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Motivation: In 1991, the U.S. Department of Transportation (USDOT) initiated a new program 
to address the needs of the emerging field of Intelligent Transportation Systems (ITS). In this 
program, computing the “optimal” route (or path) for a traveler to commute from a designated 

source  to  a  destination  in  a  transportation  network1   was  identified  as  one  of  the  main 

requirements of any Advanced Traveler Information System (ATIS). Subsequently, numerous 
route planning solutions were introduced by the research community and adopted by industry 

products (e.g., vehicle navigation devices, and online map services such as Google Maps®) to 
address this need. Nowadays, such products have become hallmark of ITS in the general public’s 
view. 

 

While the literature on algorithms and systems designed for efficient and accurate route planning 

in large-scale transportation networks is extensive (see the Related Work Section below), to the 

best of our knowledge all existing solutions focus on planning optimal routes for individual 

travelers. With this approach, “optimality” is defined based on a criterion (or criteria, in case of 

multi-criteria route planning) that captures best interest(s) of individual travelers (e.g., fastest 

route, shortest route, most scenic route, etc.) rather than those of the transportation 

network/system as a whole. Accordingly, each route is planned in a so-called “selfish” manner 

for each individual traveler without concern of how this might affect the overall utility of the 

transportation network for all travelers. Although popular, this definition of optimality is not 

necessarily aligned with the strategic goals of the USDOT, which demand optimal utilization of 

the  transportation  network  in  terms  of  performance  measures  such  as  mobility/throughput, 
 

 
1 In this proposal, we mainly focus on route planning on road networks, and hence, we use “transportation network” 

and “road network” interchangeably. 

mailto:farnoush.banaei-kashani@ucdenver.edu


2  

overall travel quality, overall safety, and overall environmental sustainability. Our proposal 

addresses this misalignment by introducing an alternative approach to route planning where 

optimality of the routes is defined based on their impact on overall utilization of the 

transportation network. 
 

Below first we will review the literature on routing planning. Thereafter, we elaborate on our 

proposed approach. 
 

Related  Work:  A  comprehensive  survey  of  solutions  for  route  planning  in  transportation 

networks is provided by Delling et al. [1] and more recently by Bast et al. [2].  In this section, we 

will briefly review various categories of existing solutions: 
 

• Basic  Techniques:  The  standard  solution  to  the  one-to-all  shortest  path  problem  is 

Dijkstra’s algorithm [3]. Numerous extensions of the Dijkstra’s algorithm are proposed 

[4,5,6,7,8,9,10,11,12]  that  marginally  improve  the  asymptotic  complexity  of  this 

algorithm from O ((|V |+ |A|) log |V |) to the best case of O (|A| + |V | log min{|V|,C}), 

where C is maximum edge cost. In practice, one can reduce the search space using 

bidirectional search [13], which simultaneously runs a forward search from source s and a 

backward search from destination t. The algorithm may stop as soon as the intersection of 

their search spaces provably contains a vertex x on the shortest path from s to t. For road 

networks, bidirectional search visits roughly half as many vertices as the unidirectional 

approach. An alternative method for computing shortest paths is the Bellman-Ford 

algorithm [14, 15, 16]. Although it runs in O (|V||A|) time in the worst case, it is often 

much faster, making it competitive with Dijkstra’s algorithm in some scenarios. 

• Goal-Directed Techniques: Dijkstra’s algorithm scans all vertices with distances smaller 

than dist(s,t). Goal-directed techniques, in contrast, aim to “guide” the search toward the 

target by avoiding the scans of vertices that are not in the direction of t; hence, improving 

the search performance by avoiding redundant traversal of the network. They either 

exploit the (geometric) embedding of the road network or properties of the graph itself, 

such as the structure of shortest path trees toward (compact) regions of the graph. Classic 

examples of goal-directed techniques include A* search and its [17, 18, 19, 20, 21, 22, 

23, 24, 25], Geometric Containers [26, 27, 28, 29], Arc Flags [30, 31, 32, 33, 34], 

Precomputed Cluster Distances [35], and Compressed Path Databases [36, 37, 38]. 

• Separator-Based  Techniques:  Planar  graphs  have  small  (and  efficiently-computable) 

small separators [39]. Although road networks are not completely planar (think of tunnels 

or overpasses) they have been observed to have small separators as well [40, 41, 42]. This 

fact is exploited by the so-called separator-based techniques for more effective route 

planning using a divide and conquer approach (separators partition the large network, 

practically reducing the large search problem to many small search problems that can be 

answered efficiently). Examples of separator-based techniques include Vector Separators 

[43, 44, 45, 46, 47, 48, 49], and Arc Separators [50, 51, 52, 40, 53]. 

• Hierarchical Techniques: Hierarchical methods aim to exploit the inherent hierarchy of 

road networks. Sufficiently long shortest paths eventually converge to a small arterial 

network of important roads, such as highways. Intuitively, once the query algorithm is far 

from the source and destination, it suffices to only scan vertices of this subnetwork. In 

fact, using input-defined road categories in this way is a popular heuristic [54, 55], 

though there is no guarantee that it will find exact shortest paths. Fu et al. [56] give an 

overview of early approaches using this technique. Example of extended solutions that 
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rely on hierarchical search idea include Contraction Hierarchies [57, 58, 59, 60, 61, 62, 

63, 64, 53], and Reach [65, 66]. 

• Bounded-Hop Techniques: The idea behind bounded-hop techniques is to precompute 

distances between pairs of vertices, implicitly adding “virtual shortcuts” to the graph. 

