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Abstract:

In this work, we propose a city scale path planning framework when edge weights are not fixed and are
stochastically defined based on the mean and variance of travel time on each edge. Agents are car drivers
who are moving from one point to another point in different time of the day/night. Agents can pursue two
types of goals: first, the ones who are not willing to take risk and look for the path with highest probability of
reaching destination before their desired arrival time, even if it may take them longer. The second group are
the agents who are open to take a riskier decision if it helps them in having the shortest en-route time. In order
to scale the path planning process and make it applicable to city scale, pre-computation and approximation
has been used. The city graph is partitioned to smaller groups of nodes and each group is represented by one
node which is called exemplar. For path planning queries, source and destination pair are connected to the
respective exemplars correspond to the direction of source to destination and path between those exemplars is
found. Paths are stored in distance oracles for different time slots of day/week in order to expedite the query
time. Distance oracles are updated weekly in order to capture the recent changes in traffic. The results show
that, this approach helps in having a scalable path finding framework which handles queries in real time while
the approximate paths are at least 90 percent as good as the exact paths.

1

INTRODUCTION

This paper focuses on a practical scalable algorithm
for stochastic path planning under congestion. The
approach uses stochastic path planning framework
and improves the query time utilizing pruning, graph
clustering, pre-processing and approximation techniques.
In modeling a city scale graph, congestion
changes throughout the day which results in having
uncertain costs on the road segments (Nikolova, 2010;
Geisberger et al., 2012; Rus, 2020). In the stochastic path planning framework, the city is modelled as
a graph and the graph’s edge weights are the mean
and variance of a travel time random variable on each
edge. Two types of agents have been modelled: a) the
ones that look for the path with highest probability
of reaching destination before a desired arrival time,
and b) the agents who look for the smallest en-route
time. A path planner satisfies the agents’ goals by
minimizing the path costs over the travel time random variable. To make it clearer, one good example
of these kind of agents’ goals is in the context of a
package delivery system. For example, suppose that
we guarantee the delivery of a package by 4 PM, oth-

erwise the customer doesn’t accept the delivery and
we lose the shipping costs. In that case, we are interested in picking a path that has the highest chance
of reaching destination before the deadline to avoid
losing the shipping cost. The other possible case is
delivering perishable products. For example, if we
promised the delivery of perishable products before 6
PM to the customers, we are interested to pick a path
that has the shortest en-route time due to the nature of
our package. In this case, we are flexible in leaving
anytime, but we do need to have the shortest en-route
path while still making the destination before 6 PM.
The main objective of this work is to minimize
the query time in order to handle the large scale of requests in the real world domain. In the scalable path
finding, the whole idea is to find small (region based)
clusters in the city graph and get an exemplar of each
cluster that is used to represent the nodes of that cluster. Then instead of planning a path from a source
node to the destination node, we connect each node
to the closest exemplar aligned with the direction to
the destination and find a path between exemplars. In
pre-processing phase, all of the paths from every pair
of exemplars for every time slot of each day of the
week is being stored in distance oracles. Therefore,
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in the query time, a source and destination are connected to their corresponding exemplar, and the path
from two exemplars is retrieved.
Our data is the historical traffic logged data of
one year and distance oracles are being updated every week with respect to the preceding 12 months in
order to reflect the recent traffic pattern changes such
as seasonality, events, and weather condition on the
congestion of each edge. Changes on the city network
traffic is represented as mean and variances of travel
time on edges. While mean shows the average traffic
on the edge, variance reflects how far the values are
spread out from their average value with respect to all
of the changes and uncertainties in network congestion.

