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EXECUTIVE SUMMARY 

The state-of-the-art in traffic operations analysis methods that explicitly consider the impacts of 
large trucks has improved considerably over the last decade.  Micro-simulation tools and 
deterministic analytic methods such as those in the Highway Capacity Manual (HCM) offer 
reasonably robust methods for explicitly accounting for large trucks. 

However, there are still several areas where improvements in the methods and the tools are 
needed.  Two areas in particular are: network-level analysis and travel time reliability (TTR) 
analysis, and even more so, the combination of these two areas.  Conducting the network-level 
analysis entails the modeling of traffic assignment that can accurately forecast the truck flow 
distribution.  However, most of the existing models do not work well due to their restrictive 
assumption that the passenger car equivalent (PCE) value of trucks is flow-independent; i.e., the 
PCE value is given and does not vary with traffic conditions.  Although this simplifies the model, 
such an assumption is not consistent with the HCM and is very limiting.  On the other hand, while 
micro-simulation is very suitable for performing network-level analysis, the computational burden 
can become unreasonable when TTR analysis is factored in, as this will increase the number of 
simulation runs several-hundred fold.  In addition, network level analysis typically uses a relatively 
simple link performance function to represent the travel time and flow rate relationship.  Such 
functions are not generally sensitive to the range of geometric and traffic conditions that can 
influence freeway facility operations.  The HCM includes methods for analyzing freeway TTR 
that applies the HCM freeway facility core methodology, which can better represent traffic 
conditions than link performance functions, such as more sensitivity to impacts of large tracks 
through multivariate influences on PCE and more flexibility with lane configurations (e.g., 
managed lanes).  However, this methodology is currently only applicable at the facility level.  Even 
with macro-simulation methods, the network level TTR analysis is usually large-scale and 
computationally intensive, which makes a software tool the only feasible option to conduct the 
analysis. 

The objective of this project was to improve the state-of-the-art for accounting for the 
impact of trucks at the network level, which is accomplished in the following two tasks.  

1) Extend the methodology for multiclass user-equilibrium (UE) traffic assignment to account 
for flow-dependent PCEs of trucks. 

2) Combine the HCM freeway facility TTR analysis methodology with the UE traffic 
assignment and extend it to the network level. 

 
The details of the two tasks are documented in two separate reports, and this report focuses on the 
second task of the project, which is to extend the HCM freeway facility TTR analysis methodology 
into the network level.  This task was accomplished through the following steps. 

1) Apply the HCM freeway facility core analysis methodology to represent travel time and 
flow relationship in the UE traffic assignment methodology instead of the traditional link 
performance functions. 

2) Combine the HCM freeway facility TTR analysis methodology with the UE traffic 
assignment and extend it to the network level. 

3) Develop a software tool to implement the proposed methodology using C# on the .NET 
Framework based on the integration and revisions of two existing software programs.  

4) Perform example implementation of freeway network TTR analysis and check the 
efficiency of the software tool. 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

The state-of-the-art in traffic operations analysis methods that explicitly consider the impacts of 
large trucks has improved considerably over the last decade.  Micro-simulation tools and 
deterministic analytic methods such as those in the Highway Capacity Manual (HCM) offer 
reasonably robust methods for explicitly accounting for large trucks. 

However, there are still several areas where improvements in the methods and the tools are 
needed.  Two areas in particular are: network-level analysis and travel time reliability (TTR) 
analysis, and even more so, the combination of these two areas.  Conducting a network-level 
analysis entails the modeling of traffic assignment that can accurately forecast the truck flow 
distribution.  However, most of the existing network analysis models do not work well due to their 
restrictive assumption that the passenger car equivalent (PCE) value of trucks is flow-independent; 
i.e., the given PCE value does not vary with traffic conditions.  Such an assumption is not 
consistent with the HCM, although it can simplify the model.  On the other hand, while micro-
simulation is very suitable for performing network-level analysis, the computational burden can 
become unreasonable when TTR analysis is factored in, as this will increase the number of 
simulation runs several-hundred fold.  In addition, network level analysis typically uses a relatively 
simple link performance function to represent the travel time and flow rate relationship.  Such 
functions are not generally sensitive to the range of geometric and traffic conditions that can 
influence freeway facility operations.  The HCM includes methods for analyzing freeway TTR 
that applies the HCM freeway facility core methodology, which can better represent traffic 
conditions than link performance functions, such as more sensitivity to impacts of large tracks 
through multivariate influences on PCE and more flexibility with lane configurations (e.g., 
managed lanes).  However, this methodology is currently only applicable at the facility level.  Even 
with macro-simulation methods, the network level TTR analysis is usually large-scale and 
computationally intensive, which makes a software tool the only feasible option to conduct the 
analysis. 

1.2 PROJECT OBJECTIVE AND TASKS 

This project aimed to improve the state-of-the-art for accounting for the impact of trucks at the 
network level.  The two main objectives of the project were:.  

1) Extend the methodology for multiclass user-equilibrium (UE) traffic assignment to account 
for flow-dependent PCEs of trucks. 

2) Combine the HCM freeway facility TTR analysis methodology with the UE traffic 
assignment and extend it to the network level. 

The details of accomplishing these two objectives are documented in two separate reports, and this 
report (Part B) focuses on the second objective of the project, which is to extend the HCM freeway 
facility TTR analysis methodology into the network level.  Additionally, since the methodology is 
data intensive and computationally intensive, a software tool to implement the methodology was 
also developed as part of this project.  The objective discussed in this report was accomplished 
through completion of the following tasks. 
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1) Apply the HCM freeway facility core analysis methodology to represent travel time and 
flow relationship in the UE traffic assignment methodology instead of the traditional link 
performance functions. 

2) Combine the HCM freeway facility TTR analysis methodology with the UE traffic 
assignment and extend it to the network level. 

3) Develop a software tool to implement the proposed methodology using C# and the .NET 
Framework based on the integration and revision of two existing software programs.   

4) Perform an example freeway network TTR analysis implementation and check the 
computational efficiency of the software tool. 
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2.0 FREEWAY NETWORK TRAFFIC ASSIGNMENT 

2.1 METHODOLOGY 

2.1.1 Freeway Network Representation 
The freeway network scheme of the proposed methodology includes nodes and links.  There are 
two kinds of nodes--traffic analysis zone (TAZ) centroids, which produce and attract the traffic 
demand of the freeway network, and the network nodes, which connect the links of the freeway 
network.  Each link in the freeway network represents a freeway facility defined by the HCM 
(2016), which is further composed of multiple segments.  Traffic demands among the TAZ 
centroids are the origin-destination (OD) demands of the freeway network, and the node-link 
structure specifies the freeway network that connects the TAZ centroids.  Figure 1 illustrates an 
example freeway network as represented by the link-node structure. 
 

 
Figure 1: Freeway network scheme 

2.1.2 User Equilibrium Traffic Assignment 
With the uncertainties brought by the TTR influential factors, it is critical to have a traffic 
assignment model that can assign traffic to the links in the network in a way that represents the 
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route choices of the road users.  Wardrop (1952) proposed user equilibrium of a traffic network  
under the assumption that each user tends to minimize his/her travel time, and user equilibrium is 
achieved when no user can reduce his/her travel time by changing route.  UE traffic assignment 
model has been widely used for network traffic assignment.   

Most UE traffic assignment studies apply link performance functions, such as the Bureau 
of Public Roads (BPR) function, to represent the relationship between travel time and flow rate, 
as shown in Equation (1). 
 𝒕𝒕𝜶𝜶 = 𝒕𝒕𝜶𝜶𝟎𝟎(𝟏𝟏 + 𝟎𝟎.𝟏𝟏𝟏𝟏�𝒗𝒗𝜶𝜶

𝒄𝒄𝜶𝜶
�
𝟒𝟒

) (1) 

𝑡𝑡𝛼𝛼 is the average travel time of link 𝛼𝛼 
𝑡𝑡𝛼𝛼0 is the free-flow travel time of link 𝛼𝛼 
𝑣𝑣𝛼𝛼 is the traffic volume of link 𝛼𝛼 
𝑐𝑐𝛼𝛼 is the capacity of link 𝛼𝛼 
 
The approaches for solving UE traffic assignment are based on the aggregation of estimated values 
from link performance functions, of which the functions are required to be non-decreasing, 
continuous and differentiable.  Beckmann et al. (1956) proposed the mathematical programming 
formulation of UE traffic assignment, which formulated the problem as a convex problem with a 
convex objective function under linear constraints.  Dafermos and Sparrow (1969) applied the 
Frank-Wolfe algorithm to solve this convex problem.  While the use of such a simple link 
performance function would shorten the computational time to identify the point of user 
equilibrium, the accuracy of the link performance function with respect to the representation of 
freeway facility traffic conditions would directly dictate the accuracy of the network TTR analysis.  
Furthermore, these simple link performance functions generally lack elements that make them 
more sensitive to the roadway and traffic conditions of the freeway facility.  

