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5-5-3- Summary of the HOTS Model Results for Multiple-Track Case 
Study 

Two multiple-track case study scenarios, rescheduling a multiple-track corridor 

and rescheduling trains after assigning a new route to a given train were successfully 

completed by the HOTS model for the NEC corridor. In the first scenario, the HOTS 

model was able to develop a “Conflict-Free” compressed schedule (Same-Order 

approach) with non-directional operation pattern, while maintaining the same routings 

and stop patterns of trains, but allowing the early/late departure flexibility parameters 

Figure  5-11- TT developed in Scenario 2-1 (a) was rescheduled by the HOTS 
model to address the new route defined for Train #2 (b) 

16:30 17:30 18:0017:00 

16:30 17:30 18:00 17:00 
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for trains (F1DT and F2DT). HOTS model compressed the timetable by 48 minutes 

from the initial schedule. In the second scenario, a given train was moved to a new 

route. The new route was defined in the HOTS model, and the new schedule was 

developed based on the necessary changes on the given train’s parameters, but the 

rest of the HOTS model parameters remained unchanged from Scenario 2-1. Six other 

trains affected by the rerouting were rescheduled as part of the process, but the total 

duration of updated timetable remained unchanged. The outcome of the second 

scenario demonstrates the ability of the HOTS model to provide a “Conflict-Free” 

and compressed schedule when new routes for the trains are assigned.  

Table  5-10 compares some of the operational and capacity related criteria between 

the initial and developed timetables (based on “Same-Order” approach) in the 

multiple-track case study. As presented in Table  5-10, the HOTS model could either 

improve or at least maintain the same characteristics of the initial timetable. While 

only the “Same-Order” approach was used, the HOTS model could also be used to 

reschedule the initial timetable of NEC corridor based on the “Order-Free” 

rescheduling approach, but different flexibility parameters of train departure and 

dwell times would be required. 
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Table  5-10- Comparison between initial timetable and rescheduled timetable 
developed by the HOTS model in different scenarios of NEC as multiple-track case 

study (Same-Order rescheduling approach) 

Criteria Initial TT 
of NEC 

Rescheduled 
by HOTS 

(Scenario 2-1) 

Rescheduled by 
HOTS Based on New 
Route (Scenario 2-2) 

LOS 

Number of stops1 402 402 402 

Min. dwell time2 1’ 1’ 1’ 

Max. dwell time2 3’ 2’ 2’ 

Total dwell times1 557’ 405’ 405’ 

Capacity 

TT duration 23h 46’ 22h 58’ 22h 58’ 

TT Compression 
Level 

- 48’ 48’ 

- 3.3% 3.3% 
1: Excluding the origin and destination 
2: Only for planned stop points, otherwise zero 

 

5-6- Summary and Conclusions 
Rescheduling, and a particular a type of rescheduling called “timetable 

compression technique”, is one of the main methods to improve operational 

characteristics of a rail corridor. While there are several timetable tools and rail 

simulation packages with operational management capabilities available in the rail 

industry, the features vary from tool to tool, and timetable management techniques 

(e.g. timetable compression) or optimization models for rescheduling and timetable 

improvement are limited, especially in tools that target the U.S. rail environment with 

more non-timetable based operating principles. 

A new standalone analytical model called “Hybrid Optimization of Train 

Schedules” (HOTS) was introduced in this paper. HOTS can work in conjunction 

with any commercial rail simulation software and it can reschedule an initial 
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timetable (with or without conflict) to provide a “Conflict-Free” timetable. HOTS 

includes an optimization model which receives some of the main rescheduling 

parameters from the simulation/ timetable management tool outputs, in addition to 

user-defined parameters. The model outcomes can be used to update the requested 

departure and dwell times for validation in the simulation software, or to perform 

further analysis and calculations based on the new optimized results. 