2

LITERATURE REVIEW AND
CONTRIBUTION

There are few approaches on solving the stochastic
path planning problems in scale. One approach is
to calculate the optimal a-priori path in query time.
Nie and Wu (Nie and Wu, 2009) proposed a multicriteria label-correcting algorithm by generating all
non-dominated paths based on the first-order stochastic dominance (FSD) condition. While the algorithm provides an approximate solution in pseudopolynomial time in the best case, the solution is exponential in the worst-case run time since the number of FSD non-dominated paths grows exponentially
with network size. Nikolova et. al. (Nikolova, 2010)
showed how to solve the problem in nlog(n) time when
the link travel time distributions are Gaussian.
The second approach selects the best next direction at each junction using local information such as
transit nodes (Bast et al., 2007) and SHARC (Bauer
et al., 2016). Fan et al. (Fan and Nie, 2006) used
stochastic dynamic programming problem and solved
it using a standard successive approximation algorithm. On road networks with cycles, their algorithm
has no finite bound on the maximum number of iterations to converge. Samaranayake et al. (Samaranayake et al., 2012) presented a label-setting approach to speed up the computation based on zerodelay convolution, and localization techniques for determining an optimal order of policy computation.
While this approach enhances the run time, it is still
too slow to be implemented in scalable navigation
systems. In a real world path planning, it is not practical to use an adaptive algorithm which selects the
best next direction at each junction due to urgency in
having a quick and fixed response to the queries.
The other speed up technique in scalabale path

planning utilizes bi-directional search. Algorithms
such as contraction hierarchies (Geisberger et al.,
2012) and arc-flags (Bauer et al., 2016) use bidirectional search in pre-processing. However, speedup
techniques that rely on bidirectional search are not applicable to the stochastic path planning problem, because the final and intermediate solutions are a function of the remaining time budget and remaining time
budget is not deterministic. When performing a bidirectional search, the reverse search needs to stochastically estimate the time budget at each step, hence bidirectional search might never converge (Sabran et al.,
2014).
Another technique for speeding up the stochastic
planning process is pruning the search region which
are used in ’reach’ and ’arc-flags’. In reach (Gutman, 2004), a node is expanded if its reach value is
larger than some amount. To have a high value of
reach, a vertex must lie on a shortest path that extends a long distance in both directions from the vertex. Arc-flag acceleration method (Bauer et al., 2016)
uses a partition of the graph to pre-compute information on whether an arc is useful for a shortest path
search by dividing the graph into a set of regions and
a Boolean vector representing each region which the
value is true if the edge is used by at least one path
ending in the corresponding region. During the preprocessing phase, any edge without the Boolean corresponding to the region that the destination belongs
to is pruned from the graph. One of the major limitations of both mentioned methods is it takes a long
time to reflect any possible change of the network
due to the vast amount of computation, even in preprocessing phase.
Lim et. al. (Rus, 2020) showed how to solve
the scalable stochastic path finding in Θ(nlogn ) time
where n is number of nodes in the network and when
travel time distributions are Gaussian. They provide a
method that answers stochastic shortest-path queries
using a data structure that occupies space roughly
proportional to the size of the network utilizing precomputation and distance oracles. Their approach is
quasi-polynomial with a rate of growth between polynomial and exponential.
In this work, we propose a framework that can
answer large scale stochastic path planning queries
in real time using graph clustering, pruning, precomputation, and approximation. The framework first
finds the suitable way of clustering the city among
community-based methods, clustering and grid-based
methods. It also handles two types of agents’ goals:
a) agents with the goal of getting the paths with maximum probability of reaching destination before their
deadline, and 2) agents that look for the path with
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shortest en-route time. The framework reflects the
changes of traffic in different time slots of a day
in each days of the week and pre-computed paths
are updated every week in order to reflect the recent
changes. It is computationally efficient as it leverages
the pre-computation step and hence provides acceptable accuracy in comparison to exact paths.

3

FRAMEWORK

The whole idea of scaling the path planning process
is to cluster the city to smaller parts and get an exemplar of each cluster that can represent the nodes
of the cluster. Then instead of planning a path from
each source node to a destination node, we connect
each node to one of the neighboring exemplars and
find path between the exemplars.

