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ABSTRACT 

 
Advances in measuring the intangible costs and benefits of transportation are 

being made but economic cost-benefit models used to analyze transportation 
infrastructure projects have not kept up. There are new benefit categories that existing 
transportation cost-benefit models do not include. One example is the benefit of travel 
time reliability. This paper summarizes the results of 30 studies of reliability and 
synthesizes them into a reliability ratio that can be used in transit cost-benefit analysis. 
By interpreting and standardizing reliability research the paper shows how cutting edge 
transportation research can be made available to engineering and planning 
professionals in their planning and design decisions. The value of reliability is 
implemented in a cost-benefit and risk analysis model and is freely available as a 
spreadsheet from the authors. 

 
INTRODUCTION AND SUMMARY 

 
The life of a transit project can easily last for decades before construction is 

even scheduled. Once past the feasibility stage, some plans spend years in the planning 
phase, and usually years in design. 

 
Economists are often involved in transit projects by advising on, using cost-

benefit analysis, the early go/no go decision. Sometimes, if they behave themselves and 
prove useful to the transportation planners, economists may be asked back to do an 
assessment of options, such as which alignment or type of transit delivers the most 
value. 

 
The professionals that economists rely on to provide input into their models are 

the engineers. Engineers have access to all of the project data, the projected quantity of 
labor and material used, their costs, the schedule, who will benefit and who will be hurt 
by the project. First in and last out, engineers make thousands of decisions long after 
the economists have moved on to their next consulting gig. It is this myriad of choices 
and decisions that are made by the engineers that determine the real value of a project. 
How stormwater runoff is managed on the transit corridor, whether active 
transportation is encouraged, how many trees are planted, and which neighborhoods 
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are served determine the sustainability, equity, environmental and public benefits of the 
project.  

 
Through standardization of the economic methodology as well as much of the 

data required for the cost-benefit analysis infrastructure can be automated and used 
much more extensively and effectively in transportation planning and design decisions. 
Automating the cost-benefit analysis process means that engineers, rather than 
economists, can use cost-benefit analysis for all the decisions that influence the project. 
By giving those who best understand the project and access to the most data is more 
efficient, cheaper, and will result in better decisions. 

 
Advances in measuring the intangible costs and benefits of transportation are 

being made but economic cost-benefit models used to analyze transportation 
infrastructure projects have not kept up. There are new benefit categories that existing 
transportation cost-benefit models do not include. One example is the benefit of travel 
time reliability. Research on this benefit category needs to be standardized to make it 
accessible to transportation planners so that they can use it in decision-making. This 
paper summarizes the results of 30 studies of reliability and synthesizes them into a 
reliability ratio that can be used in transit cost-benefit analysis. By interpreting and 
standardizing reliability research the paper shows how cutting edge transportation 
research can be made available to engineering and planning professionals in their 
planning and design decisions. 

 
The value of reliability is implemented in a cost-benefit and risk analysis model 

and is freely available as a spreadsheet from the authors. 
 

THE VALUE OF RELIABILITY AND THE COST OF CONGESTION 
 
The economic cost of traffic congestion, that is more vehicles travelling than is 

economically optimal, has been estimated before. One high profile example, for which 
one of the authors was the project manager, is the $6 billion annual cost to the Toronto 
region as documented in Metrolinx (2008). The report estimated the time and money 
wasted because of travel delays, impact to the environment, increased vehicle costs, 
and increased chance of vehicle collisions. 

 
Reliability is a concept separate from congestion: “Reliability draws on the 

attribute of predictability… a congested road system where the speeds at different times 
of the day and different days of the week are consistent and hence, predictable, would 
be ranked as highly reliable” (Transport Research Centre 2010).  

 
“Trip time reliability is measured by the unpredictable variations in 
journey times, which are experienced for a journey undertaken at 
broadly the same time every day. This is distinct from the variations in 
individual journey times, which occur within a particular period” (New 
Zealand Transport Agency 2013). 
 



Another way to think of reliability is as travel time variability or the variance in 
congestion. Travel times are inherently variable and time variability is costly. 

 
Because travel time variability has a cost in addition to congestion delays, many 

transportation research professionals believe that the reliability of transportation 
systems is grossly undervalued in project evaluation. When a system is unreliable 
individuals may add a buffer time to allow for the possibility of delay. Companies will 
adapt their business practices and timing of their operations. 

 
The value business travellers and commuters place on a reliable transportation 

network is known as the Value of Reliability (VOR). 
 
A recent summit hosted by the OECD and the International Transport Forum 

has provided the means for coherently adding reliability into cost-benefit assessments 
to encourage the proper evaluation of options which deliver differing levels of 
reliability. This summit summarized the ways to measure and value reliability and how 
this has been used in various countries already. 