There are several applications in which the HOTS model can be used to improve 

the initial timetable, including: 

- Rescheduling an initial timetable (with or without conflict) to provide a 
“Conflict-Free” timetable based on defined criteria 

- Rescheduling trains on any type of rail corridor, including single, double and 
multiple track corridors under both directional and non-directional operation 
patterns 

- Analyzing different stop patterns, flexibility of trains to be departed earlier or 
later, and min/max dwell times for selected trains to evaluate the level of 
service and capacity utilization under new scenarios 

- Compressing the initial timetable to provide more capacity (shorter timetable 
duration of existing trains) for additional trains  

- Rescheduling trains based on assigning new routing scenarios to the selected 
trains for double and multiple track corridors. 

- Rescheduling trains by either maintaining the same order of initial departure 
times before improvement (“Same-Order” approach), or by shuffling trains 
based on the new earliest departure times (“Order-Free” approach) 

 

Two case studies, both with several scenarios were demonstrated and analyzed in 

the paper to examine the different capabilities and hypotheses of the HOTS model 

(mentioned above), especially for the U.S. rail environment which is different from 

the European rail corridors (e.g. non-directional operation vs. directional operation 

approach). According to the results of scenarios/application tested in the paper, the 
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HOTS model could either improve or maintain the same criteria of an initial timetable 

as summarized below: 

- Resolving the schedule conflicts of an initial timetable, in both “Same-
Order” and “Order Free” rescheduling applications (Scenario 1-1) 

- Compressing a “Conflict-Free” timetable (Scenario 1-2) 
- Comparison between the compression techniques of HOTS model and 

RailSys. (Scenario 1-3) 
- Compressing the initial schedule of a multiple-track corridor with non-

directional operation pattern (NEC), while maintaining the routings and stop 
patterns of trains. (Scenario 2-1) 

- Providing a “Conflict-Free” and compressed schedule of a multiple-track 
corridor (NEC), based on defining a new route for the trains. (Scenario 2-2) 

 

5-7- Future Research 
Although the HOTS model was capable of rescheduling/compressing timetables 

for different scenarios and applications, several limitations have been identified in the 

current version. The model structure cannot take into account the station capacity 

limits, requiring a second iteration of the model with manual adjustments. 

Incorporation of a station capacity constraint would make the model more user-

friendly and allow it to reach the final solution with a single run. Another solution 

could be using the actual track/switch arrangements at stations, by updating station 

topology from a node-based approach to a link-based approach. Some of the 

constraints of the existing HOTS model should be consequently adjusted in an 

expanded version of the HOTS model to address respective changes needed for the 

link-based approach of stations. 

The optimization part of the HOTS model has been developed based on 

minimizing the departure times as well as deviation of train dwell times, which forces 
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the train schedules to be compressed as early as possible. In practice, there might be a 

preference to reschedule some selected trains to be departed as early as possible, 

while for others (e.g. freight trains) the dispatcher might prefer a late departure. This 

would provide more capacity in the middle of the timetable, instead of compressing 

all trains to the left side of timetable. An expanded version of the HOTS model that 

uses a dual-objective algorithm for minimizing the departure time of some selected 

trains while maximizing others (as late departure as possible), could be developed to 

expand the alternatives for analysis.  

 

5-8- Acknowledgments 
This research was supported by National University Rail (NURail) Center, a US 

DOT-OST Tier 1 University Transportation Center. The authors are grateful for the 
assistance by Amtrak in providing information and the NEC database for this 
research. Special thanks for the assistance and feedback by Davis Dure in Amtrak. 
The authors would also like to thank Eric Wilson (Berkeley Simulation Software, 
LLC), Daniel Huerlimann (OpenTrack), Sonja Perkuhn (RMCon), and Gabriele 
Löber (RMCon) for providing academic licenses to simulation packages, RTC, 
OpenTrack and RailSys, respectively, and for their support for the research team at 
Michigan Tech. Finally, authors appreciate Mark Wiley (Lindo Systems, Inc.) for 
providing the academic license of LINGO for the research. 

 

 

5-9- References 
1.  Hansen, Ingo Arne and Jorn Pachl, RAILWAY TIMETABLE & TRAFFIC, Analysis, Modeling, 

Simulation. 1 ed2008, Hamburg, Germany: Eurailpress. 
3.  UIC, UIC CODE 406R-Capacity-1st edition, June 2004, International Union of Railways 

(UIC): Paris, France. 
12.  Melody Khadem Sameni, Mark Dingler, John M. Preston, Christopher P.L. Barkan. Profit-

Generating Capacity for a Freight Railroad. in TRB 90th Annual Meeting. 2011. 
Washington, DC: TRB. 