3.1

Open Street Map

For building the city graph, we used Open Street Map
data (Frederik Lardinois, 2011). Open Street Map
is a free editable map with data structure including
nodes (a single point defined by latitude and longitude), ways (list of nodes), and relations (which relates two or more data elements like a route, turn restriction, traffic signal or an area). Open Street Map
represents physical entities on the ground like buildings, roads, intersections, bridges and so on. It uses
the basic data structure of entities and tags for describing the characteristics of that entity.

3.2

Modeling City and Edge Weights

We model the city as a weighted directed graph including a set of vertices (V ) representing road intersections and edges (E) representing road segments
connecting vertices. Edge weights are represented as
a tuple of mean and variance of the expected travel
time on each edge which follows an independent
Gaussian random variable (Ahmadi and Allan, 2017;
Rus, 2020).
For finding the mean and variance of the expected
travel time on edges, we summarize yearlong traffic
data in 10 minutes time segments for each day of a
week on Salt Lake City, Utah. The monitored traffic data is from Utah Department of Transportation
(UDOT) (Utah Traffic, 2020) which is logged in 10
minute basis.
We assume edge weights are independent. If we
want to consider stochastic dependency between adjacent edges, one way is to transform the graph and
add extra edges between dependent edges. Here, we
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don’t transform the graph and the assumption is, the
dependence between edges affects the variance of the
consecutive edges. For example, if edge A, has strong
dependency with edge B and congestion on edge A
causes congestion on edge B, then the variance on
edge B is high enough to represent this dependence
(Rus, 2020; Nikolova, 2010; Niknami and Samaranayake, 2016; Ahmadi and Allan, 2017).
The mean of a path is the sum of the means of
all edges included in the path (Equation 1) which t is
query time and δ is the time takes to reach to any edge
from query time.
m path (t) =

∑

me (t + δ)

(1)

e∈path

(Equation 2) shows how to calculate the variance of
the path. Since we assume edge weights are independent from each other, then cov(Xi , X j )=0 for i 6= j and
Equation 3 is the result. Based on Equation 3, the
variance of a path is the sum of variance of all edges
included in the path shown in Equation 4 (Rus, 2020;
Nikolova, 2010).
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∑

ve (t + δ)
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For finding the mean and variance of a path, sliding
time window has been considered to imply the cost of
each edge in the path depends on the amount of time
that took to reach it, not just the initial departure time.
For example, if we look at the path at time a and take
δ to reach the forth edges, the cost of the forth edge is
considered at the time of a + δ.

3.3 Agents
Agents are car drivers which can pursue different
goals: First, the ones who are not willing to take
risk and look for the path with highest probability
of reaching destination before a desired arrival time,
even if it may take them longer. Secondly, the agents
who are open to take a riskier decision if it helps them
in having the shortest en-route time. These agents
are flexible in leaving anytime while they still need
to make the trip. We can technically model any type
of agents’ goals, hence, we picked these two goals as
they have interesting characteristics in path planning
domain and some other goals can be incorporated in
their formulations.
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3.4

Base Path Planning Framework

For path planning, the goal is to find the path between
two nodes of the city graph that satisfies the agent’s
goal with the minimum cost associated with it. The
first step is to find the set of candidate paths that can
possibly satisfy the agents’ goals as considering all of
the paths between two nodes is computationally intractable (3.4.1). Then, from those paths, we select
(path selection) the one with the least cost aligned
with the goal of the agents (3.4.2).
3.4.1

Pruning

In a city scale graphs, there are many paths between
two nodes and considering all of them is not computationally tractable. Therefore, a pruning step is needed
in order to consider the paths with the closest characteristics to the agents goals and query’s deadline. For
finding the candidate paths between source and destination, we start from the source node and expand
until we reach the destination. In expansion phase,
we utilize a heuristic based on the approximate path
from that node to destination which tells us whether
the mean of the approximate path is greater than the
provided deadline in query time or not. And if it is
greater, then the node is not expanded.
The approximate path from a node N to destination D uses the exemplars of the graphs. We partition
the graph and each partition includes a set of nodes
and it is represented by its exemplar which is the node
with highest traffic in the partition. Partitioning the
city graph and getting the exemplars are discussed in
details in 3.5. After finding the partitions and getting
the exemplars, we run A* (Hart et al., 1968) algorithm
on exemplars instead of all the nodes from source to
destination. In each step of A*, the next exemplar is
picked based on the smallest g(n) + h(n) value, where
g(n) is the shortest-length path from current exemplar
to the neighboring exemplar. For estimating h(n), we
use the direct distance heuristic from the neighboring
exemplar to the destination. Shortest-length paths between adjacent exemplars are pre-computed and they
are retrieved to build the approximate shortest-length
path. Figure 1 shows the approach.
3.4.2

