19] studied HR crashes using a comprehensive dataset from Guangdong Province in
China. Based on the calibrated logistic regression model, crashes occurring in dark environments,
involving pedestrians, and caused by male and middle aged drivers were more likely to be involved
with HR actions. Roshandeh et al. [20] further investigated the effect of distractions on severe crashes
caused by HR actions. In the study, the data set was split into two subsets according to crashes
with and without driving distractions. It was found that non-distracted drivers were 27% less likely
to flee crash scenes after crash occurrences compared to the behavior of distracted drivers. Unlike
most of the previous research utilizing the maximum likelihood estimation of logistic regression
models, Xie et al. [21] employed real-time traffic data to investigate factors contributing to HR crashes.
According to this study, the increase in upstream speed and average occupancy could potentially
increase the possibility of HR actions. To identify factors contributing to HR in vehicle–bicycle crashes,
Lopes et al. [12] analyzed police reported crash data within Boston, Massachusetts from 2009 to 2012.
Similar to most previous studies, this study also utilized logistic regression model. The results revealed
that the probability of HR depended on the day of the week, time, and whether the vehicle was a taxi.

As shown in the literature, most of the existing studies regarding crashes involving HR actions
have focused on vehicle–vehicle or vehicle–pedestrian crashes. Relatively little attention has been paid
to factors affecting HR in vehicle–bicycle crashes, which has motivated the current study to conduct
a thorough investigation. It should also be noted that the majority studies were performed using
regression analysis. Of which, logistic regression analysis is predominant. However, logistic regression
analysis maintains certain assumptions between crash contributing factors and crash occurrences,
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which needs to be validated before the calibrated models being used for predictions. To overcome
this limitation, non-parametric classification algorithms such as the Classification and Regression
Tree (CART) method have increasingly been adopted for traffic safety analysis [22–24]. Nevertheless,
classification algorithms only work well when the dataset is balanced, which means different classes
are equally represented in the dataset. This is usually not the case for traffic crash datasets. In a
typical traffic crash dataset, the number of minority instances (such as HR crashes) is much lower
than that of majority instances (such as NHR crashes). If the data imbalance problem is left untreated,
the classification model would classify the majority class more accurately while misclassifying the
instances in the minority class, which makes the model fail to be informative in reality [25,26]. The
main reason for this performance degradation is that traditional classification algorithms focus on
achieving the highest overall accuracy. Additionally, when the dataset is imbalanced, the minority class
hardly contributes to the accuracy compared with the majority class. For instance, if the majority class
accounts for 90% of the data in an imbalanced dataset, a classification algorithm might easily acquire a
90% overall accuracy by assigning all the data to the majority class. Apparently, this high accuracy is
pointless because the classification accuracy for the minority instances is 0%. This could be a serious
problem when the identification of the minority class is of the interest. In the past decade, hundreds of
algorithms have been proposed to treat data imbalance problems. These algorithms can be divided into
two groups: Preprocessing and cost-sensitive learning. Preprocessing is usually performed to alleviate
the imbalance problem in the input data before applying classification algorithms. Two classical
techniques could be adopted for preprocessing: Resampling and feature selection. On the other hand,
cost-sensitive learning assumes higher cost for the minority class misclassification with respect to the
majority class misclassification. Additionally, the cost-sensitive learning can be incorporated at both
the data and algorithm level. Please refer to Reference [27] for a detailed review. The current study
will adopt the resampling approach to treat the data imbalance problem. This is mainly because the
resampling approach is independent of the selected classifier, which makes it more versatile.

The current study will contribute to existing literatures in several ways. First, it will extend
previous HR studies by exploring various factors affecting HR in vehicle-bicycle crashes. Second,
the CART method is introduced to overcome the limitations of logistic regression, which is the
predominate model adopted by previous HR studies. Last, it will evaluate the impact of data imbalance
on HR crash classification accuracy by incorporating a resampling algorithm. The remainder of
this paper is organized as follows: Section 2 describes the dataset and provides the descriptive
statistics. Section 3 introduces the main steps of the proposed methodology. Section 4 presents analysis
results and discussions. Finally, Section 5 provides the summary and conclusion, and points out the
study limitations.