13. Alex Landex, et al. Evaluation of Railway Capacity. in Annual Transport Conference. 
2006. Aalborg University, Denmark  



178 
 

24.  White, Thomas, Alternatives for Railroad Traffic Simulation Analysis. Journal of the 
Transportation Research Board (TRB)- Washington, DC, 2005. 1916 p. 34-41. 

30. Pouryousef, H and P. Lautala. Evaluating the Results and Features of Two Capacity 
Simulation Tools on the Shared-use Corridors. in ASME/ASCE/IEEE 2013 Joint Rail 
Conference (JRC2013). 2013. Knoxville,TN, USA. 

31. Pouryousef, H. and P. Lautala. Evaluating Two Capacity Simulation Tools on Shared-use 
U.S. Rail Corridor. in 2014 Annual Meeting of the Transportation Research Board. 2014. 
Washington, DC: TRB. 

32. Lai, Yung-Cheng and Christopher Barkan, A Comprehensive Decision Support Framework 
for Strategic Railway Capacity Planning. Journal of Transportation Engineering-ASCE 
2011. 137(OCTOBER 2011): p. 738-749. 

33. M. Abril, F. Barber, L. Ingolotti, M.A. Salido, P. Tormos,  A. Lova An Assessment of 
Railway Capacity, 2007, Technical University of Valencia: Valencia, SPAIN. 

38. Robert Prinz, Josef Hollmuller, Implementation of UIC 406 Capacity Calculation Method 
at Austrian Railway (OBB), 2005, Austrian Railway (OBB): Vienna, Austria 

39. BANVERKET, Applicationof the UIC Capacity leaflet at Banverket, 2005, Banverket, 
Swedish National Rail Administration. 

40. Melody Khadem Sameni, Mark Dingler, John M. Preston. REVISING THE UIC 406 
METHOD: REVENUE GENERATING CAPACITY- JRC2010-36281. in Joint Rail Conference 
(JRC) 2010. 2010. Urbana, IL, USA. 

44. RMCon, RailSys User Manual, 2010, Rail Management Consultants GmbH (RMCon): 
Hannover, Germany. 

51. Ghoseiri, Keivan, Ferenc Szidarovszky, and Mohammad Jawad Asgharpour, A multi-
objective train scheduling model and solution. Transportation Research Part B, Elsevier, 
2004. 38: p. 927-952. 

52. Burdett, R. L., and Kozan, E., Techniques for absolute capacity determination in railways. 
Transportation Research Part B, 2006. 40: p. 616-632. 

54. Lindner, Tobias, Applicability of the analytical UIC Code 406 compression method for 
evaluating line and station capacity. Journal of Rail Transport Planning & Management, 
Elsevier, 2011. 1: p. 49-57. 

55. Corman, Francesco, et al., Optimal multi-class rescheduling of railway traffic. Journal of 
Rail Transport Planning & Management, Elsevier, 2011. 1: p. 14-24. 

59.  Samuel L. Sogin, Christopher P.L. Barkan, Yung-Cheng Lai, Mohd Rapik Saat. IMPACT OF 
PASSENGER TRAINS IN DOUBLE TRACK NETWORKS. in 2012 Joint Rail Conference. 2012. 
Philadelphia, Pennsylvania. 

62. Brod, Daniel and Alexander E. Metcalf, Web-Based Screening Tool for Shared-Use Rail 
Corridors (NCFRP REPORT 27), 2014, NATIONAL COOPERATIVE FREIGHT RESEARCH 
PROGRAM- Transportation Research Board (TRB): Washington, DC. 

68. Schlechte, Thomas, et al., Micro–macro transformation of railway networks. Journal of 
Rail Transport Planning & Management, Elsevier, 2011. 1: p. 38-48. 