Paths Cost Definition and Selecting Best
Path

The basis of path cost definition and path selection approach is extended from (Ahmadi and Allan, 2017).
In modelling city graph, edge weights are represented
based on mean and variance of the traffic flow on
those edges. Hence, paths are represented as nodes
(m p ,v p ) in the mean-variance plane. When we have

Figure 1: Finding an approximate shortest-length path from
N (a middle node in expansion) to destination D using A∗
algorithm through exemplars. Red circles are exemplars.
g(n) is the shortest-length path from current exemplar to
the neighboring exemplar. h(n) is the heuristic of direct
distance from neighboring exemplar to destination.

the candidate paths between two nodes, a cost function is used to model the cost of each path in expected
cost formula shown in Equation 5. The goal is to pick
the path with minimum cost. Path cost minimization
is a reward function here in order to make the planner take informed decisions in picking the best path
which is aligned with agents’ goals.
For modelling paths’ costs, we used step cost
function, but generally any type of cost function can
be used in 5 to estimate the expected cost of a path.
Step cost function considers the cost in the interval of
[−∞, d] as zero and wants to penalize the agent if it
reaches the destination after deadline. In 5, t path is the
expected arrival time of the path and d is the deadline
the agent has to make.
expected cost = Cost(t path , d) ∗ f path (t path |m, δ2path )
Z +∞

=
−∞

u(t − d) f path (t path )dt path =
Z +∞
d

f path (t path )dt path

(5)

Based on 5, the whole cost is equal to the Cumulative
Density Function (CDF) of Standard Normal Distribution. CDF generates a probability of the random
variable (travel time in this case) when distribution
is normal to be less than a specific value which is d
(deadline) here. Then, maximizing the Θ value, ultimately results in having a path that maximizes the
probability of reaching the destination before deadline (shown in equation 6) which is aligned with the
first type of agents goal mentioned above.
deadline − m path
(6)
√
v path
The second type of agents’ goal is to look for the
shortest en-route time while still the agent reaches
destination before deadline. Therefore, we need to
select a path that provides shortest en-route time. In
equation 6, we can re-write the deadline as the difference of desired arrival time and departure time. Desired arrival time is fixed, but departure time is flexible. Therefore, we can transform the equation 6 to
Θ(path) =
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equation 7 and all we need to do is to minimize the
left-hand side of 7. In 7, φ is the argument of Gaussian CDF that makes the CDF equal to the probability
of making the trip before deadline which in our case
is 90 percent.
desired arrival time − departure time =
√
m path + Φ(path) ∗ v path
i f departure time ⊂ [τ1, τ2] (7)
For finding the best departure time, first step is to find
what is the latest possible departure time (τ2 ) that if
the agent departs by that time, it still can make the
trip before deadline. Then, considering the query time
as the earliest possible departure time as τ1 , the interval of [τ1 , τ2 ] is the time frame that includes the best
departure time. Then, we divide the interval to 10minute segments and for each segment, the path that
minimizes the equation 7 is selected. Afterward, we
pick the ”time segment” which has the minimum cost
path (based on 7) in comparison to other time segments. The found minimum cost path with this approach, is the path that has the least en-route time.