 
2.1.3 HCM Freeway Facility Core Methodology 
The freeway facility core methodology in Chapter 10 of the HCM 6th edition (TRB, 2016) is a 
freeway facility level macro-simulation methodology, which is the state-of-the-art methodology 
for macroscopic freeway facility analysis.  The methodology is capable of analyzing the studied 
freeway facility under both undersaturated and oversaturated conditions, as well as over space 
(continuous analysis of different segments, such as basic, weaving, merge and diverge segments) 
and time (continuous analysis in the unit of 15-minute time period).  There have been many 
applications of the methodology, demonstrating the validity of the methodology to accurately 
represent the real life traffic conditions of freeway facilities (e.g., Schroeder and Rouphail, 2010; 
Schroeder et al., 2012).  Hall et al. (2000) applied the HCM freeway facility core methodology 
and three micro-simulation models (CORSIM, FREQ, and INTEGRATION) for the analysis of 
six freeway sites and compared the results with field data. It was found that the HCM freeway 
facility core methodology performed as well as the micro-simulation models. In this case, this 
research proposes to use the HCM freeway facility core methodology for link travel time 
calculation in the UE traffic assignment. 

Unlike the link performance functions in traditional UE traffic assignment, such as the BPR 
function, which are continuous, non-decreasing, and differentiable, the HCM freeway facility core 
methodology is a macro-simulation methodology.  For the latter case, a sensitivity analysis was 
conducted with respect to the relationship between the facility mainline traffic demand and the 
resulting average facility travel time.  Results from the analysis suggest that the relationship 
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between the facility mainline traffic demand and the facility average travel time varies among 
different freeway network settings, and does not always follow a consistent form, as shown in 
Figure 2. 

Since the HCM freeway facility core methodology requires that the length of the freeway 
facility should be less than the distance a vehicle traveling with the average speed can achieve in 
15 min, which is around 9 to 12 miles.  In this case, during the freeway network setup, links that 
are longer than the spatial limit need to be divided into several links.  The HCM freeway facility 
core methodology requires that the facility start and end with basic segments, which should also 
be considered during the freeway network setup. 

 
Figure 2: Facility travel time and flow relationship 

2.1.4 Method of Successive Average (MSA) Approach 
Sheffi (1985) first proposed the Method of Successive Average (MSA) approach for solving the 
UE traffic assignment problem.  Because of the simplicity of the algorithm, which does not require 
explicitly defined link performance functions, the MSA approach has been widely used for 
simulation-based UE traffic assignment applications.  This project used the MSA approach to solve 
the UE traffic assignment while using the HCM freeway facility core methodology for link travel 
time calculation.   
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The steps for the MSA approach to solve the freeway network UE traffic assignment in 
this project are as follows (note that 𝑎𝑎 is the link index, 𝑡𝑡𝑎𝑎 is the travel time of link 𝑎𝑎, 𝑥𝑥𝑎𝑎𝑖𝑖  is the 
volume of link 𝑎𝑎  of iteration 𝑖𝑖 , 𝑦𝑦𝑎𝑎𝑖𝑖  is the (direction) volume of link 𝑎𝑎  of iteration 𝑖𝑖 , 𝜀𝜀  is the 
convergence criteria value):  

Step 0. Initialization. Perform all-or-nothing assignment based on freeway flow travel time of 
the links provided by the HCM freeway facility core methodology: 𝑡𝑡𝑎𝑎 = 𝑡𝑡𝑎𝑎(0),∀𝑎𝑎. (The 
all-or-nothing assignment assign all trips to links comprising the shortest paths, and to find 
the shortest path between OD pairs, this project applies the Dijkstra’s algorithm.) This 
yields 𝑥𝑥1, which is the initial set of link volumes. Set iteration counter 𝑛𝑛 ≔ 1 

Step 1. Update link travel time.  Apply the HCM freeway facility core methodology to obtain 
link travel times with the link volumes of the current iteration: 𝑡𝑡𝑎𝑎𝑛𝑛 = 𝑡𝑡𝑎𝑎(𝑥𝑥𝑎𝑎𝑛𝑛),∀𝑎𝑎.   

Step 2. Direction finding. Perform all-or-nothing assignment based on the updated link travel 
times:  𝑡𝑡𝑎𝑎𝑛𝑛,∀𝑎𝑎. This yields (direction) link volumes 𝑦𝑦𝑛𝑛. 

Step 3. Move.  Set the new set of link volumes to be: 𝑥𝑥𝑎𝑎𝑛𝑛+1 = 𝑥𝑥𝑎𝑎𝑛𝑛 + (1
𝑛𝑛

)(𝑦𝑦𝑎𝑎𝑛𝑛 − 𝑥𝑥𝑎𝑎𝑛𝑛). 
Step 4. Convergence Criterion.  Check if the link volumes converge between the current 

iteration and the last iteration.  If 
�∑ �𝑥𝑥𝑎𝑎𝑛𝑛+1−𝑥𝑥𝑎𝑎𝑛𝑛�

2
𝑎𝑎

∑ 𝑥𝑥𝑎𝑎𝑛𝑛𝑎𝑎
< 𝜀𝜀, stop; else, set iteration counter 𝑛𝑛 ≔

𝑛𝑛 + 1 and go to Step 1.
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3.0 FREEWAY NETWORK TTR ANALYSIS 

3.1 METHODOLOGY 

3.1.1 Overview 
The freeway network TTR analysis methodology extends the HCM freeway facility TTR analysis 
methodology to the network level.  The essence of performing a freeway network TTR analysis is 
to obtain the travel time distribution aggregated from the scenarios of the studied freeway network, 
from which the TTR performance measures are calculated and analyzed.  The facility level 
methodology in the HCM generates scenarios that represent the effects of demand variation, 
weather events, incident events and work zone events of the facility, and then calculates facility 
travel time of each scenario with HCM freeway facility core methodology to obtain the travel time 
distribution. 

For the network level methodology, the origin-destination (OD) demands of the traffic 
analysis zones (TAZ) are studied and the traffic assignment model is used to assign volume to 
facilities based on the OD demands.  In this case, the freeway network TTR analysis methodology 
generates scenarios that consider the effects of OD demand variation, weather events, incident 
events, and work zone events on the freeway network.  Then the methodology performs a UE 
traffic assignment for each scenario to obtain the travel times of facilities within the network, 
during which the HCM freeway facility core methodology is applied to represent the facility travel 
time and flow relationship.  Finally, travel times of all the scenarios are aggregated into travel time 
distributions and TTR performance measures are calculated for analysis. 

 
3.1.2 Freeway Network TTR Analysis Time and Space Domain 
The time domain of the methodology includes the reliability reporting period (RRP), study period, 
and analysis period.  The RRP is the specific set of days to measure TTR, which is usually a full 
year.  The study period is the time interval during the day that the freeway network is evaluated, 
which is usually the peak period (e.g., 3 PM – 7 PM).  The analysis period is the interval of time 
to which a single application of the HCM freeway facility core methodology is applied, typically 
15 minutes. 

The space domain of the methodology is the same as the freeway network representation 
described in Chapter 2.  The freeway network includes nodes and links, and links represent HCM-
defined freeway facilities. 

 
3.1.3 Freeway Network TTR Scenario Generation 
The freeway network TTR scenario generation methodology is based on the freeway facility TTR 
scenario generation methodology in the HCM 6th edition (TRB, 2016), which is the hybrid 
methodology proposed by the NCHRP Project 03‐115 (Aghdashi et al., 2015).  The freeway 
network TTR scenario generation includes 4 stages and 24 steps, which generates scenarios that 
represent the impacts of influential factors, such as OD demand combinations, weather events, 
incident events, and work zone events on the travel times of the freeway network. 

3.1.3.1 Stage 1. Scenarios and OD Demand Combinations 
As stated in the freeway network representation, the traffic demand among the TAZ 
centroids specifies the OD demand data of the freeway network.  In this stage, OD demand 
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combinations, the combinations of day-of-week and month-of-year demand variations, are 
specified for each OD pair, the number of scenarios are generated based on the number of 
demand combinations, and scenario probabilities are calculated based on number of days 
associated with the scenario.  
 