69. Gille, Andreas and Thomas Siefer. SOPHISTICATED CAPACITY DETERMINATAION USING 
SIMULATION in Transportation Research Board 2013 Annual Meeting. 2013. 
Washington, DC, USA. 

72. Goverde, Rob M.P., Francesco Corman, and Andrea D’Ariano. INVESTIGATION ON THE 
CAPACITY CONSUMPTION AT DUTCH RAILWAYS FOR VARIOUS SIGNALLING 



179 
 

TECHNOLOGIES AND TRAFFIC CONDITIONS in TRB 2014 Annual Meeting. 2014. 
Washington, DC, USA. 

73. Pouryousef, Hamed, Pasi Lautala, and Thomas White. Review of Capacity Measurement 
Methodologies; Similarities and Differences in the U.S. and European Railroads. in 2013 
TRB Annual Meeting 2013. Washington-DC. 

74. Cambridge Systematics, Inc., Statewide Rail Capacity and System Needs Study, Final 
report, 2006, STATE OF WASHINGTON-TRANSPORTATION COMMISSION, : Olympia, WA. 

75. Sogin, Samuel L., et al. Comparison of the Capacity of Single and Double Track Rail Lines 
Using Simulation Analyses in Transportation Research Board 92nd Annual Meeting 2013. 
Washington, DC, USA. 

79. Kraay, D., P.T. Harker, and B. Chen, Optimal pacing of trains in freight railroads: model 
formulation and solution. Operations Research, 1991. . 39: p. 82–99. 

80. Carey, M. and D. Lockwood, A model, algorithms and strategy for train pathing. 
Operational Research Society 1995. 46: p. 988–1005. 

81. Higgins, A., E. Kozan, and Ferreira. L., Optimal Scheduling of Trains on a Single Line 
Track. Transportation Research - Part B, 1996. 30B(2): p. 147-161. 

82. Carey, Malachy and Sinead Carville, Scheduling and platforming trains at busy complex 
stations. Transportation Research Part A, 2003. 37: p. 195-224. 

83. Canca, David, et al., Design and analysis of demand-adapted railway timetables. 
JOURNAL OF ADVANCED TRANSPORTATION (John Wiley & Sons, Ltd.), 2014. 48: p. 119–
137. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



180 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 
 

 

 

 

 

 

 

 



181 
 

6- Conclusions and Future Research 
This research investigated different methodologies, techniques and tools for 

railway capacity evaluation. More specifically, the research used an approach where 

case studies were developed within the U.S. and European railway simulation 

packages to study timetable management techniques. Based on the knowledge, a 

standalone analytical model, “Hybrid Optimization of Train Schedules” (HOTS), was 

developed that works with any simulation/ timetable management tools and uses 

initial timetable and user-defined criteria to develop a “Conflict-Free” and 

compressed timetable of trains.  

The following sections provide conclusions of the research: 

 The review of previous studies and papers revealed no single definition of 

railroad capacity. Rather, the definition varies based on the techniques and 

objectives of the specific study. The capacity analysis approaches and 

methodologies can be classified in several ways, but are most commonly 

divided into analytical and simulation methods. A third “combined” approach 

that takes advantage of both analytical and simulation methods, was also 

identified in the research.  

 Past European rail capacity studies are more unified in terms of capacity 

concepts and techniques, while the U.S. studies use a variety of methods, tools 

and objectives. The majority of studies in both continents use either simulation, 

or combined simulation-analytical approach, but due to the significant 

differences between principle traffic type (passenger vs. freight), operating 

philosophy (structured vs. non-structured) and network characteristics of these 

two rail systems, European studies tend to use timetable-based simulation tools 

(e.g. RailSys) when compared to the non-timetable based tools (e.g. RTC) 

commonly used on the U.S. rail network. It was also found that validation of 
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studies against actual operations was rarely completed, or was limited to 

comparisons with base model. 