3.5

City Graph Clustering

For partitioning the city graph, we investigate three
possible approaches: 1) using community detection
methods, 2) unsupervised learning (clustering), and
3) manually dividing city graphs (grid-based). After
partitioning the city graph, the exemplar of each partition is the node with highest traffic for that region.
3.5.1

Community Detection Methods

Community structure refers to the group of nodes in
a network that are more densely connected internally
than with the rest of the network. The goal is to put
each node into one and only one community. Depending on the type of the community detection methods,
the city graph can be partitioned differently. For our
use case, the goal is to see almost evenly distributed
partitions. Details on how many partitions are needed
are explained here 4.1. We tried many community detection methods on the graph of Salt Lake City and
among them all, Infomap (Edler et al., 2017), Leading Eigenvector (Ruaridh Clark, 2018), Label propagation (Garza and Schaeffer, 2019), and Multilevel
(Yang et al., 2016) methods are the ones with better
results for our case.
Infomap. In Infomap (Edler et al., 2017), community is defined as a group of nodes among which information flows quickly. Using the Infomap algorithm, the network is decomposed into modules by
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their probability flow of random walks in a way that
a random walker spends a long period of time in one
module before departing for another module. To find
the best such partition, the traffic flow over the all
possible partitions is minimized to find the best set of
partitions. As Figure 2 shows, Infomap found 22929
communities on total of 56753 nodes of main nodes
of Salt Lake City, Utah. Community sizes are in the
range of 2 to 5 with majority of them with size 2.

Figure 2: Infomap community detection approach on the
main nodes of OSM data from Salt Lake City.

In Infomap, basically a random walker exploring the
network with the probability that the walker transitions between two nodes given by its Markov transition matrix. Since our graph is a city graph which
is planar and all nodes are connected to each other,
the random walker easily walk from one region to another. That’s why, the formed communities are composed of few nodes.
Leading Eigenvector. A good community is when
the edges inside the group are dense while the number of edges outside the group is significantly smaller.
This notion is called modularity. Leading Eigenvector
approach (Ruaridh Clark, 2018) is based on maximizing the ’modularity’ over possible divisions of a network in terms of the eigen-spectrum of the modularity
matrix in order to detect communities. Spectrum of a
matrix is the set of its eigenvalues.
As it can be seen from Figure3, using the Leading
Eigenvector approach, we got the total of 21 communities with 48398 of nodes in one community which is
the main area of the Salt Lake City. Based on the distribution of result, this method is not an appropriate
method in our case due to uneven city partitioning.
Label Propagation. In Label propagation (Garza
and Schaeffer, 2019) every node is initialized with a
unique label, and at every step each node adopts the
label of most of its neighbors. In this iterative process,
densely connected groups of nodes form a consensus
on a unique label to form communities. Label propagation gives us 2007 communities on the 56753 main
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Figure 5: Left: Distribution of communities in Multilevel
approach. The dots represent communities.
Figure 3: Distribution of communities in Leading Eigenvector approach.

nodes of Salt Lake City graph with the distribution as
shown in figure 4. The distribution looks like a truncated normal distribution, having most of the community sizes of the range of 10 to 40 which makes this
approach a good candidate for our case.

Figure 4: Left: Distribution of communities in Label Propagation approach. The dots represent communities.

Multilevel. Multilevel (Yang et al., 2016) approach
proposes a heuristic-based method that is based on
modularity optimization. Based on modularity optimization, a good division of a network into communities is when the edges inside the group are dense
while the number of edges between groups is significantly lower.
The algorithm is divided in two phases that are repeated, iteratively. It first starts with assigning a different community to each node of the network. Then,
for each node i and its neighbors, the gain of modularity is calculated by removing i from its own community and by placing it in the community of j. The
node i is then placed in the community for which this
gain is maximum but only if this gain is positive. If
no positive gain is possible, i stays in its original community. This process is applied repeatedly and sequentially for all nodes until no further improvement
can be achieved and the first phase is then complete.
It gave us 157 communities on 56753 main nodes of
Salt Lake City (Figure 5).

