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1.  INTRODUCTION  

Chapter 29 is the supplemental chapter for Chapter 16: Urban Street Facilities 
and Chapter 17: Urban Street Reliability and ATDM, which are found in 
Volume 3 of the Highway Capacity Manual (HCM). This chapter presents detailed 
information about the following aspects of urban street facility evaluation: 

 The process for generating the scenarios used to evaluate travel time 
reliability and 

 The process for evaluating facilities with sustained spillback. 

This chapter also provides details about the computational engine that 
implements the sustained spillback procedure and example applications of 
alternative tools. Finally, the chapter provides five example problems that 
demonstrate the application of the methodologies to a multimodal evaluation of 
urban street performance and to the evaluation of urban street reliability.  

VOLUME 4: APPLICATIONS 
GUIDE 

25. Freeway Facilities: 
Supplemental 

26. Freeway and Highway 
Segments: Supplemental 

27. Freeway Weaving: 
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2.  SCENARIO GENERATION PROCEDURE 

The methodology for evaluating reliability is described in Section 3 of 
Chapter 17, Urban Street Reliability and ATDM. It consists of three stages that 
are implemented in the sequence listed below:  

 Scenario generation, 

 Facility evaluation, and 

 Performance summary. 

The scenario generation stage is implemented through four sequential 
procedures: (a) weather event generation, (b) traffic demand variation generation, 
(c) traffic incident generation, and (d) scenario dataset generation. This stage 
generates the set of analysis periods that make up the reliability reporting period. 
The sequence of computations associated with each procedure is described in 
this section. 

Details of the facility evaluation stage and the performance summary stage 
are provided in Section 3 of Chapter 17. 

The combination of demand volume, speed, saturation flow rate, and signal 
timing established for each analysis period is assumed to be unique, relative to 
the other analysis periods. This assumption recognizes that it is extremely rare in 
the urban street environment for two or more analysis periods to have the same 
combination of demand volume, capacity, and traffic control for all segments 
and intersections making up the facility. Thus, each analysis period is considered 
to be one scenario. 

WEATHER EVENT GENERATION 
The weather event procedure is used to predict weather events that could 

occur during the reliability reporting period. The events predicted include 
rainfall and snowfall. The time following each event that the pavement remains 
wet or covered by snow or ice is also predicted. The presence of these conditions 
has been found to influence running speed and intersection saturation flow rate.  

The sequence of calculations in the weather event procedure is shown in 
Exhibit 29-1. The calculations proceed on a day-by-day basis in chronological 
order. If a day is determined to have a weather event, its start time and duration 
are recorded for later use in the traffic incident procedure. Thereafter, each 
analysis period is evaluated in chronological order for any given day with a 
weather event. If the analysis period is associated with a weather event, the event 
type (i.e., rain or snow), precipitation rate (i.e., intensity), and pavement status 
(i.e., wet or snow covered) are recorded for later use in the scenario file 
generation procedure. 

The weather event procedure consists of eight calculation steps. The 
calculations associated with each step are described in the following paragraphs. 
A random number is used in several of the steps. All random numbers have a 
real value that is uniformly distributed from 0.0 to 1.0.  
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Step 1: Precipitation Prediction 
The probability of precipitation for any given day is computed by using the 

following equation: 

where 

P(precip)m = probability of precipitation in any given day of month m, 

 Ndpm = number of days with precipitation of 0.01 in. or more in month m (d), 
and 

 Ndm = total number of days in month m (d). 

For each day considered in month m, the following rule is checked to 
determine whether precipitation occurs: 

where Rpd,m is the random number for precipitation for day d of month m. The 
rule is applied to each day (on a monthly basis) in the reliability reporting 
period. 

Step 2: Precipitation Type 
If precipitation occurs, the following equation is used to estimate the average 

temperature during the weather event for the subject day (1): 

Exhibit 29-1 
Weather Event Procedure 

Equation 29-1 

Equation 29-2 

Equation 29-3 
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where 

 Td,m = average temperature for day d of month m (˚F), 

 Rgd = random number for temperature for day d, 

 —Tm = normal daily mean temperature in month m (˚F), 

 sT = standard deviation of daily mean temperature in a month 
(= 5.0) (˚F), and 

 normal–1(p, μ, σ) = value associated with probability p for a cumulative normal 
distribution with mean μ and standard deviation σ. 

The average temperature for the day is used to determine whether the 
precipitation is in the form of rain or snow. The following rule is checked to 
determine the form of the precipitation for that day: 

Step 3: Rain Intensity 
The following equation is used to estimate the rainfall rate during a rain 

event:  

where  

 rrd,m = rainfall rate for the rain event occurring on day d of month m 
(in./h), 

 Rrd = random number for rainfall rate for day d, 

  = precipitation rate in month m (in./h), 

 srr,m = standard deviation of precipitation rate in month m (= 1.0 ) 
(in./h), and 

gamma–1(p, μ, σ) = value associated with probability p for a cumulative gamma 
distribution with mean μ and standard deviation σ. 

