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EXECUTIVE SUMMARY 

A key element in developing and maintaining a reliable freeway system is the capability to monitor and 

assess corridor-wide travel-time reliability on an ongoing basis. The previous phase of this research 

developed a comprehensive computer system, TeTRES (Travel-time Reliability Estimation System), which 

can be used to efficiently collect and integrate a large volume of data from multiple sources, such as 

traffic, weather, and incident databases, and estimate a set of reliability measures for given corridors 

and time periods under specified operating conditions.  

This report summarized the results from the current research effort to apply TeTRES for analyzing the 

travel-time reliability trends at the major corridors in the Twin Cities metro freeway network. First, a 

new module to calculate the traffic-flow measures of effectiveness (MOEs) has been added to TeTRES, 

so that an integrated analysis using both travel-time reliability and traffic-flow MOEs can be performed 

in an efficient way for selected corridors and periods. Next, various sets of historical data for the metro 

freeway network, including non-traffic external condition data, such as weather, incidents, special 

events, and work zones, were collected from 2012 until 2020. The collected data were processed and 

loaded into the TeTRES database. Furthermore, a total of 116 directional routes were identified in 

cooperation with the Regional Transportation Management Center, MnDOT, and for each route, the 

travel times were calculated for every five-minute interval from 2012 to 2020 and saved in the travel-

time database in TeTRES. The calculated travel times were linked to external operating conditions, e.g., 

weather and incident conditions, and stored in the TeTRES database. The expanded database of TeTRES 

was then applied to estimate a set of monthly and yearly travel-time reliability measures for 48 

directional routes in 23 corridors in the metro network under different operating conditions from 2016 

until 2020. These estimation results were then analyzed and the effects of different operating 

conditions, sch as weather, incidents, and work zones, on travel-time reliability were identified for each 

route. In particularly, a newly developed vulnerability index, which combines 95th percentile buffer 

index and 95th percentile travel rate of each route, was applied to determine yearly reliability trends 

under different operating conditions for each route. The vulnerability index was also applied to identify 

the most vulnerable bottleneck section within each directional route using the 2019 data under all 

conditions.  

Finally, a preliminary study to assess the operational resilience of freeway corridors was conducted in 

this study using the data from a total of six directional corridor routes in the metro freeway network. 

Using the collected traffic and incident data, the congestion start/recovery process of each route was 

analyzed and a model to quantify the corridor-wide operational resilience (CORI) of a given corridor was 

formulated and applied to the sample directional routes for the weekday-peak periods under dry-

weather conditions. The resulting CORI estimates of the sample directional routes indicated that the 

southbound routes show consistently stronger resilience with more stable day-to-day variations than 

those of the northbound route in a same corridor. Furthermore, the average resilience values of all the 

sample routes were significantly different from each other at a 95% confidence level. Finally, the 

potential relationship between the operational resilience and the geometric structure of each sample 

route was analyzed by quantifying the level of potential geometric-friction in each directional route in 



  

terms of handling corridor-wide, through-traffic flows. The quantification of the geometric friction was 

based on the geometry data easily measurable from the field. The resulting geometric-friction levels 

showed clear correlation with the operational resilience measures of each sample route. For example, 

the southbound routes in the sample corridors used in this study showed less geometric-friction levels 

with stronger operational resilience than the northbound routes in the same corridors. This indicates 

the promising possibilities of the proposed corridor-wide operational resilience measures for accurately 

understanding the main sources of reliability issues and improving operational effectiveness of given 

corridors. 



1 

 

CHAPTER 1:  INTRODUCTION 

1.1 BACKGROUND AND RESEARCH OBJECTIVES 

A reliable and resilient freeway network, which can absorb, recover and adapt to various operating 

conditions, is of critical importance in sustaining the way of life and economic vitality of the Twin Cities 

metro area. A key element in developing and maintaining such a reliable freeway system is the 

capability to monitor and assess corridor-wide travel-time reliability, a major performance measure for 

quantifying the operational effectiveness of a freeway network. 

The previous phase of this research developed a comprehensive computer system, Travel-time 

Reliability Estimation System (TeTRES), which can efficiently process a large amount of data from 

multiple sources, such as MnDOT traffic-data archives, Computer Aided Dispatch (CAD)-incident 

database, and the National Oceanic and Atmospheric Administration (NOAA) weather-data storage, and 

estimate a set of travel-time reliability measures for given corridors and time periods under user-

specified operating conditions. This research expands TeTRES by adding the capability to calculate 

traffic-flow measures of effectiveness (MOEs) for given routes. Furthermore, the enhanced TeTRES is 

applied to analyze the reliability trends and/or issues of individual corridors in the metro freeway 

network. The specific objectives of this study include: 

 Expansion of TeTRES with the addition of the traffic-flow module of the Traffic Information and 

Condition Analysis System (TICAS), for an integrated analysis of travel-time reliability and traffic-

flow measures of effectiveness for given routes. 

 Population of TeTRES database with various types of historical data for the 2012 - 2020 period 

from multiple sources relevant to the estimation of travel-time reliability measures for selected 

corridors under given operating conditions. 

 Estimation of travel-time reliability measures for the major corridors in the metro freeway 

network for the selected periods and identification of bottleneck sections in each corridor using 

the travel-time reliability measures.    

 Preliminary study for assessing operational resilience of sample freeway corridors.   

 

1.2 REPORT ORGANIZATION 

Chapter 2 describes the internal structure of the enhanced TeTRES with the newly added traffic-flow 

MOE module. The enhancements of administrative and user clients to facilitate the extraction of MOEs 

are also explained in this chapter. The collection and processing of the historical data, both traffic and 

non-traffic data, needed to estimate travel-time reliability measures under various operating conditions 

are explained in Chapter 3. The populated database of TeTRES is used in Chapter 4 to estimate the 

monthly and yearly values of the travel-time reliability and traffic-flow measures for the major corridors 



2 

 

in the metro freeway network. The identification and prioritization of the bottleneck sections in each 

corridor are also described in Chapter 4. The preliminary study to model and assess the operational 

resilience of sample freeway corridors is reported in Chapter 5. Finally, Chapter 6 summarizes the 

benefits of the current research, implementation steps. and conclusions.  
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CHAPTER 2:  INTEGRATION OF TETRES AND TRAFFIC-FLOW MOE 

CALCULATION PROCESS   

2.1 INTRODUCTION 

In this chapter, TeTRES is enhanced with the addition of the traffic-flow Measures of Effectiveness 

(MOEs) calculation functions of TICAS, Traffic Information, and Condition Analysis System, developed at 

the University of Minnesota Duluth, so that an integrated analysis of travel-time reliability and traffic-

flow performance measures can be conducted for given corridors. Specifically, the existing travel-time 

estimation module of TeTRES is modified to incorporate the additional calculations of various traffic-

flow MOEs, which are then stored in the TeTRES database, which is also expanded in this study. In the 

enhanced TeTRES, the calculation of traffic-flow MOEs is performed on a need basis, i.e., users can 

choose the MOE calculation option for selected routes and time periods. To facilitate the MOE 

calculation and extraction process, the admin client is revised to allow the administrator to calculate the 

MOE values for predefined routes for a specific time range with the option of modifying parameter 

values needed for MOE calculation. The user client is also enhanced with the functions necessary for the 

traffic-flow MOE calculation/extraction processes. In particular, the MOE-output module, developed and 

inserted into the User client in this study, extracts the MOE values for selected corridors from the 

database for user-specified operating conditions and generates a set of the output files in a spreadsheet 

format. The rest of this chapter summarizes the architecture of the enhanced TeTRES, the processes to 

calculate, store and extract the traffic-flow MOE values for given routes. 

2.2 INCORPORATION OF TRAFFIC-FLOW MOE CALCULATION PROCESS INTO TETRES   

2.2.1 OVERVIEW OF THE ENHANCED TETRES ARCHITECTURE  

Figure 2.1 shows the architecture of the enhanced TeTRES, whose highlighted modules incorporated the 

new processes and functions, developed in this chapter, to calculate, store, and extract the MOE values 

for pre-defined routes. Specifically, the following modules have been updated with the new MOE-

related processes and functions:     

 Travel-Time Database, which is expanded to store a set of MOEs calculated for each route.  

 Travel-Time and Reliability Calculation Module, where the traffic-flow MOE calculation functions 

are called and MOEs for each route are calculated.  

 Admin-Client, where the admin users calculate the MOE values for the predefined routes for a 

specific time range with the option of modifying different parameters of MOE calculation. 

 User-Client, where the new MOE output module extracts the MOE values for user-specified 

operating conditions and generates a set of the output files in a spreadsheet format.  
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2.2.2 TYPES OF TRAFFIC-FLOW MEASURS OF EFFECTIVENESS     

This section summarizes the types of the traffic-flow MOEs incorporated into TeTRES in this study.  

Figure 2.2 shows the space-discretization scheme adopted in TeTRES, where a freeway corridor is 

divided into 0.1-mile segments and a set of MOEs are estimated for each segment with the macroscopic 

flow parameters, i.e., flow rate (q), density (k) and speed (u), for every time interval.  In particular, the 

values of q, k, and u for each 0.1-mile segment are determined by interpolating the measurements from 

the field detectors installed at fixed locations on freeway corridors. Currently, q, k, and u values for each 

0.1-mile segment are estimated for every 5-minute interval for the entire freeway network in Twin 

Cities, Minnesota.  Those q, k, and u values for each segment are used to determine the various types of 

traffic-flow MOEs for a given route and period. The specific types of traffic-flow MOEs, coded into the 

MOE module, and their definitions used in this study are as follows:  
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Figure 2.1: Architecture of Enhanced TeTRES with Traffic-Flow MOE Calculation 
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2.2.3 Vehicle-Miles Traveled (VMT)  

VMT measures the amount of travel for all vehicles in a given roadway during a given time period.  In 

TeTRES, the VMT for a given route is calculated every time interval, t, e.g., 5 minutes in the current 

version, by adding up all ‘0.1-mile segment VMTs’ in a given route as follows:     

     VMT for segment i during t 

                     = [density (k)]i,t * segment length (= 0.1 mile) * [speed (u)]i,t * time-interval (=5/60 hr)  

    VMT for a Route during t = Sum of VMTs for all the segments in a route during t  

2.2.4 Vehicle-Hours Traveled (VHT)  

VHT measures the total amount of time spent by all vehicles in a given roadway over a given period of 

time. It’s a measure of the quality of traffic performance of a given route and estimated for each time 

interval as follows:  

    VHT for segment i during t =[density (k)]i,t * segment length (=0.1) * time-interval (=5/60 hr)  

    VHT for a route during t = Sum of VHTs for all segments in a route during t  

2.2.5 Delayed-Vehicle Hours (DVH)  

DVH measures the total delay experienced by all the vehicles in a given route over a given period of time 

and estimated as follows:   

     DVH for Segment i during t = [(Estimated Actual-Travel Time)i,t – (Free-flow travel Time)i] *   

                                                                                                      [flow rate (q)]I,t * time interval (=5/60 hr)  

    DVH for a route per time interval = Sum of DVHs for All Segments in a Route per time interval  

2.2.6 Lost VMT for congestion (LVMT)    

LVMT is a measure of the lost capacity, because of congestion, of a given route over a given time period. 

It measures the inefficiencies of a given roadway traffic system and estimated by converting the lost 

capacity into VMT for each segment every time interval as follows:  

    If (density of segment i per time interval)  > critical density,  

      Then 

         LVMTi = (capacity * number of lanes – Total flow rate)I,t * time interval * segment length (=0.1 

mile)      
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     Else, LVMTi= 0   

        LVMT for a route per time interval = Sum of LVMTs for all segments in a route during t  

2.2.7 Unused VMT (UVMT)   

UVMT measures the level of unused capacity of a given route for a given time period. UVMT can happen 

because of the lack of traffic demand or upstream bottlenecks and estimated for each segment by 

converting the unused capacity into VMT as follows:  

  If Density of segment i during t <= Critical Density,   

  Then UVMT for Segment i during t = [capacity * (number of lanes)i  – (Total flow rate)i,t] * time 

interval    

                                                                                                        (=5/60hr) * segment length (=0.1 mile),    

  Else, UVMT i = 0   

UVMT for a Route during t = Sum of UVMT for All Segments in a Route during t  

2.2.8 Congested Miles (CM)   

CM measures the amount of congested roadways of a given roadway for a given time period. A segment 

i is defined as congested when its speed during t is less than a pre-specified congestion-speed vale and 

the CM for a given route during t is calculated as the sum of all the congested segments during t as 

follows:    

   If speed of segment i during t < congestion _threshold speed,   

      then CMi = Segment length (=0.1mile), Else CMi = 0  

  CM for a given route during t = ∑ CMi for all segments in a given route during t  

2.2.9 Congested-Mile Hours (CMH)  

CMH measures the extent of congestion for a given roadway during a given time period by adding 

congested-time duration to CM. The specific formula for CMH for a given route is as follows:  

    If speed of segment i during t < congestion_ threshold speed,   

          then CMHi = Segment length (=0.1mile) * time interval (=5/60 hr),  Else CMHi = 0  

     CMH for a given route during t = ∑ CMi for all segments in a given route during t  
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2.2.10 Speed Variations (SV) 

SV measures the variance of the speed of a given route for a given time period. It’s estimated with the 

speed values of all segments during t for a given route during t, i.e.,   

   SV for a route during t = Var[Speed values of all segments for a given route during t]    

 In the enhanced TeTRES, average speed, maximum speed, minimum speed, speed difference (maximum 

speed - minimum speed) and acceleration are also calculated along with speed variance. 

2.2.11 Number of Vehicles Entered and Exited  

TVE (j): Total number of Vehicles Entered a given corridor during time (j)  

   = Sum [Upstream Boundary Flow Rate(j), qr(i,j)]  for all ramp (i), where qr(i,j) = flow rate of ramp i 

during j         

TVE: Total number of Vehicles Entered during a given period  

   = Sum [TVE(j)] for all (j)    

 TVX (j): Total # of Vehicles exited during (j)  

   = Sum [qx(i,j), Downstream Boundary Flow (j)] for all exit ramp i,  where qr(i,j) = flow rate of ramp I 

during j   

 TVX: Total number of vehicles Exited from during a given period  

    = Sum [TVX(j)] for all (j)       

     

 

Figure 2.2: Current space-discretization and flow-parameter estimation scheme in TeTRES 

  Field Detector 
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2.2.12 Parameters for Traffic-Flow MOE calculation 

The following three parameters need to be predefined to calculate the MOEs defined above: 

Congestion Threshold Speed 

For calculating Congested Miles (CM) and Congested-Mile Hours (CMH) the value of this parameter 

needs to be defined. The default value used by TeTRES for this parameter is 45 mph.  

Lane Capacity 

For calculating Lost VMT for congestion (LVMT) and Unused VMT (UVMT) the value of this parameter 

needs to be defined. The default value used by TeTRES for this parameter is 2200 veh/hr/lane.  

Critical Density 

For calculating Lost VMT for congestion (LVMT) and Unused VMT (UVMT) the value of this parameter 

needs to be defined. The default value used by TeTRES for this parameter is 40 veh/mile/lane. 

 

2.3 EXPANSION OF TETRES DATABASE TO STORE TRAFFIC-FLOW MOE VALUES 

The first step to incorporate MOE values into TeTRES is to expand the existing database to store those 

values. The TeTRES database has a specific structure for storing travel-time data for each route for every 

five minutes. For each year, a separate travel-time table is generated automatically by the system with 

the following name format: “tt_<year>”. For instance, for 2020, the name of the travel-time table is 

“tt_2020” in the TeTRES database. Figure 2.3 shows the structure of the expanded, yearly travel-time 

table to store the MOE values. 
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Figure 2.3: Expanded Yearly Travel-Time Table 

The description of each column of the above table is provided below: 

● id: This is the primary key of the table which is a unique auto-incrementing integer. 

● route_id: This column stores the reference route id. 

● time: This column keeps track of the exact date time. 

● tt: The travel time in minutes is stored in this column. 

● vmt: The MOE, Vehicle-Miles Traveled (VMT), is stored in this column. 

● vht: The MOE, Vehicle-Hours Traveled (VHT), is stored in this column. 

● dvh: The MOE, Delayed-Vehicle Hours (DVH), is stored in this column. 

● lvmt: The MOE, Lost VMT due to congestion (LVMT), is stored in this column. 

● uvmt: The MOE, Unused VMT (UVMT), is stored in this column. 

● cm: The MOE, Congested-Miles (CM), is stored in this column. 

● cmh: The MOE, Congested-Mile Hours (CMH), is stored in this column. 

● acceleration: The MOE, acceleration, is stored in this column. 

● meta_data: This column stores a JSON string having a key-value pair structure that stores the 

following meta-information for the specific route and time: 
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○ Flow 

○ Speed 

○ Density 

○ Lanes 

○ Speed Limit 

○ Speed Average 

○ Speed Variance 

○ Speed Max 

○ Speed Min 

○ Speed Difference 

○ Number of Vehicles Entered 

○ Number of Vehicles Exited 

○ MOE Lane Capacity 

○ MOE Critical Density 

○ MOE Congestion Threshold Speed 

To facilitate the need-based MOE calculation process by users, a table named 

“RouteWiseMOEParameters” was created to track the status of MOE calculations for different routes 

and for different time ranges. This table allows users to choose the MOE calculation option for the 

selected routes and time ranges. Figure 2.4 shows the structure of this table. 
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Figure 2.4: Route-Wise MOE-Parameters Table 

The definition of each column in the above table is described below: 

● id: This is the primary key of the table which is a unique auto-incrementing integer. 

● reference_tt_route_id: This column stores the reference route id. 

● moe_lane_capacity: Lane capacity value used for the current MOE calculation 

● moe_critical_density: Critical density value used for the current MOE calculation 

● moe_congestion_threshold_speed: Congestion Threshold Speed value used for the current 

MOE calculation 

● start_time: MOE calculation is performed for a specific route for a specific time range. This 

column keeps track of the exact starting date-time of the time range. 

● end_time: MOE calculation is performed for a specific route for a specific time range. This 

column keeps track of the exact ending date-time of the time range. 