3.5.2

K-means Clustering

Graph clustering is the task of grouping the vertices of
the graph into clusters. Generally, a cluster refers to
a collection of data points aggregated together due to
the certain similarities using unsupervised methods.
There are various clustering methods to be used on
graphs and in this work, we used k-means.
The K-means clustering (Macqueen, 1967) aims
to partition n observations into k clusters in which
each observation belongs to the cluster with the nearest mean of distance, serving as the centroid of the
cluster. The K-means algorithm starts with a first
group of randomly selected centroids, which are used
as the beginning points for every cluster, and then performs iterative calculations to optimize the positions
of the centroids. It ends when there is no change in the
value of centroids or the defined number of iterations
has been achieved.
In K-means, for determining the optimal K (the
number of clusters), we used ’elbow’ method (Macqueen, 1967) which fits the model with a range of
values for K and looks at the percentage of variance
inside clusters versus the number of clusters. If the
point of inflection on the curve is seen, then it is a
good indication that the underlying model fits best at
that point. After clustering the city graph using kmeans method, the node with highest traffic in that
region is used as exemplar of the nodes in that cluster.
As Figure 6 shows, K-means gives us the total of 151
clusters.

Figure 6: Left: Distribution of main nodes in each cluster of
K-means clustering approach. Right: Visualization of clusters on Salt Lake City. Each color represents one cluster.
Red points represent main ways of the city.
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Figure 7: Left: Distribution of main nodes in each partition.
Right: Visualization of partitions on Salt Lake City. Each
color represents one partition.

3.5.3

Grid based City Partitioning

In this approach, we partition the city based on a simple gird of 10 * 15 to have 150 partitions. Figure 7
shows the distribution of partitions. Grid based partitioning is used as a baseline in our experiments as it
provides almost an even distribution of nodes in partitions.

3.6

Pre-processing: Building Distance
Oracles

Pre-processing helps in quickly finding paths between
each two nodes and minimizes the time for querying
in a motion planning graph. At each time step of update (which is every week), distance oracles are executed, and the values are used for all types of path
finding solutions. Given an n-vertex weighted planar
graph G, a distance oracle for G is a data structure that
efficiently answers distance queries between pairs of
vertices (u, v) in G. One way is to simply store an
n ×× n-distance matrix for a n-vertex graph. In that
case, each query can be answered in constant time,
but the space requirement is large. Therefore, we are
looking for a solution which answers queries in real
time and efficient in terms of space.
Approximation is a way of making distance oracles more compact. Approximate solutions aim to
find the solutions which are not exact but clearly
close. Besides, the solution is space and time efficient. Approximation in our model utilizes the exemplars and instead of finding an exact path from source
to destination, it plans a approximate oath through exemplars (details of approach is explained in 3.7).
Distance oracles store the best path for each type
of agent goals between every pair of exemplars for
different time slots of each day of week. In our case,
the whole graph is reduced to exemplars that represent regions of the graph and we use the path finding
approach explained in 3.4 to find paths between exemplars for each time slot of day/week.
Distance Oracles are updated every week, in order to reflect recent traffic patterns on the edges of
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Figure 8: Blue circles are exemplars of regions. Green circles are the typical source and destination.

the city. In every update, data is considered based on
the preceding year data from the date of updating distance oracle. We store distance oracles for all days of
the week, every 10 minutes time slots and have them
updated weekly. The process of updating distance oracles are offline.

3.7 Scalable Algorithm
When a path finding request comes, based on the time
of the day, agent’s goal and deadline, source and destination nodes are connected to the respective exemplars. Each node has up to nine exemplars around
it, one candidate is the exemplar of the region it is
located and the others are the exemplars of neighboring regions. Based on the hypothetical direct path between source and destination, the nodes get connected
to the exemplars with closest similarity to the direction of that hypothetical path.
For finding a path that connects source, destination nodes to their own exemplar, we consider shortest length path. Then, the best path between the two
exemplars are fetched from the distance oracles and
final paths is sent as the result of the query. The path
between exemplars may have other exemplars in the
way, but it does not necessarily need to go through
other exemplars. Figure 8 illustrates the typical path
between source and destination.