Queries can then return the length of a virtual path with very few hops. Furthermore, they 

use only the precomputed distances between pairs of vertices, and not the input graph. A 

naïve approach is to use single-hop paths, i.e., precompute the distances among all pairs 

of vertices u, v in the network. A single table lookup then suffices to retrieve the shortest 

distance. While the recent PHAST algorithm [67] has made precomputing all-pairs 

shortest paths feasible, storing all (|V|2) distances is prohibitive already for medium-sized 

road networks. Considering paths with slightly more hops (two or three) leads to 

algorithms with much more reasonable trade-offs such as Labeling Algorithms [68, 69, 

70, 71, 72, 73, 74], Transit Node Routing [63, 75, 76, 77, 78, 57, 79], and Pruned 

Highway Labeling [80, 73, 81]. 
 

Moreover, since the individual techniques described so far exploit different graph properties, 

they can often be combined for additional speedups [82, 26, 83, 84, 85, 86, 61, 87, 33, 34]. 

Finally, many of the techniques considered so far can be adapted to compute batched shortest 

paths (such as distance tables) [88, 89, 90, 91, 92], to apply to more realistic scenarios (such as 

dynamic networks, where the cost of traversing each edge is variable, e.g., given the current road 

segment congestion) [93, 57, 62, 27, 94, 24, 95, 52, 96, 85, 97, 98, 99, 33, 100], or to deal with 

multiple objective functions with so-called multi-criteria path planning [101, 102, 103, 104, 105, 

106]. 
 

As mentioned before, while route planning is well-explored by the research community, all of 

the aforementioned solutions are designed for route optimization for individual travelers rather 

than for the overall utilization of the transportation network. 
 

Proposed Work: 
 

We propose an alternative approach to route planning where optimality of the routes is primarily 

defined based on their impact on overall utilization of the transportation network rather than best 

interests of individual travelers. With this approach, the optimization criteria directly capture the 

transportation network/system interests, and therefore, route planning becomes a system 

optimization problem with which we seek a set of routes for the current travelers such that the 

overall utilization of the transportation network/system in terms of one or more utility functions 

(e.g., throughput-of/mobility-through of the transportation network, quality of transportation 

through the transportation network, etc.) is optimal. With such an approach, while we primarily 

optimize routes for network utilization, when possible and as a secondary objective we can still 

seek routes that are near-optimal (if not optimal) for individual travelers. Accordingly, with this 

proposal we will introduce a multi-criteria route planning solution with one or more network 

utilization criteria as primary optimization objective(s), and one or more measure(s) of best 

traveler interests as secondary objective(s). 
 

We are motivated by the realistic scenario in which our proposed route planning solution is 

implemented as a mobile and/or desktop application (perhaps sponsored by regional USDOT 

agencies, and/or city and state partners which are interested in such “smart-cities” capabilities) 

and offered to general public for their daily use. While such an application will not necessarily 

provide the optimal (but perhaps near-optimal) route for each individual traveler, the public can 
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be incentivized to use this application (instead of the existing commercial route planning 

applications that merely focus on traveler interests) by offering breaks in fees/taxes that can be 

well justified by the improved network utilization. 
 
 

Research Objectives: 
 

With this proposal, we will: 
 

1.   Introduce a transportation network utility function that captures utilization of the network 

based on throughput-of/mobility-through of the transportation network (other network 

utilization criteria such as overall travel quality, safety, environmental impact, etc., can be 

studied as part of future work); 

2.   Design a multi-criteria route planning solution that uses the introduced utility function as the 

primary criterion and an exemplary traveler interest (e.g., fastest route) as the secondary 

criterion to generate optimal routes for travelers in a transportation network; 

3.   Develop a data-driven simulation testbed (based on realistic road network and traffic data) to 

evaluate the designed route planning solution and compare its performance versus state-of- 

the-art  route planning solutions; 

4.   Advance knowledge by carrying out comparative analyses to answer our research questions; 

5.   Advance policy and practice with respect to transportation network utilization; 

6.   Advance education through the training of students; and 

7.   Build an evidence base by disseminating findings through publications and presentations. 
 
 

Research Methods: 
 

To answer the research questions above, we will carry out a study that includes the following 

steps: (1) introduction of a new utility function to measure performance of transportation 

networks; (2) development of a multi-criteria route planning solution that considers network 

utilization  as  the  primary  optimization  criterion;  (3)  data  collection  and  generation  for 

simulation-based evaluation; (4) development of the simulation testbed; and (5) execution of 

comparative evaluation to assess performance of the proposed solution versus state-of-the-art 

route  planning  solutions;  and  (6)  dissemination.  Below,  we  will  review  our  proposed 

methodology in each case, where applicable. 
 

Transportation Network Utility Function: Numerous studies are conducted in the past to measure 

performance and utilization of transportation networks (e.g.,[107-113]). However, the existing 

measures for mobility often are spatiotemporal aggregate measures and fail to capture impact of 

route planning at the individual route level. While we will learn from existing literature, we need 

to introduce a new measure that allows assessment of the network mobility based on real-time 

data collected from the entire network as each new route is planned and scheduled. 
 

Multi-Criteria Route Planning Solution: To develop a multi-criteria route planning solution that 

considers network utilization as the primary criterion and individual travelers’ interests as 

secondary criteria for optimization, we first focus on developing a (single-criterion) route 

planning solution that merely considers network utilization for route optimization. As mentioned 

in our literature review above, to the best of our knowledge such a solution has no precedent. To 

develop such a solution, while we can still learn from the past literature on optimal route 

planning (including our own work [114,115]), our main new challenge is that in this case 
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optimization must be performed based on a holistic measure (i.e., the network utility function) 

that frequently changes by any change of utilization in the entire network, whereas previous 

route planning solutions can simply rely on a local measures of performance (e.g., fastest route). 

Using a holistic measure for optimization is complicated as its real-time computation and 

application  based  on  massive  data  poses  a  Big  Data  challenge.  We  intend  to  address  this 

challenge by introducing a relevant instance of a summary data structure, dubbed sketch [116]. 