● update_time: This column keeps track of the time when the MOE calculation is triggered for the 

specific route for the specific time range. 

● status: This column keeps track of the current status of the calculation. 

● reason: This column stores the reason for the failure in case the current MOE calculation is 

failed for some reason. 

Further, the above table also keeps track of the values of the key parameters for the MOE calculation, 

e.g., lane capacity and critical density, so that it can be clear which parameter values were used for 

which route-MOE calculations, while the specific values of those parameters can be set in the admin 

client. 
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2.4 ENHANCEMENT OF ADMIN CLIENT TO INCORPORATE MOE CALCULATION PROCESS 

In this study, the admin client of TeTRES is enhanced to handle the traffic-flow MOE calculation process, 

including the specification of the key parameter values, such as lane capacity and critical density, for 

computing the MOEs, for selected routes and time periods. Specifically, two sub-tabs were developed 

and inserted into the main window of the admin client. They include: 

 ‘Default Parameter’ sub-tab, which enables user to enter/change the default values of the MOE 

parameters, 

 ‘Route Wise MOE Parameters’, where users can enter specific values of the MOE parameter 

values for selected routes and time periods. 

Figure 2.5 shows a new sub-tab, “Default Parameters”, which can be accessed through System 

Configuration → Categorization Parameter Settings → MOE Parameters tab in the main window of the 

admin client. As shown in this figure, the default values of the key MOE parameters can be updated in 

this sub-tab, while changing the default values of these parameters do not have any impact on the 

existing MOE values calculated with previous default-parameter values. 

 

 

Figure 2.5: Default Parameters Tab 

Figure 2.6 shows the screenshot of the ‘Route Wise MOE Parameters’ sub-tab, where an admin-client 

user can start calculating the MOE values for a specific route for a specified time interval.   
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Figure 2.6: Route Wise MOE Parameters Tab 

As shown above, there are six fields that need to be filled in this tab, while the 3 MOE parameters, i.e., 

critical density, lane capacity and congestion threshold speed, automatically show the default values 

specified in the ‘Default Parameters’ tab: 

● Route 

● Critical Density 

● Lane Capacity 

● Congestion Threshold Speed 

● Start Date 

● End Date 

First, the user needs to choose a route from a set of existing defined routes. The user also can change 

the values of those 3 MOE parameters in this tab if necessary. The newly updated parameter values will 

only be effective for those selected route and time periods. Then the user needs to select the start and 

end date. Based on these values, the server will start calculating MOE values for a selected route and 

the status of the MOE calculation process can also be shown in the ‘status’ column of the same tab.  

Figures 2.7 and 2.8 show some of the codes developed for enhancing the admin client and tracking 

route-wise MOE parameters. Figure 2.7 shows the first function that’s invoked by the admin client to 

calculate the MOE values for a specific route and period, while the major functions in the server to 

process the ‘Route-wise MOE calculation’ are listed in Figure 2.8. 
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Figure 2.7: First Function Called in TeTRES Server for MOE Calculation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.8: Major Server Functions for Processing Route-specific MOE Calculation 
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2.5 ENHANCEMENT OF THE TRAVEL-TIME AND RELIABILITY CALCULATION MODULE 

To calculate and store the traffic-flow MOE values for selected routes, in this study, a set of new 

functions have been developed and inserted into the TeTRES server.  After the admin client initiates the 

MOE calculation for specific routes and periods, the server starts calculating the MOE values and stores 

them in the expanded TeTRES database in the background. Figure 2.9 shows the functions initiating the 

MOE calculation module. The main function that handles all the MOE calculations is named 

“calculate_tt_moe_a_route”, whose code snippet is listed in the Appendix. The code snippets of the 

individual functions used to calculate specific MOE values are also included in the Appendix B.   

 



17 

 

 

Figure 2.9: Functions for Facilitating MOE calculation 

2.6 ENHANCEMENT OF USER CLIENT TO EXTRACT MOE VALUES 

Figure 2.10 shows the data-flow process between the TeTRES server and the user-client, which has been 

modified in this task to allow the user to specify if the calculated and stored MOE values for selected 

routes would be extracted from the database and written to a separate spreadsheet file. This action is 

invoked in the main window of the user client by clicking the Estimate button with the ‘Include MOE 

Spreadsheet’ checkbox selected, as shown in Figure 2.11. By clicking the checkbox, the user client sends 
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a signal to the server, which creates and populates the spreadsheet file, “traveltime-moe-data.xlsx”, 

where all the MOE values calculated for selected routes are contained.  

 

 

Figure 2.10: Data-Flow Process Between User-Client and Server for MOE Extraction and Writing 

 

Figure 2.11: Screenshot of User-Client with Added Checkbox for Extracting MOE values 
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Currently, the following traffic-flow MOE measures are stored every 5 min-interval in the Excel 

spreadsheet file for each selected route and period:  

● Travel Time 

● Speed 

● VMT 

● VHT 

● DVH 

● UVMT 

● CM 

● CMH 

● Acceleration 

● Number of Vehicles Entered 

● Number of Vehicles Exited 

● Speed Average 

● Speed Variance 

● Max Speed 

● Min Speed 

● Speed Difference 

Figures 2.12 - 2.14 include some of the codes developed for extracting MOE values and writing them to 

a spreadsheet file.   
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Figure 2.12: Code Snippets of PanelEstimation Class Managing MOE Extraction Request 

 

Figure 2.13: Snippets of Codes for Requesting and Receiving MOE values from Server 
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Figure 2.14: Code Snippets for Writing MOE values in a Spreadsheet file 
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CHAPTER 3:  POPULATION OF TETRES DATABASE FOR METRO 

FREEWAY NETWORK 

3.1 INTRODUCTION 

In this chapter, the database of TeTRES is populated with the historical data, also collected in this study 

for estimating the travel-time reliability measures for the metro freeway network. The specific types and 

sources of the data collected and processed in this chapter are as follows: 

1) Freeway traffic-detector data from RTMC, MnDOT 

2) Weather data from NOAA (National Oceanic and Atmospheric Administration) 

3) Incident data from CAD (Computer-Aided-Dispatch system, Department of Public Safety) and IRIS 

(Intelligent Roadway Information System, MnDOT) 

4) Special-event data from the venues located in the metro area 

5) Metro freeway Work-Zone data from Metro District, MnDOT 

6) Winter road-surface data from Metro District, MnDOT 

In the above list, the traffic-detector data are stored in a local hard disk in a structured format, while all 

other types of data are processed and stored in the TeTRES database (T-database), whose schema and 

table formats were explained in the previous phase of this research [1].  Further, the weather data from 

NOAA has been automatically downloaded and stored in the database by the weather-data processing 

module in TeTRES. For the incident data, the CAD/IRIS incident databases of the past periods were 

provided off-line by RTMC, MnDOT, and the incident-data loading module of TeTRES was applied to load 

them into the T-database. It can be noted that the incident-data loading module in TeTRES is also 

designed to directly load the incident data from those databases if they can be directly accessed by 

TeTRES in an integrated operating environment. The other types of data, i.e., special event, work zone 

and winter-road surface data, have been collected manually and organized in a set of Excel-formatted 

files for each data type. Those Excel files are then batch-processed by a set of the scripts, developed in 

this task, for an efficient population of the T-database. The rest of this chapter summarizes the types of 

the data collected and the process to populate the T-database. 

3.2 COLLECTION AND PROCESSING OF SPECIAL EVENT DATA 

First, the data for the metro-area special events, defined as those with large attendance big enough to 

affect the traffic conditions on the freeways linked to event locations, are collected manually using the 

publicly available data sources, such as fan-based websites, for the period of 1/2012- 3/2020. The 

collected data for each event includes event name, date/start/end times, attendance, and coordinates 

of event location. The following list shows the names of the special event locations and the sources of 

the event data collected for each location:     
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3.2.1 Mall of America Stadium 

 Main events: National Football League games 

 Data Sources: 

o https://www.pro-football-reference.com/boxscores/ 

o https://www.espn.com/nfl/team/schedule/_/name/min/ 

3.2.2 Target Center  

 Main Events: National Basketball Association Games 

 Data Sources:  

o https://www.basketball-reference.com/teams/MIN/ 

3.2.3 Target Field 

 Main events: Major League Baseball games 

 Data Sources:   

o https://www.baseball-reference.com/teams/MIN/ 

o https://www.espn.com/mlb/team/schedule/_/name/min/ 

3.2.4 US Bank Stadium 

 Main Events: National Football League Games 

 Data Sources:  

o https://www.pro-football-reference.com/boxscores/ 

o https://www.espn.com/nfl/team/schedule/_/name/min/ 

 

3.2.5 TCF Bank Stadium 

 Main Events: College Football Games 

 Data Sources:  

o https://www.espn.com/nfl/team/schedule/_/name/min/ 

 

3.2.6 Xcel Energy Center 

 Main Events: National Hockey League Games 

 Data Sources:  

o https://www.hockey-reference.com/leagues/ 

o https://www.nhl.com/gamecenter/ 

https://www.pro-football-reference.com/boxscores/
https://www.espn.com/nfl/team/schedule/_/name/min/
https://www.basketball-reference.com/teams/MIN/3
https://www.baseball-reference.com/teams/MIN/
https://www.espn.com/mlb/team/schedule/_/name/min/
https://www.pro-football-reference.com/boxscores/
https://www.espn.com/nfl/team/schedule/_/name/min/
https://www.espn.com/nfl/team/schedule/_/name/min/
https://www.hockey-reference.com/leagues/
https://www.nhl.com/gamecenter/
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o https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-

season-ot-by-year 

All the collected data from the above sources have been organized in an Excel spreadsheet format for 

each year. Table 3.1 shows a portion of the sample spreadsheet-formatted, special-event data file, 

collected for the 2012-2013 season, at the Mall of America Stadium in Minneapolis, Minnesota, before 

its name was changed to US Bank Stadium.    

Table 3.1: Sample Organized Data for Special Events at Mall of America Stadium in 2012-13 

 

3.3 DATABASE POPULATION FOR SPECIAL EVENT DATA WITH BATCH-LOADING PROCESS   

Figure 3.1 shows the special-event data input module of the TeTRES Admin Client, where an 

administrator can enter manually each event data while the location of an event place can be directly 

located on the map. In this study, a batch-loading process was developed for an efficient population of 

the T-database with all the special-event data collected and organized in a set of Excel-formatted files as 

shown in the previous section. Figure 3.2 shows a screenshot of the main module of the Python script, 

which was designed to read the Excel-formatted special-event data files and load them to the T-

database. The resulting T-database contains the special-event data at the metro area from 1/2012 until 

3/2020.   

https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-season-ot-by-year
https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-season-ot-by-year
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Figure 3.1: Special-Event Data Input Screen of TeTRES Admin Client 

 

Figure 3.2: Snippets of the Python Script for Uploading Special-Event Data to TeTRES Database 

3.4 COLLECTION AND PROCESSING OF WORK-ZONE DATA 

The work-zone data for TeTRES were collected from the construction-project maps provided by the 

Metro District, MnDOT, for the 2012-2020 period. Figure 3.3 shows the 2017 construction-project map, 

showing the information of each work zone, i.e., start/end locations and period, of all the roadway-

construction projects implemented in the metro district in 2017. In this task, the information for each 

construction project on the freeways of the metro area were manually converted from the construction-

project maps to a set of the Excel-formatted files, which were then used to populate the TeTRES 

database with the newly developed Python script. In particular, the detector station IDs corresponding 
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to the start/end locations of each project were identified for each direction by comparing each year’s 

project map with the MnDOT detector-station map. Table 3.2 shows a sample Excel-formatted work-

zone data file containing the information for all the freeway work zones in 2017. Figure 3.4 also shows 

the Python script developed in this task to populate the T-database with those Excel-formatted work-

zone data files organized for each year.  The resulting T-database contains the data for all the freeway-

work zones in the metro network from 4/2012 to 9/2020.  

 

Figure 3.3: Construction Project Map for 2017 
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Table 3.2: Sample Excel-formatted File for 2017 Work-Zone Data 

 

 

Figure 3.4: Snippets of the Python script for Processing Work-Zone Data Files 
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3.5 COLLECTION AND PROCESSING OF WINTER ROAD-CONDITION DATA 

Tables 3.3 and 3.4 show a portion of the plow-route and snow-event data provided by the Metro 

District, MnDOT for the 2016-19 period. First, the detector station IDs for the start and end location of 

each plow route in the metro-freeway network are identified by visually matching the MnDOT detector-

station map with the plow-route locations from Table 3.3. The station IDs for each plow route were then 

organized in an Excel-format. Table 3.5 shows a portion of the Excel-formatted file with the station data 

for each plow route. Next, the detailed information for each snow event on the metro freeways, i.e., 

event date/time, route ID and bare-lane lost/regain times, were extracted from the MnDOT snow-event 

data shown in Table 3.6 and stored in a set of the Excel-formatted files. Table 3.6 includes a converted 

snow-event data file. Those Excel-formatted files with the converted snow-event data were then used 

for populating the TeTRES database. Figure 3.5 shows the snippets of the Python script developed in this 

study to populate the TeTRES database with those Excel-formatted snow-event data.  

It can be noted that, according to the MnDOT ‘Snow and Ice Event/Bare Lane Training, 2016-2017’ [2], 

the ‘bare lanes’ are defined as those with ‘all driving lanes are 95% free of snow and ice between the 

outer edges of the wheel paths and have less than 1 inch of accumulation on the center of the roadway’. 

Using the bare-lane lost/regain time data for each snow-event, TeTRES identifies ‘Lost’ or ‘Normal’ 

freeway segments, which are linked to each travel-time route defined by the TeTRES Admin Client, so 

that the travel-time reliability for given routes under the ‘lane-lost’ or ‘normal’ conditions can be 

estimated. In this study, the snow-event data from 2012 until 2019 have been collected, processed, and 

uploaded to the T-Database.   

Table 3.3: Sample Data for Plow-Route Locations from MnDOT 
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Table 3.4: Sample Snow-Event Data from MnDOT 

 

 

Table 3.5: Sample Plow-Route Location Data with Detector Station IDs 

 

Table 3.4.4 A Sample Snow-Event Data for Freeway-based Routes 

 

Project Id Project Maintenance Route Service Level Name Event Begin Date Time Event End Date Time Event Duration Hours Lane Lost Date Time Lane Regain Date Time

       

      

      

    

    

      

      

      

      

      

    

      

      

      

      

      

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 











Event Start Event End Affected Routes Lane Lost Time Lane Regain Time

  

 

 

 

 

 

 

   

   

   

   

   

   

   

   

 

 

   

   

















Table 3.6: Sample Snow-Event Data for Freeway-based Routes 
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Figure 3.5: Snippets of the Python Script for Populating Snow-Event Data 

3.6 DATA CATEGORIZATION FOR DEFINED ROUTES 

As described in the previous sections, in this study, various types of historical data needed for TeTRES 

were collected, processed, and loaded into the TeTRES database, which contains the following data sets:  

 Special event data for 1/2012-3/2020 

 Work zone data from 4/2012 – 9/2020 

 Winter road condition data from 10/2012 – 4/2019 

 Weather data from NOAA for 2010 – 9/30/2020 

 Incident data from CAD/IRIS database for 2010 – 9/30/2020 

 Traffic-detector data (stored separately in a local hard disk): 2010 – 9/2020. 

 

It needs to be noted that the traffic-flow data from the field detector stations have been collected 

separately and stored in a local hard disk in a structured directory for the period of 2010 – 2020.  In this 

study, the travel times of 116 routes, defined in the previous phase for the travel-time reliability 

analysis, have also been calculated for every 5-minute interval from 1/1/2010 until 9/30/2020 and 

stored in the travel-time database, a subset of the TeTRES database. Figure 3.6 shows the screenshots of 

the TeTRES admin client showing the list of currently defined routes. Finally, the categorization of the 

non-traffic data, e.g., weather and incident, collected/processed in this chapter, was performed and the 

categorized external data were linked to each route’s travel-time data.  Figures 3.7 – 3.9 include the 

sample database tables showing the links between the travel-time and non-traffic data for the selected 

routes. The resulting TeRES database, which contains each route’s 5-minute travel-time data linked to 
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the non-traffic external condition data during the same 5-minute interval, can be applicable for 

estimating the reliability measures under different operating conditions for selected routes and periods. 

The populated TeTRES database can be accessed at the following link: 

https://drive.google.com/open?id =1iA8_27j_4Htw9oAtrWSnNbjgo_X23W5m 

 

 

Figure 3.6: Screenshot of TeTRES Admin Client showing the List of Current Travel-Time Routes 
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Figure 3.7: Example Categorized Special Event Data Linked to Travel-Time of Sample Route 
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Figure 3.8: Example Categorized Work-Zone Data Linked to Travel-Time Data of Sample Route 

 

 

 



34 

 

 

Figure 3.9: Example Categorized Snow-Event Data Linked to Travel-Time Data of Sample Route 
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CHAPTER 4:  TRAVEL-TIME RELIABILITY TRENDS AND 

BOTTLENECK PRIORITIZATION FOR FREEWAY CORRIDORS 

4.1 INTRODUCTION 

In this chapter, the travel-time reliability trends of a total of 23 corridors were analyzed and the 

bottleneck sections within each directional route were identified. First, using the database populated in 

the previous chapter, a set of the reliability measures of the individual corridors in the metro freeway 

network during morning or afternoon peak periods were estimated under different operating conditions 

from 1/1/2016 until 9/30/2020. Figure 4.1 shows a total of 23 freeway corridors, whose boundaries 

have been determined in cooperation with the Regional Transportation Management Center, MnDOT. 

For each corridor, two directional routes, one for morning and the other for afternoon peak-period, 

were identified depending on the peak-period traffic patterns of each corridor, while the I-94 corridor 

between St. Paul and Minneapolis have four routes, i.e., two directional routes for both morning and 

afternoon peak periods. Therefore, there are a total of 48 directional routes, 24 routes for morning and 

24 for afternoon peak periods. Table 4.1 includes the IDs of start and end stations of each directional 

route of each corridor. 