 Several conclusions were made on the operation of current simulations 

software investigated as part of the project: 

o Non-timetable and timetable based tools offer different capabilities 

designed to match the type of operations analyzed. The timetable-based 

simulation tools are typically equipped with timetable management features 

(e.g. timetable compression technique), while non-timetable-based 

simulation packages concentrate on automatically resolving train conflicts.  

o It was concluded that the timetable compression technique of RailSys can 

be applied on any single-track corridor, but it is only valid for 

double/multiple track corridors if trains are operated under a directional 

operation pattern.  

o The outcomes of automatic timetable compression technique of RailSys 

(and perhaps any other simulation package), should be double checked for 

any further improvement opportunities by manual adjustments. 

o OpenTrack offers automated alternative routing options for trains. Similar 

to RTC, it is also capable of automatically resolve the train conflicts, 

although the respective parameters and criteria of resolving the conflict 

differ from RTC.  

 

 The following conclusions were derived as part of the development of “Hybrid 

Optimization of Train Schedules” (HOTS) model: 

o The outcomes of a new hybrid simulation approach that utilized current 

non-timetable (RTC) and timetable based (RailSys) tools suggest that UIC 

406 compression techniques have the potential to be successfully applied 

for the single track corridors in the U.S. rail environment. However, the 

procedure of replicating databases in two simulation software is time-

consuming and the challenges in conversion of rolling stock and signaling 
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features may cause some minor differences in results. These issues limit the 

potential for a wider research application. 

o Operational modifications, including a shift to directional train operations 

through rerouting, rescheduling, or combined rerouting/rescheduling efforts 

can offer increased capacity utilization on multiple-track corridor, but it is 

difficult to quantify the benefits of increased average speed of trains versus 

the disadvantages of increased train delays. A new “Speed-Delay 

normalized parameter” (SD) was introduced in the study to provide a 

method to investigate the tradeoff between changes in train speeds and train 

delays. 

o The HOTS model condenses different capabilities currently offered either 

by non-timetable based, or timetable based software into a single analytical 

model. The capabilities of HOTS include: 

 Rescheduling an initial timetable (with or without conflict) to provide 

a “Conflict-Free” timetable based on defined criteria 

 Applicability to all rail corridors including single, double and 

multiple track corridors under both directional and non-directional 

operation pattern 

 Ability to use different stop patterns, flexibility of departing trains, 

and min/max dwell times for selected trains to investigate the level of 

service and capacity utilization on new scenarios 

 Ability of the model to work in conjunction with any commercial rail 

simulation and timetable management tools 

 Compression of the initial timetable (shorter timetable duration of 

existing trains) to provide more capacity for new trains  

 Rescheduling of trains based on new routing scenarios of selected 

trains on double and multiple track corridors. 

 Rescheduling of trains by either maintaining the same order of 

departures (“Same-Order” approach), or by allowing changes in train 
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order based on the new earliest departure times (“Order-Free” 

approach) 

o In testing, the HOTS model was successful in either improving the capacity 

and/or service quality, or at least maintaining the initial capacity level and 

service conditions on single and multiple-track case studies. 

 

6-2- Future Research Opportunities 
Limited research has been conducted on using operational management techniques 

to improve the capacity and level of service of shared-use corridors in the U.S. The 

research presented in this dissertation has provided same initial steps to close the 

research gap, but there are numerous other topics that could be addressed in the future 

research. Some of the most critical needs related to the key topics of this research 

(capacity evaluation, train scheduling, and operations) include: 

1: Long-term planning of the shared-use corridors:  

What is the optimal train mix and dispatching approaches to maximize a shared-

use corridor capacity? For instance, how would the capacity of a shared corridor 

be affected by a conversion from the currently operated heavy freight trains 

with slow speeds to shorter freight trains that possess similar train performance 

with passenger trains? 

Would shared-use corridors in the U.S. rail environment benefit from a shift to 

structured operation philosophy where all trains have predefined and detailed 

daily schedules? If yes, how should operations philosophy be changed to 

maintain/improve the level of service of all passenger and freight trains under 

structured scenario? 
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2: Balance between capacity and level of service (LOS) metrics: How to 

determine the ideal balance between the capacity utilization (number of trains 

per day) and the level of service metrics (total and maximum dwell time, delay, 

number of meet-pass stops), so the most adequate service is provided for 

different operational mixes on shared corridors?  

