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Abstract— This paper proposes a novel multi-objective route
planning approach within the framework of a Vehicle-to-Cloud-
to-Vehicle (V2C2V) architecture. Time and road risk index
(RRI) are both considered as metrics. To evaluate road segment
risk, an accident database from the Highway Safety Information
System (HSIS) is processed to build a comprehensive road
risk assessment model. Route planning is formulated as a
multi-objective network flow problem and further reduced to
a Mixed Integer Programming (MIP) problem. A real-world
case study, route planning through the city of Columbus, Ohio,
is presented. The Vehicle-to-Cloud-to-Vehicle (V2C2V) based
implementation of our safety-based route planning approach
is proposed to facilitate access to real-time information and
computing resources.

I. INTRODUCTION

According to a recent report [1] from the National High-
way Traffic Safety Administration, 33, 561 people lost their
lives on US roadways during 2012 and the estimated property
damage caused by auto accidents was more than 200 billion
dollars. Improvements in vehicle design and growing vehicle
connectivity and control functionality are being pursued to
improve vehicle safety. In addition, approaches to improve
highway safety using road risk assessment are being devel-
oped. In particular, the AAA Foundation for Traffic Safety
has been implementing the US Road Assessment Program
to rank road risk into five levels, helping drivers plan their
routes and assisting road agencies to improve the roads
[2]. In this paper we formulate the problem of safety-based
route planning, with the goal of guiding a driver toward
routes that present low risk of accident as well as efficient
travel. While modern vehicle navigation systems are able to
generate optimal routes in terms of travel time, distance or
fuel economy, in this paper, we augment such cost terms
with a safety-based metric.

To realize the safety based route planning, a road risk
assessment model is required. Towards this end, in this paper
data over 30, 682 road segments and 144, 821 crashes from
the Highway Safety Information System (HSIS) is processed
and used to develop a hybrid neural network model. This
model is built by partioning the raw data into three clusters
with a fuzzy C-means clustering algorithm and by training
three separate neural networks from data in each cluster.
The model accurately predicts Road Risk Index (RRI) as

This work was supported by Ford Motor Company-The University of
Michigan Alliance.

Zhaojian Li, Ilya Kolmanovsky and Ella Atkins are with the Depart-
ment of Aerospace Engineering, The University of Michigan, Ann Arbor,
MI 48105, USA {zhaojli, ilya, ematkins}@umich.edu

Jianbo Lu, Dimitar Filev and John Michelini are with Research &
Advanced Engineering, Ford Motor Company, Dearborn, MI 48121, USA
{jlu10, dfilev, jmichel1}@ford.com

a function of road geometry, traffic information and weather
conditions. In our envisioned Vehicle-to-Cloud-to-Vehicle
(V2C2V) implementation, this risk model and the route
planning algorithm will reside on the cloud to enable access
to extensive and regularly updated information as well as
computing resources.

Safety-based route planning is aimed at finding a route
with a minimum composite cost, which in this paper is
based on the travel time plus weighted RRI. Cost function
weights are driver-specific and reflect driver preferences.
As we demonstrate in this paper, this problem is a multi-
objective optimization problem that reduces to a Mixed
Integer Programming (MIP) problem. A real-world route
planning from Scioto Downs Inc, Ohio to Delaware, Ohio
is used to demonstrate planning functionality.

The remainder of the paper is organized as follows. Sec-
tion II discusses the V2C2V architecture. Section III presents
a road risk assessment literature review and develops a neural
network-based risk assessment model. Model sensitivity to
changes in inputs are analyzed and conclusions on RRI
dependence on various factors are drawn in Section IV.
The safety-based route planning problem is formulated as
a Mixed Integer Programming (MIP) problem in Section V.
A real world case study is presented to illustrate the safety-
based route planning in Section VI. Section VII concludes
the paper.