 

 

Figure 4.1: Individual Corridors for Reliability Estimation 
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Table 4.1: Start/End Stations of Each Corridor Directional Route 

 

Next, for each directional route of the individual corridors shown in Figure 4.1, the monthly and yearly 

travel-time reliability measures were estimated under different operating conditions using TeTRES and 

their trends were analyzed. It needs to be noted that, in this study, only regular non-holiday weekdays, 

i.e., Tuesdays, Wednesdays, Thursdays, were included for estimating travel-time reliability measures for 

each route.  In addition, a set of the traffic-flow performance measures were also estimated and 

presented for each route. The specific measures and operating conditions used in this analysis are as 

follows: 

 Travel-time Reliability Measures:  

o  Buffer Index (95th %ile) = (95th %ile Travel Time – Average Travel Time)/(Average Travel 

Time) 

o  Planning Index (95th %ile) = 95th %ile Travel Time / Free-Flow Travel Time 

o Travel Rate (95th %ile), minutes/mile = 95th %ile Travel Time / Route Length   

 Operating Conditions 

o Weather:  All, Dry, Rain, Snow 

o Incident: All, No-Incident (N), Property Damage Only (PD), Severe/Fatal (INJ,FA) 

o Work Zone: All, No-WZ (N), Light Impact-WZ (L), Medium-Heavy Effect WZ (M,H) 

 Peak Periods: Morning: 6:00 – 9:00 a.m.  Afternoon: 3:30 – 6:30 p.m. 

 Traffic-Flow Measures: VMT (Vehicle-Miles Traveled), VHT (Vehicle-Hours Traveled), DVH 

(Delayed Vehicle-Hours) 
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Further, to assess the overall reliability condition of a route, in this study, two travel-time reliability 

measures, i.e., buffer index (BI) and travel rate (TR) , were combined in a BI-TR space as shown in Figure 

4.2 and a vulnerability of a given route is quantified as the Euclidian distance between the origin and the 

data point of each route, i.e.,  

               Vulnerability Index (VI) of Route i = sqrt [(95th percentile BI)i
2 + (95th percentile TR)i

2] 

In this study, the above VI is estimated with the yearly measures of both BI and TR of each directional 

route under all conditions and used for the comparative analysis with other routes. Figure 4.2 also 

shows 5 levels of vulnerability in terms of BI and TR values of each route. Those vulnerability levels are 

used to capture the network-wide variation trends of the route vulnerability from 2016 to 2020. Finally, 

the potential bottleneck sections within each directional route were identified and the VI of each section 

was estimated with the 2019 data. The VIs of those potential bottleneck sections were then compared 

and the most vulnerable bottleneck section was determined for each route. The rest of this report 

summarizes the yearly variation trends of the travel-time reliability at each directional route and the 

identification of the most vulnerable bottleneck section in each directional route. The detailed 

estimation and analysis results of individual routes’ travel-time reliability trends under different 

operating conditions are included in the Appendix. 

 

Figure 4.2: Vulnerability Index and 5 Levels 

4.2 TRAVEL-TIME RELIABILITY TRENDS OF INDIVIDUAL DIRECTIONAL ROUTES IN METRO 

FREEWAY NETWORK 

4.2.1 COMPARISON OF YEARLY RELIABILITY MEASURES OF INDIVDIDUAL DIRECTIONAL 

ROUTES 

First, the travel-time reliability measures of each directional route were estimated with yearly data 

under all conditions using TeTRES from 1/1/2016 until 9/30/2020. Further, all the 48 routes were 

categorized into either morning or afternoon-route groups depending on the peak period of each route. 
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Figures 4.3 – 4.7 show the 95th percentile buffer index (BI) and the 95th percentile travel rate (TR) of each 

route from 2016 to 2020 in the BI-TR space for each route group. The vulnerability index (VI) of each 

route is also calculated and shown in the bar graphs as well.   

 

 

Figure 4.3: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2016) 
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Figure 4.4: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2017) 
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Figure 4.5: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2018) 
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Figure 4.6: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2019) 
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Figure 4.7: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2020) 
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Tables 4.2 and 4.3 include the vulnerability indices for each of the morning and afternoon routes from 

2016 to 2020. As indicated in Figures 4.3-4.7 and also in Tables 4.2 and 4.3, the afternoon routes show 

consistently more vulnerabilities than the morning routes. Further, the afternoon routes generally 

exhibit higher 95th percentile travel times per mile than the morning routes, while the buffer index, i.e., 

the travel-time variability, is mostly higher with the morning routes.  The yearly variations of the route 

vulnerability levels for all the routes including both morning and afternoon groups are shown in Figure 

4.8, which indicates the overall improving trends of the route vulnerability levels from 2016 to 2018, 

while in 2019 the number of the routes with higher vulnerability, i.e., above level 3, significantly 

increased. The same trends were also noticed from the traffic-flow measures, as shown in Figure 4.9, 

which shows that the total Vehicle-Miles Traveled were substantially decreased in 2019, while the total 

Delayed-Vehicle Hours increased for both morning and afternoon routes.  

Table 4.2: Route Vulnerability Variation (Morning Routes) 
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Table 4.3: Route Vulnerability Variation (Afternoon Routes) 

 

 

Figure 4.8: Yearly Variations of Route Vulnerability 
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Figure 4.9: Variations in Traffic-Flow Measures (2016-2019) 

4.2.2  MONTHLY AND YEARLY RELIABILITY TRENDS OF INDIVIDUAL DIRECTIONAL ROUTES   

As described in the previous section, this study also performed a detailed analysis of individual route’s 

reliability trends under various operating conditions. This section presents a sample output from such an 

individual-route analysis for the 169 northbound (NB) route. The reliability estimation and analysis 

results of all other individual routes are included in the Appendix A.       
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4.2.2.1 Monthly Reliability Trends of US-169 NB Corridor for Afternoon Peak Periods 

  

 

Figure 4.10: Location of 169 NB Route 

4.2.2.2    Effects of Weather conditions on Travel-Time Reliability 

 

Figure 4.11: Monthly Variations of Reliability Measures under Different Weather Conditions (169 NB) 
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4.2.2.3     Effects of Incidents   

 

Figure 4.12: Monthly Variations of Reliability Measures under Different Incident Conditions (169 NB) 



48 

 

4.2.2.4 Effects of Work Zones   

 

Figure 4.13: Monthly Variations of Reliability Measures under Different Work-Zone Conditions (169 NB) 

4.2.2.5 Yearly Variations - Weather Effects 

 

Figure 4.14: Yearly Variations of Reliability Measures under Different Weather Conditions (169 NB) 
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4.2.3 Incident Effects 

 

Figure 4.15: Yearly Variations of Reliability Measures under Different Incident Conditions (169 NB) 

4.2.3.1 Work-Zone Effects 

 

Figure 4.16: Yearly Variations of Reliability Measures under Different Work-Zone Conditions (169 NB) 
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4.2.3.2 Yearly Variations of Combined (Vulnerability) Index   

 

Figure 4.17: Yearly Variations of Combine Reliability Measures (169 NB) 

 

4.2.3.3 Variations of Traffic-Flow Measures 

 

Figure 4.18: Yearly Variations of Traffic-Flow Measures (169 NB) 
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4.2.4 Trends Summary for 169 NB corridor 

 The planning and travel-rate indices show consistently ascending trend from 2017 until the end 

of 2019, indicating the congestion level on this route had been rising before the pandemic, as 

also indicated on the variations on VMT, VHT and DVH.   

 The effects of snow were significantly higher than those from rain on this route through years, 

while incidents had not made much difference on the reliability values. 

4.3  BOTTLENECK PRIORITIZATION FOR INDIVIDUAL DIRECTIONAL ROUTES 

In this section, the severity of the bottleneck sections within each directional route is analyzed with the 

travel-time reliability measures estimated from the 2019 weekday data.  First, the potential bottleneck 

sections of the corridor routes were identified by examining the traffic speed patterns during normal 

weekdays and by considering the geometry of each route. Next, a set of the travel-time reliability 

measures were estimated for each bottleneck section with the 2019 travel-time data under all 

conditions and the vulnerability index of each bottleneck section was estimated with the 95th %-ile 

buffer index and the 95th percentile travel rate of each bottleneck section as described in the previous 

sections.   Finally, the vulnerability index for each bottleneck section was compared with those of other 

sections in a route and the section with the highest Vulnerability Index value is determined as the most 

severe bottleneck section for a given route.  

The rest of this section presents the vulnerability index estimation results of the potential bottleneck 

sections in each route along with the geographical locations of each sections. The bottleneck section 

with the highest vulnerability index value is highlighted as the most vulnerable section in a given route.    
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4.3.1 US169 SB Route (Morning Peak): Section with the highest vulnerabi lity index ⇒ 

I394 to TH7 

 

Figure 4.19: Identification of Bottleneck Sections (169 NB) 

 

4.3.2 US169 NB Route (Afternoon Peak) ⇒ I494 to TH62  

 

Figure 4.20: Identification of Bottleneck Sections (169 SB) 
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4.3.3 TH610 EB Morning ⇒ US169 to TH47  

 

Figure 4.21: Identification of Bottleneck Sections (TH610 EB) 

 

4.3.4 TH610 WB Afternoon ⇒ US169 to I94  

 

Figure 4.22: Identification of Bottleneck Sections (TH610 WB) 
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4.3.5 TH100 SB Morning ⇒ I694 to 36th  

 

Figure 4.23: Identification of Bottleneck Sections (TH100 SB) 

4.3.6 TH100 NB Afternoon ⇒ I494 to I394 

 

Figure 4.24: Identification of Bottleneck Sections (TH100 NB) 
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4.3.7 TH62 EB Afternoon ⇒ TH100 to US169 

 

Figure 4.25: Identification of Bottleneck Sections (TH62 EB) 

4.3.8 TH62 WB Morning ⇒ I35W to TH100 

 

Figure 4.26: Identification of Bottleneck Sections (TH62 WB) 
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4.3.9 TH52 SB Afternoon ⇒ I94 to I494 

 

Figure 4.27: Identification of Bottleneck Sections (TH52 SB) 

 

4.3.10 TH52 NB Morning ⇒ I494 to I94 

 

Figure 4.28: Identification of Bottleneck Sections (TH52 NB) 
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4.3.11 TH36 EB Afternoon ⇒ I35W to I35E 

 

Figure 4.29: Identification of Bottleneck Sections (TH36 EB) 

 

4.3.12 TH36 WB Morning ⇒  I35E to I35W 

 

Figure 4.30: Identification of Bottleneck Sections (TH36 WB) 
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4.3.13 I-494 (TH212 to I35E) EB Afternoon ⇒ MN100 to I35W  

 

Figure 4.31: Identification of Bottleneck Sections (I-494 S1 EB) 

 

4.3.14 I-494 (I35E to TH212) WB Morning ⇒ I35W to MN100  

 

Figure 4.32: Identification of Bottleneck Sections (I-494 S1 WB) 
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4.3.15 I-494 (I35E to I94) EB Afternoon ⇒ I35E to MN52 

 

Figure 4.33: Identification of Bottleneck Sections (I-494 S2 EB) 

 

4.3.16 I-494 (I94 to I35E) WB Morning ⇒ I94 to MN61 

 

Figure 4.34: Identification of Bottleneck Sections (I-494 S2 WB) 
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4.3.17 I-494 (TH212 to I694) NB Afternoon ⇒ US169 to I394 

 

Figure 4.35: Identification of Bottleneck Sections (I-494 S3 NB) 

 

4.3.18 I-494 (I694 to TH212) SB Morning ⇒ MN55 to I394 

 

Figure 4.36: Identification of Bottleneck Sections (I-494 S3 SB) 
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4.3.19 I-394 EB Morning ⇒ TH100 to MPLS 

 

Figure 4.37: Identification of Bottleneck Sections (I-394 S1 EB) 

 

4.3.20 I-394 WB Afternoon ⇒ MPLS to MN100 

 

Figure 4.38: Identification of Bottleneck Sections (I-394 S1 WB) 
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4.3.21 I-94 (I494 to MPLS) EB Morning ⇒ TH252 to I394 

 

Figure 4.39: Identification of Bottleneck Sections (I-94 S1 EB) 

 

4.3.22 I-94 (MPLS to I494) WB Afternoon ⇒ I394 to TH252 

 

Figure 4.40: Identification of Bottleneck Sections (I-94 S1 WB) 
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4.3.23 I-94 (MPLS to STPL) EB Afternoon ⇒ I394 to I35W  

 

 

Figure 4.41: Identification of Bottleneck Sections (I-94 S1 EB) 

 

4.3.24 I-94 (STPL to MPLS) WB Afternoon ⇒ I35E to I35W  

 

 

Figure 4.42: Identification of Bottleneck Sections (I-94 S2 WB) 

  

 



 





64 

 

4.3.25 I-94 (MPLS to STPL) EB Morning ⇒ I394 to 135W 

 

Figure 4.43: Identification of Bottleneck Sections (I-94 S3 EB) 

 

4.3.26 I-94 (STPL to MPLS) WB Morning ⇒ I35E to I35W 

 

Figure 4.44: Identification of Bottleneck Sections (I-94 S3 WB) 
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4.3.27 I-94 (STPL to WISC) EB Afternoon ⇒ I35E to I694 

 

Figure 4.45: Identification of Bottleneck Sections (I-94 S4 EB) 

 

4.3.28 I-94 (WISC to STPL) WB Morning ⇒ I694 to I35E 

 

Figure 4.46: Identification of Bottleneck Sections (I-94 S4 WB) 
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4.3.29 I-35W (SS to MPLS) NB Morning ⇒ I35E to River Bridge  

 

Figure 4.47: Identification of Bottleneck Sections (I-35W S1 NB) 
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4.3.30 I-35W (MPLS to SS) SB Afternoon ⇒ I494 to River Bridge  

 

Figure 4.48: Identification of Bottleneck Sections (I-35W S1 SB) 
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4.3.31 I-35W (MPLS to NS) NB Afternoon ⇒ MPLS to I694 

 

Figure 4.49: Identification of Bottleneck Sections (I-35W S2 NB) 

 



69 

 

4.3.32 I-35W (NS to MPLS) SB Morning ⇒ NS to I694 

 

Figure 4.50: Identification of Bottleneck Sections (I-35W S2 SB) 

4.3.33 I-35E (SS to STPL) NB Morning ⇒ I494 to Ayd Mill Rd 

 

Figure 4.51: Identification of Bottleneck Sections (I-35E S1 NB) 
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4.3.34 I-35E (STPL to SS) SB Afternoon ⇒ STPL to Ayd Mill Rd 

 

Figure 4.52: Identification of Bottleneck Sections (I-35E S1 SB) 

4.3.35 I-35E (STPL to NS) NB Afternoon ⇒ STPL to MN36 

 

Figure 4.53: Identification of Bottleneck Sections (I-35E S2 NB) 
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4.3.36 I-35E (NS to STPL) SB Morning ⇒ I694 to MN36 

 

Figure 4.54: Identification of Bottleneck Sections (I-35E S2 SB) 
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4.3.37 I-694 (I94 to I35E) WB Morning ⇒ TH36 to I35E 

 

Figure 4.55: Identification of Bottleneck Sections (I-694 S1 WB) 

 

4.3.38 I-694 (I-35E to I-94) EB Afternoon ⇒ I35E to TH36  

 

Figure 4.56: Identification of Bottleneck Sections (I-694 S1 EB) 
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4.3.39 I-694 (I35E to TH252) WB Morning ⇒ I35W to MN65  

 

Figure 4.57: Identification of Bottleneck Sections (I-694 S2 WB) 

4.3.40 I-694 (TH252 to I35E) EB Afternoon ⇒ MN65 to I35W  

 

Figure 4.58: Identification of Bottleneck Sections (I-694 S2 EB) 
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4.4 SUMMARY 

This chapter summarized the analysis results for the travel-time reliability trends of a total of 23 

corridors (48 directional routes) in the metro freeway network for the period of 2016 to 2020. First, a 

set of the travel-time reliability and traffic-flow measures were estimated using TeTRES with the 

monthly and yearly data collected in the previous chapter. Further, a new vulnerability index combining 

the 95th percentile buffer index and the 95th percentile travel rate was used to assess the overall 

reliability status and variation trends of each route from 2016 to 2020 under all conditions. The resulting 

vulnerability index value for each route was also applied to identify the most vulnerable routes from 

2016 to 2020 for both morning and afternoon peak periods. The yearly vulnerability values of individual 

directional routes in the metro freeway network indicate an improving trend from 2016 through 2018, 

while the increased construction activities in 2019 made reliability indices of most routes worse than 

those in 2018. These trends were also noted in the traffic-flow measures, i.e., the total vehicle-miles-

traveled of all the directional routes were decreased in 2019 from 2018, while the total delayed-vehicle-

hours were increased in 2019 for both morning and afternoon routes. The travel-time reliability 

estimates under different operating conditions indicate that the weather, in particular, snow is the most 

important factor affecting the travel-time reliability, while the quantified effects of snow on specific 

reliability measures can vary depending on the amount and frequency of precipitation on a given route. 

Finally, a set of potential bottleneck sections were identified for each directional route by examining the 

normal weekday congestion patterns and the specific geometry conditions of a given route. For each 

potential bottleneck section of a directional route, the vulnerability index was estimated with the 2019 

data under all conditions and the bottleneck section with the highest vulnerability index was identified 

as the priority bottleneck section for a given route. Future research can extend the current work by 

normalizing the vulnerability indices of the bottleneck sections in each route and determine the 

network-wide priorities of the existing bottleneck sections of all directional routes.  
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CHAPTER 5:  PRELIMINARY EVALUATION OF FREEWAY 

CORRIDOR OPERATIONAL RESILIENCE 

5.1  INTRODUCTION 

A reliable and resilient freeway network, which can absorb, recover and adapt to various operating 

conditions, is of critical importance in sustaining the way of life and economic vitality of the Twin Cities 

metro area. While substantial progress has been made in estimating travel-time reliability on 

transportation networks, quantifying operational resiliency on a corridor level is still in its infancy.   