2. Data Preparation

The data used in the current study is extracted from police-reported data within the jurisdiction of
City of Chicago from September 2017 to August 2018 [28]. As one of the best large cities in the US for
bicycling, Chicago has more than 200 miles of on-street bike lanes, and more than 13,000 bike racks and
bike parking areas at many rail stations [29]. With substantial and sustained investment in bicycling
infrastructures, Chicago has a national reputation as a bike-friendly city. Chicago has planned to
establish a 645 miles network of bicycle facilities by 2020 and make bicycling an integral part of citizens’
daily life. To make that happen, the bicycle safety condition needs to be improved. From September
2017 to August 2018, there are 1,475 vehicle-bicycle crashes, of which 319 are identified as HR crashes,
accounting for 21.6% of the total crashes. The original dataset contains detailed information about each
crash, including roadway characteristics, crash time, the attributes of bicyclist, and vehicle involved
in the crash, and so on. In the current study, the target variable is HR. For the modeling purpose,
18 independent variables are selected, including gender of bicyclist, age of bicyclist, bicyclist safety
equipment, injury classification, bicyclist visibility, location of bicyclist, traffic control device, traffic
control device condition, weather condition, lighting condition, traffic way type, roadway surface
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condition, crash hour, crash day of week, gender of driver, age of driver, driver action, and vehicle
type. Please find the detailed summary statistics of variables in Table 1.

Table 1. Variables description and corresponding distribution percentage.

Variables Description of Variables No. of Crashes Distribution

Hit-and-run No = 0 1156 78.37%
Yes = 1 319 21.63%

Bicyclist related

Gender of bicyclist Female = 0 286 19.39%
Male =1 1189 80.61%

Age of bicyclist

≤ 18 = 0 411 27.86%
19–34 = 1 588 39.86%
35–64 = 2 445 30.17%
≥ 65 = 3 31 2.10%

Bicyclist safety equipment Helmet not used = 0 1150 77.97%
Helmet used = 1 325 22.03%

Bicyclist visibility
No contrasting clothing = 0 1065 72.20%

Contrasting clothing = 1 258 17.49%
Other light source used = 2 152 10.31%

Location of bicyclist
Bikeway = 0 210 14.24%

In crosswalk = 1 182 12.34%
In roadway = 2 991 67.19%

Other = 3 92 6.24%

Infrastructure related

Traffic control device
Stop sign/flasher = 1 247 16.75%

Traffic signal = 2 479 32.47%
No Control = 3 749 50.78%

Traffic control device condition

Functioning properly = 1 686 46.51%
Functioning improperly = 2 37 2.51%

Not functioning = 3 3 0.20%
No control = 4 749 50.78%

Trafficway type

Divided with median = 1 424 28.75%
Oneway = 2 174 11.80%

Parking lot = 3 23 1.56%
Not divided = 4 854 57.90%

Roadway surface condition
Wet = 1 150 10.17%

Snow = 2 10 0.68%
Dry = 3 1315 89.15%

Environment related

Weather condition Rain = 1 113 7.66%
Snow = 2 13 0.88%

Cloudy = 3 33 2.24%
Clear = 4 1316 89.22%

Lighting condition Dawn = 1 22 1.49%
Dusk = 2 47 3.19%

Darkness = 3 53 3.59%
Darkness, lighted road = 4 290 19.66%

Daylight =5 1063 72.07%

Crash attribute

Injury classification No injury = 0 599 40.61%
Non-incapacitating injury = 1 712 48.27%

Incapacitating injury = 2 164 11.12%

Crash hour
PM peak (17–19) = 0 423 28.68%
AM peak (1–9) = 1 239 16.20%

Non peak = 2 813 55.12%

Crash day of week Weekend = 0 321 21.76%
Weekday = 1 1154 78.24%
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Table 1. Cont.

Variables Description of Variables No. of Crashes Distribution

Driver related

Gender of driver
Female = 0 517 35.05%
Male = 1 958 64.95%

Driver age

≤ 18 = 0 15 1.02%
19–34 = 1 554 37.56%
35–64 = 2 797 54.03%
≥ 65 = 3 109 7.39%

Driver action
improper action = 0 (including improper

passing, turning, lane change, etc.) 367 24.88%

no improper action = 1 1108 75.12%

Vehicle related

Vehicle type Passenger car = 0 1204 81.63%
Pickup = 1 42 2.85%

3. Proposed Methodology

3.1. Classification and Regression Tree

In the current study, the Classification and Regression Tree (CART) method is employed to identify
factors contributing to HR in vehicle-bicycle crashes. Originally proposed by Breiman et al. [30], the
CART method has become one of the most popular methods for data mining. As a non-parametric
supervised learning method, the CART method can predict the outcome of a target variable by learning
the decision rules inferred from a set of independent variables. Unlike the traditional regression models,
such as logistic regression and ordered discrete outcome models, the CART model does not impose any
predefined underlying relationship between the target variable and the crash contributing independent
variables. Another major advantage of the CART model is that the analysis results could be visualized
as a tree structure, making it easy to be interpreted and understood. A regression tree can be used for
a continuous target variable and a classification tree can be built when it is categorical. In this study,
the target variable refers to HR or NHR, which is discrete. Therefore, a classification tree is developed.