II. V2C2V-BASED ARCHITECTURE

The proposed safety-based route planning functionality is
envisioned within the framework of a V2C2V architecture.
Interest in cloud computing has increased recently because
of improved connectivity and a cloud’s capacity to rapidly
perform complex computations, provide storage capacity and
just-in-time service with pay-as-you-go pricing [3], [4], [5].
In our proposed V2C2V route planning architecture, safety
is factored into planner decisions as illustrated in Fig. 1. As
in other V2C2V applications, vehicles communicate with the
cloud through a wireless channel. The user initiates planning
by providing the origin (current position by default), the
destination, preferences that inform RRI weights and Vehicle
Identification Number (VIN). If the driver fails to follow the
planned route, the vehicle keeps sending its GPS coordinates
to the cloud so that the planner can replan and update the
routes accordingly. On the cloud, we have a RRI database
which is generated by our RRI model (see Section III). The
planning algorithm also uses real-time traffic information,
which can be obtained from transportation agencies. For
example, INRIX XD Traffic delivers services with detailed
traffic speeds every 800 feet (250 meters) across 4 million
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Fig. 1. Architecture of cloud-aided safety-based route planning.

miles of roads in 37 countries [6]. A road database contains
the abstracted network representing the roads. According to
the origin, destination and real-time GPS information from
the vehicle, the planner on the cloud extracts corresponding
road information from the road database and real-time traffic
and weather data, and then plans an optimal route with an
optimization algorithm. After the computation of the route
is completed, the cloud sends a sequence of nodes back to
the vehicle to guide the vehicle.

The proposed architecture has the following benefits de-
rived from exploiting cloud computing. First, safety-based
route planning is a multi-objective network flow problem
which is NP-hard. A cloud implementation greatly facilitates
real-time computations, as well as avoiding the overhead
of installing high-performance computing resources onboard.
Secondly, the road and RRI data can be stored in a cloud
database that can be easily maintained and updated. The
V2C2V implementation does not require large storage on-
board. Last but not least, the cloud architecture facilitates
accessing and sharing real-time traffic and weather informa-
tion.

Below, we develop a model to predict road risk and
then present our multi-objective safety-based route planning
algorithm.

III. ROAD RISK MODELING

A. Road risk index

A natural way to model the risk level of a road segment
is with a crash rate (e.g., number of accidents per year).
However, this method has two deficiencies: it cannot be used
for roads with no historical crash data, and it is not able to
predict the dependence on changing factors such as traffic
density or weather conditions.

In the past two decades, a different approach based on a
Road Risk Index (RRI) has emerged. De Leur and Sayed
studied a driver-based subjective assessment of existing road
risks [7]. Objective statistical crash prediction models have
also been developed. Miaou and Lum proposed a Poisson
Regression Model [8] and Wu presented a Quantile Re-
gression method [9]. These statistical models relate crash
counts to influencing factors such as road geometries, traffic

information etc. These models can be used to predict crash
rate, generate road risk indices and improve the road design.
In this paper, a data-driven RRI model based on Neural
Network data fitting is developed.

Road Risk is often modeled as a function of exposure,
crash rate and severity [7], [9]. Exposure represents the
amount of activity in which the crash may occur; Vehicle
Miles Traveled (VMT) is the most common measurement
of exposure. Crash rate is the number of crashes per unit
of exposure. It is proportional to the probability of a crash.
Crash severity reflects the consequence of crashes in terms
of injuries and property damage. Crash severity is officially
classified into three categories: fatality, injury, and property
damage only [1]. Since we develop road risk index for
individual drivers, we only consider crash rate and severity
in defining RRI so that

RRI(i) = F(
∑

j=1,2,3

nijSj/AADTi), (1)

where i is the road segment number; RRI(i) is the risk index
of road segment i; j = 1, 2, 3, represents the severity level
of fatality, injury and property damage only. respectively;
nij is the predicted number of accidents of level j to occur
over road segment i in a certain period of time, e.g., during
one year; Sj is the cost of an accident of type j; and
F(·) is a function that scales the cost of most homogenous
segments to an index between 0 and 10. Based on a report
from the Bureau of Transportation Statistics (BTS), the
averaged costs of a fatality, injury, and property damage
accidents are S1 = $4, 113, 956, S2 = $144, 291, and
S3 = $6, 783, respectively. The AADTi in (1) represents
the annual average daily traffic on the road segment i. In
this paper a linear function F(x) = x/10. is used.
We will next develop a data-driven model to predict the
number of accidents nij as a function of road segment
geometry, traffic conditions and weather conditions.