4

EXPERIMENTS AND RESULTS

Our experiments are designed to answer the following
questions: 1) how accurate are the approximate paths
in comparison with the exact paths and 2) how much
time we save when we use approximate paths instead
of exact paths.
For the purpose of experiments, we choose 1000
source, destination pairs randomly among all of the
possible source, destination pairs to represent the path
planning universe at different time slots of weekdays
including peak hours and non-peak hours. For each
path planning query, we have the following inputs:
a) source, b) destination, c) time of query, d) dead-

Scalable Stochastic Path Planning under Congestion

line and, e) agent’s goal. Then, first we find the best
path using ’exact’ path planning approach explained
in 3.4 and then using the ’approximate’ path planning
approach explained in 3.7 which works on the set of
exemplars found by a) community detection, b) clustering and c) grid approaches.

4.1

How Many Partitions is Needed?

In picking the right community detection method, the
main consideration is the number of partitions it generates and the number of nodes the method put in each
partition. Partitioning is mainly used to reduce the
number of nodes in the large scale graph in order to
improve the query time. Obviously, the more the partitions the more accurate the results. Hence, we don’t
want to deviate too much from the goal which is summarizing the large scale graph while keeping the accuracy in the acceptable range.
For checking the effect of number of partitions
on accuracy of approximate path planning method,
we use grid-based partitioning as baseline and played
with the number of partitions for one of the agents’
goals. Accuracy of approximate path planning is measured by its deviation from exact path for each source
and destination for the 1000 samples.
Figure 9 shows the mean difference of travel time
of exact and approximate paths for the agents goal of
highest probability path for the variation of partitions
of the city using grid-based method. As it shows, the
more the partitions the more accurate the paths are.
However, having more partitions increases the node
size which leads in larger distance oracles. Based on
figure 9, having 150 to 200 partitions looks reasonable number of partitions with the mean difference of
travel time of exact and approximate paths around 6
percent for peak and non-peak hours.

Figure 9: Number of partitions vs the mean difference of
travel time of exact and approximate path.

Figure 10: Relative difference of mean and variance of
travel time of paths for exact and approximate approach
for peak and non-peak hours for the agent’s goal of highest probability path.

4.2 Which Community Detection
Method is Used?
Among the four community detection methods that
we used,’Label propagation’ 3.5.1 and ’Multilevel’
3.5.1 were the two good candidates for our case.
Label propagation partitions Salt Lake City to 2007
communities which most of the communities have
roughly 20 to 40 nodes in them. Multilevel divides
the city to 157 communities and in average each community includes 200 to 400 nodes in it. For a city
like Salt Lake City, Multi-level provides a good distribution of clusters, hence we select this approach for
community-based graph partitioning.

4.3 How Accurate Are the Approximate
Paths?
Highest Probability Path. Figure 10 shows the relative difference of mean and variance of travel time
of paths between exact and approximate path planning approaches for peak and non-peak hours. As it is
shown, Multi-level community approach is the closest
to exact paths in comparison to clustering (k-means)
and grid-based partitioning. The relative difference
of travel time of all of the approximate approaches is
more significant in peak hour in comparison to nonpeak hour. As in non-peak time, the traffic is not high,
both approximate and exact approach are almost the
same. These graphs show that in peak hour, the mean
of travel time of the approximate path using community approach is just 8 percent longer than the exact
path and the variance is just 7 percent away.
Figure 11 shows among all of the 1000 sourcedestination samples of the experiment, how many
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times each of the approximate path planning approaches (community, cluster and grid) has the closest (mean, variance) of travel time to the exact paths.
Based on figure 11, in peak hour, 55 percent of the
closest paths to the exact were from community approach. As it can be seen, in peak hour, most of
the closest paths in both peak and non-peak hour are
found either by community approach or cluster approach, with some small fraction of grid approach.
While in non-peak hour the ratio is similar for community, cluster and grid approach. This emphasizes
the fact that, having an accurate graph clustering approach is crucial in the time of high traffic.