Step 1. Freeway network data input 
In this step, the freeway network data input is provided describing the freeway network’s 
traffic demand and roadway geometry for a single study period.  The file that contains these 
data is called the base (or seed) file.  Typically, the analyst enters the annual average traffic 
demands in the base file, although it is possible to enter other demands and adjust for these 
values relative to the annual average values later with a factor in the demand scenario 
module.  The data input should include the overall network data (nodes, links, TAZ 
centroids, and OD traffic data) and as stated in the freeway network scheme, the links are 
represented as freeway facilities, so the input data for HCM freeway facility core 
methodology for the related freeway facilities are also required for each link.  Details of 
the required data for HCM freeway facility core methodology are documented in HCM 
Chapters 10 and 25 (TRB, 2016). 
 
Step 2. Number of OD demand combinations and scenarios 
The HCM defines a demand combination as the combination of a specific weekday and 
month of the year.  For each OD pair in the freeway network, the demand combinations 
are specified.  For a one year and weekday only TTR analysis, the number of demand 
combinations, denoted as 𝑁𝑁𝑑𝑑𝑑𝑑 , is: 5 (weekdays) × 12 (months) = 60 (demand 
combinations). 

As each demand combination usually contains 4 to 5 calendar days, by default the 
HCM recommend the scenario replications number, denoted as 𝑛𝑛𝑟𝑟, to be four to generate 
the number of scenarios that represent the RRP of one year.  For a one year and weekday 
only TTR analysis, the total number of scenarios, denoted as 𝑁𝑁𝑠𝑠𝑑𝑑𝑠𝑠𝑛𝑛, is: 𝑁𝑁𝑠𝑠𝑑𝑑𝑠𝑠𝑛𝑛 = 𝑁𝑁𝑑𝑑𝑑𝑑 (60) × 
𝑛𝑛𝑟𝑟 (4) = 240. 

However, when it comes to short RRP duration, the number of replications should 
be increased to capture the variability in the travel time distribution.  Guidance on the 
recommended number of replications in such cases is provided in HCM Chapter 11 Exhibit 
11-9. 
 
Step 3. Calculate demand level for each OD pair of each scenario 
For each OD pair, the demand multipliers represent the day of week and month of year 
variations of the OD demand.  Demand multipliers should be calculated from OD demand 
data of the study period for the entire RRP.  Each scenario corresponds to one demand 
combination, and the demand multiplier of the demand combination represents the demand 
level of the scenario.  The demand level of the OD demand of a scenario is adjusted by the 
demand adjustment factor (DAF).  DAF of the scenario is calculated by Equation (2). 

 𝑫𝑫𝑫𝑫𝑫𝑫𝒔𝒔𝑶𝑶𝑫𝑫 = 𝑫𝑫𝑴𝑴𝑶𝑶𝑫𝑫(𝒔𝒔)/𝑫𝑫𝑴𝑴𝑶𝑶𝑫𝑫(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔) (2) 

𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝑂𝑂𝑂𝑂 is the DAF associated with scenario s 
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𝐷𝐷𝑀𝑀𝑂𝑂𝑂𝑂(𝑠𝑠) is the demand multiplier of the demand combination associated with scenario s 
𝐷𝐷𝑀𝑀𝑂𝑂𝑂𝑂(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) is the demand multiplier associated with the base file 
 
Step 4. Calculate scenario probabilities 
The probability of a scenario is the number of days for the demand combination associated 
with the scenario divided by the product of number of days in the RRP and number of 
scenario replications, and it can be calculated by Equation (3).  (HCM Equation 25-73)  

 𝑷𝑷𝒔𝒔 = 𝒏𝒏𝒔𝒔𝒄𝒄(𝒔𝒔)
𝟒𝟒×𝑵𝑵

 (3) 

𝑛𝑛𝑑𝑑𝑑𝑑(𝑠𝑠) is the number of days in demand combination 𝑠𝑠𝑐𝑐 associated with scenario 𝑠𝑠 
𝑁𝑁 is the number of days in RRP 
 
3.1.3.2 Stage 2. Work zone events 
In this stage, scheduled work zone events of each freeway facility in the network are 
assigned to specific scenarios.  For each freeway facility, the influence of work zone 
(calculation of adjustment factors) follows the work zone analysis methodology 
documented in HCM Chapter 10 and the assignment of work zone events follows the HCM 
freeway facility TTR scenario generation methodology documented in the HCM Chapter 
25.  Required data and source for work zone input can be found in HCM Chapter 11. 
 
Step 5. Calculate work zone event adjustment factors 
According to the work zone analysis methodology in HCM Chapter 10, the impacts of a 
work zone event on a freeway facility segment are affected by work zone characteristics, 
such as the lane closure type, barrier type, area type, lateral distance, and daytime/nighttime 
operations.   

The lane closure severity index, denoted as 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 , represents the lane closure 
configuration of a work zone event.  It is calculated by Equation (4). (HCM Equation 10-
7) 

 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 = 𝟏𝟏
𝑶𝑶𝑶𝑶×𝑵𝑵𝒐𝒐

 (4) 

𝑂𝑂𝑂𝑂 is the ratio of the number of open lanes to the total number of lanes of the affected 
segment 
𝑁𝑁𝑜𝑜 is the number of open lanes in the work zone 
The queue discharge rate, denoted as 𝑄𝑄𝐷𝐷𝑂𝑂, is a function of the work zone configuration 
and other prevailing conditions.  It is calculated by Equation (5). (HCM Equation 10-8) 

 𝑸𝑸𝑫𝑫𝑶𝑶𝒘𝒘𝒘𝒘 = 𝟐𝟐,𝟎𝟎𝟎𝟎𝟎𝟎 − 𝟏𝟏𝟏𝟏𝟒𝟒 × 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 − 𝟏𝟏𝟎𝟎𝟒𝟒 × 𝒇𝒇𝑩𝑩𝑶𝑶 − 𝟏𝟏𝟏𝟏𝟎𝟎 × 𝒇𝒇𝑫𝑫𝑨𝑨 + 𝟎𝟎 × 𝒇𝒇𝑳𝑳𝑫𝑫𝑨𝑨 − 𝟏𝟏𝟎𝟎 × 𝒇𝒇𝑫𝑫𝑵𝑵 (5) 

𝑓𝑓𝐵𝐵𝐵𝐵 is the indicator variable for barrier type (0 for concrete and hard barrier separation, and 
1 for other soft barrier separation, such as cone, and plastic drum 
𝑓𝑓𝐴𝐴𝐴𝐴 is the indicator factor for area type (0 for urban areas and 1 for rural areas) 
𝑓𝑓𝐿𝐿𝐴𝐴𝐴𝐴 is the lateral distance from the edge of travel lane adjacent to the work zone to the 
barrier, barricades, or cones (0-12 ft) 
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𝑓𝑓𝑂𝑂𝐷𝐷 is the indicator factor for daylight or night operations (0 for daylight, and 1 for night) 
The work zone capacity, denoted as 𝐿𝐿𝑤𝑤𝑤𝑤, is calculated by the Equation (6) (HCM Equation 
10-9) 

 𝑳𝑳𝒘𝒘𝒘𝒘 = 𝑸𝑸𝑫𝑫𝑶𝑶𝒘𝒘𝒘𝒘
𝟏𝟏𝟎𝟎𝟎𝟎−𝜶𝜶𝒘𝒘𝒘𝒘

× 𝟏𝟏𝟎𝟎𝟎𝟎 (6) 

𝛼𝛼𝑤𝑤𝑎𝑎 is the percentage drop in prebreakdown capacity at the work zone due to queuing 
conditions (%) 
The work zone free-flow speed, denoted as 𝐷𝐷𝐷𝐷𝐿𝐿𝑤𝑤𝑤𝑤 , is calculated by the Equation (7). 
(HCM Equation 10-10) 
 

 𝑫𝑫𝑫𝑫𝑳𝑳𝒘𝒘𝒘𝒘 = 𝟎𝟎.𝟎𝟎𝟏𝟏 + 𝟎𝟎𝟎𝟎.𝟒𝟒𝟎𝟎 × 𝒇𝒇𝑳𝑳𝑺𝑺 + 𝟎𝟎.𝟏𝟏𝟎𝟎 × 𝑳𝑳𝑳𝑳𝒘𝒘𝒘𝒘 − 𝟏𝟏.𝟔𝟔𝟎𝟎 × 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 − 𝟎𝟎.𝟖𝟖𝟒𝟒 × 𝒇𝒇𝑩𝑩𝑺𝑺 − 𝟏𝟏.𝟏𝟏𝟏𝟏 × 𝒇𝒇𝑫𝑫𝑵𝑵 − 𝟖𝟖.𝟏𝟏 × 𝑨𝑨𝑶𝑶𝑫𝑫 (7) 

𝑓𝑓𝑆𝑆𝑟𝑟 is the speed ratio of non-work zone speed limit to work zone speed limit 
𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤 is the indicator factor 
 
The work zone event affects the freeway facility segments by capacity adjustment factor 
(CAF) and speed adjustment factor (SAF).  The corresponding 𝐿𝐿𝐷𝐷𝐷𝐷𝑤𝑤𝑤𝑤 and 𝐿𝐿𝐷𝐷𝐷𝐷𝑤𝑤𝑤𝑤 can be 
calculated by Equation (8) and (9), respectively.  (HCM Equation 10-11 and 10-12, 
respectively)  Note that in common sense the freeway free-flow speed under work zone 
event should be less than normal conditions, so that the CAF and SAF for work zone event 
should not be greater than 1.0. 