B. Crash Prediction Model

In this research, road and crash data from the Highway
Safety Information System (HSIS) [10] is utilized to develop
a crash rate prediction model. The HSIS has a multi-state
database that contains crash, roadway inventory, and traffic
volume data for a select group of States (Washington, Cali-
fornia, Minnesota, Illinois, Ohio, Maine and North Carolina).
Crash data and road information for Ohio from 2006 are
used to develop the model. The Ohio data system provided
by HSIS includes the following basic files:

• Accident data (accident, vehicle and occupant),
• Roadway inventory file,
• State supplemental inventory, containing curve and

grade data.
The accident data are recorded case-by-case. Separate files

containing vehicle and occupant information can be linked
to accident data for specific cases using the accident case
number. The accident data can also be linked to the Roadlog
file using three common variables: county, route number,
and milepost. Unlike an accident file, each record in the
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Fig. 2. Neural network for crash rate prediction.

Fig. 3. A hybrid neural network model.

Roadlog file contains information on a homogeneous section
of the roadway (i.e. a stretch of road that is consistent in
terms of certain characteristics), with each new section being
defined by a new beginning reference point. Each record
on this Roadlog file contains current characteristics of the
road system including surface type and width, shoulder and
median information, lane information, etc.

Based on the database, information on 30,682 homoge-
neous road segments and 144,822 accidents for the year 2006
in Ohio were processed and nine features were extracted as
inputs to the model. These features are road roughness, speed
limit, segment length, number of lanes, annual average daily
traffic (AADT) per lane, width per lane, grade, curve, and
weather. These features and ranges in the database we used
are specified as follows:

• Pavement Roughness is defined as the International
Roughness Index (IRI). Generally, a road segment is
smooth if its IRI is under 100 and rough if its IRI is
above 180. It varies from 33 to 548.

• Speed limit is the officially marked speed limit of the
road segment in mile per hour (mph). Speed limit varies
from 20 to 65 mph.

• Segment length represents the length of a homogenous
road segment in miles. It varies from 0.01 to 16.97
miles.

• Number of lanes represents the total number of lanes in
both travelling directions. The range is from 1 to 11.

• Annual average daily traffic per lane reflects average
traffic density. AADT varies from 5 to 55,765.

• Width per lane is the lane width in feet. It varies from
8 to 45 feet.

• Curvature is the maximum degree of curvature in that
road segment. An n-degree curve turns in the forward
direction by n degrees over 100 ft. Curvature ranges
from 0 to 270 degrees.

• Grade represents the largest grade over the road segment
in percent, which is the tangent of the angle of inclina-
tion times 100. Grade ranges from 0 to 20 percent.

• Weather is classified as no-adverse, rain, snow, fog and
heavy wind.

With nine influencing factors, we now build a neural
network model mapping these nine factors to the number
of accidents of each type. This neural network is illustrated
in Fig. 2.

Note that currently the 9th attribute (weather) is not used
as an input to the network as this attribute is a categorical
variable and complicates neural network training. Instead we
introduce a correction for weather as follows. By processing
raw accident data, we determine that the average number
of daily accidents in Ohio in 2006 were 367.89, 452.68,
409.58, 415.32 for no-adverse, snowy, foggy and rainy days,
respectively. The average numbers of daily accidents over
all weather conditions was 396.77. The correction factor is
then the ratio of number of accidents at specific weather
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conditions to total number of daily accidents. For instance,
if we obtain a RRI of 4.5 for a segment from the neural
network model and it is currently snowy or predicted to be
snowy, then the RRI is corrected to

4.5× 452.68

396.77
= 5.13.

C. Neural network model

A neural network model with 20 neurons in the hidden
layer was developed. A total of 30,682 input-output samples
were available. 70 percent of the samples were used to
train the neural network and 15 percent were reserved for
validation and testing. The model quality is measured by
mean square error (MSE) and regression R value. The
R value is an indication of the relationship between the
modeled outputs and targets (actual outputs in the training
dataset). The MSE is 9.21 and the regression R value is
0.80. To further improve the model, a hybrid neural network
architecture is considered next.

D. Hybrid neural network model

A hybrid neural network scheme is shown in Fig. 3. To
develop it, the raw input-output data were first partitioned
into three clusters with a fuzzy C-means clustering algorithm.
Then for each cluster a separate neural network model was
developed. While the performance of the separate neural
networks is similar in terms of MSE, the regression R
value is improved. The MSE and regression R values of the
three networks, respectively, are (9.3, 0.857), (8.9, 0.833)
and (9.4, 0.824). To compute the output of the hybrid
neural network model, we first compute the Euclidean norms
(distance) between the input and cluster centers. Then we
apply the neural network corresponding to the minimum-
distance cluster. As a result, accident rates of each type can
be predicted and the risk index can be generated using (1).