Such data structures can compute and maintain a small data summary based on the massive data 

collected from the network (therefore, efficient to compute and apply), while accurately 

estimating the holistic utility function. 
 

Once   we   develop   our   single-criterion   route   planning   solution   for   network   utilization 

optimization, we will build on existing multi-criteria route planning [101, 102, 103, 104, 105, 

106] to account for best interests of the travelers as secondary criteria (in addition to the network 

utilization) and develop our multi-criteria route planning solution. 
 

Data Collection and Generation: To enable our simulation-based evaluation of the proposed 

route planning solution, we need both (road) network data as well as traffic data. We will obtain 

real road network data from TIGER dataset [117]. For traffic data, we will use an existing traffic 

data generator (e.g., MNTG [118]) to generate the traffic data we need. Many of the existing 

traffic data generators are open source and allow for fine tuning of the data generation process, if 

the parametrized interface of the data generator does not provide sufficient flexibility to generate 

the type of data we need. In addition, Dr. Banaei-Kashani is currently working with Colorado 

Department of Transportation (CDOT) toward developing the CDOT big data infrastructure, 

which is expected to host all real data (including traffic data) collected by CDOT. Accordingly, 

Dr. Banaei-Kashani is planning to further explore opportunities to obtain real traffic data from 

CDOT through this connection, once/if this grant is awarded. It is important to note that such real 

data will be complementary to the synthetic data we will generate, but not required; while the 

former can show applicability of the solutions in a specific real-world scenario, the latter allows 

extensive evaluation of the solution by providing full control on determining the data 

characteristics. 
 

Simulation Testbed: To develop our simulation testbed, first we will study two existing popular 

simulators, namely, BerlinMOD [119] and Thomas-Brinkhoff [120], to determine their 

applicability as the basic framework/platform to be extended for development of our own 

simulation testbed. If we find neither of these simulators sufficiently usable (e.g., whether they 

scale), we will develop our simulator from scratch, focusing on satisfying the evaluation 

requirements rather than developing a generic traffic simulation testbed. Toward this end, one of 

the main constraints is to make sure the simulation testbed is scalable; to address this challenge 

we will build on our past experience and use the existing facilities at our research laboratory 

(namely, Big Data Management and Mining Laboratory) to develop a testbed on a parallel 

processing platforms, including multi-core and/or many-core (e.g., GPU) platforms. 
 

Simulation-based Evaluation: To evaluate the performance of our proposed route planning 

solution, we will first compare the performance of our solution with a representative among 

existing state-of-the-art route planning solutions, namely, Reach [65], which is also being used in 

practice in many existing ATISs. Toward this end, we will follow a randomized process to 

simulate an ensemble of scenarios and compute the ensemble average as well standard deviations 

of the data points to ensure statistical reliability of the results. In particular, for both solutions we 

will measure and compare network utilization as well as optimality of each route from the 

http://cse.ucdenver.edu/~bdlab/index.html
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traveler perspective. Second, we will perform extensive evaluation of our proposed solution in 

both data and parameter space, studying its performance as the data characteristics (e.g., 

congestion levels, road network structure/topology, source and destination distribution, etc.) and 

system parameters (e.g., solution parameters) change. 
 

Dissemination: Dissemination of results from this project will target both academic and 

practitioner audiences. To reach academic audiences, we will produce conference presentations 

and peer-reviewed conference and journal papers to share findings of this project. Yet, even the 

best transportation research is of little value until that knowledge is effectively shared with a 

broader audience. Accordingly, we will make sure that the results are adapted for practitioner 

audiences, particularly via popular press articles. In particular, to encourage technology transfer, 

we will present a research seminar via the Transportation Learning Network. 
 

 

Expected Outcomes: 
 

The expected outcomes of this work include: 
 

1.   A utility function to measure mobility/throughput in transportation networks at the route 

level 

2.   A multi-criteria route planning solution that considers network utilization as the primary 

criterion and best interests of individual travelers as the secondary criteria 

3.   A simulation testbed for comparative evaluation of the proposed route planning solution 

versus existing state-of-the-art solutions 

4.   Manuscripts for presentation/publication at TRB and other peer-reviewed journals; and 

5.   Presentations to academic, practice, and policy audiences. 
 

In addition, as we mentioned before, in the future our proposed route planning solution can be 

implemented as a mobile and/or desktop application and offered to general public for their daily 

use, potentially resulting in significant improvement in utilization of the transportation networks 

at the regional and national level. 
 
 

Relevance to Strategic Goals: 
 

This study primarily falls under the heading of Economic Competiveness. However, by merely 

introducing other utility functions for transportation networks, such as overall safety, overall 

travel quality, and overall environmental impact, this work will be readily applicable to other 

strategic goals, namely, safety, livable communities, and environmental sustainability, 

respectively. 
 
 

Educational Benefits: 
 

Students involved in this project (one PhD student and one MS student) will be trained in 

conducting research related to the field of transportation. These students will gain valuable 

research experience and have the opportunity to author publications and presentations emanating 

from this work. 
 

This study will be integrated into Dr. Banaei-Kashani’s graduate courses, namely, “Data Mining 

Techniques and Analytics”, “Database Systems”, and “Advanced Database Systems” through a 

case study approach that will present research materials to the students and be incorporated into 
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student term projects. The data collected for this project will also be made available to 

students for use in term projects and/or master’s/PhD reports. As a result, this project will 

influence students from a variety of disciplines that comprise our future transportation 

professionals. 
 