 
MEASURING RELIABILITY 

 
There are several metrics that can be used to measure travel time variability, 

each with their own advantages and disadvantages: 
 

• The standard deviation of travel times. This is easy to measure and estimate 
but it assumes a symmetric distribution of travel times. 

• A buffer time index, measured as the difference between the travel time at the 
80th, 90th, or 95th percentile of travel times and the 50th. This measure equates 
the number of minutes a commuter needs to add to their trip to only be late 20%, 
10% or 5% percent the time, respectively. This measure relaxes the assumption 
of a symmetric distribution but requires more data. 

• Risk measures such as the probability of a delay of a certain length can also 
be used. These measures don’t assume a symmetric distribution but also require 
more data. 

• Scheduling measures can be used which estimate the optimal departure time 
to minimize the aggregate cost of being late or early. This is the theoretically 
correct way to measure reliability but requires detailed origin-destination 
information about each commuter. 

THEORETICAL MODELS OF VOR 
 
Two approaches have been applied to arrive at values for reliability: the 

scheduling model, and the mean-variance approach. 
 
The scheduling model characterizes commuter behavior by estimating the 

demand function for reliability. This can be thought of as a behavioral approach. In 
these models, unreliability is measured as the number of minutes that an individual will 
depart or arrive earlier, or later than, they prefer (New Zealand Transport Agency 2013). 



This method distinguishes between the costs of being early and late, which are not 
assumed to be the same. Since travellers know there will be variability, they adjust their 
departure time to adjust the probability of being late, or early (Sisinnio Concas, et al. 
2009). The costs of travel time variability are captured by modelling the traveller’s 
optimal and actual departure times. The monetary values obtained from this approach 
are hard to implement in a cost-benefit analysis due to the lack of information about 
desired time of arrivals. 

 
The mean-variance approach, on the other hand, uses the standard deviation (or 

variance) of the travel time distribution. This can be thought of as the analytical 
approach. This approach specifies a function whereby commuters derive (dis)utility 
from the average journey duration as well as the standard deviation of the journey time. 
This approach is relatively straightforward to apply in project evaluation, as it simply 
requires scaling the value of travel time savings by a reliability ratio that is derived 
from an assumed utility function. Because it relies on an assumption about how people 
perceive their travel time and its variance, it lacks a strong theoretical underpinning. It 
has been shown that this approach can be derived from the scheduling model as long 
as the shape of the travel time distribution remains unchanged (Mogens Fosgerau and 
Anders Karlstrom, 2007).  Furthermore, this approach relies on the standard deviation 
of travel times, which assumes that the travel time distribution is symmetric. Yet many 
researchers believe the distribution is skewed to the right, implying that longer than 
usual travel times are more common than shorter than usual travel times. However, 
recent empirical studies suggest that on many transportation links the distribution 
exhibits no statistically significant skew, and it is only on a small amount of links that 
a right skew is detected (Eliasson 2006). 

 
Reliability can also be applied to public transit by using a measure of the 

average lateness around the scheduled arrival time. This measure of reliability may be 
harder to obtain and is thus subject to greater data requirements. Although recent on-
line planning tools, GPS tracking and open data initiatives suggest that this could be a 
promising approach in the future. An example being Google Maps Transit (2016) that 
can provide transit updates in real-time to users. “Providing up-to-date information 
about current arrival and departure times allows users to plan their trips even more 
smoothly. And, in case of an unfortunate delay, a rider would be relieved to know that 
they can stay home a little bit longer.” Live Transit Updates provides live departure 
times and service alerts. Using a GTFS-real-time feed format that complements the 
widely used GTFS format for static transit schedules. Collecting this data over time 
could be used to calculate reliability. 

 
A recent study proposed a new reliability metric for bus routes, which could be 

calculated from GTFS-real-time data: The Journey Time Buffer Index (JTBI). The JTBI 
combines a late arrival penalty and a departure wait penalty to create a composite index 
(Shalaby 2015). Using econometric methods and data from London, Ontario, the author 
derives elasticities between the reliability of a bus route and several key bus route 
planning variables. For instance, the paper finds that increasing stop spacing from 200 
meters to 250 meters would increase reliability by roughly 35%, and increasing the 



length of a route from 15 KM to 20 KM would decrease reliability by 13%. This shows 
how different bus route planning decisions can impact reliability and how important it 
is to include reliability in an economic analysis of transportation investment decisions.   