To be sure, most research efforts to date on the resilience of transportation systems have focused on 

estimating the capability of a given transportation network in dealing with extreme events, such as 

natural disasters or large-scale incidents. In the early work by Murray-Tuite [3], a set of multiple metrics 

were estimated using simulation to quantify the resilience of a transportation network in four 

dimensions, i.e., adaptability, mobility, safety and recovery. Specifically, DYNASMART-P was used to 

estimate the effects of user equilibrium and system optimum traffic assignments on each of those four 

areas in a test network. Cimellro et al. [4] presented an approach to define the resilience of a 

transportation system as a time-variant functionality of a given system during adverse conditions. A 

conceptually similar approach was also proposed by Devannadham et al. [5], who defined the resilience 

of a transportation system as the ratio of the system’s recovery at a given time to the loss that system 

suffered because of the adverse condition in subject. The use of graph theory to quantify the network-

wide resilience was proposed by Leu et al. [6], and also by Berche et al. [7]. In both approaches, the 

structural deficiencies of a given network, e.g., network-connectivity and spatial distributions, were 

modeled with a graph theory, and applied to quantify the network-wide resilience. The incorporation of 

traffic-flow theory in formulating resilience has been tried by Kim et al. [8], who defined the resilience of 

a given traffic network as the sum of the areas between the network-wide fundamental diagrams under 

normal and emergence operations. The application of a network simulation model was also proposed by 

Dorbritz [9], who simulated node removals and estimated their operational impacts in measuring the 

resilience of a given network. A recent study by Calvert and Snelder [10] proposed a Link Performance 

Index for Resilience based on assumed values of the capacity and critical density for individual links. A 

similar effort to quantify the resilience of individual roadway sections was also presented by Khaghani 

[11], who proposed a resilience score for an individual section as a weighted average of multiple-

dimensional measures on the speed-variation patterns, such as loss, recovery rates and event duration 

time.    

As noted above, most existing research efforts regarding resiliency have tried to quantify network or 

community-wide resilience by integrating the individual metrics in multiple dimensions, i.e., 

organizational, and social aspects of resilience with financial and technical ones. While these approaches 

tried to capture multi-dimensional aspects of resilience and their complex interactions, the major 

difficulties of such approaches include the quality and availability of the data required for estimating 
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proposed resilience measures. As a result, no-widely accepted measure of resilience is currently 

available for transportation systems. Recently some researchers tried to quantify the operational 

resilience of roadways using traffic data, their efforts to date have been limited to individual roadway 

sections and the development of a corridor-wide resilience measure reflecting the interactions of 

various bottleneck types has not been addressed in their work. 

Developing corridor-specific resilience measures that can be estimated with the field data available from 

the current detection system is of critical importance for an effective allocation of limited resources to 

competing corridors, thus for improving the resilience of a given roadway network. In this chapter, a 

preliminary study to formulate and estimate operational resilience of a freeway corridor is conducted 

using 3 corridors in the metro freeway network as the sample corridors. The proposed corridor-wide 

operational resilience index (CORI) from this study is designed to capture the capability of a given 

directional corridor, i.e., route, in coping with the common traffic disturbances on a day-to-day 

operation, such as incidents and demand variations. The rest of the chapter summarizes the collected 

data, formulation, and estimation of the corridor-wide operational resilience measures with the traffic 

and geometry data from the sample corridors. 

 

5.2 MODELING AND ESTIMATION OF OPERATIONAL RESILIENCE OF SAMPLE CORRIDORS  

5.2.1 Sample Corridors and Data Collection 

Figure 5.1 shows the locations of the 3 sample freeway corridors, i.e., I-494 Northbound/Southbound 

(NB/SB), TH 100 (NB/SB) and US 169 (NB/SB), used in this study to formulate and estimate the 

operational resilience of each corridor. As can be seen from the figure, these 3 corridors were in parallel 

and each of them could be used as an alternative to others. It needs to be noted that the corridor-wide 

operational resilience measure to be developed in this study is focusing on the capability of each 

individual corridor in dealing with the traffic disturbances on its own roadway, while the effects of the 

potential interaction among adjacent corridors can be reflected on the traffic demand entering/exiting 

to/from each corridor.  

First, the peak-period, traffic-flow data for each directional route of those 3 corridors, i.e., two routes 

per corridor, were collected by using TICAS, Traffic Information Condition Analysis System developed at 

University of Minnesota Duluth, for the weekdays, i.e., Tuesdays, Wednesdays, and Thursdays, of a two-

month period from September to October 2019. They include route-wide total entering volume (VE,t) 

and delayed-vehicle-hours (DVHt) for every 5-minute interval. Figure 5.1 also shows the locations of the 

three sample corridors used in this study along with the detector stations on the northbound directional 

route on each corridor. Further, all the accident data during the same periods were also collected in 

cooperation with the Regional Transportation Management Center, MnDOT. Figure 5.2.2 shows a 

screenshot of an example incident data extracted from the MnDOT incident database for the sample 
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corridors. As shown in Figure 5.2, the collected data includes incident location, type and time duration 

for each incident on each corridor. In addition, the weather data for the study period were also 

extracted from the TeTRES, Travel Time Reliability Estimation System, database for the sample corridors. 

In this study, only the traffic data under dry-weather condition were used for formulating the 

operational resilience of each directional route. 

 

 

 

 

 

 

 

 

 

 

 

             

                                                               

 

Figure 5.1: Locations of Sample Freeway Corridors and Detector Stations on 

Northbound Routes 
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Figure 5.2: Sample Incident Data 

 

5.2.2 Collection of Geometry Data for Each Directional Route  

A set of the geometry data for each directional route was also collected in this task to study the 

potential relationship between the operational resilience and the geometry of each corridor. The 

selected data for each directional route includes the followings: 

 Route length (Linear distance between upstream and downstream boundary stations) 

 Number of exit and entrance ramps on each route 

 Lengths of weaving sections on each route 

- The length of each weaving section is measured from the Google Earth map as the distance 

from the merge to diverge gore points, i.e., pavement markings. 

 Length of each mainline section with same number of through lanes 

- Auxiliary lanes are not considered as through lanes. 

 

Table 5.1 shows the raw geometric data collected for each directional route of the sample corridors. 
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Table 5.1: Geometric data of Directional Routes 

 

Length 

(mi) 

Miles of Weaving 

Sections (number of) 

# of Exit 

Ramps 

# of Entrance 

Ramps 

I494 NB A 14.4 0.17 (2) 11 12 

I494 SB M 15 0.12 (2) 12 11 

US169 NB A 14.5 1.91 (14) 24 26 

US169 SB M 14 1.82 (12) 24 24 

TH100 NB A 13.7 0.97 (6) 18 19 

TH100 SB M 14.4 0.95 (6) 20 22 

 

5.2.3 Formulation and Estimation of Operational Resilience for Selected Corridors with 

Traffic-Flow Data 

Figures 5.3 and 5.4 show the Delayed-Vehicle-Hours (DVHt) through time for each directional route of 

the sample corridors during the weekday peak periods. The values of DVHt are estimated every 5-minute 

for an entire route with the traffic data from each route using the following formula: 

DVHt = Ʃ [(TTi,t – FF_TTi) * Ki,t* Li] for all segment i in a given route, 

where, DVHt = Total Delayed-vehicle-hours during t for a given route, 

               TTi,t = Estimated travel time of segment i during t, 

                      FF_TTi = Free-Flow travel time of segment i 

                      Ki,t = Traffic density of segment i during t, 

                      Li = Length of segment i. 
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Figure 5.3: Delayed-Vehicle-Hour (DVHt) and Total Entering Volume (VE,t) Variations through Time 
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Figure 5.4: Delayed-Vehicle-Hour (DVHt) and Total Entering Volume (VE,t) Variations through Time 
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As implied in the above definition, DVHt indicates the amount of congestion during t interval and the 

DVHt – time variation pattern directly reflects the congestion start-expansion-recovery process of a given 

route in responding to the various types/levels of traffic disturbances, e.g., changes in traffic demand 

and incidents. Figure 5.3 also includes the variations of the total route-wide entering volume, VE,t, 

through time for each directional route during the weekday peak periods. The values of VE,t are 

calculated every 5 minutes with the traffic-volume data from the detector stations on each route as 

follows: 

            VE,t = (Upstream Boundary Station Volume)t + Ʃ (All Entrance Ramp Volumes)t   

 The analysis of the DVHt variation patterns of the sample directional routes indicates: 

 The DVHt,max, i.e., the maximum value of DVHt during a peak period, and the time duration to 

reach DVHt,max, reflect the ‘Resistance’ and ‘Adaptation’ capabilities of a given route in coping 

with the congestion caused by the traffic disturbances, i.e., incidents, weather or traffic demand 

changes. 

 The congestion ‘Recovery’ patterns, i.e., the slope of the ‘DVHt Recovery’ lines, i.e., the lines from 

DVHt,max to Zero DVH in the DVHt-time graphs, exhibit remarkable similarities for a same route, 

while the slopes of those recovery lines vary from route to route. This could imply each route has 

its own ‘Recovery’ capability from congestion. 

 

Figure 5.5 illustrates the above observations with the DVH variations on multiple days at the I-494 

Northbound routes.  As shown in this figure, the DVH recovery lines on different days indicate similar 

slopes, while the time duration and pattern to reach the maximum DVH value on each day varies 

depending on the demand and incident patterns.  

 

 

Figure 5.5: I-494 Northbound DVH Variation Patterns 

Based on the above observations, in this study, the Operational Resilience of a freeway corridor is 

defined as “the capability of a freeway corridor traffic system to absorb and adapt to various levels of 
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traffic disturbances and recover from congestion with maximum efficiency under given operating 

conditions.”  Figure 5.6 shows the schematic diagram, where the congestion duration/scope of a 

freeway corridor is the direct output from the operational resilience, which is the core capability of a 

given corridor in resisting and recovering from congestion caused by various external factors. 

 

Figure 5.6: Conceptual Relationship between Operational Resilience and External Factors 

The conceptual relationship shown in Figure 5.6 implies that each corridor has its own operational 

resilience level, which can be directly reflected by the corridor-wide delay measures. Further, the 

resilience level of each corridor depends on the geometric structure and operating strategies of a given 

corridor. In this study, a Corridor-wide Operational Resilience Index (CORI) is formulated and estimated 

for each directional route with the traffic-flow data available from the current detection system on 

freeways as follows: 

                   CORIi =    
∑ (𝐷𝑉𝐻𝑡∗ 𝐴𝑡)𝑡

(∑ 𝑉𝐸,𝑡) ∗ σ𝑡
 

where, 

                CORIi = Operational Resilience Index of Corridor i 

                DVHt = Corridor-wide delayed-vehicle-hours during t, 

  At = Proportion of weighted average number of lanes during t, 

                VE,t = Corridor-wide total entering volume during t, 

                σ = Standard deviation of VE,t during a peak period. 

As noted from the above formulation, the proposed CORI tries to quantify the capability of a given 

directional corridor in minimizing the traffic delay under given variations in corridor-wide traffic demand 

and geometric conditions, i.e., number of available through lanes through time. Therefore, a smaller 

CORI index indicates a stronger resilience level of a given corridor. It needs to be noted that, in the 

proposed formulation of CORI, the effects of incidents on the traffic flow are reflected in At, the 

proportion of the corridor-wide available lanes during t, which is determined as follows:    

𝐴𝑡 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇ℎ𝑟𝑜𝑢𝑔ℎ 𝐿𝑎𝑛𝑒𝑠 − (𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑎𝑛𝑒𝑠 𝐵𝑙𝑜𝑐𝑘𝑒𝑑)𝑡

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇ℎ𝑟𝑜𝑢𝑔ℎ 𝐿𝑎𝑛𝑒𝑠
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In the above formulation, the ‘number of blocked lanes’ during t depends on the type/scope of an 

individual incident, however, in the current incident database from MnDOT, very few incidents have the 

blocked-lane data, while the data regarding the type and duration of each incident are available. Since 

most incidents affect the speed of the traffic flow going through an incident location, in this study, due 

to the time limitation, the following values in Table 5.2 are assumed to be the number of the blocked 

lanes for each type of incident. It needs to be noted that these values should be refined with the field 

data in the future study.                                                     

Table 5.2: Assumed Number of Blocked Lanes 

 

In addition, the ‘Average weighted number of through lanes’ of a given corridor, a surrogate measure of 

the corridor-wide through capacity, is determined as shown in Figure 5.7: 

 

Figure 5.7: Process to Determine Average Number of Through Lanes 
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In the above formulation, the roadway sections located downstream have larger weights than those 

upstream, therefore, the effects of downstream bottleneck sections on the corridor-wide through traffic 

can be captured more effectively. It also needs to be noted that the auxiliary or 

acceleration/deceleration lanes are not considered as through lanes in this formulation. 

5.2.3.1 Estimation of Corridor-wide Operational Resilience for Sample Directional Routes  

The above definition of the corridor-wide operational resilience is applied to the sample corridors and 

the daily CORI values of each directional route is calculated with the traffic data from a two-month 

period, September – October 2019. In this preliminary study, the specific effects of weather are not 

directly addressed, i.e., the traffic data from only dry weather conditions were used to estimate the 

daily CORI values of the sample directional routes. Figure 5.2.7 includes the daily estimates of CORI for 

each directional route under the dry weather conditions, i.e., no precipitation, during September – 

October 2019. It needs to be noted that, according to the NOAA weather data, there were rains in the 

mornings of Sept 11 and Oct 22, while no rain was reported in the afternoons of those two days. 

Therefore, the CORI values of all the southbound routes with morning peak periods are not determined 

for those two days. Table 5.2.3 includes the average and standard deviation values of the daily CORI 

during the test period and Figure 5.2.8 shows the graphical comparison of the average CORI for each 

sample route. 

As noted in Figures 5.8 and 5.9, the CORI estimates of those routes with the morning-peak periods show 

relatively stable day-to-day variations, while the afternoon peak-period routes show more fluctuations 

than those from the morning-peak routes. The t-test results indicate that the CORI values of the sample 

routes are significantly different at 95% confidence level. While the further study needs to address these 

differences in CORI between the northbound and the southbound routes, the initial assessments 

indicate the northbound routes appear to have more favorable geometric structures, as discussed in the 

following section with the geometric friction modeling, compared to the southbound routes. 

Furthermore, the afternoon traffic-demand patterns also show more variations than those with the 

morning periods. It can also be noted that more accurate incident data regarding the blocked number of 

lanes and time durations for each incident will improve the accuracy of the estimation results.   
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Figure 5.8: Daily Estimates of CORI for the Sample Directional Routes                           

 

Table 5.3: Average CORI for Each Route 
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Figure 5.9: Comparison of Sample Route Operational Resilience 

 

5.3 EFFECTS OF CORRIDOR-WIDE GEOMETRIC FEATURES ON OPERATIONAL RESILIENCE  

Finally, the potential relationship between the corridor-wide operational resilience and the geometric 

structure of each corridor is studied in this task. In this study, the ‘strength’ of the corridor-wide 

geometric structure in terms of handling the traffic flows going through a given corridor is quantified 

with the following geometry-based parameters: 

 Number of Exit Ramps per mile (G1), 

 Number of Entrance Ramps per mile (G2), 

 Proportion of the total non-weaving section length (G3) = 1 – [Ʃ (lengths of all weaving sections) 

/ route length], 

 Average number of through lanes weighted with the distance from upstream boundary (G4) as 

defined before. 

Using the above parameters, the ‘strength’ of the geometric structure of a given corridor in terms of 

facilitating through traffic movements, G, is formulated as follows: 

                   G = 
𝐺1∗𝐺3∗𝐺4

𝐺2
 

In the above formula, the numerator reflects the combined effects of the geometric features facilitating 

the through movements within a given corridor, while the denominator quantifies the potential frictions 

caused by the entrance volumes to the through traffic in a given corridor. In this study, the G factor is 

named as the geometric-friction factor, i.e., the higher G value, the less geometric friction in a given 

directional route. Table 5.4 includes the values of each parameter and the resulting G values for all the 

sample directional routes.  As shown in this table, the southbound routes show a higher G value, i.e., 

less geometric friction, than the northbound route in a same corridor. Figure 5.10 shows the relationship 

between the CORI, corridor-wide operational resilience index, and the geometric-friction parameter, G, 

of each route. As expected, the routes with the higher G values, i.e., less geometric friction, generally 

show stronger operational resilience. 
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Table 5.4: Geometric Friction Parameters and Estimation Results 

 

I494 

NB  

I494 

SB  

US169 

NB  

US169 

SB  

TH100 

NB  

TH100 

SB  

Total Route Length (mi)   14.4 15 14.5 14 13.7 14.4 

G1 (Exit ramps/mi)   0.764 0.800 1.655 1.714 1.314 1.389 

G2 (Entrance ramps/mi)  0.833 0.733 1.793 1.714 1.387 1.528 

G3c (Proportion of non-weaving length)   0.988 0.992 0.868 0.870 0.929 0.934 

G4 (Avg weighted # of through lanes)   3.426 3.411 2.520 2.476 3.033 3.344 

G 3.104 3.691 2.020 2.155 2.669 2.840 

 

 

Figure 5.10: Operational Resilience vs Geometric Friction 
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5.4  SUMMARY 

This chapter summarized the results from the preliminary study to quantify the operational resilience of 

a freeway corridor.  A total of 6 directional routes in 3 corridors were selected as the sample routes and, 

for each route, a set of the detailed geometric and traffic-flow data, including incidents and weather 

information, were collected for a two-month period from September to October in 2019.  Using the 

collected traffic and incident data, the congestion start/recovery process of each route were analyzed 

and a model to quantify the corridor-wide operational resilience, CORI, of a given corridor was 

formulated and applied to the sample directional routes for the weekday peak periods under dry 

weather condition. The resulting CORI estimates of the sample directional routes indicate that the 

southbound routes show consistently stronger resilience with stable day-to-day variations than the 

northbound route in a same corridor. Further, the average resilience values of all the sample routes are 

significant different at 95% confidence level.  Finally, the potential relationship between the operational 

resilience and the geometric structure of each sample route was analyzed by quantifying the geometric 

friction of each directional route in facilitating corridor-wide through traffic flows. The quantification of 

the geometric friction is based on the geometry data easily measurable from the field. The resulting 

geometric friction parameters of the sample routes show clear correlation with the operational 

resilience of each route, i.e., for the sample routes selected in this study, the southbound route in a 

given corridor has less geometric friction with stronger operational resilience than the northbound route 

in a same corridor. 