Work Plan: 

The proposed scope of work is scheduled for a one-year timeframe, beginning with 

notice to proceed from the Mountain Plains Consortium. Major project steps include 

the following: 
 

 
 

Task 
 

M1 
 

M2 
 

M3 
 

M4 
 

M5 
 

M6 
 

M7 
 

M8 
 

M9 
 

M10 
 

M11 
 

M12 

 

Introducing Utility 

Function 

            

 

Developing Multi- 
criteria Route Planning 

            

 

Collection and 

Generation of Data 

            

 

Development of 

Simulation Testbed 

            

 

Executing Comparative 

Evaluation 

            

 

Incorporate lessons into 
graduate courses 

            

 
Dissemination 

            

 

Project Cost 

Total Project Cost: $99,015.50 

MPC Funds Requested: $49,507.50 

Matching Funds:$49,508 
 

TRB Keywords: 
 

ITS; Planning; Routing; Performance Measurement; Mobility 

 
References: 

 
[1] Daniel Delling, Peter Sanders, Dominik Schultes, and Dorothea Wagner. Engineering 

route planning algorithms. In Algorithmics of Large and Complex Networks, volume 5515 

of Lecture Notes in Computer Science, pages 117–139. Springer, 2009. 
 

[2] Hannah Bast, Daniel Delling, Andrew Goldberg, Matthias Muller-Hannemann, Thomas 

Pajor, Peter Sanders, Dorothea Wagner, and Renato Werneck. Route Planning in 

Transportation Networks. Microsoft Research Technical Report MSR-TR-2014-4, January 

2014. URL: http://research.microsoft.com/apps/pubs/?id=207102 (last visit: February 2016) 
 

[3] Edsger W. Dijkstra. A note on two problems in connexion with graphs. Numerische 
 

Mathematik, 1:269–271, 1959. 

http://research.microsoft.com/apps/pubs/?id=207102


8  

[4] J.W.J. Williams. Algorithm 232: Heapsort. Journal of the ACM, 7(6):347–348, June 

1964. [5] Michael L. Fredman and Robert E. Tarjan. Fibonacci heaps and their uses in 

improved 

network optimization algorithms. Journal of the ACM, 34(3):596–615, July 1987. 
 

[6] Boris V. Cherkassky, Andrew V. Goldberg, and Tomasz Radzik. Shortest paths 

algorithms. Mathematical Programming, Series A, 73:129–174, 1996. 
 

[7] Eric V. Denardo and Bennett L. Fox. Shortest-route methods: 1. Reaching, pruning, 

and buckets. Operations Research, 27(1):161–186, 1979. 
 

[8] Ravindra K. Ahuja, Kurt Mehlhorn, James B. Orlin, and Robert Tarjan. Faster algorithms 

for the shortest path problem. Journal of the ACM, 37(2):213–223, 1990. 

[9] Boris V. Cherkassky, Andrew V. Goldberg, and Craig Silverstein. Buckets, heaps, lists, 

and monotone priority queues. In Proceedings of the 8th Annual ACM–SIAM Symposium 

on Discrete Algorithms (SODA’97), pages 83–92. IEEE Computer Society Press, 1997. 
 

[10] Andrew V. Goldberg. A practical shortest path algorithm with linear expected time. 

SIAM Journal on Computing, 37:1637–1655, 2008. 
 

[11] Ulrich Meyer. Single-source shortest-paths on arbitrary directed graphs in linear 

average- case time. In Proceedings of the 12th Annual ACM–SIAM Symposium on Discrete 

Algorithms (SODA’01), pages 797–806, 2001. 
 

[12] Mikkel Thorup. Integer priority queues with decrease key in constant time and the 

single source shortest paths problem. In 35th ACM Symposium on Theory of Computing, 

pages 149– 

158, New York, NY, USA, 2003. ACM. 
 

[13] George B. Dantzig. Linear Programming and Extensions. Princeton University Press, 

1962. 
 

[14] Richard Bellman. On a routing problem. Quarterly of Applied Mathematics, 16:87–90, 

1958. 
 

[15] Lester R. Ford, Jr. Network flow theory. Technical Report P-923, Rand Corporation, 

Santa 

Monica, California, 1956. 
 

[16] Edward F. Moore. The Shortest Path Through a Maze. In Proc. of the Int. Symp. on the 

Theory of Switching, pages 285–292. Harvard University Press, 1959. 
 

[17] Peter E. Hart, Nils Nilsson, and Bertram Raphael. A formal basis for the heuristic 

determination of minimum cost paths. IEEE Transactions on Systems Science and 

Cybernetics, 

4:100–107, 1968. 
 

[18] T. Ikeda, Min-Yao Hsu, H. Imai, S. Nishimura, H. Shimoura, T. Hashimoto, K. 

Tenmoku, and K. Mitoh. A fast algorithm for finding better routes by AI search techniques. 

In Proceedings of the Vehicle Navigation and Information Systems Conference (VNSI’94), 

pages 291–296. ACM Press, 1994. 
 

[18] Andrew V. Goldberg and Chris Harrelson. Computing the shortest path: A* search 



9  

meets graph theory. In Proceedings of the 16th Annual ACM–SIAM Symposium on 

Discrete Algorithms (SODA’05), pages 156–165. SIAM, 2005. 
 

[20] Hermann Kaindl and Gerhard Kainz. Bidirectional heuristic search reconsidered. Journal 

of 

Artificial Intelligence Research, 7:283–317, December 1997. 
 

[21] Ira Pohl. Bi-directional and heuristic search in path problems. Technical Report SLAC-

104, Stanford Linear Accelerator Center, Stanford, California, 1969. 
 

[22] Ira Pohl. Bi-directional search. In Proceedings of the Sixth Annual Machine Intelligence 

Workshop, volume 6, pages 124–140. Edinburgh University Press, 1971. 
 

[23] Robert Sedgewick and Jeffrey S. Vitter. Shortest paths in Euclidean graphs. 

Algorithmica, 

1(1):31–48, 1986. 
 