Figure 11: Ratio of paths with the closest mean-variance
to the exact path in peak and non-peak hour for the agent’s
goal of highest probability path.

Shortest Travel Time. Figure 12 and Figure 13 are
the same experiments for the agents that are interested
to select a path with shortest en-route time. Similar
to the previous section, community method has the
closest travel time to the exact path among other approximate approaches. Approximate path planning
methods in peak hour have larger travel time difference than non-peak time and in peak time the mean
of community method is 8 percent and its variance is
9 percent away from exact path.

Figure 13: Ratio of paths with the closest mean-variance to
the exact path for the agent’s goal of shortest en-route time.

4.4 Time and Space Complexity of
Approximate Approaches
As we have seen in the previous experiment, the mean
and variance of approximate approach has the relative difference of roughly 8 percent to the exact approach. However, path finding queries are responded
in real time. In query time, source, destination nodes
get connected to their exemplars and a pre-computed
solution is being fetched from distance oracles.
Now, the question is on the amount of space we
need for storing the approximate paths. In this approach, we reduce the city graphs by grouping the
similar nodes to each other. For example, the city
graph of Salt Lake City with 56753 nodes and it is
reduced to 157 exemplars. Hence, the nodes in one
community are closely connected to each other and
the approximate algorithm is at least 90 percent good
as the exact approach. For each time slot of day/week,
the best path from the 157 nodes are stored in distance
oracles with respect to the two possible goals of the
system. The rest of the nodes are just connecting to
their exemplars. If we consider nodes of the city as N,
and the number of exemplars as M, instead of storing
N ∗ N paths we are storing N ∗ M + M ∗ M paths which
in our case N is 56753 and M is 157.

5

Figure 12: Relative difference of travel time of mean and
variance of paths for exact and approximate approach for
peak and non-peak hours for the agent’s goal of shortest enroute time.
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CONCLUSION AND FUTURE
WORK

In this paper, we proposed a scalable algorithm that
is practical in large scale path planning applications
which suits best for the use cases where agents have
goals, and planner aims to satisfies agents’ goals
rather than just providing a path which can move
agents from a source node to a destination node. City
is modelled as a large scale graph and agents have
two types of goals: 1) those who look for the path
with highest probability of reaching destination before deadline, and 2) the agents who are interested to
have the shortest travel duration while they are flexible on the time they can leave. Associated with each
path is a defined cost and the goal of the path plan-

Scalable Stochastic Path Planning under Congestion

ner is to find a path that satisfies the agents’ goals
with minimum cost. For expediting the path planning process, the city is partitioned and each part
is represented with an exemplar. The exemplar of
each partition is the node with the highest traffic on
that region. For partitioning the city graph, we used
three approaches: 1) community detection methods,
2) k-means clustering, and 3) grid based partitioning. When a path planning request comes, source
and destination nodes are connected to their corresponding exemplars with respect to the path direction and the path between exemplars is retrieved. The
paths between exemplars are stored in distance oracles based on the preceding year data at the time of
update and the oracles are updated every week to reflect the recent changes on the network. Results show
that among all of the graph clustering approaches,
community-based approaches produce closer results
to exact path planning approach. Approximation provides paths with mean and variance which are not exact but clearly close to that exact paths, while the solution is space and time efficient.
The main contribution of current work is providing a paradigm to handle large scale path planning requests utilizing pre-computation and approximation. Graph partitioning reduces the graph size;
pre-computation helps in answering the queries in
real time and approximation helps in reducing the
space needed for storing the paths ahead of the time.
Even though the approximate paths are not as accurate as exact paths, but they have acceptable accuracy
in comparison to the actual paths given the fact that
they saved a lot of time and space in the whole process. Possible future work of this research includes:
a) trying other existing graph clustering methods such
as graph separators, b) adding new agents goals to the
domain and c) considering traffic data prediction to
enhance the decision making process which is currently based on historical data.
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