The execution of the CART method generally involves two major steps: Tree growing and pruning.
Tree growing starts at the root node, which includes all data in the dataset. The root node is then
divided into two child nodes by a splitter (independent variable), which yields the best improvement
of purity of the two child nodes. In other words, the CART method chooses the splitter which can
maximize the homogeneity of resultant child nodes. To select the best possible independent variable,
a number of splitting criteria can be utilized. In the current study, the Gini index, which is the most
common splitting criterion for nominal data, is used as the splitting criterion. If the root node m is
partitioned into two subset nodes (child nodes n1 and n2) by a candidate variable θ, the Gini index for
any child node is calculated as follows:

H(n(θ)) = 1−∑
k

p (k|n) 2, n ∈ (n1, n2) (1)

where H(n(θ)) denotes the Gini index of the child node n, and p(k|n) is the proportion of class k records
in node n. Then the impurity at node m can be calculated using the following function:

G(θ) =
o1

Nm
H(n1(θ)) +

o2

Nm
H(n2(θ)) (2)
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where Nm is the total number of observations at node m; o1 and o2 are numbers of observations in child
node n1 and n2, respectively. The CART method seeks to split the root node m by selecting the variable
θ* which can minimize the impurity at node m:

θ∗ = argminθG(θ) (3)

This will create two child nodes that are as homogenous as possible. The tree growing process
in execution of the CART method follows a binary recursive partitioning process. The term binary
means each node in the tree can only be divided into two child nodes, in which case, the original node
is called a parent node. The term recursive indicates that the above-mentioned binary partitioning
process continues recursively for any resultant child node. Starting at the root node, the tree growing
process goes on and on until it is impossible to split any node. At which point, the tree stops growing.
This happens when all observations within each child node fall into an identical class or some preset
constraint is met (for instance, the maximum depth of the tree). Figure 1 illustrates the general structure
of a decision tree.
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The maximum tree created following the above procedure is most likely over fitting, lacking
generalization ability. This means the tree corresponds too closely to a particular dataset and could
result in high misclassification when classifying a new dataset. In this respect, tree pruning is an
essential step to apply the CART method. The principle is to cut off branches which add little to the
predictive value of the tree. In the current CART method application, the maximum tree is pruned by
combing parameter tuning with K-fold cross-validation. The solution algorithm for executing major
steps of the CART method is coded in the Python scikit-learn (sklearn) library [31]. Prior to executing
the CART computational steps, several parameters such as max_depth (the maximum depth of the tree)
and max_leaf_nodes (the maximum number of terminal nodes in a tree) could be customized to avoid
the overfitting issue and increase the accuracy of classifications. In the fine-tuning of classification
and recursive tree building process, the randomized search parameter tuning method is used. In a
randomized parameter search, each parameter is assumed to follow a specific distribution. In the
current paper, four parameters that have the most significant impacts on the predictive performance of
the model are tuned, including min_sample_split, max_depth, min_samples_leaf, and max_leaf_nodes.
Please refer to Table 2 for the detailed definition and distribution of each parameter.
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Table 2. Definition and distribution of parameters be tuned.

Parameter Definition Distribution

min_sample_split the minimum number of samples
required to split a node Uniformly distributed between 2 and 200

max_depth the maximum depth of the tree Uniformly distributed between 4 and 10

min_samples_leaf the minimum number of samples
required to be at a terminal node Uniformly distributed between 2 and 200

max_leaf_nodes the maximum number of terminal
nodes in a tree Uniformly distributed between 5 and 15

The program can sample a given number of candidate parameter sets from the parameter space.
This number is set to 1000 in the current paper. Each sampled parameter set generates a corresponding
tree. All generated decision trees are evaluated by K-fold cross-validation separately to output the tree
with the highest accuracy level of classifications.

As demonstrated in Figure 2, the K-fold cross-validation randomly divides the entire dataset into
the K groups of data. One group of data is selected as the testing group, and the remaining K-1 groups
of data is combined to train the model. This process is repeated K times, resulting in K number of
models. Each model is tested against an independent data subset.
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The performance measure reported by K-fold cross-validation is the average classification accuracy
of all folds. While K-fold cross-validation can be computationally expensive, it does not underuse
the available data. This is a major advantage for cases with relatively small datasets. Without loss of
generality, the value of K is set as five in the current study.