[24] Alexandros Efentakis and Dieter Pfoser. Optimizing landmark-based routing and 

preprocessing. In Proceedings of the 6th ACM SIGSPATIAL International Workshop 

on Computational Transportation Science, pages 25:25–25:30. ACM Press, November 

2013. 

[25] Andrew V. Goldberg and Renato F. Werneck. Computing point-to-point shortest paths 

from external memory. In Proceedings of the 7th Workshop on Algorithm Engineering and 

Experiments (ALENEX’05), pages 26–40. SIAM, 2005. 
 

[39] Richard J. Lipton and Robert E. Tarjan. A separator theorem for planar graphs. 

SIAM Journal on Applied Mathematics, 36(2):177–189, April 1979. 
 

[40] Daniel Delling, Andrew V. Goldberg, Ilya Razenshteyn, and Renato F. Werneck. 

Graph partitioning with natural cuts. In 25th International Parallel and Distributed 

Processing Symposium (IPDPS’11), pages 1135–1146. IEEE Computer Society, 2011. 
 

[41] David Eppstein and Michael T. Goodrich. Studying (non-planar) road networks 

through an algorithmic lens. In Proceedings of the 16th ACM SIGSPATIAL international 

conference on Advances in geographic information systems (GIS ’08), pages 1–10. ACM 

Press, 2008. 
 

[42] Peter Sanders and Christian Schulz. Distributed evolutionary graph partitioning. In 

Proceedings of the 14th Meeting on Algorithm Engineering and Experiments 

(ALENEX’12), pages 16–29. SIAM, 2012. 
 

[43] Dirck van Vliet. Improved shortest path algorithms for transport networks. 

Transportation 

Research Part B: Methodological, 12(1):7–20, 1978. 
 

[44] Frank Schulz, Dorothea Wagner, and Christos Zaroliagis. Using multi-level graphs 

for timetable information in railway systems. In Proceedings of the 4th Workshop on 

Algorithm Engineering and Experiments (ALENEX’02), volume 2409 of Lecture Notes 

in Computer Science, pages 43–59. Springer, 2002. 
 

[45] Roy Goldman, N.R. Shivakumar, Suresh Venkatasubramanian, and Hector Garcia-

Molina. Proximity search in databases. In Proceedings of the 24th International Conference 

on Very Large Databases (VLDB 1998), pages 26–37. Morgan Kaufmann, August 1998. 
 



10  

[46] Ning Jing, Yun-Wu Huang, and Elke A. Rundensteiner. Hierarchical encoded path views 

for path query processing: An optimal model and its performance evaluation. IEEE 

Transactions on Knowledge and Data Engineering, 10(3):409–432, May 1998. 
 

[47] Daniel Delling, Martin Holzer, Kirill Müller, Frank Schulz, and Dorothea Wagner. 

Highperformance multi-level routing. In The Shortest Path Problem: Ninth DIMACS 

Implementation Challenge, volume 74 of DIMACS Book, pages 73–92. American 

Mathematical Society,2009. 
 

[48] Mikkel Thorup. Compact oracles for reachability and approximate distances in 

planar digraphs. Journal of the ACM, 51(6):993–1024, 2004. 
 

[49] Laurent Flindt Muller and Martin Zachariasen. Fast and compact oracles for 

approximate distances in planar graphs. In Proceedings of the 14th Annual European 

Symposium on Algorithms (ESA’07), volume 4698 of Lecture Notes in Computer 

Science, pages 657–668. Springer, 2007. 
 

[50] Dominik Kirchler, Leo Liberti, and Roberto Wolfler Calvo. A label correcting algorithm 

for the shortest path problem on a multi-modal route network. In Proceedings of the 11th 

International Symposium on Experimental Algorithms (SEA’12), volume 7276 of Lecture 

Notes in Computer Science, pages 236–247. Springer, 2012. 

[51] Daniel Delling, Andrew V. Goldberg, Thomas Pajor, and Renato F. Werneck. 

Customizable route planning. In Proceedings of the 10th International Symposium on 

Experimental Algorithms (SEA’11), volume 6630 of Lecture Notes in Computer Science, 

pages 376–387. Springer, 2011. 
 

[52] Daniel Delling, Andrew V. Goldberg, Thomas Pajor, and Renato F. Werneck. 

Customizable route planning in road networks. submitted for publication, 2013. 
 

[53] Daniel Delling and Renato F. Werneck. Faster customization of road networks. 

In Proceedings of the 12th International Symposium on Experimental Algorithms 

(SEA’13), volume 7933 of Lecture Notes in Computer Science, pages 30–42. 

Springer, 2013. 
 

[54] Alexandros Efentakis, Dieter Pfoser, and Agnes Voisard. Efficient data management 

in support of shortest-path computation. In Proceedings of the 4th ACM SIGSPATIAL 

International Workshop on Computational Transportation Science, pages 28–33. ACM 

Press, 

2011. 
 

[55] Petr Hlinený and Ondrej Moriš. Scope-based route planning. In Proceedings of the 

19th Annual European Symposium on Algorithms (ESA’11), volume 6942 of Lecture 

Notes in Computer Science, pages 445–456. Springer, 2011. 
 

[56] L. Fu, D. Sun, and L. R. Rilett. Heuristic shortest path algorithms for 

transportation applications: State of the art. Computers & Operations Research, 

33(11):3324–3343, 2006. 
 

[57] Robert Geisberger, Peter Sanders, Dominik Schultes, and Christian Vetter. Exact 

routing in large road networks using contraction hierarchies. Transportation Science, 

46(3):388– 

404,August 2012. 
 



11  

[58] Tim Kieritz, Dennis Luxen, Peter Sanders, and Christian Vetter. Distributed time-

dependent contraction hierarchies. In Proceedings of the 9th International Symposium on 

Experimental Algorithms (SEA’10), volume 6049 of Lecture Notes in Computer Science, 

pages 83–93. Springer, May 2010. 
 