 𝑳𝑳𝑫𝑫𝑫𝑫𝒘𝒘𝒘𝒘 = 𝑳𝑳𝒘𝒘𝒘𝒘
𝑳𝑳

 (8) 

𝑐𝑐 is the basic freeway segment capacity under normal conditions (pc/h/ln) 
𝑐𝑐𝑤𝑤𝑤𝑤 is the work zone capacity (pc/h/ln) 

 𝑳𝑳𝑫𝑫𝑫𝑫𝒘𝒘𝒘𝒘 = 𝑫𝑫𝑫𝑫𝑳𝑳𝒘𝒘𝒘𝒘
𝑫𝑫𝑫𝑫𝑳𝑳

 (9) 

𝐷𝐷𝐷𝐷𝐿𝐿 is the freeway free-flow speed under normal conditions (mi/h) 
 
Step 6. Calculate demand combination active work zone ratios 
For any unassigned work zone event, for each affected demand combination, calculate the 
active work zone ratio, denoted as 𝑟𝑟𝑑𝑑𝑑𝑑.  The ratio is calculated by Equation (10). 

 𝑺𝑺𝒔𝒔𝒄𝒄 = 𝒏𝒏𝒔𝒔𝒄𝒄
𝒘𝒘𝒘𝒘

𝒏𝒏𝒔𝒔𝒄𝒄
 (10) 

𝑛𝑛𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤 is the number of days in the RRP associated with the demand combination 𝑠𝑠𝑐𝑐 that the 
work zone event is active 
𝑛𝑛𝑑𝑑𝑑𝑑 is the number of days in the RRP associated with the demand combination 𝑠𝑠𝑐𝑐 
 
Step 7. Calculate the number of active work zone scenarios 
For each demand combination affected by the current work zone event, calculate the 
number of scenarios associated with the work zone event, denoted as 𝑁𝑁𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤 .  This is 
calculated by Equation (11) work zone event, for each affected demand combination, 
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calculate the active work zone ratio, denoted as 𝑟𝑟𝑑𝑑𝑑𝑑.  The ratio is calculated by Equation 
(11). (HCM Equation 25-74) 

 𝑵𝑵𝒔𝒔𝒄𝒄
𝒘𝒘𝒘𝒘 = 𝑺𝑺𝒐𝒐𝒓𝒓𝒏𝒏𝒔𝒔(𝑺𝑺𝒔𝒔𝒄𝒄 × 𝒏𝒏𝑺𝑺) (11) 

 
Step 8. Assign scenarios to the current work zone event 
According to the number of scenarios associated with the current work zone event, 
randomly assign the scenarios to the affected demand combinations, the scenarios 
associated with any demand combination have equal probability during the random 
assignment. 
 
Step 9. Assign scenarios to the current work zone event 
According to the number of scenarios associated with the current work zone event, 
randomly assign the scenarios to the affected demand combinations, the scenarios 
associated with any demand combination have equal probability during the random 
assignment.  Overlap between work zone events within the same scenario on the same 
segment is not allowed.  If overlap exists, then redo the latest scenario assignment. 

Repeat Step 5 to 9 until all work zone events of the current freeway facility are assigned 
to scenarios, and do this for all freeway facilities in the network. 

 
3.1.3.3 Stage 3. Weather events 
As the research assumes that weather events affect all the facilities in the freeway network, 
the methodology for freeway network weather events follows the freeway facility TTR 
scenario generation methodology in HCM Chapter 25 (TRB, 2016).  In this stage, weather 
events are generated on a monthly basis.  First, the expected weather event frequencies for 
a month are calculated based on monthly weather probabilities.  Second, the generated 
weather events are randomly assigned to the scenarios in the current month.  Then, the 
weather events are randomly assigned to the time periods of the study period of the 
associated scenario.  Finally, repeat the above procedure for every month that the RRP 
includes. 
 
Step 10. Weather data input 
The following is a brief overview of the weather data input, the required data preparation 
for weather events is documented in HCM Chapter 11 (TRB, 2016). 

The weather data for the area of the freeway network should be collected and 
classified into weather categories, such as medium rain, heavy rain, light snow, light-
medium snow, medium-heavy snow, heavy snow, severe cold, low visibility, very low 
visibility, minimal visibility, and non-severe weather (Normal).  Weather data for each 
category should include monthly probability, average duration, and adjustment factors 
(DAF, CAF and SAF). 

The monthly probabilities of weather category can be calculated as the sum the all 
study period durations that the weather are present in the month divided by the sum of all 
study period durations in the month.  (HCM Equation 25-75) 
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 𝑷𝑷𝑾𝑾(𝒘𝒘, 𝒊𝒊) = 𝑳𝑳𝒓𝒓𝑺𝑺 𝒐𝒐𝒇𝒇 𝒂𝒂𝒂𝒂𝒂𝒂 𝑳𝑳𝑷𝑷 𝒔𝒔𝒓𝒓𝑺𝑺𝒂𝒂𝒕𝒕𝒊𝒊𝒐𝒐𝒏𝒏𝒔𝒔 (𝑺𝑺𝒊𝒊𝒏𝒏) 𝒊𝒊𝒏𝒏 𝑺𝑺𝒐𝒐𝒏𝒏𝒕𝒕𝒎𝒎 𝒊𝒊 𝒕𝒕𝒎𝒎𝒂𝒂𝒕𝒕 𝒘𝒘𝒔𝒔𝒂𝒂𝒕𝒕𝒎𝒎𝒔𝒔𝑺𝑺 𝒕𝒕𝒕𝒕𝒕𝒕𝒔𝒔 𝒘𝒘 𝒊𝒊𝒔𝒔 𝒕𝒕𝑺𝑺𝒔𝒔𝒔𝒔𝒔𝒔𝒏𝒏𝒕𝒕
𝑳𝑳𝒓𝒓𝑺𝑺 𝒐𝒐𝒇𝒇 𝒂𝒂𝒂𝒂𝒂𝒂 𝑳𝑳𝑷𝑷 𝒔𝒔𝑺𝑺𝒓𝒓𝒂𝒂𝒕𝒕𝒊𝒊𝒐𝒐𝒏𝒏𝒔𝒔 (𝑺𝑺𝒊𝒊𝒏𝒏) 𝒊𝒊𝒏𝒏 𝑺𝑺𝒐𝒐𝒏𝒏𝒕𝒕𝒎𝒎 𝒊𝒊

 (12) 

If analysts do not have access to the detailed local weather data to estimate the weather 
probabilities, they can use the 10-year average weather probabilities for metropolitan areas 
in HCM Volume 4 Technical Reference Library (TRB, 2016). 
 
Step 11. Expected frequency of weather events for the current month 
As each scenario corresponds to a demand combination, which represents a combination 
of a specific day and month, so the scenarios of the current month can be selected.  Then, 
the expected weather event frequency 𝐸𝐸𝑤𝑤,𝑖𝑖 of weather type 𝑤𝑤 in month 𝑖𝑖 can be calculated 
by Equation (13). 