Remark 1: The model can be extended to reflect the
dependence on the time of day by applying a correction
factor, that corresponds to proportion of daily traffic in a
given time window during the day, to AADT per lane.

IV. MODEL SENSITIVITY ANALYSIS

In this section, we analyze the sensitivity of RRIs to
changes in the inputs around nominal values. The nominal
road segment corresponds to 150 IRI, 55 mph speed limit, 1
mile length, 2 lanes, 2700 AADT per lane, an 18 feet lane
width, 13.5 degrees of curvature, 3 percent grade and no-
adverse weather. By varying each variable one at a time, we
obtain the results in Figs. 4-10.

From Fig. 4, we find that the risk index varies little when
IRI is under 200 and it increases abruptly for IRI above 200.
Fig. 5 shows that segments with a speed limit between 35
and 55 mph have the lowest risk index. Fig. 6 shows that
the risk index increases almost linearly as the segment length
increases. Fig. 7 indicates that segments with more lanes tend
to carry higher risk. This result assumes that the AADT per
lane is fixed at a nominal value. More lanes thus correspond
to more traffic and thus higher risk. Fig. 8 shows that as

AADT per lane increases, the risk tends to first decrease and
then increase between 8,000 and 15,000. This is reasonable
given that RRI in (2) is proportional to the probability of
having an accident. As a result, more traffic may lead to
more total accidents but lower probability of an accident for
any particular vehicle. Fig. 9 indicates that the wider the
lane, the safer is the road segment. Fig. 10(a) shows risk is
first decreasing and then increasing with curvature and Fig.
10(b) shows that higher slope lead to higher risk.

Note that the model has been developed for homoge-
neous road segments, in which the number of lanes, lane
width, speed limit etc, do not change. The homogeneous
road segments are atomic, i.e., any route is composed of
these segments. However, for the purpose of route plan-
ning, it is more convenient to represent road segments as
edges between intersections, where each edge may consist
of multiple homogeneous segments. The RRI of an edge
between intersections can be obtained by summing RRIs
for in-between homogeneous segments. Note that for those
edges that include only a part of a homogeneous segment,
according to Fig. 6, we can add the RRI according to the
proportion of the homogeneous segment included.

V. SAFETY BASED ROUTE PLANNING

A. Problem Formulation

Route planning is a network flow problem. A road network
can be modeled as a directed graph as shown in Fig. 12(a).
Intersections and road segments are abstracted as nodes and
edges, respectively, in this directed graph. Safety-based route
planning is a multi-objective (time, risk) graph traversing
problem. The goal is to find an optimal route that minimizes
a weighted sum of cumulative travel time and RRIs. The
problem can be abstracted as follows.

Problem 1: For a directed graph G = {V,E}, where V
is the set of vertices and E is the set of edges, we assign
each edge ei,j a pair (ti,j , ri,j), where i, j ∈ V are two
adjacent vertices; ei,j ∈ E represents an edge from i to j;
the pair (ti,j , ri,j) represents expected travel time and RRI
of ei,j , respectively. Let s and d be the start and destination
vertices, respectively. We denote by P the set of all paths
from s to d, where a path P is a sequence of vertices from
s to d, i.e., {s, v1, v2, . . . , vn, d}. The problem is to find an
optimal route that minimizes the following cost function,

min
P∈P

ts,v1+tv1,v2+· · ·+tvn,d+α×(rs,v1+rv1,v2
+· · ·+rvn,d),

(2)
where α is the weight on cumulative RRI reflecting the driver
preferences of safety.

B. Optimal route planning by Mixed Integer Programming

The objective of safety-based route planning is formulated
in (2). In this paper we employ Mixed Integer Programming
(MIP) to solve this problem. For each edge ei,j , we assign
a binary decision variable xi,j ∈ {0, 1} which determines if
the edge is travelled, and we redefine the problem as follows,

J =
1

2

∑

ei,j∈E

xi,jti,j + αxi,jri,j → min
xi,j

(3)
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Fig. 4. RRI dependence on road roughness. Fig. 5. RRI dependence on speed limit. Fig. 6. RRI dependence on road segment length.