The corridor-wide operational resilience and geometric friction measures developed and tested in this 

study shows the possibility of applying the proposed measures for prioritizing freeway corridors with 

accurate understanding of the main sources of traffic congestion and travel-time reliability issues. 

Future study needs include the expanded testing of the proposed resilience and geometric-friction 

models to other corridors in the metro network with the detailed information on the blocked lanes 

during incidents. 

 

 

 



90 

 

CHAPTER 6:  CONCLUSIONS – RESEARCH 

BENEFITS/IMPLEMENTATION/FUTURE STUDY NEEDS 

6.1 RESEARCH BENEFITS 

6.1.1 Decrease Engineering/Administration Costs  

The enhanced TeTRES and its newly expanded database, populated with the historical data from the 

metro freeway network, can significantly reduce the time and effort of MnDOT staff in preparing data, 

calculating reliability measures and analyzing estimation results. The detailed quantification of time and 

cost savings in MnDOT through TeTRES would depend on the types and/or scopes of potential MnDOT 

projects and their specific needs for estimating travel-time reliability and traffic-flow measures. 

 

6.1.2 Operation and Maintenance Savings 

As described in this report, the enhanced TeTRES with the additional traffic-flow MOE module can 

estimate both travel-time reliability and traffic-flow measures under different operating conditions for 

given corridors and periods. This indicates TeTRES can be applicable for an efficient identification of the 

major factors affecting the performance of various operational strategies for selected corridors. Such a 

capability can lead to the development of effective operation and maintenance strategies for each 

corridor, i.e., tailored strategies addressing the specific issues of given corridors, thus saving the 

operational and maintenance costs for the metro freeway network. 

 

6.1.3 Reduce Risk  

The identification of the vulnerable bottleneck sections in the major freeway corridors, which resulted 

from this study, can be used as the basis for developing optimal resource-allocation plans, which could 

maximize the cost-effectiveness of improving the metro freeway network, thus minimizing risks. 

 

6.1.4 Reduce Road-User Cost 

The identification of vulnerable freeway sections can also contribute to the improvement of the daily 

operations of freeway traffic systems, e.g., effective routing of FIRST trucks during peak periods and 

advanced driver guidance with time-of-day reliability information for pre-defined corridors. Such 

improved operations of freeway systems could decrease the unpredictability in corridor travel times, 

and, thus, reduce road-user cost in the metro freeway network. 
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6.2 IMPLEMENTATION STEPS 

To facilitate the realization of the benefits that resulted from this study, the following steps are 

recommended to be taken in cooperation with the Regional Traffic Management Center (RTMC), 

MnDOT: 

 Technical assistance in installing the final version of TeTRES at the RTMC, MnDOT, and conducting 

customized workshops for MnDOT staff to facilitate the adaptation of TeTRES for each office 

operations.  

 Technical assistance to MnDOT offices in estimating and applying reliability and traffic-flow 

measures with TeTRES for selected corridors. 

 Technical assistance to MnDOT offices in applying TeTRES for formulating and conducting 

before/after studies to quantify the changes in traffic-system performances in terms of travel-time 

reliability and traffic-flow measures of effectiveness. 

6.3 FUTURE STUDY NEEDS 

Developing a reliable and resilient freeway network requires the continuous assessment of the corridor-

wide reliability trends and operational resilience on an ongoing basis. Future research needs include 1) 

continuous population of the TeTRES database with detailed data on incident and work-zone 

information, including the lane status affected by each incident and work zone, 2) analysis of the 

integrated effects of operational and geometric-changes at selected corridors on travel-time reliability 

and traffic-flow measures, 3) refinements of the corridor-wide operational-resilience and the geometric-

friction indices, developed in this study, with data from additional corridors with diverse geometric 

features. Finally, an institutional support for ongoing system enhancements needs to be explored to 

continuously improve the operations and maintenance of the TeTRES software and the databases 

associated with TeTRES.   
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	A key element in developing and maintaining a reliable freeway system is the capability to monitor and assess corridor-wide travel-time reliability on an ongoing basis. The previous phase of this research developed a comprehensive computer system, TeTRES (Travel-time Reliability Estimation System), which can be used to efficiently collect and integrate a large volume of data from multiple sources, such as traffic, weather, and incident databases, and estimate a set of reliability measures for given corridor
	This report summarized the results from the current research effort to apply TeTRES for analyzing the travel-time reliability trends at the major corridors in the Twin Cities metro freeway network. First, a new module to calculate the traffic-flow measures of effectiveness (MOEs) has been added to TeTRES, so that an integrated analysis using both travel-time reliability and traffic-flow MOEs can be performed in an efficient way for selected corridors and periods. Next, various sets of historical data for th
	Finally, a preliminary study to assess the operational resilience of freeway corridors was conducted in this study using the data from a total of six directional corridor routes in the metro freeway network. Using the collected traffic and incident data, the congestion start/recovery process of each route was analyzed and a model to quantify the corridor-wide operational resilience (CORI) of a given corridor was formulated and applied to the sample directional routes for the weekday-peak periods under dry-w
	CHAPTER 1: 
	CHAPTER 1: 
	 INTRODUCTION 

	1.1 BACKGROUND AND RESEARCH OBJECTIVES 
	A reliable and resilient freeway network, which can absorb, recover and adapt to various operating conditions, is of critical importance in sustaining the way of life and economic vitality of the Twin Cities metro area. A key element in developing and maintaining such a reliable freeway system is the capability to monitor and assess corridor-wide travel-time reliability, a major performance measure for quantifying the operational effectiveness of a freeway network. 
	The previous phase of this research developed a comprehensive computer system, Travel-time Reliability Estimation System (TeTRES), which can efficiently process a large amount of data from multiple sources, such as MnDOT traffic-data archives, Computer Aided Dispatch (CAD)-incident database, and the National Oceanic and Atmospheric Administration (NOAA) weather-data storage, and estimate a set of travel-time reliability measures for given corridors and time periods under user-specified operating conditions.
	 Expansion of TeTRES with the addition of the traffic-flow module of the Traffic Information and Condition Analysis System (TICAS), for an integrated analysis of travel-time reliability and traffic-flow measures of effectiveness for given routes. 
	 Expansion of TeTRES with the addition of the traffic-flow module of the Traffic Information and Condition Analysis System (TICAS), for an integrated analysis of travel-time reliability and traffic-flow measures of effectiveness for given routes. 
	 Expansion of TeTRES with the addition of the traffic-flow module of the Traffic Information and Condition Analysis System (TICAS), for an integrated analysis of travel-time reliability and traffic-flow measures of effectiveness for given routes. 

	 Population of TeTRES database with various types of historical data for the 2012 - 2020 period from multiple sources relevant to the estimation of travel-time reliability measures for selected corridors under given operating conditions. 
	 Population of TeTRES database with various types of historical data for the 2012 - 2020 period from multiple sources relevant to the estimation of travel-time reliability measures for selected corridors under given operating conditions. 

	 Estimation of travel-time reliability measures for the major corridors in the metro freeway network for the selected periods and identification of bottleneck sections in each corridor using the travel-time reliability measures.    
	 Estimation of travel-time reliability measures for the major corridors in the metro freeway network for the selected periods and identification of bottleneck sections in each corridor using the travel-time reliability measures.    

	 Preliminary study for assessing operational resilience of sample freeway corridors.   
	 Preliminary study for assessing operational resilience of sample freeway corridors.   


	1.2 REPORT ORGANIZATION 
	Chapter 2 describes the internal structure of the enhanced TeTRES with the newly added traffic-flow MOE module. The enhancements of administrative and user clients to facilitate the extraction of MOEs are also explained in this chapter. The collection and processing of the historical data, both traffic and non-traffic data, needed to estimate travel-time reliability measures under various operating conditions are explained in Chapter 3. The populated database of TeTRES is used in Chapter 4 to estimate the m
	CHAPTER 2: 
	CHAPTER 2: 
	 INTEGRATION OF TETRES AND TRAFFIC-FLOW MOE CALCULATION PROCESS   

	2.1 INTRODUCTION 
	In this chapter, TeTRES is enhanced with the addition of the traffic-flow Measures of Effectiveness (MOEs) calculation functions of TICAS, Traffic Information, and Condition Analysis System, developed at the University of Minnesota Duluth, so that an integrated analysis of travel-time reliability and traffic-flow performance measures can be conducted for given corridors. Specifically, the existing travel-time estimation module of TeTRES is modified to incorporate the additional calculations of various traff
	2.2 INCORPORATION OF TRAFFIC-FLOW MOE CALCULATION PROCESS INTO TETRES   
	2.2.1 OVERVIEW OF THE ENHANCED TETRES ARCHITECTURE  
	Figure 2.1 shows the architecture of the enhanced TeTRES, whose highlighted modules incorporated the new processes and functions, developed in this chapter, to calculate, store, and extract the MOE values for pre-defined routes. Specifically, the following modules have been updated with the new MOE-related processes and functions:     
	 Travel-Time Database, which is expanded to store a set of MOEs calculated for each route.  
	 Travel-Time Database, which is expanded to store a set of MOEs calculated for each route.  
	 Travel-Time Database, which is expanded to store a set of MOEs calculated for each route.  

	 Travel-Time and Reliability Calculation Module, where the traffic-flow MOE calculation functions are called and MOEs for each route are calculated.  
	 Travel-Time and Reliability Calculation Module, where the traffic-flow MOE calculation functions are called and MOEs for each route are calculated.  

	 Admin-Client, where the admin users calculate the MOE values for the predefined routes for a specific time range with the option of modifying different parameters of MOE calculation. 
	 Admin-Client, where the admin users calculate the MOE values for the predefined routes for a specific time range with the option of modifying different parameters of MOE calculation. 

	 User-Client, where the new MOE output module extracts the MOE values for user-specified operating conditions and generates a set of the output files in a spreadsheet format.  
	 User-Client, where the new MOE output module extracts the MOE values for user-specified operating conditions and generates a set of the output files in a spreadsheet format.  


	2.2.2 TYPES OF TRAFFIC-FLOW MEASURS OF EFFECTIVENESS     
	This section summarizes the types of the traffic-flow MOEs incorporated into TeTRES in this study.  Figure 2.2 shows the space-discretization scheme adopted in TeTRES, where a freeway corridor is divided into 0.1-mile segments and a set of MOEs are estimated for each segment with the macroscopic flow parameters, i.e., flow rate (q), density (k) and speed (u), for every time interval.  In particular, the values of q, k, and u for each 0.1-mile segment are determined by interpolating the measurements from the
	Figure 2.1: Architecture of Enhanced TeTRES with Traffic-Flow MOE Calculation 
	Figure
	2.2.3 Vehicle-Miles Traveled (VMT)  
	VMT measures the amount of travel for all vehicles in a given roadway during a given time period.  In TeTRES, the VMT for a given route is calculated every time interval, t, e.g., 5 minutes in the current version, by adding up all ‘0.1-mile segment VMTs’ in a given route as follows:     
	     VMT for segment i during t 
	                     = [density (k)]i,t * segment length (= 0.1 mile) * [speed (u)]i,t * time-interval (=5/60 hr)  
	    VMT for a Route during t = Sum of VMTs for all the segments in a route during t  
	2.2.4 Vehicle-Hours Traveled (VHT)  
	VHT measures the total amount of time spent by all vehicles in a given roadway over a given period of time. It’s a measure of the quality of traffic performance of a given route and estimated for each time interval as follows:  
	    VHT for segment i during t =[density (k)]i,t * segment length (=0.1) * time-interval (=5/60 hr)  
	    VHT for a route during t = Sum of VHTs for all segments in a route during t  
	2.2.5 Delayed-Vehicle Hours (DVH)  
	DVH measures the total delay experienced by all the vehicles in a given route over a given period of time and estimated as follows:   
	     DVH for Segment i during t = [(Estimated Actual-Travel Time)i,t – (Free-flow travel Time)i] *   
	                                                                                                      [flow rate (q)]I,t * time interval (=5/60 hr)  
	    DVH for a route per time interval = Sum of DVHs for All Segments in a Route per time interval  
	2.2.6 Lost VMT for congestion (LVMT)    
	LVMT is a measure of the lost capacity, because of congestion, of a given route over a given time period. It measures the inefficiencies of a given roadway traffic system and estimated by converting the lost capacity into VMT for each segment every time interval as follows:  
	    If (density of segment i per time interval)  > critical density,  
	      Then 
	         LVMTi = (capacity * number of lanes – Total flow rate)I,t * time interval * segment length (=0.1 mile)      
	     Else, LVMTi= 0   
	        LVMT for a route per time interval = Sum of LVMTs for all segments in a route during t  
	2.2.7 Unused VMT (UVMT)   
	UVMT measures the level of unused capacity of a given route for a given time period. UVMT can happen because of the lack of traffic demand or upstream bottlenecks and estimated for each segment by converting the unused capacity into VMT as follows:  
	  If Density of segment i during t <= Critical Density,   
	  Then UVMT for Segment i during t = [capacity * (number of lanes)i  – (Total flow rate)i,t] * time interval    
	                                                                                                        (=5/60hr) * segment length (=0.1 mile),    
	  Else, UVMT i = 0   
	UVMT for a Route during t = Sum of UVMT for All Segments in a Route during t  
	2.2.8 Congested Miles (CM)   
	CM measures the amount of congested roadways of a given roadway for a given time period. A segment i is defined as congested when its speed during t is less than a pre-specified congestion-speed vale and the CM for a given route during t is calculated as the sum of all the congested segments during t as follows:    
	   If speed of segment i during t < congestion _threshold speed,   
	      then CMi = Segment length (=0.1mile), Else CMi = 0  
	  CM for a given route during t = ∑ CMi for all segments in a given route during t  
	2.2.9 Congested-Mile Hours (CMH)  
	CMH measures the extent of congestion for a given roadway during a given time period by adding congested-time duration to CM. The specific formula for CMH for a given route is as follows:  
	    If speed of segment i during t < congestion_ threshold speed,   
	          then CMHi = Segment length (=0.1mile) * time interval (=5/60 hr),  Else CMHi = 0  
	     CMH for a given route during t = ∑ CMi for all segments in a given route during t  
	2.2.10 Speed Variations (SV) 
	SV measures the variance of the speed of a given route for a given time period. It’s estimated with the speed values of all segments during t for a given route during t, i.e.,   
	   SV for a route during t = Var[Speed values of all segments for a given route during t]    
	 In the enhanced TeTRES, average speed, maximum speed, minimum speed, speed difference (maximum speed - minimum speed) and acceleration are also calculated along with speed variance. 
	2.2.11 Number of Vehicles Entered and Exited  
	TVE (j): Total number of Vehicles Entered a given corridor during time (j)  
	   = Sum [Upstream Boundary Flow Rate(j), qr(i,j)]  for all ramp (i), where qr(i,j) = flow rate of ramp i during j         
	TVE: Total number of Vehicles Entered during a given period  
	   = Sum [TVE(j)] for all (j)    
	 TVX (j): Total # of Vehicles exited during (j)  
	   = Sum [qx(i,j), Downstream Boundary Flow (j)] for all exit ramp i,  where qr(i,j) = flow rate of ramp I during j   
	 TVX: Total number of vehicles Exited from during a given period  
	    = Sum [TVX(j)] for all (j)       
	Figure 2.2: Current space-discretization and flow-parameter estimation scheme in TeTRES 
	Figure
	2.2.12 Parameters for Traffic-Flow MOE calculation 
	The following three parameters need to be predefined to calculate the MOEs defined above: 
	Congestion Threshold Speed 
	For calculating Congested Miles (CM) and Congested-Mile Hours (CMH) the value of this parameter needs to be defined. The default value used by TeTRES for this parameter is 45 mph.  
	Lane Capacity 
	For calculating Lost VMT for congestion (LVMT) and Unused VMT (UVMT) the value of this parameter needs to be defined. The default value used by TeTRES for this parameter is 2200 veh/hr/lane.  
	Critical Density 
	For calculating Lost VMT for congestion (LVMT) and Unused VMT (UVMT) the value of this parameter needs to be defined. The default value used by TeTRES for this parameter is 40 veh/mile/lane. 
	2.3 EXPANSION OF TETRES DATABASE TO STORE TRAFFIC-FLOW MOE VALUES 
	The first step to incorporate MOE values into TeTRES is to expand the existing database to store those values. The TeTRES database has a specific structure for storing travel-time data for each route for every five minutes. For each year, a separate travel-time table is generated automatically by the system with the following name format: “tt_<year>”. For instance, for 2020, the name of the travel-time table is “tt_2020” in the TeTRES database. Figure 2.3 shows the structure of the expanded, yearly travel-t
	Figure 2.3: Expanded Yearly Travel-Time Table 
	Figure
	The description of each column of the above table is provided below: 
	● id: This is the primary key of the table which is a unique auto-incrementing integer. 
	● id: This is the primary key of the table which is a unique auto-incrementing integer. 
	● id: This is the primary key of the table which is a unique auto-incrementing integer. 

	● route_id: This column stores the reference route id. 
	● route_id: This column stores the reference route id. 

	● time: This column keeps track of the exact date time. 
	● time: This column keeps track of the exact date time. 

	● tt: The travel time in minutes is stored in this column. 
	● tt: The travel time in minutes is stored in this column. 

	● vmt: The MOE, Vehicle-Miles Traveled (VMT), is stored in this column. 
	● vmt: The MOE, Vehicle-Miles Traveled (VMT), is stored in this column. 

	● vht: The MOE, Vehicle-Hours Traveled (VHT), is stored in this column. 
	● vht: The MOE, Vehicle-Hours Traveled (VHT), is stored in this column. 

	● dvh: The MOE, Delayed-Vehicle Hours (DVH), is stored in this column. 
	● dvh: The MOE, Delayed-Vehicle Hours (DVH), is stored in this column. 

	● lvmt: The MOE, Lost VMT due to congestion (LVMT), is stored in this column. 
	● lvmt: The MOE, Lost VMT due to congestion (LVMT), is stored in this column. 

	● uvmt: The MOE, Unused VMT (UVMT), is stored in this column. 
	● uvmt: The MOE, Unused VMT (UVMT), is stored in this column. 