[59] Ittai Abraham, Daniel Delling, Andrew V. Goldberg, and Renato F. Werneck. 

Hierarchicalhub labelings for shortest paths. In Proceedings of the 20th Annual 

European Symposium on Algorithms (ESA’12), volume 7501 of Lecture Notes in 

Computer Science, pages 24–35. Springer, 2012. 
 

[60] Robert Geisberger and Dennis Schieferdecker. Heuristic contraction hierarchies with 

approximation guarantee. In Proceedings of the 3rd International Symposium on 

Combinatorial Search (SoCS’10). AAAI Press, 2010. 
 

[61] Peter Sanders and Dominik Schultes. Engineering highway hierarchies. ACM Journal of 

Experimental Algorithmics, 17(1):1–40, 2012. 
 

[62] Dominik Schultes and Peter Sanders. Dynamic highway-node routing. In Proceedings of 

the 

6th Workshop on Experimental Algorithms (WEA’07), volume 4525 of Lecture Notes in 

Computer Science, pages 66–79. Springer, June 2007. 
 

[63] Julian Arz, Dennis Luxen, and Peter Sanders. Transit node routing reconsidered. 

In Proceedings of the 12th International Symposium on Experimental Algorithms 

(SEA’13), volume 7933 of Lecture Notes in Computer Science, pages 55–66. 

Springer, 2013. 
 

[64] Reinhard Bauer, Daniel Delling, Peter Sanders, Dennis Schieferdecker, Dominik 

Schultes, and Dorothea Wagner. Combining hierarchical and goal-directed speed-up 

techniques for 

Dijkstra’s algorithm. ACM Journal of Experimental Algorithmics, 15(2.3):1–31, January 

2010. Special Section devoted to WEA’08. 
 

[65] Ronald J. Gutman. Reach-based routing: A new approach to shortest path algorithms 

optimized for road networks. In Proceedings of the 6th Workshop on Algorithm Engineering 

and Experiments (ALENEX’04), pages 100–111. SIAM, 2004. 
 

[66] Andrew V. Goldberg, Haim Kaplan, and Renato F. Werneck. Reach for A*: Shortest 

path algorithms with preprocessing. In The Shortest Path Problem: Ninth DIMACS 

Implementation Challenge, volume 74 of DIMACS Book, pages 93–139. American 

Mathematical Society, 2009. 
 

[67] Daniel Delling, Andrew V. Goldberg, Andreas Nowatzyk, and Renato F. Werneck. 

PHAST:Hardware-accelerated shortest path trees. Journal of Parallel and Distributed 

Computing, 

73(7):940–952, 2013. 
 

[68] David Peleg. Proximity-preserving labeling schemes. Journal of Graph Theory, 

33(3):167– 

176, 2000. 
 

[69] Edith Cohen, Eran Halperin, Haim Kaplan, and Uri Zwick. Reachability and 

distance queries via 2-hop labels. SIAM Journal on Computing, 32(5):1338–1355, 



12  

2003. 
 

[70] Cyril Gavoille, David Peleg, Stéphane Pérennes, and Ran Raz. Distance labeling in 

graphs. Journal of Algorithms, 53:85–112, 2004. 
 

[71] Ittai Abraham, Daniel Delling, Andrew V. Goldberg, and Renato F. Werneck. A 

hubbased labeling algorithm for shortest paths on road networks. In Proceedings of the 10th 

International Symposium on Experimental Algorithms (SEA’11), volume 6630 of Lecture 

Notes in Computer Science, pages 230–241. Springer, 2011. 
 

[72] Ittai Abraham, Daniel Delling, Andrew V. Goldberg, and Renato F. Werneck. 

Hierarchical hub labelings for shortest paths. In Proceedings of the 20th Annual European 

Symposium on Algorithms (ESA’12), volume 7501 of Lecture Notes in Computer Science, 

pages 24–35. Springer, 2012. 
 

[73] Takuya Akiba, Yoichi Iwata, and Yuichi Yoshida. Fast exact shortest-path distance 

queries on large networks by pruned landmark labeling. In SIGMOD, pages 349–360, 2013. 
 

[74] Daniel Delling, Andrew V. Goldberg, and Renato F. Werneck. Hub label 

compression. In Proceedings of the 12th International Symposium on Experimental 

Algorithms (SEA’13), volume 7933 of Lecture Notes in Computer Science, pages 18–29. 

Springer, 2013. 
 

[75] Holger Bast, Stefan Funke, and Domagoj Matijevic. Ultrafast shortest-path queries via 

transit nodes. In The Shortest Path Problem: Ninth DIMACS Implementation Challenge, 

volume 

74 of DIMACS Book, pages 175–192. American Mathematical Society, 2009. 
 

[76] Holger Bast, Stefan Funke, Peter Sanders, and Dominik Schultes. Fast routing in 

road networks with transit nodes. Science, 316(5824):566, 2007. 
 

[77] Peter Sanders and Dominik Schultes. Robust, almost constant time shortest-path 

queries in road networks. In The Shortest Path Problem: Ninth DIMACS Implementation 

Challenge, volume 74 of DIMACS Book, pages 193–218. American Mathematical Society, 

2009. 

[78] Ittai Abraham, Daniel Delling, Amos Fiat, Andrew V. Goldberg, and Renato F. 

Werneck. Highway dimension and provably efficient shortest path algorithms. Technical 

Report MSR-TR- 

2013-91, Microsoft Research, 2013. 
 

[79] Kurt Mehlhorn. A faster approximation algorithm for the Steiner problem in 

graphs. Information Processing Letters, 27(3):125–128, 1988. 
 