3.2. Data Imbalance Treatment

As mentioned before, traffic crash datasets are usually imbalanced. In the context of the current
study, the ratio of NHR crashes to HR crashes is close to 4:1. Without any treatment, this unbalance
will make the CART method fail in the detection of minority, but important instances. To address the
data imbalance issue and improve the minority class recognition, the SVM-SMOTE (Support Vector
Machine–Synthetic Minority Over-sampling Technique) algorithm is applied. Originally proposed by
Nguyen et al. [32], SVM-SMOTE is an improvement to the classical oversampling technique SMOTE.
Generally speaking, SMOTE randomly generates artificial minority instances on the line segments
connecting each minority instance with its m nearest neighbors [33]. By over-sampling the entire
minority class, SMOTE tries to construct a more balanced dataset. Unlike SMOTE, SVM-SMOTE only
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generates artificial minority instances along the borderline separating different classes. This is due to
the minority instances along the borderline are much more crucial for determining the optimal decision
boundary than other minority instances. Previous studies have demonstrated that over-sampling only
along the borderline generates better results [32].

The basic idea of SVM-SMOTE is illustrated in Figure 3. First of all, a standard SVM classifier
is trained on the original imbalanced data to approximate the decision boundary and the borderline
region. Without any oversampling, the decision boundary (the solid curve) is skewed toward the
minority instances. Then, two different approaches are applied to generate artificial minority instances
based on the location of existing minority instances within the borderline region.
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For minority instances located far away from the decision boundary (minority instances on the
right), an extrapolation technique is used to randomly generate artificial minority instances on the
extension lines connecting existing minority instances. Due to the direction of expansion from the
inside to the outside of the region being occupied by the minority instances, this will move minority
instances towards the borderline region.

On the other hand, the minority instances on the left are closer to the decision boundary
(surrounded by many majority instances), and an interpolation technique similar to SMOTE is applied
to generate artificial minority instances. In this way, the artificial minority instances are randomly
generated on lines connecting the minority instance and its m nearest neighbors (in this case, m = 3).
After generating artificial minority instances, a new decision boundary (the dashed curve), which
is moved toward majority instances, is created. Please refer to Reference [32] for the algorithm
details. In the current paper, the SVM-SMOTE algorithm is performed through the Python toolbox
imbalanced-learn [34].

With SVM-SMOTE, the number of artificial minority instances generated could be specified.
To better understand the effect of data imbalance on classification accuracy, different ratios of minority
instances to majority instances are tested, including 1.0, 0.9, 0.8, and 0.7.

It is very crucial to point out that the artificially more balanced data is only used to train the CART
model. Specifically speaking, during each step of the K-fold cross-validation, the training data is first
processed with SVM-SMOTE to generate a more balanced artificial dataset, which is used to train the
CART model. Additionally, the remaining testing data, which is still imbalanced, is used to evaluate
the performance of the trained CART model.

The overall accuracy is a commonly used evaluation metric for CART model, which can be
calculated from the confusion matrix shown in Table 3.

Table 3. Confusion matrix for 2-class classification.

Predicted Positive Predicted Negative

Actual positive True positive (TP) False negative (FN)
Actual negative False positive (FP) True negative (TN)



Sustainability 2019, 11, 1327 9 of 14

The overall accuracy is defined by

overall accuracy =
TP + TN

TP + TN + FN + FP
(4)

However, as mentioned in Section 1, this metric could be inappropriate for imbalanced data. If the
minority instances are significantly outnumbered by the majority instances, the overall accuracy might
still be very high even when all minority instances are misclassified. To address the limitation of the
overall classification accuracy, the G-mean (geometric mean) [35] is used to evaluate the performance
of the CART model. The G-mean can be calculated by the following equation:

G−mean =

√
TP

TP + FN
× TN

TN + FP
(5)

By balancing the classification accuracy of the minority and majority instances, the G-mean could
be used as a compact metric to evaluate the CART model performance.

To fully demonstrate the impact of data imbalance on the classification result, the whole data set is
randomly partitioned into training and testing subsets. Without loss of generality, the ratio of training
and testing data is set to 7:3. Then, the CART models with and without data imbalance treatment are
trained on the training data with randomized parameter search correspondingly. After parameter
tuning, the optimal CART models with and without data imbalance treatment are tested on the same
imbalanced test data to compare the results.

4. Results Discussions

The Python program is run on a Windows workstation with 2.20 GHz Intel Xeon CPU and 64 GB
RAM. The parameter tuning results based on the training data are shown in Table 4.

Table 4. Parameter tuning results.

CART Model CART Model Incorporating SVM-SMOTE

Optimal
parameters

min_sample_split 70 120
max_depth 8 6

min_samples_leaf 13 32
max_leaf_nodes 12 7

ratio of minority instances to
majority instances / 0.9

Program running time (seconds) 22.18 421.86

After parameter tuning, the optimal CART models with and without data imbalance treatment
are established. Then, these two models are tested on the same imbalanced testing data to compare the
classification results. Please refer to Table 5 for the testing results shown in confusion matrixes.