 𝑬𝑬𝒘𝒘,𝒊𝒊 = 𝑶𝑶𝒐𝒐𝒓𝒓𝒏𝒏𝒔𝒔(𝑷𝑷𝒘𝒘,𝒊𝒊×𝑫𝑫𝑳𝑳𝑷𝑷×𝒏𝒏𝒊𝒊

𝑫𝑫𝒘𝒘
) (13) 

𝑃𝑃𝑤𝑤,𝑖𝑖 is the time-wise weather event probability of weather type 𝑤𝑤 in month 𝑖𝑖 
𝐷𝐷𝑆𝑆𝑆𝑆 is the duration of study period in hours 
𝑛𝑛𝑖𝑖 is the number of scenarios associated with month 𝑖𝑖 
𝐷𝐷𝑤𝑤 is the expected duration of the weather type 𝑤𝑤 rounded to the nearest 15 minutes and 
expressed in hours 
Associate generated weather events with their durations, DAFs, CAFs, and SAFs to obtain 
a list of weather events. 
 
Step 12. Update the list of weather events for the current month 

For each weather event, first, randomly assign the scenarios of the current month 
to the weather event based on the scenario probabilities; second, randomly assign the start 
times (from the time periods in the study period) to the weather event, the start times of 
weather events are assigned randomly based on a uniform distribution.   

During the assignment process, check the scenario number, start time and weather 
duration of all the former weather events, to see if there is temporal overlap between 
weather events in the same scenario.  Any time period of a scenario is not allowed to have 
more than one weather event.  If there is overlap, redo the last weather event assignment, 
do this until all weather events in the current month are associated with scenarios and start 
times. 
3.1.3.4 Stage 4. Incident events 
In this stage, incident events are generated on a monthly basis and freeway facility basis, 
as incident rates vary among different month of the year as well as different freeway 
facilities in the network.  For each freeway facility, the incident events generation and 
assignment follows the freeway facility TTR scenario generation methodology in HCM 
Chapter 25 (TRB, 2016).  First, the incident events for the current freeway facility of the 
current month are generated based on monthly incident rates and distribution probability 
of each incident type.  Second, the generated incident events are randomly assigned to the 
scenarios in the current month.  Third, the incident events generated are then randomly 
assigned to segments in the current freeway facility and time periods in the study period of 
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the associated scenario, based on segment vehicle miles traveled and time period vehicle 
miles traveled, respectively.  Finally, repeat the above procedure for every month that the 
RRP includes and every freeway facilities the network includes. 
 
Step 13. Incident data input for the current facility 
For each freeway facility in the network, the incident data should be collected and classified 
into incident categories, such as shoulder closure, one-lane closure, two-lane closure, three-
lane closure, and four or more lane closure.   

The distribution information of incident categories, denoted as 𝐺𝐺(𝑖𝑖𝑛𝑛𝑐𝑐), should be 
collected, default distribution is as following.  (HCM Equation 25-82) 

 𝑮𝑮(𝒊𝒊𝒏𝒏𝒄𝒄) =

⎩
⎪
⎨

⎪
⎧𝟎𝟎.𝟏𝟏𝟏𝟏   𝒊𝒊𝒏𝒏𝒄𝒄 = 𝟏𝟏
𝟎𝟎.𝟐𝟐𝟎𝟎   𝒊𝒊𝒏𝒏𝒄𝒄 = 𝟐𝟐
𝟎𝟎.𝟎𝟎𝟏𝟏   𝒊𝒊𝒏𝒏𝒄𝒄 = 𝟎𝟎
𝟎𝟎.𝟎𝟎𝟎𝟎   𝒊𝒊𝒏𝒏𝒄𝒄 = 𝟒𝟒
𝟎𝟎.𝟎𝟎𝟎𝟎   𝒊𝒊𝒏𝒏𝒄𝒄 = 𝟏𝟏

 (14) 

𝑖𝑖𝑛𝑛𝑐𝑐 is the incident category, 1 = shoulder closure, 2 = one-lane closure, 3 = two-lane 
closure, 4 = three-lane closure, 5 = four or more lane closure. 
Incident data for each category should include average duration, standard deviation of 
duration, and adjustment factors (DAF, CAF and SAF).  The required data preparation for 
incident events of a freeway facility is documented in the HCM Chapter 11 (TRB, 2016). 
 
Step 14. Expected frequency of incident events of the current month of the current facility 
The expected frequency, denoted as 𝐷𝐷𝑖𝑖𝑖𝑖, per study period in month  𝑖𝑖 and facility 𝑗𝑗 can be 
calculated using Equation (15). 

 𝑫𝑫𝒊𝒊𝒊𝒊 = 𝑳𝑳𝑶𝑶𝒊𝒊𝒊𝒊 × 𝑽𝑽𝑴𝑴𝑨𝑨𝒊𝒊 (15) 

𝑉𝑉𝑀𝑀𝑉𝑉𝑖𝑖 is the vehicle miles traveled (VMT) of freeway facility 𝑗𝑗 
𝐿𝐿𝑂𝑂𝑖𝑖𝑖𝑖 is the incident rate per 100 million VMT for month 𝑖𝑖 facility 𝑗𝑗 
 
Step 15. Generate a set of incident frequencies for scenarios in the current month 
The number of incidents, denoted as 𝑘𝑘, in a study period follows the Poisson distribution, 
denoted as 𝑃𝑃(𝑘𝑘). 

 𝑷𝑷(𝒌𝒌) = 𝑫𝑫𝒊𝒊𝒊𝒊𝒌𝒌

𝒌𝒌!
𝒔𝒔−𝑫𝑫𝒊𝒊𝒊𝒊 (16) 

The number of scenarios, denoted as 𝑁𝑁𝑖𝑖𝑖𝑖𝑘𝑘 , that are assigned 𝑘𝑘 incidents for month 𝑖𝑖 and 
facility 𝑗𝑗 can be calculated by Equation (17). (HCM Equation 25-81) 

 𝑵𝑵𝒊𝒊𝒊𝒊
𝒌𝒌 = 𝑶𝑶𝒐𝒐𝒓𝒓𝒏𝒏𝒔𝒔{𝑫𝑫𝒊𝒊𝒊𝒊 × 𝑷𝑷(𝒌𝒌)} (17) 

Step 16. List of incident events for the current facility 
Repeat Step 14 and 15 for all the months included in the RRP, the list of incident events 
for the current facility is generated. 
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Step 17. Scenario assignment 
For each month, randomly assign the scenarios of the month to the incident events of the 
month based on the scenario probabilities. 
 
Step 18. Incident category distribution frequencies 
The number of incidents, denoted as 𝑁𝑁𝑖𝑖𝑛𝑛𝑑𝑑, of category 𝑖𝑖𝑛𝑛𝑐𝑐 can be calculated by Equation 
(18). (HCM Equation 25-83) 

 𝑵𝑵𝒊𝒊𝒏𝒏𝒄𝒄 = 𝑵𝑵𝒕𝒕𝒐𝒐𝒕𝒕 × 𝑮𝑮(𝒊𝒊𝒏𝒏𝒄𝒄) (18) 

𝑁𝑁𝑡𝑡𝑜𝑜𝑡𝑡 is the total number of incidents generated 
 
Step 19. Incident category assignment 
Randomly assign incident category to the number of incidents generated based on the 
distribution of incident categories from Step 18. 
 
Step 20. Generate incident durations by incident severity 
The duration for each incident severity type follows a truncated lognormal distribution.  
For each incident type, a set of duration bins can be determined, usually with the bin 
interval of 15 minutes, then truncate the first and last bin interval depending on the range 
of the incident duration.  For example, the duration of shoulder closure is from 8.7 to 52.5 
min, the set of bin values can be 15, 30, 45, 60, the bin intervals are: (8.7, 22.5], (22.5, 
37.5], (37.5, 52.5].  The probability of each bin can be calculated from Equation (19) and 
then normalize the probabilities to make the total to be 1. 

 𝑷𝑷(𝒔𝒔,𝝁𝝁,𝝈𝝈) = 𝟏𝟏
𝝈𝝈√𝟐𝟐𝟐𝟐

𝒔𝒔𝒆𝒆𝒕𝒕 �− (𝒂𝒂𝒏𝒏 𝒔𝒔−𝝁𝝁)𝟐𝟐

𝟐𝟐𝝈𝝈𝟐𝟐
� ,𝒔𝒔 > 𝟎𝟎 (19) 

d is the set of incident durations (bin values) in 15 minutes (15, 30, 45…), decided by the 
incident duration range 
𝜇𝜇 is the parameter converted by the mean incident duration m 
𝜎𝜎 is the parameter converted by the standard deviation of incident duration v 
Since the incident duration sample is not lognormal, the mean incident duration and 
standard deviation need to be converted to 𝜇𝜇 and 𝜎𝜎, respectively, using Equations (20) and 
(21), respectively. 