[80] Takuya Akiba, Yoichi Iwata, Ken ichi Kawarabayashi, and Yuki Kawata. Fast shortest-

path distance queries on road networks by pruned highway labeling. In Proceedings of the 

16th Meeting on Algorithm Engineering and Experiments (ALENEX’14), pages 147–154. 

SIAM, 

2014. 
 

[81] Mikkel Thorup. Compact oracles for reachability and approximate distances in 

planar digraphs. Journal of the ACM, 51(6):993–1024, 2004. 
 

[82] Martin Holzer, Frank Schulz, Dorothea Wagner, and Thomas Willhalm. Combining 

speed- up techniques for shortest-path computations. ACM Journal of Experimental 



13  

Algorithmics, 

10(2.5):1–18, 2006. 
 

[83] Andrew V. Goldberg, Haim Kaplan, and Renato F. Werneck. Reach for A*: Shortest 

path algorithms with preprocessing. In The Shortest Path Problem: Ninth DIMACS 

Implementation Challenge, volume 74 of DIMACS Book, pages 93–139. American 

Mathematical Society, 2009. 
 

[84] Reinhard Bauer, Daniel Delling, Peter Sanders, Dennis Schieferdecker, Dominik 

Schultes, and Dorothea Wagner. Combining hierarchical and goal-directed speed-up 

techniques for Dijkstra’s algorithm. ACM Journal of Experimental Algorithmics, 

15(2.3):1–31, January 2010. Special Section devoted to WEA’08. 
 

[85] Daniel Delling and Giacomo Nannicini. Core routing on dynamic time-dependent 

road networks. Informs Journal on Computing, 24(2):187–201, 2012. 
 

[86] Daniel Delling, Peter Sanders, Dominik Schultes, and Dorothea Wagner. Highway 

hierarchies star. In The Shortest Path Problem: Ninth DIMACS Implementation 

Challenge, volume 74 of DIMACS Book, pages 141–174. American Mathematical 

Society, 2009. 
 

[87] Reinhard Bauer and Daniel Delling. SHARC: Fast and robust unidirectional routing. 

ACM Journal of Experimental Algorithmics, 14(2.4):1–29, August 2009. Special Section 

on Selected Papers from ALENEX 2008. 
 

[88] Sebastian Knopp, Peter Sanders, Dominik Schultes, Frank Schulz, and Dorothea 

Wagner. Computing many-to-many shortest paths using highway hierarchies. In 

Proceedings of the 9th Workshop on Algorithm Engineering and Experiments 

(ALENEX’07), pages 36–45. SIAM,2007. 
 

[89] Daniel Delling, Andrew V. Goldberg, and Renato F. Werneck. Faster batched shortest 

paths in road networks. In Proceedings of the 11th Workshop on Algorithmic Approaches for 

Transportation Modeling, Optimization, and Systems (ATMOS’11), volume 20 of 

OpenAccess Series in Informatics (OASIcs), pages 52–63, 2011. 
 

[90] Daniel Delling and Renato F. Werneck. Customizable point-of-interest queries in road 

networks. In Proceedings of the 21st ACM SIGSPATIAL International Symposium on 

Advances in Geographic Information Systems (GIS’13). ACM Press, 2013. to appear. 

[91] Kamesh Madduri, David A. Bader, Jonathan W. Berry, and Joseph R. Crobak. Parallel 

shortest path algorithms for solving large-scale instances. In The Shortest Path Problem: 

Ninth DIMACS Implementation Challenge, volume 74 of DIMACS Book, pages 249–290. 

American Mathematical Society, 2009. 
 

[92] Ulrich Meyer and Peter Sanders. _-stepping: A parallelizable shortest 

path algorithm.Journal of Algorithms, 49(1):114–152, 2003. 
 

[93] Gianlorenzo D’Angelo, Mattia D’Emidio, Daniele Frigioni, and Camillo Vitale. Fully 

dynamic maintenance of arc-flags in road networks. In Proceedings of the 11th International 

Symposium on Experimental Algorithms (SEA’12), volume 7276 of Lecture Notes in 

Computer Science, pages 135–147. Springer, 2012. 
 

[94] Daniel Delling and Dorothea Wagner. Landmark-based routing in dynamic 

graphs. In Proceedings of the 6th Workshop on Experimental Algorithms (WEA’07), 



14  

volume 4525 of Lecture Notes in Computer Science, pages 52–65. Springer, June 

2007. 
 

[95] Tim Zeitz. Weak contraction hierarchies work! Bachelor thesis, Karlsruhe Institute of 

Technology, 2013. 
 

[96] K. Cooke and E. Halsey. The shortest route through a network with time-dependent 

intermodal transit times. Journal of Mathematical Analysis and Applications, 14(3):493–

498, 

1966. 
 

[97] Giacomo Nannicini, Daniel Delling, Leo Liberti, and Dominik Schultes. Bidirectional A* 

search on time-dependent road networks. Networks, 59:240–251, 2012. 
 

[98] Gernot Veit Batz, Robert Geisberger, Peter Sanders, and Christian Vetter. Minimum 

time- dependent travel times with contraction hierarchies. ACM Journal of Experimental 

Algorithmics, 

18(1.4):1–43, April 2013. 

[99] Daniel Delling. Time-dependent SHARC-routing. Algorithmica, 60(1):60–94, May 

2011. [100] Gernot Veit Batz and Peter Sanders. Time-dependent route planning with 

generalized 

objective functions. In Proceedings of the 20th Annual European Symposium on Algorithms 

(ESA’12), volume 7501 of Lecture Notes in Computer Science. Springer, 2012. 
 

[101] Robert Geisberger, Michael Rice, Peter Sanders, and Vassilis Tsotras. Route planning 

with flexible edge restrictions. ACM Journal of Experimental Algorithmics, 17(1):1–20, 

2012. 
 