Table 5. Model testing results.

CART Model CART Model Incorporating SVM-SMOTE

Predicted
NHR Crash

Predicted
HR Crash

Correctly
Predicted

Predicted
NHR Crash

Predicted
HR Crash

Correctly
Predicted

Actual NHR crash 342 5 99% 267 80 77%
Actual HR crash 91 5 5% 49 47 49%
Overall accuracy 78% 71%

G-mean 23% 61%

As can been seen from Table 5, by incorporating data imbalance treatment, the classification results
have been significantly changed. The original CART model without any data imbalance treatment has
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an overall classification accuracy of 78%. As expected, it classifies the majority instances (NHR crashes)
more accurately (99%), but only 5% of the minority instances (HR crashes) are correctly predicted.
Additionally, the G-mean is only 23%, which makes the model fail to be informative in reality.

On the other hand, by training the CART model on a more balanced synthetic training dataset
generated by SVM-SMOTE, the CART model could have an overall classification accuracy of 71%,
which is slightly lower than the original CART model. However, the classification accuracy for the
minority instances (HR crashes) is increased from 5% to 49%. Further, the G-mean is increased from 23%
to 61% by 171%. The model testing results indicate that the CART model incorporating SVM-SMOTE
is much more robust when dealing with imbalanced datasets.

After model testing, the optimal CART model incorporating SVM-SMOTE is applied to the whole
dataset to output the final decision tree, which is shown in Figure 4.
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Figure 4. Classification tree with HR and NHR crashes as response variable. Figure 4. Classification tree with HR and NHR crashes as response variable.

The interpretation of the CART model results is relatively straightforward. Node 0 is the root
node, which includes all the data. As can be seen from node 0, the original dataset is first oversampled
by SVM-SMOTE to generate a more balanced synthetic dataset. According to the parameter setting,
the ratio of minority instances to the majority instances is 0.9. As such, the synthetic dataset contains
1,156 NHR crashes and 1040 HR crashes. The tree has seven terminal nodes, which are marked as
grey boxes in Figure 4 (node 5, 6, 7, 9, 10, 11, and 12). It can be easily seen that driver age, bicyclist
safety equipment, driver action, traffic way type, and gender of drivers are the primary splitters in the
tree. The initial split is based on driver age. This indicates that driver age is the single most important
variable to classify HR and NHR in vehicle-bicycle crashes. CART directs crashes caused by drivers
less than or equal to 34 to node 1 and crashes caused by drivers over 35 to node 2. Comparing node 1
and node 2, crashes caused by drivers less than or equal to 34 shows greater propensity toward HR
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(60% versus 36%). This is probably because younger drivers (especially teenage drivers) are associated
with higher crash risks compared with other age groups. The previous study has demonstrated that
younger drivers lack driving experiences and tend to take more risks while driving [36]. Thus, when
they hit bicyclists, they are more likely to flee. Node 1 is further split into node 3 and 4 based on the
safety equipment of bicyclists. CART sends crashes involving bicyclists not wearing helmets, to node
3 and crashes involving bicyclists wearing helmets to node 4. By simply wearing the helmets, the risk
of HR could be reduced by 23%. Apparently, a helmet could offer more protection when a bicyclist
smashes into the road. If the offending driver hit a bicyclist wearing a helmet, the perception that the
victim might suffer from minor instead of severe injury could encourage he/she to stay. This further
underlines the importance of wearing proper protection when cycling. CART continues to split node
3 into terminal node 7 and node 8 based on the traffic way type. While both node 7 and 8 are more
prone to HR crashes, crashes occurring on undivided roads or parking lots have a less proportion of
HR than crashes occurring on divided roads with median or one-way streets (60% versus 71%). Most
parking lots in Chicago are covered with surveillance cameras, which makes fleeing drivers to get
caught easily. This would force some of them to stay. Node 4 is further split into terminal node 9 and
terminal node 10 based on the gender of the driver. Crashes caused by female drivers are directed
to terminal node 9 and crashes caused by male drivers are sent to terminal node 10. Compared with
male drivers, female drivers are highly unlikely to flee after crashes (3% versus 52%). CART divides
node 8 into terminal node 11 and terminal node 12 according to the gender of drivers. Again, male
drivers are much more prone to HR crashes compared with female drivers (68% versus 21%). This is
consistent with the findings of Tay et al. [15], who also pointed out that male drivers are more prone to
other kinds of driving violations. Thus, it is not surprising that male drivers are more likely to flee the
scenes compared to female drivers.