	● cm: The MOE, Congested-Miles (CM), is stored in this column. 
	● cm: The MOE, Congested-Miles (CM), is stored in this column. 

	● cmh: The MOE, Congested-Mile Hours (CMH), is stored in this column. 
	● cmh: The MOE, Congested-Mile Hours (CMH), is stored in this column. 

	● acceleration: The MOE, acceleration, is stored in this column. 
	● acceleration: The MOE, acceleration, is stored in this column. 

	● meta_data: This column stores a JSON string having a key-value pair structure that stores the following meta-information for the specific route and time: 
	● meta_data: This column stores a JSON string having a key-value pair structure that stores the following meta-information for the specific route and time: 

	○ Flow 
	○ Flow 
	○ Flow 

	○ Speed 
	○ Speed 

	○ Density 
	○ Density 

	○ Lanes 
	○ Lanes 

	○ Speed Limit 
	○ Speed Limit 

	○ Speed Average 
	○ Speed Average 

	○ Speed Variance 
	○ Speed Variance 

	○ Speed Max 
	○ Speed Max 

	○ Speed Min 
	○ Speed Min 

	○ Speed Difference 
	○ Speed Difference 

	○ Number of Vehicles Entered 
	○ Number of Vehicles Entered 

	○ Number of Vehicles Exited 
	○ Number of Vehicles Exited 

	○ MOE Lane Capacity 
	○ MOE Lane Capacity 

	○ MOE Critical Density 
	○ MOE Critical Density 

	○ MOE Congestion Threshold Speed 
	○ MOE Congestion Threshold Speed 



	To facilitate the need-based MOE calculation process by users, a table named “RouteWiseMOEParameters” was created to track the status of MOE calculations for different routes and for different time ranges. This table allows users to choose the MOE calculation option for the selected routes and time ranges. Figure 2.4 shows the structure of this table. 
	Figure 2.4: Route-Wise MOE-Parameters Table 
	Figure
	The definition of each column in the above table is described below: 
	● id: This is the primary key of the table which is a unique auto-incrementing integer. 
	● id: This is the primary key of the table which is a unique auto-incrementing integer. 
	● id: This is the primary key of the table which is a unique auto-incrementing integer. 

	● reference_tt_route_id: This column stores the reference route id. 
	● reference_tt_route_id: This column stores the reference route id. 

	● moe_lane_capacity: Lane capacity value used for the current MOE calculation 
	● moe_lane_capacity: Lane capacity value used for the current MOE calculation 

	● moe_critical_density: Critical density value used for the current MOE calculation 
	● moe_critical_density: Critical density value used for the current MOE calculation 

	● moe_congestion_threshold_speed: Congestion Threshold Speed value used for the current MOE calculation 
	● moe_congestion_threshold_speed: Congestion Threshold Speed value used for the current MOE calculation 

	● start_time: MOE calculation is performed for a specific route for a specific time range. This column keeps track of the exact starting date-time of the time range. 
	● start_time: MOE calculation is performed for a specific route for a specific time range. This column keeps track of the exact starting date-time of the time range. 

	● end_time: MOE calculation is performed for a specific route for a specific time range. This column keeps track of the exact ending date-time of the time range. 
	● end_time: MOE calculation is performed for a specific route for a specific time range. This column keeps track of the exact ending date-time of the time range. 

	● update_time: This column keeps track of the time when the MOE calculation is triggered for the specific route for the specific time range. 
	● update_time: This column keeps track of the time when the MOE calculation is triggered for the specific route for the specific time range. 

	● status: This column keeps track of the current status of the calculation. 
	● status: This column keeps track of the current status of the calculation. 

	● reason: This column stores the reason for the failure in case the current MOE calculation is failed for some reason. 
	● reason: This column stores the reason for the failure in case the current MOE calculation is failed for some reason. 


	Further, the above table also keeps track of the values of the key parameters for the MOE calculation, e.g., lane capacity and critical density, so that it can be clear which parameter values were used for which route-MOE calculations, while the specific values of those parameters can be set in the admin client. 
	2.4 ENHANCEMENT OF ADMIN CLIENT TO INCORPORATE MOE CALCULATION PROCESS 
	In this study, the admin client of TeTRES is enhanced to handle the traffic-flow MOE calculation process, including the specification of the key parameter values, such as lane capacity and critical density, for computing the MOEs, for selected routes and time periods. Specifically, two sub-tabs were developed and inserted into the main window of the admin client. They include: 
	 ‘Default Parameter’ sub-tab, which enables user to enter/change the default values of the MOE parameters, 
	 ‘Default Parameter’ sub-tab, which enables user to enter/change the default values of the MOE parameters, 
	 ‘Default Parameter’ sub-tab, which enables user to enter/change the default values of the MOE parameters, 

	 ‘Route Wise MOE Parameters’, where users can enter specific values of the MOE parameter values for selected routes and time periods. 
	 ‘Route Wise MOE Parameters’, where users can enter specific values of the MOE parameter values for selected routes and time periods. 


	Figure 2.5 shows a new sub-tab, “Default Parameters”, which can be accessed through System Configuration → Categorization Parameter Settings → MOE Parameters tab in the main window of the admin client. As shown in this figure, the default values of the key MOE parameters can be updated in this sub-tab, while changing the default values of these parameters do not have any impact on the existing MOE values calculated with previous default-parameter values. 
	Figure 2.5: Default Parameters Tab 
	Figure
	Figure 2.6 shows the screenshot of the ‘Route Wise MOE Parameters’ sub-tab, where an admin-client user can start calculating the MOE values for a specific route for a specified time interval.   
	Figure 2.6: Route Wise MOE Parameters Tab 
	Figure
	As shown above, there are six fields that need to be filled in this tab, while the 3 MOE parameters, i.e., critical density, lane capacity and congestion threshold speed, automatically show the default values specified in the ‘Default Parameters’ tab: 
	● Route 
	● Route 
	● Route 

	● Critical Density 
	● Critical Density 

	● Lane Capacity 
	● Lane Capacity 

	● Congestion Threshold Speed 
	● Congestion Threshold Speed 

	● Start Date 
	● Start Date 

	● End Date 
	● End Date 


	First, the user needs to choose a route from a set of existing defined routes. The user also can change the values of those 3 MOE parameters in this tab if necessary. The newly updated parameter values will only be effective for those selected route and time periods. Then the user needs to select the start and end date. Based on these values, the server will start calculating MOE values for a selected route and the status of the MOE calculation process can also be shown in the ‘status’ column of the same ta
	Figure 2.7: First Function Called in TeTRES Server for MOE Calculation 
	Figure
	 Figure 2.8: Major Server Functions for Processing Route-specific MOE Calculation 
	Figure
	2.5 ENHANCEMENT OF THE TRAVEL-TIME AND RELIABILITY CALCULATION MODULE 
	To calculate and store the traffic-flow MOE values for selected routes, in this study, a set of new functions have been developed and inserted into the TeTRES server.  After the admin client initiates the MOE calculation for specific routes and periods, the server starts calculating the MOE values and stores them in the expanded TeTRES database in the background. Figure 2.9 shows the functions initiating the MOE calculation module. The main function that handles all the MOE calculations is named “calculate_
	Figure 2.9: Functions for Facilitating MOE calculation 
	Figure
	2.6 ENHANCEMENT OF USER CLIENT TO EXTRACT MOE VALUES 
	Figure 2.10 shows the data-flow process between the TeTRES server and the user-client, which has been modified in this task to allow the user to specify if the calculated and stored MOE values for selected routes would be extracted from the database and written to a separate spreadsheet file. This action is invoked in the main window of the user client by clicking the Estimate button with the ‘Include MOE Spreadsheet’ checkbox selected, as shown in Figure 2.11. By clicking the checkbox, the user client send
	Figure 2.10: Data-Flow Process Between User-Client and Server for MOE Extraction and Writing 
	Figure
	Figure 2.11: Screenshot of User-Client with Added Checkbox for Extracting MOE values 
	Figure
	Currently, the following traffic-flow MOE measures are stored every 5 min-interval in the Excel spreadsheet file for each selected route and period:  
	● Travel Time 
	● Travel Time 
	● Travel Time 

	● Speed 
	● Speed 

	● VMT 
	● VMT 

	● VHT 
	● VHT 

	● DVH 
	● DVH 

	● UVMT 
	● UVMT 

	● CM 
	● CM 

	● CMH 
	● CMH 

	● Acceleration 
	● Acceleration 

	● Number of Vehicles Entered 
	● Number of Vehicles Entered 

	● Number of Vehicles Exited 
	● Number of Vehicles Exited 

	● Speed Average 
	● Speed Average 

	● Speed Variance 
	● Speed Variance 

	● Max Speed 
	● Max Speed 

	● Min Speed 
	● Min Speed 

	● Speed Difference 
	● Speed Difference 


	Figures 2.12 - 2.14 include some of the codes developed for extracting MOE values and writing them to a spreadsheet file.   
	Figure 2.12: Code Snippets of PanelEstimation Class Managing MOE Extraction Request 
	Figure
	Figure 2.13: Snippets of Codes for Requesting and Receiving MOE values from Server 
	Figure
	Figure 2.14: Code Snippets for Writing MOE values in a Spreadsheet file 
	Figure
	CHAPTER 3: 
	CHAPTER 3: 
	 POPULATION OF TETRES DATABASE FOR METRO FREEWAY NETWORK 

	3.1 INTRODUCTION 
	In this chapter, the database of TeTRES is populated with the historical data, also collected in this study for estimating the travel-time reliability measures for the metro freeway network. The specific types and sources of the data collected and processed in this chapter are as follows: 
	1) Freeway traffic-detector data from RTMC, MnDOT 
	1) Freeway traffic-detector data from RTMC, MnDOT 
	1) Freeway traffic-detector data from RTMC, MnDOT 

	2) Weather data from NOAA (National Oceanic and Atmospheric Administration) 
	2) Weather data from NOAA (National Oceanic and Atmospheric Administration) 

	3) Incident data from CAD (Computer-Aided-Dispatch system, Department of Public Safety) and IRIS (Intelligent Roadway Information System, MnDOT) 
	3) Incident data from CAD (Computer-Aided-Dispatch system, Department of Public Safety) and IRIS (Intelligent Roadway Information System, MnDOT) 

	4) Special-event data from the venues located in the metro area 
	4) Special-event data from the venues located in the metro area 

	5) Metro freeway Work-Zone data from Metro District, MnDOT 
	5) Metro freeway Work-Zone data from Metro District, MnDOT 

	6) Winter road-surface data from Metro District, MnDOT 
	6) Winter road-surface data from Metro District, MnDOT 


	In the above list, the traffic-detector data are stored in a local hard disk in a structured format, while all other types of data are processed and stored in the TeTRES database (T-database), whose schema and table formats were explained in the previous phase of this research [1].  Further, the weather data from NOAA has been automatically downloaded and stored in the database by the weather-data processing module in TeTRES. For the incident data, the CAD/IRIS incident databases of the past periods were pr
	3.2 COLLECTION AND PROCESSING OF SPECIAL EVENT DATA 
	First, the data for the metro-area special events, defined as those with large attendance big enough to affect the traffic conditions on the freeways linked to event locations, are collected manually using the publicly available data sources, such as fan-based websites, for the period of 1/2012- 3/2020. The collected data for each event includes event name, date/start/end times, attendance, and coordinates of event location. The following list shows the names of the special event locations and the sources o
	3.2.1 Mall of America Stadium 
	 Main events: National Football League games 
	 Main events: National Football League games 
	 Main events: National Football League games 

	 Data Sources: 
	 Data Sources: 

	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/

	 


	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/

	 




	3.2.2 Target Center  
	 Main Events: National Basketball Association Games 
	 Main Events: National Basketball Association Games 
	 Main Events: National Basketball Association Games 

	 Data Sources:  
	 Data Sources:  

	o https://www.basketball-reference.com/teams/MIN/
	o https://www.basketball-reference.com/teams/MIN/
	o https://www.basketball-reference.com/teams/MIN/
	o https://www.basketball-reference.com/teams/MIN/
	o https://www.basketball-reference.com/teams/MIN/

	 




	3.2.3 Target Field 
	 Main events: Major League Baseball games 
	 Main events: Major League Baseball games 
	 Main events: Major League Baseball games 

	 Data Sources:   
	 Data Sources:   

	o https://www.baseball-reference.com/teams/MIN/
	o https://www.baseball-reference.com/teams/MIN/
	o https://www.baseball-reference.com/teams/MIN/
	o https://www.baseball-reference.com/teams/MIN/
	o https://www.baseball-reference.com/teams/MIN/

	 


	o https://www.espn.com/mlb/team/schedule/_/name/min/
	o https://www.espn.com/mlb/team/schedule/_/name/min/
	o https://www.espn.com/mlb/team/schedule/_/name/min/
	o https://www.espn.com/mlb/team/schedule/_/name/min/

	 




	3.2.4 US Bank Stadium 
	 Main Events: National Football League Games 
	 Main Events: National Football League Games 
	 Main Events: National Football League Games 

	 Data Sources:  
	 Data Sources:  

	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/
	o https://www.pro-football-reference.com/boxscores/

	 


	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/

	 




	 
	3.2.5 TCF Bank Stadium 
	 Main Events: College Football Games 
	 Main Events: College Football Games 
	 Main Events: College Football Games 

	 Data Sources:  
	 Data Sources:  

	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/
	o https://www.espn.com/nfl/team/schedule/_/name/min/

	 




	3.2.6 Xcel Energy Center 
	 Main Events: National Hockey League Games 
	 Main Events: National Hockey League Games 
	 Main Events: National Hockey League Games 

	 Data Sources:  
	 Data Sources:  

	o https://www.hockey-reference.com/leagues/
	o https://www.hockey-reference.com/leagues/
	o https://www.hockey-reference.com/leagues/
	o https://www.hockey-reference.com/leagues/
	o https://www.hockey-reference.com/leagues/

	 


	o https://www.nhl.com/gamecenter/
	o https://www.nhl.com/gamecenter/
	o https://www.nhl.com/gamecenter/
	o https://www.nhl.com/gamecenter/

	 



	o https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-season-ot-by-year
	o https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-season-ot-by-year
	o https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-season-ot-by-year
	o https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-season-ot-by-year
	o https://www.arcticicehockey.com/2012/5/15/3001213/nhl-average-length-of-regular-season-ot-by-year

	 




	All the collected data from the above sources have been organized in an Excel spreadsheet format for each year. Table 3.1 shows a portion of the sample spreadsheet-formatted, special-event data file, collected for the 2012-2013 season, at the Mall of America Stadium in Minneapolis, Minnesota, before its name was changed to US Bank Stadium.    
	Table 3.1: Sample Organized Data for Special Events at Mall of America Stadium in 2012-13 
	Figure
	3.3 DATABASE POPULATION FOR SPECIAL EVENT DATA WITH BATCH-LOADING PROCESS   
	Figure 3.1 shows the special-event data input module of the TeTRES Admin Client, where an administrator can enter manually each event data while the location of an event place can be directly located on the map. In this study, a batch-loading process was developed for an efficient population of the T-database with all the special-event data collected and organized in a set of Excel-formatted files as shown in the previous section. Figure 3.2 shows a screenshot of the main module of the Python script, which 
	Figure 3.1: Special-Event Data Input Screen of TeTRES Admin Client 
	Figure
	Figure 3.2: Snippets of the Python Script for Uploading Special-Event Data to TeTRES Database 
	Figure
	3.4 COLLECTION AND PROCESSING OF WORK-ZONE DATA 
	The work-zone data for TeTRES were collected from the construction-project maps provided by the Metro District, MnDOT, for the 2012-2020 period. Figure 3.3 shows the 2017 construction-project map, showing the information of each work zone, i.e., start/end locations and period, of all the roadway-construction projects implemented in the metro district in 2017. In this task, the information for each construction project on the freeways of the metro area were manually converted from the construction-project ma
	Figure 3.3: Construction Project Map for 2017 
	Figure
	Table 3.2: Sample Excel-formatted File for 2017 Work-Zone Data 
	Figure
	Figure 3.4: Snippets of the Python script for Processing Work-Zone Data Files 
	Figure
	3.5 COLLECTION AND PROCESSING OF WINTER ROAD-CONDITION DATA 
	Tables 3.3 and 3.4 show a portion of the plow-route and snow-event data provided by the Metro District, MnDOT for the 2016-19 period. First, the detector station IDs for the start and end location of each plow route in the metro-freeway network are identified by visually matching the MnDOT detector-station map with the plow-route locations from Table 3.3. The station IDs for each plow route were then organized in an Excel-format. Table 3.5 shows a portion of the Excel-formatted file with the station data fo
	It can be noted that, according to the MnDOT ‘Snow and Ice Event/Bare Lane Training, 2016-2017’ [2], the ‘bare lanes’ are defined as those with ‘all driving lanes are 95% free of snow and ice between the outer edges of the wheel paths and have less than 1 inch of accumulation on the center of the roadway’. Using the bare-lane lost/regain time data for each snow-event, TeTRES identifies ‘Lost’ or ‘Normal’ freeway segments, which are linked to each travel-time route defined by the TeTRES Admin Client, so that
	Table 3.3: Sample Data for Plow-Route Locations from MnDOT 
	Figure
	Table 3.4: Sample Snow-Event Data from MnDOT 
	Figure
	Table 3.5: Sample Plow-Route Location Data with Detector Station IDs 
	Figure
	Table 3.6: Sample Snow-Event Data for Freeway-based Routes 
	Figure
	Figure 3.5: Snippets of the Python Script for Populating Snow-Event Data 
	Figure
	3.6 DATA CATEGORIZATION FOR DEFINED ROUTES 
	As described in the previous sections, in this study, various types of historical data needed for TeTRES were collected, processed, and loaded into the TeTRES database, which contains the following data sets:  
	 Special event data for 1/2012-3/2020 
	 Special event data for 1/2012-3/2020 
	 Special event data for 1/2012-3/2020 

	 Work zone data from 4/2012 – 9/2020 
	 Work zone data from 4/2012 – 9/2020 

	 Winter road condition data from 10/2012 – 4/2019 
	 Winter road condition data from 10/2012 – 4/2019 

	 Weather data from NOAA for 2010 – 9/30/2020 
	 Weather data from NOAA for 2010 – 9/30/2020 

	 Incident data from CAD/IRIS database for 2010 – 9/30/2020 
	 Incident data from CAD/IRIS database for 2010 – 9/30/2020 

	 Traffic-detector data (stored separately in a local hard disk): 2010 – 9/2020. 
	 Traffic-detector data (stored separately in a local hard disk): 2010 – 9/2020. 