[102] Matthias Müller–Hannemann and Karsten Weihe. Pareto shortest paths is often 

feasible in practice. In Proceedings of the 5th International Workshop on Algorithm 

Engineering 

(WAE’01), volume 2141 of Lecture Notes in Computer Science, pages 185–197. Springer, 

2001. 
 

[103] Annabell Berger, Daniel Delling, Andreas Gebhardt, and Matthias Müller–

Hannemann. Accelerating time-dependent multi-criteria timetable information is harder 

than expected. In Proceedings of the 9th Workshop on Algorithmic Approaches for 

Transportation Modeling, Optimization, and Systems (ATMOS’09), OpenAccess Series 

in Informatics (OASIcs), 2009. 
 

[104] Daniel Delling and Dorothea Wagner. Pareto paths with SHARC. In Proceedings of the 

8th International Symposium on Experimental Algorithms (SEA’09), volume 5526 of 

Lecture Notes in Computer Science, pages 125–136. Springer, June 2009. 

[105] Robert Geisberger, Moritz Kobitzsch, and Peter Sanders. Route planning with 

flexible objective functions. In Proceedings of the 12th Workshop on Algorithm 

Engineering and Experiments (ALENEX’10), pages 124–137. SIAM, 2010. 
 

[106] Stefan Funke and Sabine Storandt. Polynomial-time construction of contraction 

hierarchies for multi-criteria objectives. In Proceedings of the 15th Meeting on Algorithm 

Engineering and Experiments (ALENEX’13), pages 31–54. SIAM, 2013.[107] NCHRP. 

Measuring 



15  

Transportation Network Performance. NCHRP Report 664. URL: 

http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt_664.pdf (last visit: February 2016) 
 

[108] FHWA. Transportation Performance Measures in Australia, Canada, Japan, and New 

Zealand. International Technology Exchange Program Report. URL: 

http://international.fhwa.dot.gov/performance/04transperfmeasure.pdf (last visit: February 

2016) 
 

[109] J. Levine. Getting There: From Mobility to Accessibility in Transportation Planning. 

2011. URL: http://www.rff.org/blog/2011/getting-there-mobility-accessibility-transportation-

planning (last visit: February 2016) 
 

[110] Victoria Transport Policy Institute. Measuring Transportation: Traffic, Mobility and 

Accessibility. 2011. URL: http://www.vtpi.org/measure.pdf  (last visit: February 2016) 
 

[111] Florida Department of Transportation. Use of Multiple Data Sources for 

Monitoring Mobility Performance. 2015. URL: 

http://www.dot.state.fl.us/planning/statistics/mobilitymeasures/Task17-multisource.pdf 

(last visit: February 2016) 
 

[112] Oregon Department of Transportation. Mobility Procedures Manual. 2015. URL: 

http://www.oregon.gov/ODOT/MCT/docs/MobilityProcedureManual.pdf (last visit: February 

2016) 
 

[113] Metropolitan Council. Metro Mobility Service Description. 2015. URL: 

http://www.metrocouncil.org/Transportation/Services/Metro-Mobility.aspx (last visit: 

February 

2016) 
 

[114] U. Demiryurek, F. Banaei-Kashani and C. Shahabi. .A Case for Time-Dependent 

Shortest 

Path Computation in Spatial Networks. ACMGIS 2010. 
 

[115] U. Demiryurek, F. Banaei-Kashani, C. Shahabi and Anand Ranganathan. Online 

Computation of Fastest Path in Time-Dependent Spatial Networks. SSTD 2011. 
 

[116] Graham Cormode, Minos Garofalakis, Peter J. Haas and Chris Jermaine. Synopses for 

Massive Data: Samples, Histograms, Wavelets, Sketches. Foundations and Trends in 

Databases: Vol. 4: No. 1–3, pp 1-294. 2011. 
 

[117] TIGER Dataset. URL: https://www.census.gov/geo/maps-data/data/tiger.html (last 

visit: February 2016) 
 

[118] MNTG Traffic Data Generator. URL: http://mntg.cs.umn.edu/tg/index.php  (last 

visit: February 2016) 
 

[119] BerlinMOD Traffic Simulator. URL: http://dna.fernuni- 

hagen.de/secondo/BerlinMOD/BerlinMOD.html  (last visit: February 

2016) 

[120] Thomas-Brinkhoff  Traffic Simulator. URL: http://iapg.jade 

hs.de/personen/brinkhoff/ generator/  (last visit: February 2016) 

http://onlinepubs.trb.org/onlinepubs/nchrp/nchrp_rpt_664.pdf
http://international.fhwa.dot.gov/performance/04transperfmeasure.pdf
http://www.rff.org/blog/2011/getting-there-mobility-accessibility-transportation-planning
http://www.rff.org/blog/2011/getting-there-mobility-accessibility-transportation-planning
http://www.vtpi.org/measure.pdf
http://www.dot.state.fl.us/planning/statistics/mobilitymeasures/Task17-multisource.pdf
http://www.dot.state.fl.us/planning/statistics/mobilitymeasures/Task17-multisource.pdf
http://www.oregon.gov/ODOT/MCT/docs/MobilityProcedureManual.pdf
http://www.metrocouncil.org/Transportation/Services/Metro-Mobility.aspx
https://www.census.gov/geo/maps-data/data/tiger.html
http://mntg.cs.umn.edu/tg/index.php
http://dna.fernuni-hagen.de/secondo/BerlinMOD/BerlinMOD.html
http://dna.fernuni-hagen.de/secondo/BerlinMOD/BerlinMOD.html
http://dna.fernuni-hagen.de/secondo/BerlinMOD/BerlinMOD.html
http://iapg.jade-hs.de/personen/brinkhoff/generator/
http://iapg.jade-hs.de/personen/brinkhoff/generator/