Turning to the right branch of the tree, node 2 is divided into terminal node 5 and terminal node 6
based on the driver action. When improper actions (including improper passing, turning, lane change,
etc.) are involved in a crash, it is less likely to be a HR crash (18% versus 41%). This is probably due to
drivers knowing that crashes occurred due to their improper driving behaviors, and running away
could aggravate the punishment. Thus, they tend to stay.

Out of the 7 terminal nodes, 3 of them predicted the vehicle-bicycle crash is more likely to be a
HR crash (node 7, 10 and 12), namely, proportion of HR crashes is higher than that of NHR crashes in
these nodes. It should be noted that all 3 nodes are on the left branch of the tree, representing crashes
caused by drivers less than or equal to 34 years old.

5. Conclusions

Targeting at exploring factors affecting HR and NHR in vehicle-bicycle crashes, this paper has
introduced a CART method incorporating data imbalance treatment. Police-reported crash data within
the jurisdiction of City of Chicago from September 2017 to August 2018 is collected for the modelling
purpose. To avoid the over fitting problem and increase the classification accuracy, this study runs
randomized search cross-validation to optimize the model parameters. In the original dataset, HR
crashes and NHR crashes are imbalanced (1,156 versus 319), which might degrade the classification
performance of the CART model. To fix this issue, SVM-SMOTE is applied to the original dataset to
generate a more balanced synthetic dataset. It is very important to point out that the synthetic dataset
is only used to train the CART model. To fully demonstrate the necessity of data imbalance treatment,
both the CART models with and without data imbalance treatment are tested on the same imbalanced
testing data.

The model testing results indicate that the overall classification accuracy of the original CART
model is slightly higher than the CART model incorporating SVM-SMOTE (78% versus 71%).
Nevertheless, only 5% of minority instances (HR crashes) are correctly predicted by the original
CART model. As a contrast, the CART model incorporating SVM-SMOTE correctly predicts 49% of the
minority instances. By data imbalance treatment, the G-mean has been increased from 23% to 61% by
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171%, showing that the CART model incorporating SVM-SMOTE is much more robust when dealing
with imbalanced datasets.

To generate the final decision tree, the optimal CART model incorporating SVM-SMOTE is
applied to the whole dataset. The decision tree reveals that the following five variables play the most
important roles in classifying HR and NHR crashes in vehicle-bicycle crashes: Driver age, bicyclist
safety equipment, driver action, traffic way type, and gender of drivers. Out of the seven terminal
nodes, three of them predicted the vehicle-bicycle crash is more likely to be an HR crash (node 7, 10,
and 12). The associated decision rules and corresponding proportions of HR crashes are as follows:

Driver age ≤34 and not wearing a bike helmet and crashes occurred on divided roads with
median or one-way (71%);

Driver age ≤34 and wearing a bike helmet and male driver (52%);
Driver age ≤34 and not wearing a bike helmet and crashes occurred on undivided roads or

parking lots and male driver (68%).
It is also worth mentioning that crashes involving female drivers under the age of 34 and bicyclists

wearing helmets are highly unlikely to be HR crashes. As indicated by node 9, only 3% of crashes are
classified as HR crashes under this circumstance.

The issue of hit-and-run in vehicle-bicycle crashes might not be completely resolved in short
term, but some countermeasures could still be undertaken to diminish the occurrences of these highly
dangerous crashes. For instance, the results of this study further demonstrate the importance of
wearing a helmet during cycling. Comparing node 3 and node 4, under the same circumstance, the risk
of HR would be reduced by 23% by simply wearing a helmet (64% versus 41%). Nevertheless, there is
no state law requiring adult bicyclists to use a helmet, and only several states require young riders
to wear helmets. To improve cycling safety and to promote the social, environmental, and economic
sustainability, it is recommended to enact state laws or regulations that require people to wear helmets
during cycling. Moreover, safety education targeting at male drivers less than or equal to 34 years old
should be reinforced.

The current study demonstrates that CART incorporating SVM-SMOTE is an appropriate method
to identify risk factors contributing to hit-and-run in vehicle-bicycle crashes when the data is
imbalanced. However, the methodology limitations should also be noted. Firstly, the confidence
interval or probability level of risk factors is not available in CART. Secondly, it is difficult to use CART
to conduct elasticity or sensitivity analysis. In addition, the CART model is generally unstable. Minor
changes in the training dataset or different choice of CART parameters might create a completely
different tree structure. The randomized parameter search and five-fold cross-validation adopted
in the current study could help to alleviate this problem. Each of the 1,000 parameter settings
sampled from the specified distributions is evaluated by 5-fold cross-validation to output the most
accurate and stable tree. Moreover, the SVM-SMOTE does not work very well when dealing with
high-dimensional imbalanced data. If more independent variables are included, the performance of the
proposed methodology might decline. It should also be noted the SVM-SMOTE is an over-sampling
method. Other imbalanced data classification approaches can also be tested, such as under-sampling,
hybrid-sampling, and feature selection or extraction methods. Lastly, the quality of results for the
current study is only as good as the input data. Many of the crash parameters are recorded by the
police officers based on the best available information at the time, which might not be completely
accurate. This could potentially affect the model results quality.