 𝝁𝝁 = 𝒂𝒂𝒏𝒏� 𝑺𝑺

�𝟏𝟏+ 𝒗𝒗
𝑺𝑺𝟐𝟐

� (20) 

 𝝈𝝈 = �𝒂𝒂𝒏𝒏 �𝟏𝟏 + 𝒗𝒗
𝑺𝑺𝟐𝟐� (21) 

Step 21. Incident duration assignment 
Random assign incident durations to the incident events based on the probabilities from 
Step 20. 
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Step 22. Distribution of incident start time and location 
The distribution of incident start times will coincide with the distribution of facility VMT 
across the analysis periods. Also, the distribution of incident locations will be tied to the 
distribution of study period VMT across segments. 

Distribution of the incident location for segment 𝑠𝑠𝑠𝑠𝑠𝑠 , denoted as 𝑃𝑃1(𝑠𝑠𝑠𝑠𝑠𝑠) , is 
calculated by Equation (22). (HCM Equation 25-88) 

 𝑷𝑷𝟏𝟏(𝒔𝒔𝒔𝒔𝒔𝒔) = 𝑽𝑽𝑴𝑴𝑨𝑨𝒔𝒔𝒔𝒔𝒔𝒔
𝑽𝑽𝑴𝑴𝑨𝑨𝒊𝒊

 (22) 

𝑉𝑉𝑀𝑀𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠 is the VMT on a specific segment  
𝑉𝑉𝑀𝑀𝑉𝑉𝑖𝑖 is the VMT of the current facility 𝑗𝑗 
 
Distribution of the incident start time for time period 𝑡𝑡𝑡𝑡, denoted as 𝑃𝑃2(𝑡𝑡𝑡𝑡), is calculated 
by Equation (23). (HCM Equation 25-89) 

 𝑷𝑷𝟐𝟐(𝒕𝒕𝒕𝒕) = 𝑽𝑽𝑴𝑴𝑨𝑨𝒕𝒕𝒕𝒕
𝑽𝑽𝑴𝑴𝑨𝑨𝑳𝑳𝑷𝑷

 (23) 

𝑉𝑉𝑀𝑀𝑉𝑉𝑡𝑡𝑡𝑡 is the VMT of the assigned time period for the incident start time 
𝑉𝑉𝑀𝑀𝑉𝑉𝑆𝑆𝑆𝑆 is the VMT across all the time periods of the study period 
Step 23. Incident start times and locations assignment 
 
Number of incidents assigned a location (segment) 𝑠𝑠𝑠𝑠𝑠𝑠, denoted as 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠, is calculated by 
Equation (24). (HCM Equation 25-92) 

 𝑵𝑵𝒔𝒔𝒔𝒔𝒔𝒔 =  𝑺𝑺𝒐𝒐𝒓𝒓𝒏𝒏𝒔𝒔(𝑵𝑵𝒕𝒕𝒐𝒐𝒕𝒕 × 𝑷𝑷𝟏𝟏(𝒔𝒔𝒔𝒔𝒔𝒔)) (24) 

Number of incidents assigned a starting time (time period) 𝑡𝑡𝑡𝑡, denoted as 𝑁𝑁𝑡𝑡𝑡𝑡, is calculated 
by Equation (25). (HCM Equation 25-93) 

 𝑵𝑵𝒕𝒕𝒕𝒕 = 𝑺𝑺𝒐𝒐𝒓𝒓𝒏𝒏𝒔𝒔(𝑵𝑵𝒕𝒕𝒐𝒐𝒕𝒕  × 𝑷𝑷𝟐𝟐(𝒕𝒕𝒕𝒕)) (25) 

Step 24. Randomly assign incident start time and location 
From the list of events, select an incident whose start time and location have not been 
assigned, and randomly assign a start time and location based on the probabilities and 
numbers calculated from Steps 22 and 23. 

During the assignment process, check the scenario number, start time, location and 
incident duration of all the former incident events, to see if there is spatial and temporal 
overlap between incident events in the same scenario.  Any time period of a scenario is not 
allowed to have more than one incident event at the same segment.  If there is overlap, 
undo the last start time and location assignment; if there is no overlap, move to the next 
assignment.  Repeat Steps 13 to 24 for all the freeway facilities of the network. 

After the above steps a list of scenarios are generated, each scenario contains a 
specific network OD traffic demand data, list of work zone events, list of weather events, 
and list of incident events.   
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3.1.4 Travel Time Distribution and TTR Performance Measures 
3.1.4.1 Travel Time Distribution 
Once the list of scenarios is generated, iterate through each scenario and perform the UE 
traffic assignment for the freeway network affected by scenario-specific OD demand 
levels, weather events, incident events, and work zone events.  Travel times (and/or other 
performance measures) obtained from all the scenarios can be aggregated into various 
distributions of interest, such as network-, facility-, and OD-level distributions, etc. 
3.1.4.2 TTR Performance Measures 
This project analyzes TTR performance measures at three different levels: network level, 
facility level, and OD level. 

The network level TTR performance measure is the percentage of travel time index 
(TTI), which is calculated based on the travel times obtained for each freeway facilities in 
the network for all the scenarios. 

The facility level TTR performance measures include travel time, TTI, vehicle 
miles traveled (VMT), vehicle hours traveled (VHT), average speed (mi/h), density 
(veh/mi/ln), and density (pc/mi/ln), which are calculated based on the performance 
measures of the specific facility for all the scenarios.  Besides, semi-standard deviation, 
misery index, buffer index, and planning time index are also included for facility level TTR 
analysis. 

The OD level TTR performance measures include the travel time and TTI statistics 
calculated from the shortest path travel time of the specific OD pair for all the scenarios.  
This project also summarizes the path level statistics of the specific OD pair, such as the 
utilization percentage, average travel time, minimum travel time, maximum travel time, 
and standard deviation of travel time for each path of the OD pair. 
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4.0 SOFTWARE DEVELOPMENT 

4.1 OVERVIEW 

As the proposed freeway network TTR analysis methodology is both data intensive and 
computationally intensive, it is only feasible for transportation practitioners to apply the 
methodology through a software tool.  The software is developed based on the revision and 
integration of components from two existing software programs: XXE (Washburn and Mannering, 
2007) and HCM-CALC (Washburn, 2015). 

XXE is a traffic assignment software program that can perform standard UE traffic 
assignment.  The program currently uses the Bureau of Public Roads (BPR) performance function 
for travel time calculation and the Frank-Wolfe approach to solve UE traffic assignment, as 
discussed in Section 2.1.2.  HCM-CALC is a software program that implements the Uninterrupted 
Flow Analysis Methodologies of the HCM.  The calculation modules relevant to this research 
include the Freeway Facility (FF) module, which implements the HCM freeway facility core 
methodology, and the Travel Time Reliability/Active Traffic & Demand Management 
(TTR/ATDM) module (Sun and Washburn, 2016; Sun, 2014), which implements the HCM 
freeway facility TTR analysis methodology. 

4.2 REVISIONS AND INTEGRATIONS 

In order to implement the proposed methodology, the software development includes the following 
major revisions and integrations of components from the two existing software programs. 
 
4.2.1 Generate freeway network base files in XXE 
XXE is revised to generate freeway network base files, which contains the data that represent the 
base condition of the freeway network in one study period.  The base files include the network file, 
which contains the node-link information as well as freeway facilities input data, and the OD data 
file, which contains the base OD demand data of the freeway network.  
 
4.2.2 Freeway network UE traffic assignment in XXE 
XXE is revised to perform the freeway network UE traffic assignment.  The MSA approach is 
added to XXE, during which, for the travel time and flow relationship, the XXE calls the HCM-
CALC FF module to perform the HCM freeway facility core methodology. 
 
4.2.3 Freeway network TTR scenario generation in HCM-CALC TTR/ATDM module 
HCM-CALC TTR/ATDM module is revised to implement the freeway network TTR scenario 
generation methodology.  The TTR/ATDM module is able to load the freeway network base files 
generated in XXE.  The TTR/ATDM module also includes user interfaces to specify input for 
OD demand combinations, weather events, incident events, and work zones events of the 
freeway network.  The TTR/ATDM module can generate freeway network TTR scenarios based 
on these user inputs. 