 
EMPIRICAL ESTIMATIONS OF THE VALUE OF RELIABILITY 

 
The estimation of value of reliability (VOR) is usually calculated as the value 

of travel time savings (VTTS) multiplied by the standard deviation (σ) of travel time 
and the reliability ratio (RR). 

 
VVTSσRR=VOR ∗∗  

 
There is a wide variance in the literature regarding the average reliability ratio 

to use, however the UK DOT (DfT 2009) suggests a value of 0.8 and both the Swedish 
Transport Investment Plan and New Zealand Transportation Authority suggest a value 
of 0.9 (Sisinnio Concas, et al. 2009). Furthermore, the National Guidelines for 
Transport System Management in Australia also use the New Zealand value of 0.9 for 
urban traffic mix, and for significantly different traffic mixes use a value of 0.8 for cars 
and 1.2 for commercial vehicles (Bureau of Transport and Regional Economics 2006).).  
In a U.S. DOT study, a value of 0.9 for personal travel, 1.3 for business travel, and 2.2 
for truck travel was used (U.S. DOT 2009). We suggest using the average of these 
recommended values for automobiles to obtain the mean reliability ratio of 0.91 (Mean 
= 0.91, mode = 0.86). We would further recommend that a range around this value be 
used using the estimated reliability ratio from over 30 academic studies (minimum = 
0.61, maximum =1.41). With an average and range, a probability distribution (Cottrell 
1999) can be used to reflect the risk in the value of reliability.  

 
For average lateness of public transit, the UK DOT suggests a value of 3*VTTS 

for each minute late (DfT 2009), while the Swedish Transport Investment Plan suggests 
a value between 2 and 3 *VTTS for each minute late (Sisinnio Concas, et al. 2009). 
The JTBI proposed by Shalaby can also be valued similarly as its components are 
simply a combination of arrival and departure lateness. 

 
There is the view that congestion multipliers contain an element of unreliability, 

and some practitioners advocate the inclusion of some kind of reliability variable 
alongside car time variables. However, a recent meta-analysis of congestion multipliers 
shows that including a reliability variable does not, in a statistically significant way, 
change the estimated congestion multiplier. (Abrantes and Wardman 2009) 

 
ESTIMATING TRAVEL TIME VARIABILITY (σ) 

 
To estimate VOR we need to be able to estimate travel time variability as it is 

not always available in traffic simulation models. However, some agent-based traffic 
simulation models are able to explicitly model travel time variability. An example of 
this type of technology is the traffic simulation tool in Autodesk’s InfraWorks 360, 
which has the ability to explicitly model the change in travel time reliability between 



two design alternatives. This removes the necessity to forecast travel time reliability 
from expected travel times and improves the accuracy of the value of reliability 
calculations. As this type of transportation planning technology becomes more 
widespread, then the value of reliability calculations will become more accurate and 
easier to incorporate in planning decisions.  

 
In traffic simulation models which do not estimate travel time variability, it is 

still possible to calculate from a typical model's results. Recent research has produced 
two similar models which only require summary data from transportation forecasting 
models. These models use the same data as the standard value of travel time savings 
models use. This type of model can be considered the data-poor models. Another type 
of model has also been developed which requires more detail and data about the 
individual road types in transportation network. This is considered the data-rich model.  

 
The data-poor model. It is possible to include the value of reliability in an economic 
analysis with only the summary data from a transportation forecasting model. To 
achieve this, two similar approaches have recently been produced that can be 
employed.  

 
The first is based on an econometric model which specifies that travel time 

variability can be predicted using: 
 

1. Travel time delay, defined as the difference between the mean travel time and 
the free-flow travel time, but only if the delay is longer than 0.1 minutes; 

2. The flow-capacity ratio (fcr), defined as the number of cars on the road divided 
by the capacity of the roadway. 

This leads to a nonlinear multiplicative model (Peer et. al. 2009). 
 
The second approach, developed by the Strategic Highway Research Program 

(SHRP) is very similar in nature. This research program concluded that: “all of the 
reliability metrics could be predicted as a function of mean travel times” (Cambridge 
Systematics 2013). Using data from six major U.S. cities this study developed models 
to predict various reliability metrics using the mean travel time index (TTI), which is 
derived as: 

 

 

 
The most important reliability metric they created a model for is the standard 

deviation of travel times. 
 
There are two issues with this approach. First, the mean TTI estimated from a 

transportation model only includes recurring delays in the transportation network. As 
reliability is based upon non-recurring delays, the mean TTI should include these types 
of delays as well. 

 



This can easily be taken care of as the SHRP study produced a model to adjust 
the mean TTI from a transportation model into a true average TTI which includes non-
recurring delays. Second, this model predicts the standard deviation of the travel time 
index, not travel times themselves. Therefore, the standard deviation of the travel time 
index has to be transformed to the standard deviation of travel times.  