	It needs to be noted that the traffic-flow data from the field detector stations have been collected separately and stored in a local hard disk in a structured directory for the period of 2010 – 2020.  In this study, the travel times of 116 routes, defined in the previous phase for the travel-time reliability analysis, have also been calculated for every 5-minute interval from 1/1/2010 until 9/30/2020 and stored in the travel-time database, a subset of the TeTRES database. Figure 3.6 shows the screenshots o
	Figure 3.6: Screenshot of TeTRES Admin Client showing the List of Current Travel-Time Routes 
	Figure
	Figure 3.7: Example Categorized Special Event Data Linked to Travel-Time of Sample Route 
	Figure
	Figure 3.8: Example Categorized Work-Zone Data Linked to Travel-Time Data of Sample Route 
	Figure
	Figure 3.9: Example Categorized Snow-Event Data Linked to Travel-Time Data of Sample Route 
	Figure
	CHAPTER 4: 
	CHAPTER 4: 
	 TRAVEL-TIME RELIABILITY TRENDS AND BOTTLENECK PRIORITIZATION FOR FREEWAY CORRIDORS 

	4.1 INTRODUCTION 
	In this chapter, the travel-time reliability trends of a total of 23 corridors were analyzed and the bottleneck sections within each directional route were identified. First, using the database populated in the previous chapter, a set of the reliability measures of the individual corridors in the metro freeway network during morning or afternoon peak periods were estimated under different operating conditions from 1/1/2016 until 9/30/2020. Figure 4.1 shows a total of 23 freeway corridors, whose boundaries h
	Figure 4.1: Individual Corridors for Reliability Estimation 
	Figure
	Table 4.1: Start/End Stations of Each Corridor Directional Route 
	Figure
	Next, for each directional route of the individual corridors shown in Figure 4.1, the monthly and yearly travel-time reliability measures were estimated under different operating conditions using TeTRES and their trends were analyzed. It needs to be noted that, in this study, only regular non-holiday weekdays, i.e., Tuesdays, Wednesdays, Thursdays, were included for estimating travel-time reliability measures for each route.  In addition, a set of the traffic-flow performance measures were also estimated an
	 Travel-time Reliability Measures:  
	 Travel-time Reliability Measures:  
	 Travel-time Reliability Measures:  

	o  Buffer Index (95th %ile) = (95th %ile Travel Time – Average Travel Time)/(Average Travel Time) 
	o  Buffer Index (95th %ile) = (95th %ile Travel Time – Average Travel Time)/(Average Travel Time) 
	o  Buffer Index (95th %ile) = (95th %ile Travel Time – Average Travel Time)/(Average Travel Time) 

	o  Planning Index (95th %ile) = 95th %ile Travel Time / Free-Flow Travel Time 
	o  Planning Index (95th %ile) = 95th %ile Travel Time / Free-Flow Travel Time 

	o Travel Rate (95th %ile), minutes/mile = 95th %ile Travel Time / Route Length   
	o Travel Rate (95th %ile), minutes/mile = 95th %ile Travel Time / Route Length   


	 Operating Conditions 
	 Operating Conditions 

	o Weather:  All, Dry, Rain, Snow 
	o Weather:  All, Dry, Rain, Snow 
	o Weather:  All, Dry, Rain, Snow 

	o Incident: All, No-Incident (N), Property Damage Only (PD), Severe/Fatal (INJ,FA) 
	o Incident: All, No-Incident (N), Property Damage Only (PD), Severe/Fatal (INJ,FA) 

	o Work Zone: All, No-WZ (N), Light Impact-WZ (L), Medium-Heavy Effect WZ (M,H) 
	o Work Zone: All, No-WZ (N), Light Impact-WZ (L), Medium-Heavy Effect WZ (M,H) 


	 Peak Periods: Morning: 6:00 – 9:00 a.m.  Afternoon: 3:30 – 6:30 p.m. 
	 Peak Periods: Morning: 6:00 – 9:00 a.m.  Afternoon: 3:30 – 6:30 p.m. 

	 Traffic-Flow Measures: VMT (Vehicle-Miles Traveled), VHT (Vehicle-Hours Traveled), DVH (Delayed Vehicle-Hours) 
	 Traffic-Flow Measures: VMT (Vehicle-Miles Traveled), VHT (Vehicle-Hours Traveled), DVH (Delayed Vehicle-Hours) 


	Further, to assess the overall reliability condition of a route, in this study, two travel-time reliability measures, i.e., buffer index (BI) and travel rate (TR) , were combined in a BI-TR space as shown in Figure 4.2 and a vulnerability of a given route is quantified as the Euclidian distance between the origin and the data point of each route, i.e.,  
	               Vulnerability Index (VI) of Route i = sqrt [(95th percentile BI)i2 + (95th percentile TR)i2] 
	In this study, the above VI is estimated with the yearly measures of both BI and TR of each directional route under all conditions and used for the comparative analysis with other routes. Figure 4.2 also shows 5 levels of vulnerability in terms of BI and TR values of each route. Those vulnerability levels are used to capture the network-wide variation trends of the route vulnerability from 2016 to 2020. Finally, the potential bottleneck sections within each directional route were identified and the VI of ea
	Figure 4.2: Vulnerability Index and 5 Levels 
	Figure
	4.2 TRAVEL-TIME RELIABILITY TRENDS OF INDIVIDUAL DIRECTIONAL ROUTES IN METRO FREEWAY NETWORK 
	4.2.1 COMPARISON OF YEARLY RELIABILITY MEASURES OF INDIVDIDUAL DIRECTIONAL ROUTES 
	First, the travel-time reliability measures of each directional route were estimated with yearly data under all conditions using TeTRES from 1/1/2016 until 9/30/2020. Further, all the 48 routes were categorized into either morning or afternoon-route groups depending on the peak period of each route. Figures 4.3 – 4.7 show the 95th percentile buffer index (BI) and the 95th percentile travel rate (TR) of each route from 2016 to 2020 in the BI-TR space for each route group. The vulnerability index (VI) of each
	Figure 4.3: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2016) 
	Figure
	Figure 4.4: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2017) 
	Figure
	Figure 4.5: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2018) 
	Figure
	Figure 4.6: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2019) 
	Figure
	Figure 4.7: Travel-Time Reliability and Vulnerability of Morning and Afternoon Routes (2020) 
	Figure
	Tables 4.2 and 4.3 include the vulnerability indices for each of the morning and afternoon routes from 2016 to 2020. As indicated in Figures 4.3-4.7 and also in Tables 4.2 and 4.3, the afternoon routes show consistently more vulnerabilities than the morning routes. Further, the afternoon routes generally exhibit higher 95th percentile travel times per mile than the morning routes, while the buffer index, i.e., the travel-time variability, is mostly higher with the morning routes.  The yearly variations of t
	Table 4.2: Route Vulnerability Variation (Morning Routes) 
	Figure
	Table 4.3: Route Vulnerability Variation (Afternoon Routes) 
	Figure
	Figure 4.8: Yearly Variations of Route Vulnerability 
	Figure
	Figure 4.9: Variations in Traffic-Flow Measures (2016-2019) 
	Figure
	4.2.2  MONTHLY AND YEARLY RELIABILITY TRENDS OF INDIVIDUAL DIRECTIONAL ROUTES   
	As described in the previous section, this study also performed a detailed analysis of individual route’s reliability trends under various operating conditions. This section presents a sample output from such an individual-route analysis for the 169 northbound (NB) route. The reliability estimation and analysis results of all other individual routes are included in the Appendix A.       
	4.2.2.1 Monthly Reliability Trends of US-169 NB Corridor for Afternoon Peak Periods 
	Figure 4.10: Location of 169 NB Route 
	Figure
	4.2.2.2    Effects of Weather conditions on Travel-Time Reliability 
	Figure 4.11: Monthly Variations of Reliability Measures under Different Weather Conditions (169 NB) 
	Figure
	4.2.2.3     Effects of Incidents   
	Figure 4.12: Monthly Variations of Reliability Measures under Different Incident Conditions (169 NB) 
	Figure
	4.2.2.4 Effects of Work Zones   
	Figure 4.13: Monthly Variations of Reliability Measures under Different Work-Zone Conditions (169 NB) 
	Figure
	4.2.2.5 Yearly Variations - Weather Effects 
	Figure 4.14: Yearly Variations of Reliability Measures under Different Weather Conditions (169 NB) 
	Figure
	4.2.3 Incident Effects 
	Figure 4.15: Yearly Variations of Reliability Measures under Different Incident Conditions (169 NB) 
	Figure
	4.2.3.1 Work-Zone Effects 
	Figure 4.16: Yearly Variations of Reliability Measures under Different Work-Zone Conditions (169 NB) 
	Figure
	4.2.3.2 Yearly Variations of Combined (Vulnerability) Index   
	Figure 4.17: Yearly Variations of Combine Reliability Measures (169 NB) 
	Figure
	4.2.3.3 Variations of Traffic-Flow Measures 
	Figure 4.18: Yearly Variations of Traffic-Flow Measures (169 NB) 
	Figure
	4.2.4 Trends Summary for 169 NB corridor 
	 The planning and travel-rate indices show consistently ascending trend from 2017 until the end of 2019, indicating the congestion level on this route had been rising before the pandemic, as also indicated on the variations on VMT, VHT and DVH.   
	 The planning and travel-rate indices show consistently ascending trend from 2017 until the end of 2019, indicating the congestion level on this route had been rising before the pandemic, as also indicated on the variations on VMT, VHT and DVH.   
	 The planning and travel-rate indices show consistently ascending trend from 2017 until the end of 2019, indicating the congestion level on this route had been rising before the pandemic, as also indicated on the variations on VMT, VHT and DVH.   

	 The effects of snow were significantly higher than those from rain on this route through years, while incidents had not made much difference on the reliability values. 
	 The effects of snow were significantly higher than those from rain on this route through years, while incidents had not made much difference on the reliability values. 


	4.3  BOTTLENECK PRIORITIZATION FOR INDIVIDUAL DIRECTIONAL ROUTES 
	In this section, the severity of the bottleneck sections within each directional route is analyzed with the travel-time reliability measures estimated from the 2019 weekday data.  First, the potential bottleneck sections of the corridor routes were identified by examining the traffic speed patterns during normal weekdays and by considering the geometry of each route. Next, a set of the travel-time reliability measures were estimated for each bottleneck section with the 2019 travel-time data under all condit
	The rest of this section presents the vulnerability index estimation results of the potential bottleneck sections in each route along with the geographical locations of each sections. The bottleneck section with the highest vulnerability index value is highlighted as the most vulnerable section in a given route.    
	4.3.1 US169 SB Route (Morning Peak): Section with the highest vulnerability index ⇒ I394 to TH7 
	Figure 4.19: Identification of Bottleneck Sections (169 NB) 
	Figure
	4.3.2 US169 NB Route (Afternoon Peak) ⇒ I494 to TH62 
	Figure 4.20: Identification of Bottleneck Sections (169 SB) 
	Figure
	4.3.3 TH610 EB Morning ⇒ US169 to TH47 
	Figure 4.21: Identification of Bottleneck Sections (TH610 EB) 
	Figure
	4.3.4 TH610 WB Afternoon ⇒ US169 to I94 
	Figure 4.22: Identification of Bottleneck Sections (TH610 WB) 
	Figure
	4.3.5 TH100 SB Morning ⇒ I694 to 36th 
	Figure 4.23: Identification of Bottleneck Sections (TH100 SB) 
	Figure
	4.3.6 TH100 NB Afternoon ⇒ I494 to I394 
	Figure 4.24: Identification of Bottleneck Sections (TH100 NB) 
	Figure
	4.3.7 TH62 EB Afternoon ⇒ TH100 to US169 
	Figure 4.25: Identification of Bottleneck Sections (TH62 EB) 
	Figure
	4.3.8 TH62 WB Morning ⇒ I35W to TH100 
	Figure 4.26: Identification of Bottleneck Sections (TH62 WB) 
	Figure
	4.3.9 TH52 SB Afternoon ⇒ I94 to I494 
	Figure 4.27: Identification of Bottleneck Sections (TH52 SB) 
	Figure
	4.3.10 TH52 NB Morning ⇒ I494 to I94 
	Figure 4.28: Identification of Bottleneck Sections (TH52 NB) 
	Figure
	4.3.11 TH36 EB Afternoon ⇒ I35W to I35E 
	Figure 4.29: Identification of Bottleneck Sections (TH36 EB) 
	Figure
	4.3.12 TH36 WB Morning ⇒  I35E to I35W 
	Figure 4.30: Identification of Bottleneck Sections (TH36 WB) 
	Figure
	4.3.13 I-494 (TH212 to I35E) EB Afternoon ⇒ MN100 to I35W 
	Figure 4.31: Identification of Bottleneck Sections (I-494 S1 EB) 
	Figure
	4.3.14 I-494 (I35E to TH212) WB Morning ⇒ I35W to MN100 
	Figure 4.32: Identification of Bottleneck Sections (I-494 S1 WB) 
	Figure
	4.3.15 I-494 (I35E to I94) EB Afternoon ⇒ I35E to MN52 
	Figure 4.33: Identification of Bottleneck Sections (I-494 S2 EB) 
	Figure
	4.3.16 I-494 (I94 to I35E) WB Morning ⇒ I94 to MN61 
	Figure 4.34: Identification of Bottleneck Sections (I-494 S2 WB) 
	Figure
	4.3.17 I-494 (TH212 to I694) NB Afternoon ⇒ US169 to I394 
	Figure 4.35: Identification of Bottleneck Sections (I-494 S3 NB) 
	Figure
	4.3.18 I-494 (I694 to TH212) SB Morning ⇒ MN55 to I394 
	Figure 4.36: Identification of Bottleneck Sections (I-494 S3 SB) 
	Figure
	4.3.19 I-394 EB Morning ⇒ TH100 to MPLS 
	Figure 4.37: Identification of Bottleneck Sections (I-394 S1 EB) 
	Figure
	4.3.20 I-394 WB Afternoon ⇒ MPLS to MN100 
	Figure 4.38: Identification of Bottleneck Sections (I-394 S1 WB) 
	Figure
	4.3.21 I-94 (I494 to MPLS) EB Morning ⇒ TH252 to I394 
	Figure 4.39: Identification of Bottleneck Sections (I-94 S1 EB) 
	Figure
	4.3.22 I-94 (MPLS to I494) WB Afternoon ⇒ I394 to TH252 
	Figure 4.40: Identification of Bottleneck Sections (I-94 S1 WB) 
	Figure
	4.3.23 I-94 (MPLS to STPL) EB Afternoon ⇒ I394 to I35W 
	Figure 4.41: Identification of Bottleneck Sections (I-94 S1 EB) 
	Figure
	4.3.24 I-94 (STPL to MPLS) WB Afternoon ⇒ I35E to I35W 
	Figure 4.42: Identification of Bottleneck Sections (I-94 S2 WB) 
	Figure
	4.3.25 I-94 (MPLS to STPL) EB Morning ⇒ I394 to 135W 
	Figure 4.43: Identification of Bottleneck Sections (I-94 S3 EB) 
	Figure
	4.3.26 I-94 (STPL to MPLS) WB Morning ⇒ I35E to I35W 
	Figure 4.44: Identification of Bottleneck Sections (I-94 S3 WB) 
	Figure
	4.3.27 I-94 (STPL to WISC) EB Afternoon ⇒ I35E to I694 
	Figure 4.45: Identification of Bottleneck Sections (I-94 S4 EB) 
	Figure
	4.3.28 I-94 (WISC to STPL) WB Morning ⇒ I694 to I35E 
	Figure 4.46: Identification of Bottleneck Sections (I-94 S4 WB) 
	Figure
	4.3.29 I-35W (SS to MPLS) NB Morning ⇒ I35E to River Bridge 
	Figure 4.47: Identification of Bottleneck Sections (I-35W S1 NB) 
	Figure
	4.3.30 I-35W (MPLS to SS) SB Afternoon ⇒ I494 to River Bridge 
	Figure 4.48: Identification of Bottleneck Sections (I-35W S1 SB) 
	Figure
	4.3.31 I-35W (MPLS to NS) NB Afternoon ⇒ MPLS to I694 
	Figure 4.49: Identification of Bottleneck Sections (I-35W S2 NB) 
	Figure
	4.3.32 I-35W (NS to MPLS) SB Morning ⇒ NS to I694 
	Figure 4.50: Identification of Bottleneck Sections (I-35W S2 SB) 
	Figure
	4.3.33 I-35E (SS to STPL) NB Morning ⇒ I494 to Ayd Mill Rd 
	Figure 4.51: Identification of Bottleneck Sections (I-35E S1 NB) 
	Figure
	4.3.34 I-35E (STPL to SS) SB Afternoon ⇒ STPL to Ayd Mill Rd 
	Figure 4.52: Identification of Bottleneck Sections (I-35E S1 SB) 
	Figure
	4.3.35 I-35E (STPL to NS) NB Afternoon ⇒ STPL to MN36 
	Figure 4.53: Identification of Bottleneck Sections (I-35E S2 NB) 
	Figure
	4.3.36 I-35E (NS to STPL) SB Morning ⇒ I694 to MN36 
	Figure 4.54: Identification of Bottleneck Sections (I-35E S2 SB) 
	Figure
	4.3.37 I-694 (I94 to I35E) WB Morning ⇒ TH36 to I35E 
	Figure 4.55: Identification of Bottleneck Sections (I-694 S1 WB) 
	Figure
	4.3.38 I-694 (I-35E to I-94) EB Afternoon ⇒ I35E to TH36 
	Figure 4.56: Identification of Bottleneck Sections (I-694 S1 EB) 
	Figure
	4.3.39 I-694 (I35E to TH252) WB Morning ⇒ I35W to MN65 
	Figure 4.57: Identification of Bottleneck Sections (I-694 S2 WB) 
	Figure
	4.3.40 I-694 (TH252 to I35E) EB Afternoon ⇒ MN65 to I35W 
	Figure 4.58: Identification of Bottleneck Sections (I-694 S2 EB) 
	Figure
	4.4 SUMMARY 
	This chapter summarized the analysis results for the travel-time reliability trends of a total of 23 corridors (48 directional routes) in the metro freeway network for the period of 2016 to 2020. First, a set of the travel-time reliability and traffic-flow measures were estimated using TeTRES with the monthly and yearly data collected in the previous chapter. Further, a new vulnerability index combining the 95th percentile buffer index and the 95th percentile travel rate was used to assess the overall relia
	CHAPTER 5: 
	CHAPTER 5: 
	 PRELIMINARY EVALUATION OF FREEWAY CORRIDOR OPERATIONAL RESILIENCE 