 

20 

4.2.4 Run freeway network TTR scenario analysis 
HCM-CALC TTR/ATDM module is revised to assign scenario settings to the base freeway 
network loaded from the base files and perform UE traffic assignment with scenario specific 
freeway network settings.  For each scenario, the TTR/ATDM module assign scenario specific 
OD demand combinations, weather events, incident events, and work zone events to adjust the 
base freeway network through relative adjustment factors (DAF, CAF, and SAF).  The 
TTR/ATDM module calls XXE to perform UE traffic assignment with the scenario specific 
freeway network settings.  The TTR/ATDM module collects traffic assignment results from each 
scenario and aggregates the scenario results to obtain TTR performance measures.  
 
4.2.5 Software implementation flow 

 
Figure 3: Software implementation flow chart 

As shown in Figure 3, the freeway facilities network file is generated in XXE by calling the HCM-
CALC FF module and then loaded into the HCM-CALC TTR/ATDM module.  Then, the 
TTR/ATDM module generates TTR scenarios, applies adjustment factors to the freeway facilities 
in the network.  After the scenario generation and assignment, the TTR/ATDM module calls upon 
the revised UE traffic assignment model in XXE to obtain facility travel times of the network, 
during this process, the XXE will call upon the HCM-CALC FF module to calculate link (facility) 
travel time.  After the UE traffic assignments, assignment results of each scenario are obtained and 
the HCM-CALC TTR/ATDM module will aggregate the scenario results to obtain TTR 
performance measures of three levels: the network level, facility level, and the OD level.  

4.3 EXAMPLE FREEWAY NETWORK TTR ANALYSIS 
IMPLEMENTATION 

This project implements an example freeway network TTR analysis through the developed 
software tool, and the major steps of the implementation are summarized as following, which could 
also serve as a user guide of the software.  During the implementation, revisions have been made 
to improve the user interface of the software, as well as the computational efficiency, so that 
transportation practitioners can conduct the freeway network TTR analysis in a convenient and 
efficient approach through the software tool. 
 
4.3.1 Freeway network 
The example freeway network contains 10 TAZ zones and 52 links (freeway facilities).  Since the 
purpose of the implementation is to test the feasibility and efficiency of the software and revise it 
as needed, the input values are not based on field data, but mostly values specified by this project 
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as appropriate, and in some occasions, default values from the HCM.  The freeway network base 
files are generated in the XXE as following. 
 

4.3.1.1 XXE freeway network node numbering 
Figure 4 shows the example freeway network with 10 traffic analysis zones and 13 freeway 
nodes connected by 52 freeway facility links.  In XXE, the zones of the freeway network 
are represented by TAZ centroids (the triangles in Figure 4), and are consecutively 
numbered as origins 1 through 10.  Besides serving as origins, each TAZ centroid also 
serves as a destination numbered 11 through 20, as shown in Figure 5.  After the numbering 
of TAZ centroids, the freeway nodes may be numbered, and in this case, the freeway nodes 
of the example network are consecutively numbered 21 through 33.  Then, access links are 
added between the TAZ centroids and the connecting freeway nodes, these links are not 
included in the analysis results, but are essential for the XXE network topology.  Figure 5 
shows the final numbering of the example freeway network for XXE. 

 
Figure 4: Example freeway network scheme 
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Figure 5: Example freeway network numbering in XXE 

4.3.1.2 XXE node-link input 
After properly numbering the freeway network, the node-link information may be added 
to the XXE Node-Link Data form, as shown in Figure 6 and Figure 7.  In the node-link 
form, the property “Physical Link” should be set as “No” for access links and “Yes” for 
actual freeway links that are included in the analysis.  Besides the node-link information, 
for each freeway link, the corresponding freeway facility settings should be also be 
specified.  This is done through the property “Freeway Facilities” in the node-link form, 
which will open the HCM-CALC FF module for freeway facility input, as shown in Figure 
8.  Note that access links are only needed for the purpose of XXE network topology, and 
they do not have any corresponding freeway facilities, and thus do not need to specify any 
facility input.  The freeway facilities input for the example freeway network are specified 
as appropriate by the project, which include various segments, such as basic, on/off ramp, 
and weaving segments.  To follow the rules of the HCM freeway facility core methodology, 
the freeway facilities are all start and end with basic segments and within the length of 12 
miles.  XXE can save the above data input into a freeway network base file.  
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Figure 6: Example freeway network node-link input (link 1 to 42) in XXE 

 
Figure 7: Example freeway network node-link input (link 43 to 82) in XXE 

 



 

24 

 
Figure 8: Freeway facility settings in HCM-CALC FF module 

4.3.1.3 XXE OD data input 
In addition to the freeway network node-link information, the OD data of the example 
freeway network is specified in the XXE Origin-Destination Data form, which include the 
TAZ centroids and associated trips for each OD pair of the freeway network, as shown in 
Figure 9 and Figure 10.  XXE can save these data input into a freeway network OD data 
base file. 
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Figure 9: Example freeway network OD data input (entry 1 to 46) in XXE 
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Figure 10: Example freeway network OD data input (entry 47 to 90) in XXE 

4.3.2 Freeway network TTR scenario generation 
After the setup of freeway network base files in XXE, the HCM-CALC TTR/ATDM module can 
load the base files as the base freeway network (Figure 11) and then generate freeway network 
TTR scenarios, and assign scenario adjustment factors (DAF, CAF, and SAF) to the base freeway 
network. 
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Figure 11: Freeway network base file loaded in HCM-CALC TTR/ATDM module 

4.3.2.1 OD demand combinations 
For each OD pair of the example freeway network, OD demand combination demand 
multipliers are specified.  Then, HCM-CALC TTR/ATDM module generate scenarios 
based on the demand combinations and scenario replication number.  DAF for each 
demand combination is calculated by HCM-CALC TTR/ATDM module and assigned to 
scenarios that are associated with the demand combination.  Note that this process should 
be completed and saved for all OD pairs of the freeway network, Figure 12 shows the 
settings for one OD pair (zone 1 to zone 2). 
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Figure 12: OD demand combinations input (zone 1 to zone 2) in HCM-CALC TTR/ATDM 

4.3.2.2 Weather events 
As shown in Figure 13, weather events settings, such as monthly weather probabilities, 
event duration and adjustment factors for the example freeway network are specified.  
HCM-CALC TTR/ATDM module can generate the list of weather events for the RRP 
(Figure 14), as well as weather events charts (weather event type distribution, weather 
event month distribution, and weather event start time distribution, etc.), as shown in Figure 
15. 
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Figure 13: Weather events settings in HCM-CALC 

 
Figure 14: List of weather events generated in HCM-CALC 
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Figure 15: Weather events charts in HCM-CALC 

4.3.2.3 Incident events 
For each facility in the example freeway network, incident events settings, such as monthly 
incident rates and distribution probability of each incident type, and incident type settings, 
such as duration and adjustment factors, are specified.  Note that incident evens settings 
and incident type settings need to be specified and saved for each freeway facilities in the 
network, and Figure 16 shows the specific settings for one freeway facility (freeway node 
9 to 10).  Then, HCM-CALC TTR/ATDM module can generate the list of incident events 
(Figure 17) and incident events charts (incident severity distribution, incident event month 
distribution, incident start time distribution, and incident location distribution, etc.) for the 
current freeway facility, as shown in Figure 18. 
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Figure 16: Incident event input in the HCM-CALC 

 
Figure 17: List of incident events of a specific freeway facility in HCM-CALC 
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Figure 18: Incident events chart in HCM-CALC 

4.3.2.4 Work zone events 
The scheduled work zone events of the example freeway network are specified in the 
HCM-CALC, as shown in Figure 19, work zone input should be specified and saved for 
each facility that contains work zone schedule in the freeway network.  HCM-CALC 
TTR/ATDM module can generate the list of work zone events and assign them to scenarios, 
as shown in Figure 20. 
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Figure 19: Work zone input in HCM-CALC 

 
Figure 20: List of work zone events for a specific freeway facility in HCM-CALC 
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4.3.2.5 Scenario list 
After the assignment of OD demand patterns, weather events, incident events, and work 
zone events for the example freeway network, HCM-CALC generates the list of network 
scenarios, as shown in Figure 21. 
 

 
Figure 21: List of network scenarios generated in HCM-CALC 

4.3.3 TTR scenario analysis 
After scenario generation, HCM-CALC TTR/ATDM module can run analysis of all the scenarios 
of the example freeway network.  For each scenario, the TTR/ATDM module performs the UE 
traffic assignment by calling the XXE with the scenario adjusted freeway facilities network file as 
input.  The TTR/ATDM module should also aggregate the traffic assignment results obtained from 
XXE for each scenario into TTR performance measures.  
 