Author Contributions: Conceptualization, B.Z. and Z.L.; Data curation, B.Z. and X.Z.; Funding acquisition, B.Z.,
Z.L. and S.Z.; Methodology, B.Z., S.Z. and Q.M.; Software, B.Z.; Validation, B.Z., X.Z. and X.L.; Visualization, Q.M.;
Writing—original draft, B.Z.; Writing—review & editing, Z.L.

Funding: This research was funded by China Postdoctoral Science Foundation, grant number 2015M582593,
the Natural Science Basis Research Plan in Shaanxi Province of China, grant number 2018JQ5147, and National
Natural Science Foundation of China, grant number 71871029.



Sustainability 2019, 11, 1327 13 of 14

Acknowledgments: The authors are grateful to the Chicago Police Department for making the data used in the
current study publicly available.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pucher, J.; Buehler, R.; Seinen, M. Bicycling renaissance in North America? An update and re-appraisal of
cycling trends and policies. Transp. Res. Part A Policy Pract. 2011, 45, 451–475. [CrossRef]

2. Shaw, C.; Hales, S.; Howden-Chapman, P.; Edwards, R. Health co-benefits of climate change mitigation
policies in the transport sector. Nat. Clim. Chang. 2014, 4, 427–433. [CrossRef]

3. Barnes, E.; Schlossberg, M. Improving Cyclist and Pedestrian Environment While Maintaining Vehicle
Throughput. Transp. Res. Rec. J. Transp. Res. Board 2013, 2393, 85–94. [CrossRef]

4. Mueller, N.; Rojas-Rueda, D.; Cole-Hunter, T.; de Nazelle, A.; Dons, E.; Gerike, R.; Götschi, T.; Int Panis, L.;
Kahlmeier, S.; Nieuwenhuijsen, M. Health impact assessment of active transportation: A systematic review.
Prev. Med. (Baltim.) 2015, 76, 103–114. [CrossRef] [PubMed]

5. DiGioia, J.; Watkins, K.E.; Xu, Y.; Rodgers, M.; Guensler, R. Safety impacts of bicycle infrastructure: A critical
review. J. Saf. Res. 2017, 61, 105–119. [CrossRef] [PubMed]

6. Pucher, J.; Buehler, R. Cycling towards a more sustainable transport future. Transp. Rev. 2017, 1647, 1–6.
[CrossRef]

7. League of American Bicyclists. League of American Bicyclists Where We Ride: Analysis of Bicycle Commuting in
American Cities; 2018. Avaliable online: https://bikeleague.org/sites/default/files/Where_We_Ride_2017_
KM_0.pdf (accessed on 21 November 2018).

8. Mcguckin, N.; Fucci, A. Summary of Travel Trends: 2017 National Household Travel Survey; 2018. Available online:
https://nhts.ornl.gov/assets/2017_nhts_summary_travel_trends.pdf (accessed on 27 February 2019).

9. Branion-Calles, M.; Nelson, T.; Fuller, D.; Gauvin, L.; Winters, M. Associations between individual
characteristics, availability of bicycle infrastructure, and city-wide safety perceptions of bicycling:
A cross-sectional survey of bicyclists in 6 Canadian and U.S. cities. Transp. Res. Part A Policy Pract.
2018. (In Press) [CrossRef]

10. Willis, D.P.; Manaugh, K.; El-Geneidy, A. Cycling under influence: summarizing the influence of perceptions,
attitudes, habits, and social environments on cycling for transportation. Int. J. Sustain. Transp. 2015, 9,
565–579. [CrossRef]

11. World Health Organization. Global Status Report on Road Safety 2015 Summary. 2015.
Available online: https://www.who.int/violence_injury_prevention/road_safety_status/2015/GSRRS2015_
Summary_EN_final.pdf (accessed on 27 February 2019).