	5.1  INTRODUCTION 
	A reliable and resilient freeway network, which can absorb, recover and adapt to various operating conditions, is of critical importance in sustaining the way of life and economic vitality of the Twin Cities metro area. While substantial progress has been made in estimating travel-time reliability on transportation networks, quantifying operational resiliency on a corridor level is still in its infancy.   
	To be sure, most research efforts to date on the resilience of transportation systems have focused on estimating the capability of a given transportation network in dealing with extreme events, such as natural disasters or large-scale incidents. In the early work by Murray-Tuite [3], a set of multiple metrics were estimated using simulation to quantify the resilience of a transportation network in four dimensions, i.e., adaptability, mobility, safety and recovery. Specifically, DYNASMART-P was used to estim
	As noted above, most existing research efforts regarding resiliency have tried to quantify network or community-wide resilience by integrating the individual metrics in multiple dimensions, i.e., organizational, and social aspects of resilience with financial and technical ones. While these approaches tried to capture multi-dimensional aspects of resilience and their complex interactions, the major difficulties of such approaches include the quality and availability of the data required for estimating propo
	Developing corridor-specific resilience measures that can be estimated with the field data available from the current detection system is of critical importance for an effective allocation of limited resources to competing corridors, thus for improving the resilience of a given roadway network. In this chapter, a preliminary study to formulate and estimate operational resilience of a freeway corridor is conducted using 3 corridors in the metro freeway network as the sample corridors. The proposed corridor-w
	5.2 MODELING AND ESTIMATION OF OPERATIONAL RESILIENCE OF SAMPLE CORRIDORS 
	5.2.1 Sample Corridors and Data Collection 
	Figure 5.1 shows the locations of the 3 sample freeway corridors, i.e., I-494 Northbound/Southbound (NB/SB), TH 100 (NB/SB) and US 169 (NB/SB), used in this study to formulate and estimate the operational resilience of each corridor. As can be seen from the figure, these 3 corridors were in parallel and each of them could be used as an alternative to others. It needs to be noted that the corridor-wide operational resilience measure to be developed in this study is focusing on the capability of each individu
	First, the peak-period, traffic-flow data for each directional route of those 3 corridors, i.e., two routes per corridor, were collected by using TICAS, Traffic Information Condition Analysis System developed at University of Minnesota Duluth, for the weekdays, i.e., Tuesdays, Wednesdays, and Thursdays, of a two-month period from September to October 2019. They include route-wide total entering volume (VE,t) and delayed-vehicle-hours (DVHt) for every 5-minute interval. Figure 5.1 also shows the locations of
	Figure 5.1: Locations of Sample Freeway Corridors and Detector Stations on Northbound Routes 
	Figure
	Figure 5.2: Sample Incident Data 
	Figure
	5.2.2 Collection of Geometry Data for Each Directional Route 
	A set of the geometry data for each directional route was also collected in this task to study the potential relationship between the operational resilience and the geometry of each corridor. The selected data for each directional route includes the followings: 
	 Route length (Linear distance between upstream and downstream boundary stations) 
	 Route length (Linear distance between upstream and downstream boundary stations) 
	 Route length (Linear distance between upstream and downstream boundary stations) 

	 Number of exit and entrance ramps on each route 
	 Number of exit and entrance ramps on each route 

	 Lengths of weaving sections on each route 
	 Lengths of weaving sections on each route 

	- The length of each weaving section is measured from the Google Earth map as the distance from the merge to diverge gore points, i.e., pavement markings. 
	- The length of each weaving section is measured from the Google Earth map as the distance from the merge to diverge gore points, i.e., pavement markings. 

	 Length of each mainline section with same number of through lanes 
	 Length of each mainline section with same number of through lanes 

	- Auxiliary lanes are not considered as through lanes. 
	- Auxiliary lanes are not considered as through lanes. 


	Table 5.1 shows the raw geometric data collected for each directional route of the sample corridors. 
	Table 5.1: Geometric data of Directional Routes 
	Table 5.1: Geometric data of Directional Routes 
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	5.2.3 Formulation and Estimation of Operational Resilience for Selected Corridors with Traffic-Flow Data 
	Figures 5.3 and 5.4 show the Delayed-Vehicle-Hours (DVHt) through time for each directional route of the sample corridors during the weekday peak periods. The values of DVHt are estimated every 5-minute for an entire route with the traffic data from each route using the following formula: 
	DVHt = Ʃ [(TTi,t – FF_TTi) * Ki,t* Li] for all segment i in a given route, 
	where, DVHt = Total Delayed-vehicle-hours during t for a given route, 
	               TTi,t = Estimated travel time of segment i during t, 
	                      FF_TTi = Free-Flow travel time of segment i 
	                      Ki,t = Traffic density of segment i during t, 
	                      Li = Length of segment i. 
	Figure 5.3: Delayed-Vehicle-Hour (DVHt) and Total Entering Volume (VE,t) Variations through Time 
	Figure
	Figure 5.4: Delayed-Vehicle-Hour (DVHt) and Total Entering Volume (VE,t) Variations through Time 
	Figure
	As implied in the above definition, DVHt indicates the amount of congestion during t interval and the DVHt – time variation pattern directly reflects the congestion start-expansion-recovery process of a given route in responding to the various types/levels of traffic disturbances, e.g., changes in traffic demand and incidents. Figure 5.3 also includes the variations of the total route-wide entering volume, VE,t, through time for each directional route during the weekday peak periods. The values of VE,t are 
	            VE,t = (Upstream Boundary Station Volume)t + Ʃ (All Entrance Ramp Volumes)t   
	 The analysis of the DVHt variation patterns of the sample directional routes indicates: 
	 The DVHt,max, i.e., the maximum value of DVHt during a peak period, and the time duration to reach DVHt,max, reflect the ‘Resistance’ and ‘Adaptation’ capabilities of a given route in coping with the congestion caused by the traffic disturbances, i.e., incidents, weather or traffic demand changes. 
	 The DVHt,max, i.e., the maximum value of DVHt during a peak period, and the time duration to reach DVHt,max, reflect the ‘Resistance’ and ‘Adaptation’ capabilities of a given route in coping with the congestion caused by the traffic disturbances, i.e., incidents, weather or traffic demand changes. 
	 The DVHt,max, i.e., the maximum value of DVHt during a peak period, and the time duration to reach DVHt,max, reflect the ‘Resistance’ and ‘Adaptation’ capabilities of a given route in coping with the congestion caused by the traffic disturbances, i.e., incidents, weather or traffic demand changes. 

	 The congestion ‘Recovery’ patterns, i.e., the slope of the ‘DVHt Recovery’ lines, i.e., the lines from DVHt,max to Zero DVH in the DVHt-time graphs, exhibit remarkable similarities for a same route, while the slopes of those recovery lines vary from route to route. This could imply each route has its own ‘Recovery’ capability from congestion. 
	 The congestion ‘Recovery’ patterns, i.e., the slope of the ‘DVHt Recovery’ lines, i.e., the lines from DVHt,max to Zero DVH in the DVHt-time graphs, exhibit remarkable similarities for a same route, while the slopes of those recovery lines vary from route to route. This could imply each route has its own ‘Recovery’ capability from congestion. 


	Figure 5.5 illustrates the above observations with the DVH variations on multiple days at the I-494 Northbound routes.  As shown in this figure, the DVH recovery lines on different days indicate similar slopes, while the time duration and pattern to reach the maximum DVH value on each day varies depending on the demand and incident patterns.  
	Figure 5.5: I-494 Northbound DVH Variation Patterns 
	Figure
	Based on the above observations, in this study, the Operational Resilience of a freeway corridor is defined as “the capability of a freeway corridor traffic system to absorb and adapt to various levels of traffic disturbances and recover from congestion with maximum efficiency under given operating conditions.”  Figure 5.6 shows the schematic diagram, where the congestion duration/scope of a freeway corridor is the direct output from the operational resilience, which is the core capability of a given corrid
	Figure 5.6: Conceptual Relationship between Operational Resilience and External Factors 
	Figure
	The conceptual relationship shown in Figure 5.6 implies that each corridor has its own operational resilience level, which can be directly reflected by the corridor-wide delay measures. Further, the resilience level of each corridor depends on the geometric structure and operating strategies of a given corridor. In this study, a Corridor-wide Operational Resilience Index (CORI) is formulated and estimated for each directional route with the traffic-flow data available from the current detection system on fr
	                   CORIi =    ∑(𝐷𝑉𝐻𝑡∗ 𝐴𝑡)𝑡(∑𝑉𝐸,𝑡) ∗ σ𝑡 
	where, 
	                CORIi = Operational Resilience Index of Corridor i 
	                DVHt = Corridor-wide delayed-vehicle-hours during t, 
	  At = Proportion of weighted average number of lanes during t, 
	                VE,t = Corridor-wide total entering volume during t, 
	                σ = Standard deviation of VE,t during a peak period. 
	As noted from the above formulation, the proposed CORI tries to quantify the capability of a given directional corridor in minimizing the traffic delay under given variations in corridor-wide traffic demand and geometric conditions, i.e., number of available through lanes through time. Therefore, a smaller CORI index indicates a stronger resilience level of a given corridor. It needs to be noted that, in the proposed formulation of CORI, the effects of incidents on the traffic flow are reflected in At, the 
	In the above formulation, the ‘number of blocked lanes’ during t depends on the type/scope of an individual incident, however, in the current incident database from MnDOT, very few incidents have the blocked-lane data, while the data regarding the type and duration of each incident are available. Since most incidents affect the speed of the traffic flow going through an incident location, in this study, due to the time limitation, the following values in Table 5.2 are assumed to be the number of the blocked
	Table 5.2: Assumed Number of Blocked Lanes 
	Figure
	In addition, the ‘Average weighted number of through lanes’ of a given corridor, a surrogate measure of the corridor-wide through capacity, is determined as shown in Figure 5.7: 
	Figure 5.7: Process to Determine Average Number of Through Lanes 
	Figure
	In the above formulation, the roadway sections located downstream have larger weights than those upstream, therefore, the effects of downstream bottleneck sections on the corridor-wide through traffic can be captured more effectively. It also needs to be noted that the auxiliary or acceleration/deceleration lanes are not considered as through lanes in this formulation. 
	5.2.3.1 Estimation of Corridor-wide Operational Resilience for Sample Directional Routes  
	The above definition of the corridor-wide operational resilience is applied to the sample corridors and the daily CORI values of each directional route is calculated with the traffic data from a two-month period, September – October 2019. In this preliminary study, the specific effects of weather are not directly addressed, i.e., the traffic data from only dry weather conditions were used to estimate the daily CORI values of the sample directional routes. Figure 5.2.7 includes the daily estimates of CORI fo
	As noted in Figures 5.8 and 5.9, the CORI estimates of those routes with the morning-peak periods show relatively stable day-to-day variations, while the afternoon peak-period routes show more fluctuations than those from the morning-peak routes. The t-test results indicate that the CORI values of the sample routes are significantly different at 95% confidence level. While the further study needs to address these differences in CORI between the northbound and the southbound routes, the initial assessments i
	Figure 5.8: Daily Estimates of CORI for the Sample Directional Routes                           
	Figure
	Table 5.3: Average CORI for Each Route 
	Figure
	Figure 5.9: Comparison of Sample Route Operational Resilience 
	Figure
	5.3 EFFECTS OF CORRIDOR-WIDE GEOMETRIC FEATURES ON OPERATIONAL RESILIENCE  
	Finally, the potential relationship between the corridor-wide operational resilience and the geometric structure of each corridor is studied in this task. In this study, the ‘strength’ of the corridor-wide geometric structure in terms of handling the traffic flows going through a given corridor is quantified with the following geometry-based parameters: 
	 Number of Exit Ramps per mile (G1), 
	 Number of Exit Ramps per mile (G1), 
	 Number of Exit Ramps per mile (G1), 

	 Number of Entrance Ramps per mile (G2), 
	 Number of Entrance Ramps per mile (G2), 

	 Proportion of the total non-weaving section length (G3) = 1 – [Ʃ (lengths of all weaving sections) / route length], 
	 Proportion of the total non-weaving section length (G3) = 1 – [Ʃ (lengths of all weaving sections) / route length], 

	 Average number of through lanes weighted with the distance from upstream boundary (G4) as defined before. 
	 Average number of through lanes weighted with the distance from upstream boundary (G4) as defined before. 


	Using the above parameters, the ‘strength’ of the geometric structure of a given corridor in terms of facilitating through traffic movements, G, is formulated as follows: 
	                   G = 𝐺1∗𝐺3∗𝐺4𝐺2 
	In the above formula, the numerator reflects the combined effects of the geometric features facilitating the through movements within a given corridor, while the denominator quantifies the potential frictions caused by the entrance volumes to the through traffic in a given corridor. In this study, the G factor is named as the geometric-friction factor, i.e., the higher G value, the less geometric friction in a given directional route. Table 5.4 includes the values of each parameter and the resulting G value
	Table 5.4: Geometric Friction Parameters and Estimation Results 
	Table 5.4: Geometric Friction Parameters and Estimation Results 
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	Figure 5.10: Operational Resilience vs Geometric Friction 
	Figure
	5.4  SUMMARY 
	This chapter summarized the results from the preliminary study to quantify the operational resilience of a freeway corridor.  A total of 6 directional routes in 3 corridors were selected as the sample routes and, for each route, a set of the detailed geometric and traffic-flow data, including incidents and weather information, were collected for a two-month period from September to October in 2019.  Using the collected traffic and incident data, the congestion start/recovery process of each route were analy
	The corridor-wide operational resilience and geometric friction measures developed and tested in this study shows the possibility of applying the proposed measures for prioritizing freeway corridors with accurate understanding of the main sources of traffic congestion and travel-time reliability issues. Future study needs include the expanded testing of the proposed resilience and geometric-friction models to other corridors in the metro network with the detailed information on the blocked lanes during inci
	CHAPTER 6: 
	CHAPTER 6: 
	 CONCLUSIONS – RESEARCH BENEFITS/IMPLEMENTATION/FUTURE STUDY NEEDS 

	6.1 RESEARCH BENEFITS 
	6.1.1 Decrease Engineering/Administration Costs 
	The enhanced TeTRES and its newly expanded database, populated with the historical data from the metro freeway network, can significantly reduce the time and effort of MnDOT staff in preparing data, calculating reliability measures and analyzing estimation results. The detailed quantification of time and cost savings in MnDOT through TeTRES would depend on the types and/or scopes of potential MnDOT projects and their specific needs for estimating travel-time reliability and traffic-flow measures. 
	6.1.2 Operation and Maintenance Savings 
	As described in this report, the enhanced TeTRES with the additional traffic-flow MOE module can estimate both travel-time reliability and traffic-flow measures under different operating conditions for given corridors and periods. This indicates TeTRES can be applicable for an efficient identification of the major factors affecting the performance of various operational strategies for selected corridors. Such a capability can lead to the development of effective operation and maintenance strategies for each
	6.1.3 Reduce Risk  
	The identification of the vulnerable bottleneck sections in the major freeway corridors, which resulted from this study, can be used as the basis for developing optimal resource-allocation plans, which could maximize the cost-effectiveness of improving the metro freeway network, thus minimizing risks. 
	6.1.4 Reduce Road-User Cost 
	The identification of vulnerable freeway sections can also contribute to the improvement of the daily operations of freeway traffic systems, e.g., effective routing of FIRST trucks during peak periods and advanced driver guidance with time-of-day reliability information for pre-defined corridors. Such improved operations of freeway systems could decrease the unpredictability in corridor travel times, and, thus, reduce road-user cost in the metro freeway network. 
	6.2 IMPLEMENTATION STEPS 
	To facilitate the realization of the benefits that resulted from this study, the following steps are recommended to be taken in cooperation with the Regional Traffic Management Center (RTMC), MnDOT: 
	 Technical assistance in installing the final version of TeTRES at the RTMC, MnDOT, and conducting customized workshops for MnDOT staff to facilitate the adaptation of TeTRES for each office operations.  
	 Technical assistance in installing the final version of TeTRES at the RTMC, MnDOT, and conducting customized workshops for MnDOT staff to facilitate the adaptation of TeTRES for each office operations.  
	 Technical assistance in installing the final version of TeTRES at the RTMC, MnDOT, and conducting customized workshops for MnDOT staff to facilitate the adaptation of TeTRES for each office operations.  

	 Technical assistance to MnDOT offices in estimating and applying reliability and traffic-flow measures with TeTRES for selected corridors. 
	 Technical assistance to MnDOT offices in estimating and applying reliability and traffic-flow measures with TeTRES for selected corridors. 

	 Technical assistance to MnDOT offices in applying TeTRES for formulating and conducting before/after studies to quantify the changes in traffic-system performances in terms of travel-time reliability and traffic-flow measures of effectiveness. 
	 Technical assistance to MnDOT offices in applying TeTRES for formulating and conducting before/after studies to quantify the changes in traffic-system performances in terms of travel-time reliability and traffic-flow measures of effectiveness. 


	6.3 FUTURE STUDY NEEDS 
	Developing a reliable and resilient freeway network requires the continuous assessment of the corridor-wide reliability trends and operational resilience on an ongoing basis. Future research needs include 1) continuous population of the TeTRES database with detailed data on incident and work-zone information, including the lane status affected by each incident and work zone, 2) analysis of the integrated effects of operational and geometric-changes at selected corridors on travel-time reliability and traffi
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