Fig. 7. RRI dependence on number of lanes. Fig. 8. RRI dependence on AADT per lane. Fig. 9. RRI dependence on width per lane.

(a) Curvature dependence (b) Grade dependence

Fig. 10. RRI dependence on curvature and grade.

subject to: ∑
es,v∈E

xs,v = 1, (4)
∑

ev,d∈E
xv,d = 1. (5)

∑
ei,j∈E

xi,j =
∑

ej,k∈E
xj,k, ∀j ∈ V, j �= s& j �= d.

(6)
Constraints (4) and (5) imply that there is only one edge in
the path from the start node and only one to the destination.
Constraint (6) dictates that each vertex in-between has the
same number of incoming and outgoing edges.

We use Cplex to solve the above problem.

VI. ROUTE PLANNING CASE STUDY

In this section, we consider a real world route planning
case study. As illustrated in the Google Maps snapshot in
Fig. 11(a), our goal is to plan a route from Scioto Downs Inc,

Ohio to Delaware Ohio. To plan the route, we first abstract
the road network in a graph as in Fig. 12(a). Nodes represent
intersections of main roads included in the database. For
example, node 2 represents the intersection of Route 23 and
Interstate 270. The goal is to find a path from node 1 to node
29 with a minimum cost specified in (2). For each edge, we
define a pair of metrics (ti,j , ri,j), the expected travelling
time and RRI respectively. The expected travelling time is
measured using Google Map at 11:36 PM, 02/18/2014 EST.
The RRIs are generated using the model we developed in
Section III. To accomplish this, we link the road segments
in the map to the corresponding homogenous road segments
in the HSIS database according to the county, road number
and milepost.

Fig. 11(a) and Fig. 11(b) represent solutions computed by
Cplex for α = 0 and α = 0.2, respectively.

When α = 0, the Cplex results match the Google Maps
result shown in Fig. 11(a) as expected. The optimal time
route is 1-2-3-9-14-18-24-27-29. The expected traveling time
is 42 minutes and the total risk index is 161.89. The final
cost is J = 42 + 161.89× 0 = 42.

When α = 0.2, the optimal route is 1-2-3-9-14-15-20-26-
28-29, as visualized in Fig. 11(b). The expected travelling
time is 44 minutes and the total risk index is 103.57. The
final cost J = 44+0.2×103.57 = 64.71. This second route
has 36% less risk than the first route but requires 2 additional
minutes of travel time.

The above example showed that a “safe” route can be
different than a fast route. We now show that real-time factors
such as weather and traffic can also lead to different optimal
routes. Suppose it is snowing in east Ohio as seen in the
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(a) α = 0. (b) α = 0.2.

Fig. 11. Optimal routes with different αs.

(a) Abstracted road network map. (b) Roads with local snow to the
east.

pink area of Fig. 12(b). As discussed in Section III, the
RRIs in the affected roads are corrected using a correction
factor β = 452.68

396.77 , where 452.68 and 39.77 is the average
daily accident in snowy days and normal days, respectively.
With the updated RRIs (in red in Fig. 12(b)) and same
driver preference α = 0.2, the optimal route generated with
Cplex changes to 1-2-3-9-14-18-24-25-27-29. We note that
real time factors like accident, road construction and traffic
can be considered similarly.

VII. CONCLUSIONS AND FUTURE WORK

In this paper a novel safety-based route planning approach
has been proposed that optimizes over both travel time and
accident risk metrics. Advantages of its V2C2V implementa-
tion include access to extensive computational and database
resources not available onboard. We have demonstrated that

a hybrid neural network model can be developed to model
road risk index based on the available accident data. A sen-
sitivity analysis of this model has been performed showing
reasonable trends.

Real world case studies have been considered that demon-
strate changes in the route when safety is included in
the optimization . We have also illustrated how real-time
information such as weather predictions can be utilized in
route planning and affect the results.

Future extensions include improving the RRI model fi-
delity to reflect other factors such as time of the day, day of
the week, particular vehicle conditions (e.g., age, tire type,
etc) and expanding the system to offer additional advisory
information such as recommended travel speed or best lane
to follow.
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