4.3.3.1 Analysis settings 
Before running analysis for all scenarios, analysis settings are specified, as shown in Figure 
22. The analysis settings include the convergence criteria value and maximum number of 
iteration for the UE traffic assignment.  Besides, a folder need to be specified to save the 
scenario results, this way, the results of each scenario can be saved into xml. files on the 
computer, instead of continuously consuming the computer memory while running the 
analysis.  The initial implementation found that when the network is large enough, the 
accumulation of scenario results saved in the memory could eventually exceed the limit of 
computer memory, when it happens, the computer will use disk to run the software, which 
is very slow.  In this case, the function is added for users to select a folder to save the 
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scenario results during the analysis, and once the analysis is completed for all scenarios, 
the results can be loaded into the TTR/ATDM module as needed.  

Figure 23 shows the process bar when TTR/ATDM module runs scenario analysis.  
During this process, the TTR/ATDM module calls XXE to perform UE traffic assignment 
for each scenario.   

 

 
Figure 22: Analysis settings in HCM-CALC 

 
Figure 23: Run scenario analysis in HCM-CALC 

4.3.3.1 Scenario results 
The TTR/ATDM module obtains UE traffic assignment results of each scenario 

from the XXE and summarizes them into a list of scenario results, as shown in Figure 24.    
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Figure 24: List of scenario results 

 
4.3.3.2 Overall TTR results 

The TTR/ATDM module aggregates traffic assignment results of each scenario to 
calculate TTR performance measures at three levels: network level, facility level, and OD 
level, as shown in Figure 25, Figure 26 , and Figure 27, respectively. 
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Figure 25: Network level TTR performance measures in HCM-CALC 

 
Figure 26: Facility level TTR performances in HCM-CALC 
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Figure 27: OD level TTR performance measures in HCM-CALC 

4.3.3.1 Run time 
The computer run time for a scenario analysis is proportional to the size of the freeway 
network and other settings as well, such as the UE traffic assignment convergence criteria 
and maximum number of iterations.  For this example freeway network TTR analysis 
implementation, the computer run time was approximately 9 hours and 30 minutes for the 
analysis of all 240 scenarios. Note that this time did not include the time to set up freeway 
network base files and the TTR scenario generation.  The specifications of the computer 
used to run the analysis were as follows: 

• CPU: Intel Core i7-6700, 3.40 GHz 
• RAM: 16.0 GB 
• Operating System: Windows 10 

These computer specifications are considered moderate by today’s desktop computer 
technology standards.  A top-level desktop computer, especially in another 1-2 years would 
likely run this same analysis in no more than half the time. 
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5.0 CONCLUSION 

5.1 OVERVIEW 

This project extends the HCM freeway TTR analysis methodology to the network level by 
integrating it with the UE traffic assignment methodology.  As most network analysis uses simple 
link performance functions to represent the travel time and flow rate relationship, this project 
applies the HCM freeway facility core methodology, which can better represent freeway facility 
traffic conditions.  Furthermore, the use of HCM freeway facility core methodology makes the 
proposed methodology more sensitive to the impacts of tracks through multivariate influences on 
PCE and more flexibility with lane configurations (e.g., managed lanes).  

In addition, as the freeway network TTR analysis methodology is data and computationally 
intensive, this project developed a software tool, based on the modification and integration of two 
existing software programs: XXE (Washburn and Mannering, 2007) and HCM-CALC (Washburn, 
2015), that can be used to apply the Facility TTR analysis methodology.  This project also 
demonstrated an example implementation of the freeway network TTR analysis through the 
software tool. .  The software tool provides a convenient and efficient approach for transportation 
planners and researchers to conduct the freeway network TTR analysis methodology, which helps 
to bridge the gap between research and practice.  

5.2 CURRENT LIMITATIONS 

5.2.1 HCM freeway facility TTR analysis methodology 
Because the proposed freeway network TTR analysis methodology is based on the extension of 
the HCM freeway facility TTR analysis methodology, it inherits the facility TTR methodology’s 
limitations.  The key to the TTR analysis methodology is to generate scenarios that can represent 
the impacts of traffic demand variations, weather events, incident events, and work zone events 
occurred during the RRP on freeway facilities, which are affected by the limitations of the 
methodology in the following two aspects.   

First, limitations that affects the methodology’s ability to generate scenarios that match the 
field data.  For example, the methodology assumes that incident events and traffic demand are 
independent of weather events.  Even though the methodology generates scenarios on a calendar 
basis, which in some aspects already ties the traffic demand, incident events, weather events with 
each other.  However, for instance, the occurrence of incident events are often directly caused by 
severe weather conditions and this correlation is not considered by the methodology.  In addition, 
the methodology does not include full facility closures and weather events with small capacity 
reduction effects.   

Second, limitations that affects the methodology’s ability to reflect the impacts of the 
scenarios on the freeway facilities.  The methodology uses adjustment factors, such as DAF, CAF, 
and SAF, to adjust the freeway facility conditions based on the scenarios.  However, there are a 
few assumptions on the adjustment factors that still need to be tested.  For instance, the 
methodology assumes that the effect of two or more CAFs or SAFs is multiplicative, and the DAF 
has a proportional effect across the entire facility.  
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5.2.2 Freeway facility spatial limit 
Since the HCM freeway facility core methodology requires that the length of the freeway facility 
should be less than the distance a vehicle traveling with the average speed can achieve in 15 min, 
which is around 9 to 12 miles.  In this case, during the freeway network setup, links that are longer 
than the spatial limit need to be divided into several links.  This will introduce more links, and thus 
increase the UE traffic assignment calculation time. 

 
5.2.3 Freeway facility starts with basic segment 
The HCM freeway facility core methodology requires that the facility should start and end with 
basic segments.  However, in reality, the links/freeway facilities within a network always start with 
on-ramp segments and end with off-ramp segments. 

 
5.2.4 LOS F not allowed in the first and last time period/segment 
The HCM freeway facility core methodology requires that the first and last time periods and 
segments should not operate at LOS F.  However, when it comes to TTR analysis with so many 
scenarios, the requirements could be violated, and once it happens, the methodology can only 
provide limited results.  

 
5.2.5 MSA approach 
This project applies the MSA approach to solve the UE traffic assignment for the freeway network.  
However, the MSA approach has some well-known limitations on convergence.  Since the MSA 
approach uses predetermined step sizes, this could lead to slow convergence and difficulty to 
define convergence criteria (Powell and Sheffi, 1982).  In addition, the convergence problems 
could get worse when the traffic congestion level increases or with a large network (Sbayti et al., 
2007). 

5.3 RECOMMENDATIONS FOR FURTHER RESEARCH 

5.3.1 Freeway facility TTR analysis methodology 
Since the proposed freeway network TTR analysis methodology is based on the extension of the 
facility level methodology, further research is needed to improve the facility TTR analysis 
methodology’s current limitations regarding the scenario generation and assignment process.   
 
5.3.2 HCM freeway facility core methodology 
As mentioned above, the HCM freeway facility core methodology has several limitations that may 
affect either the efficiency or the accuracy of the network level analysis.  Future research should 
study the limitations of the HCM freeway facility core methodology and improve the methodology 
so that it can be better incorporated into the freeway network TTR analysis methodology.   
 
5.3.3 Network traffic assignment 
This project uses the MSA approach to solve the UE traffic assignment—further research could 
study the MSA approach when integrating with the HCM freeway facility core methodology and 
handle the slow convergence problem mentioned above.  A better approach to solve the UE traffic 
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assignment should also be studied.  In addition, future research could apply other network 
assignment methods than the UE traffic assignment, by calibrating with field data. 
 
5.3.4 Software efficiency 
Since software is the only feasible option to conduct the freeway network TTR analysis 
methodology, the efficiency of the software plays an important role to the feasibility of the 
methodology implementation by transportation researchers and practitioners.  This project was 
focused primarily on the development of a network-level TTR analysis framework and 
implementation into a software prototype platform, not on computational efficiency.  Nonetheless, 
the software tool developed as part of this project is written in a state-of-the-art programming 
language, C#.  As such, it offers computational efficiencies over some older programming 
languages and alternative programming architectures, such as languages that do not compile into 
run-time binaries (e.g., Visual Basic for Applications in Microsoft Excel).  However, there are 
undoubtedly some enhancements that could be made to the algorithms written for this project that 
will result in decreased run times.  Future research could focus on improving the computational 
efficiency of the software tool through revising the code structure and data structures used in the 
various algorithms that comprise this analysis framework. 
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