3: Operation patterns of multiple-track corridors: What would the criteria 

be to determine, if a multiple-track corridor could benefit from a shift to 

directional operation pattern through rescheduling/rerouting? Is the loss of 

operational flexibility caused by the shift adequately compensated by the 

advances in train speeds and capacity utilization, or should some of the trains 

maintain non-directional operations? 

4: Dynamic planning and real-time rescheduling: Which features and tools 

of a given rail simulator or a scheduling model should be considered during 

real-time rescheduling and rerouting practices, in case of service interruption, 

maintenance activities, and emergency situations, to help dispatchers for making 

a quick and reliable decision to recover the schedule? 

5: Urban rail transit rescheduling practices: The current research focused on 

the intercity rail operations and did not investigate on any application of urban 

rail transit practices,  regarding rescheduling and timetable development. 

Therefore, it would be an interesting future research to explore differences and 

similarities between urban/rail transit (e.g., heavy rail rapid transit, light rail 

transit, commuter services), and intercity rail services in terms of rescheduling 

and timetable development models and tools. For instance, what parameters of 

timetable development and rescheduling might be more important and sensitive 

in only one of these systems, and what parameters are equally valid and 

essential in both systems? 

 

Although the HOTS model was capable in rescheduling/compressing timetables 

for different test scenarios, future research and development is necessary to address 
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the current model limitations. Some of the major recommendations for future HOTS 

development include:  

 The current structure of HOTS model does not consider station capacity limits, 

so a second iteration may be needed to resolve potential station capacity 

shortage. Incorporating a station capacity constraint into the model would make 

the model more accurate and user-friendly, and remove the need for second 

iteration. Another solution for this issue would be updating station topology in 

the HOTS model database from node-based approach to the link-based 

approach that represents actual track/switch arrangements at stations. 

 The optimization part of the HOTS model has been developed to force the trains 

to depart as early as possible. However, in practice, the dispatcher may prefer to 

consider selected trains, such as freight trains, to be departed as late as possible 

(compression to the right side of timetable). It would be beneficial to develop an 

expanded version of the HOTS model that uses a dual-objective algorithm for 

minimizing the departure time of selected trains (dispatch as early as possible) 

while the objective for the remaining trains will be to maximize the departure 

times (dispatch as late as possible).  

 The current database structure and input of HOTS model relies on Excel 

spreadsheets. A graphic interface would improve the user-friendliness of 

database development. 

 The current structure of the HOTS model has been built based on deterministic 

scheduling approach, while freight rail services (or even may follow more 

stochastic modeling approach where initial departure times and dwell times are 

considered under probabilistic functions. An extension of HOTS model, or a 

new model, with stochastic functions, has potential to benefit freight rail 

services with no predefined/detailed schedule. 
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HOTS model was tested only on limited applications as part of the research, but 

there are numerous potential future opportunities. Since the HOTS model includes a 

variety of scheduling parameters (flexible factors to be customized based on user 

preferences), it is beneficial to apply HOTS model through further research 

opportunities related to the rescheduling and timetable development practices, as 

identified earlier in the chapter. 
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Appendix 

I: Screenshots of Lingo Results- HOTS Model 
 

 

Figure  A-1- Snapshot of the optimum solution found by Lingo after solving the 
single-track case study based on HOTS model (Scenario 1-3 in Chapter 5) 
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Figure  A-2- Snapshot of the optimum solution found by Lingo after solving the 
multiple-track case study based on HOTS model (Scenario 2-1 in Chapter 5) 
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Figure  A-3- Snapshot of the results of Lingo Software after solving the single-
track case study based on HOTS model (Scenario 1-3 in Chapter 5) 
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Figure  A-4- Snapshot of the results of Lingo Software after solving the multiple-
track case study based on HOTS model (Scenario 2-1 in Chapter 5) 
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II: Screenshots of Datasets Developed through the Case 
Studies of HOTS Model 

 

 

Figure  A-5- Snapshot of the Excel dataset developed for single-track case study 
through HOTS model (Scenario 1-3 in Chapter 5) 
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Figure  A-6- Snapshot of the Excel dataset developed for multiple-track case 
study through HOTS model (Scenario 2-1 in Chapter 5) 

 