12. Lopez, D.; Glickman, M.E.; Soumerai, S.B.; Hemenway, D. Identifying factors related to a hit-and-run after a
vehicle-bicycle collision. J. Transp. Health 2018, 8, 299–306. [CrossRef]

13. Sánchez-Mangas, R.; García-Ferrrer, A.; De Juan, A.; Arroyo, A.M. The probability of death in road traffic
accidents. How important is a quick medical response? Accid. Anal. Prev. 2010, 42, 1048–1056. [CrossRef]
[PubMed]

14. Benson, A.; Arnold, L.S.; Tefft, B.C.; Horrey, W. Hit-and-Run Crashes: Prevalence, Contributing Factors and
Countermeasures. 2018. Available online: https://aaafoundation.org/wp-content/uploads/2018/04/18-
0058_Hit-and-Run-Brief_FINALv2.pdf (accessed on 27 February 2019).

15. Tay, R.; Rifaat, S.M.; Chin, H.C. A logistic model of the effects of roadway, environmental, vehicle, crash and
driver characteristics on hit-and-run crashes. Accid. Anal. Prev. 2008, 40, 1330–1336. [CrossRef] [PubMed]

16. Tay, R.; Barua, U.; Kattan, L. Factors contributing to hit-and-run in fatal crashes. Accid. Anal. Prev. 2009, 41,
227–233. [CrossRef] [PubMed]

17. MacLeod, K.E.; Griswold, J.B.; Arnold, L.S.; Ragland, D.R. Factors associated with hit-and-run pedestrian
fatalities and driver identification. Accid. Anal. Prev. 2012, 45, 366–372. [CrossRef] [PubMed]

18. Aidoo, E.N.; Amoh-Gyimah, R.; Ackaah, W. The effect of road and environmental characteristics on
pedestrian hit-and-run accidents in Ghana. Accid. Anal. Prev. 2013, 53, 23–27. [CrossRef] [PubMed]

19. Zhang, G.; Li, G.; Cai, T.; Bishai, D.M.; Wu, C.; Chan, Z. Factors contributing to hit-and-run crashes in China.
Transp. Res. Part F Traffic Psychol. Behav. 2014, 23, 113–124. [CrossRef]

http://dx.doi.org/10.1016/j.tra.2011.03.001
http://dx.doi.org/10.1038/nclimate2247
http://dx.doi.org/10.3141/2393-10
http://dx.doi.org/10.1016/j.ypmed.2015.04.010
http://www.ncbi.nlm.nih.gov/pubmed/25900805
http://dx.doi.org/10.1016/j.jsr.2017.02.015
http://www.ncbi.nlm.nih.gov/pubmed/28454856
http://dx.doi.org/10.1080/01441647.2017.1340234
https://bikeleague.org/sites/default/files/Where_We_Ride_2017_KM_0.pdf
https://bikeleague.org/sites/default/files/Where_We_Ride_2017_KM_0.pdf
https://nhts.ornl.gov/assets/2017_nhts_summary_travel_trends.pdf
http://dx.doi.org/10.1016/j.tra.2018.10.024
http://dx.doi.org/10.1080/15568318.2013.827285
https://www.who.int/violence_injury_prevention/road_safety_status/2015/GSRRS2015_Summary_EN_final.pdf
https://www.who.int/violence_injury_prevention/road_safety_status/2015/GSRRS2015_Summary_EN_final.pdf
http://dx.doi.org/10.1016/j.jth.2017.10.005
http://dx.doi.org/10.1016/j.aap.2009.12.012
http://www.ncbi.nlm.nih.gov/pubmed/20441812
https://aaafoundation.org/wp-content/uploads/2018/04/18-0058_Hit-and-Run-Brief_FINALv2.pdf
https://aaafoundation.org/wp-content/uploads/2018/04/18-0058_Hit-and-Run-Brief_FINALv2.pdf
http://dx.doi.org/10.1016/j.aap.2008.02.003
http://www.ncbi.nlm.nih.gov/pubmed/18606263
http://dx.doi.org/10.1016/j.aap.2008.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19245879
http://dx.doi.org/10.1016/j.aap.2011.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22269520
http://dx.doi.org/10.1016/j.aap.2012.12.021
http://www.ncbi.nlm.nih.gov/pubmed/23357033
http://dx.doi.org/10.1016/j.trf.2013.12.009


Sustainability 2019, 11, 1327 14 of 14

20. Roshandeh, A.M.; Zhou, B.; Behnood, A. Comparison of contributing factors in hit-and-run crashes with
distracted and non-distracted drivers. Transp. Res. Part F Traffic Psychol. Behav. 2016, 38, 22–28. [CrossRef]

21. Xie, M.; Cheng, W.; Gill, G.S.; Zhou, J.; Jia, X.; Choi, S. Investigation of hit-and-run crash occurrence and
severity using real-time loop detector data and hierarchical Bayesian binary logit model with random effects.
Traffic Inj. Prev. 2018, 19, 207–213. [CrossRef] [PubMed]
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