 
The data-rich model. Another approach, developed by Akçelik for the New Zealand 
Transportation Authority, and employed by the U.S. DOT, requires additional 
information on the type of road and mix of roads under analysis. This can be considered 
the data-rich model. This model uses the following functional form for variability (New 
Zealand Transport Agency 2013):  

 

 

 

 In this equation   is the vehicle capacity ratio and s, s0, b and a are estimated 
parameters for various types of roads. The parameter values for each different road 
types in the New Zealand Transport Authority’s Evaluation Guidelines can be seen in 
the table below. 

 
Table 1. 

 
Source: Table A4.5 NZTA Evaluation Guidelines 
 
This equation allows for the calculation of the standard deviation of travel time 

for each transportation link in the transportation system, or along a specific route 
throughout a city.  

 
Sometimes the evaluation is only for one link and this is enough to evaluate 

changes in reliability. Sometimes more than one transportation link is being analyzed 
and this requires some further calculations. When this is the case the standard deviation 
for each link should be calculated and then squared to be transformed into a variance. 
The variances should then be summed across the all links in the system under 
evaluation. Finally, the square root of this sum should be taken to obtain the standard 
deviation of travel time for the entire system. 

 



Variance Occurring Outside the Study Area. In many evaluation exercises the 
defined study area does not represent the full length of some, or even the majority, of 
journeys occurring in the network. As a result, the estimated impact on reliability may 
be overestimated (Bureau of Transport and Regional Economics 2006). To fix this, an 
adjustment factor can be applied based on the percentage of the trip time variance 
occurring outside of the study area. The following table provides guidance for the 
adjustment factor that can be used by the user for the relevant transportation model: 
 
Table 2. 

Percentage 
of Variance Outside 
Study Area 

Adjust
ment Factor  Indicative Transport Network Model 

<20% 100% Regional Model 
20% 90% Sub-Regional Model 
50% 70% Area Model 
75% 50% Corridor Model 
90% 30% Intersection Model 

Source: Australian National Guidelines Volume 5; table 2.3 (Bureau of 
Transport and Regional Economics 2006) 
 
Estimation Issues. In general, stated preference methods – asking people directly 
about their behavior and preferences in a variety of simulated situations – may be a 
very poor method for understanding the value of reliability. This is because these 
methods cause information overload for the respondent. Behavioral economics shows 
us that people are bad at mental calculations involving probabilities or frequencies – 
even statisticians don’t find probability intuitive. This implies a psychological bias 
which pollutes the estimated the Reliability Ratio, RR, when it is calculated via stated 
preference methods. This is because respondents are likely answering a different 
question in their head than the research was intending to measure (Mogens Fosgerau 
and Anders Karlstrom, 2007). On the other hand, revealed preference methods – 
observing people’s actual behavior in certain situations and inferring their preferences 
- may also have a crude estimation of the cost of congestion in the measure for the RR. 
This would overestimate the RR as congestion has not been explicitly controlled for. 

 
Methodology for VOR Estimation, Implementation and Direction. The first step in 
calculating the VOR is to calculate the relevant statistics, for each hour of the day, 
needed to forecast the standard deviation of travel time determinants. These are the 
delays from free flow speeds, the recurring mean travel time index, and the number of 
people on the road, by type (drivers, passengers, and businessmen/women). Using the 
same data requirements as value of travel time calculations we can forecast the standard 
deviation of travel time using the data-poor model. As the standard deviation of travel 
time is unknown and its forecast is subject to uncertainty, both Peer’s (2009) and 
SHRP’s (2012) methodologies can be used to forecast the standard deviation of travel 
times in each year. In other words, the approach accounts for the uncertainty in the 
estimation of this value, as best as the literature allows for. To obtain the change in 



reliability this metric is forecasted for both the base case and the alternative case; the 
difference between the two is the increase (or decrease) in network reliability. 

 
Once the change in reliability is calculated it needs to be valued for each type 

of person on the road. This is done by taking the change in reliability and multiplying 
it by each person’s respective value of time, and the calculated reliability ratio. The 
reliability ratio used is an average of internationally recommended values at the modal 
point, where the range around this value is calculated from over 30 studies. 

 
The final value equates to the VOR in each hour of the day, which is then 

summed and multiplied by the number of days in a year. Since weekday traffic flows 
are much greater than weekend traffic flows they are calculated separately to account 
for these inherent differences. This can be seen in the equation below where 𝝈𝝈𝟎𝟎,𝒉𝒉 is the 
base case travel time variability, in each hour, 𝝈𝝈𝟏𝟏,𝒉𝒉 is the travel time variability after an 
investment has been made, in each hour, 𝑽𝑽𝑽𝑽𝑽𝑽 is the value of travel time, 𝑹𝑹𝑹𝑹 is the 
reliability ratio, and 𝑽𝑽𝑽𝑽𝑽𝑽𝒉𝒉 is the total miles travelled, in each hour: 

 
𝑽𝑽𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 𝑪𝑪𝑻𝑻𝑪𝑪𝑻𝑻 𝑻𝑻𝒐𝒐 𝑹𝑹𝑹𝑹𝑻𝑻𝑹𝑹𝑻𝑻𝑹𝑹𝑹𝑹𝑻𝑻𝑹𝑹𝑻𝑻𝑹𝑹

= ���𝝈𝝈𝟏𝟏,𝒉𝒉 − 𝝈𝝈𝟎𝟎,𝒉𝒉� ∗ 𝑽𝑽𝑽𝑽𝑽𝑽 ∗ 𝑹𝑹𝑹𝑹 ∗ 𝑽𝑽𝑽𝑽𝑽𝑽𝒉𝒉

𝒏𝒏

𝒉𝒉=𝟏𝟏

� ∗ # 𝑻𝑻𝒐𝒐 𝒘𝒘𝑹𝑹𝑹𝑹𝒘𝒘𝒘𝒘𝑻𝑻𝑹𝑹𝑪𝑪

+ ���𝝈𝝈𝟏𝟏,𝒉𝒉 − 𝝈𝝈𝟎𝟎,𝒉𝒉� ∗ 𝑽𝑽𝑽𝑽𝑽𝑽 ∗ 𝑹𝑹𝑹𝑹 ∗ 𝑽𝑽𝑽𝑽𝑽𝑽𝒉𝒉

𝒏𝒏

𝒉𝒉=𝟏𝟏

� ∗ # 𝑻𝑻𝒐𝒐 𝒘𝒘𝑹𝑹𝑹𝑹𝒘𝒘𝑹𝑹𝒏𝒏𝒘𝒘 𝒘𝒘𝑻𝑻𝑹𝑹𝑪𝑪 

 
The methodology described has been implemented into a free spreadsheet that 

is available to download from Impact Infrastructure. This is a fully functioning, stand-
alone, cost-benefit and risk analysis model. After testing the model internally, we asked 
industry experts to give it a try, review it, and then it was released it as a companion 
economic tool for the EnvisionTM sustainable infrastructure rating system. The first 
Business Case Evaluator (BCE) was for stormwater management and modelled the 
benefits of green infrastructure, otherwise known as low impact development (LID) or 
best management practices (BMP). The latest BCE is for transit and includes the value 
of reliability as a benefit. Both are available for free and can be downloaded form: 
http://www.impactinfrastructure.com/businesscaseevaluator/.  

 
Results in the model are presented as Sustainable Net Present Value (S-NPV) 

as well as traditional financial NPV. Financial and Sustainable Return on Investment 
(ROI) and payback periods are also calculated. All results are the product of Monte 
Carlo simulation and so are presented in probabilistic terms. 

 
The BCE Excel model estimates the benefits of transit relative to a base 

transportation case and can be used to evaluate new transit infrastructure of different 
types as well as operational improvements in existing transit. We are aware that many 
such models have been created. The problem facing the practitioner is that they are 
specific to one situation, geography, or are not maintained and updated with new data. 
We aim to correct this with the BCE for Transit.  The first version is for the U.S.. In 
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addition, the model includes the recent advancements in reliability value research 
outlined in this paper that are omitted from existing models. 

 
AutoCASE® is the commercial version of the BCE models. It is integrated 

across infrastructure types, shareable and cloud-based, and available as an extension to 
Autodesk’s design and planning software tools. AutoCASE benefits from more regular 
updates and enhancements than the BCE models. Impact Infrastructure also supports 
AutoCASE with training and customization if required. AutoCASE for Transportation 
is going to be built into Autodesk's InfraWorks 360 design software. By combining 
AutoCASE's analytics with spatial data we think you will be able to better create, view, 
analyze, share, and manage information to make decisions in context. 

 
CONCLUSION 

 
An important benefit that is not currently captured in existing transportation 

cost-benefit analyses is the benefit of travel time reliability. This paper documents the 
methodology to incorporate 30 studies of reliability and synthesize them into a 
reliability ratio that can be used in transit cost-benefit analysis. We have implemented 
this in an Excel spreadsheet. By interpreting and standardizing reliability research, the 
paper shows how cutting edge transportation research can be made available to 
engineering and planning professionals in their planning and design decisions. 
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