The average precipitation rate (and its standard deviation) is based on time 
periods when precipitation is falling. Thus, the average precipitation rate 
represents an average for all hours for which precipitation is falling (and 
excluding any hours when precipitation is not falling). 

The following equation is used to estimate the total amount of rainfall for a 
rain event. Each day with precipitation is assumed to have one rain event. 

with 

Equation 29-4 

Equation 29-5 

Equation 29-6 

Equation 29-7 

Equation 29-8 
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where  

 trd,m = total rainfall for the rain event occurring on day d of month m 
(in./event), 

 Rtd = random number for rainfall total for day d (= Rrd), 

 —trm = average total rainfall per event in month m (in./event), 

 str,m = standard deviation of total rainfall in month m (in./event), 

 tpm = total normal precipitation for month m (in.), and 

 Ndpm = number of days with precipitation of 0.01 in. or more in month m (d). 

Total rainfall for a rain event is the product of rainfall rate and rain event 
duration. Thus, the total rainfall amount is highly correlated with the rainfall 
rate. For reliability evaluation, total rainfall is assumed to be perfectly correlated 
with rainfall rate such that they share the same random number. This approach 
may result in slightly less variability in the estimated total rainfall; however, it 
precludes the occasional calculation of unrealistically long or short rain events. 

Step 4: Rainfall Duration 
The following equation is used to estimate the rainfall duration for a rain 

event: 

where 

 drd,m = rainfall duration for the rain event occurring on day d of month m 
(h/event), 

 trd,m = total rainfall for the rain event occurring on day d of month m 
(in./event), and 

 rrd,m = rainfall rate for the rain event occurring on day d of month m (in./h). 

The duration computed with Equation 29-9 is used in a subsequent step to 
determine whether an analysis period is associated with a rain event. To simplify 
the analytics in this subsequent step, it is assumed that no rain event extends 
beyond midnight. To ensure this outcome, the duration computed from Equation 
29-9 is compared with the duration between the start of the study period and 
midnight. The rainfall duration is then set to equal the smaller of these two 
values. 

Step 5: Start Time of Weather Event 
The hour of the day that the rain event starts is determined randomly. The 

start hour is computed with the following equation:  

where  

 tsd,m = start of rain event on day d of month m (h), 

 24 = number of hours in a day (h/day), 

Equation 29-9 

Equation 29-10 
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 drd,m = rainfall duration for the rain event occurring on day d of month m 
(h/event), and 

 Rs,d = random number for rain event start time for day d. 

The start time from Equation 29-10 is rounded to the nearest hour for 1-h 
analysis periods or to the nearest quarter hour for 15-min analysis periods. 

Step 6: Wet Pavement Duration 
After a rain event, the pavement typically remains wet for some length of 

time. The presence of wet pavement can influence road safety by reducing 
surface–tire friction. Research (1) indicates that wet pavement time can be 
computed with the following equation: 

with 

where  

 dwd,m = duration of wet pavement for rain event occurring on day d of 
month m (h/event), 

 drd,m = rainfall duration for the rain event occurring on day d of month m 
(h/event), 

 dod,m = duration of pavement runoff for rain event occurring on day d of 
month m (= 0.083) (h/event), 

 Td,m = average temperature for day d of month m (˚F), 

  Inight = indicator variable for night (= 0.0 if rain starts between 6:00 a.m. and 
6:00 p.m., 1.0 otherwise), and 

 ddd,m = duration of drying time for rain event occurring on day d of month m 
(h/event). 

The duration computed with Equation 29-11 is used in a subsequent step to 
determine whether an analysis period is associated with wet pavement 
conditions. To simplify the analytics in this subsequent step, it is assumed that no 
rain event extends beyond midnight. To ensure this outcome, the duration 
computed from Equation 29-11 is compared with the duration between the start 
of the rain event and midnight. The wet pavement duration is then set to equal 
the smaller of these two values. 

Step 7: Snow Intensity and Duration 
The snowfall rate (i.e., intensity) and duration are computed by using the 

calculation sequence in Steps 3 to 6. The equations are the same. The average 
snowfall rate and average snow total per event are computed by multiplying the 
average precipitation rate and average total rainfall per event, respectively, by 
the ratio of snow depth to rain depth. This ratio is estimated at 10 in./in on the 
basis of an analysis of weather data reported by the National Climatic Data 
Center (2).  

Equation 29-11 

Equation 29-12 
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In Step 6, the duration of pavement runoff is defined differently for snow 
events. Specifically, it is defined as the time after the snow stops falling that 
snowpack (or ice) covers the pavement. After this period elapses, the pavement 
is exposed and drying begins. A default value for this variable is provided in 
Exhibit 17-8 in Chapter 17.  

Step 8: Identify Analysis Period Weather 
Steps 1 through 7 are repeated for each day of a 2-year period, starting with 

the first day of the reliability reporting period. This 2-year record of weather 
events is used in the traffic incident procedure to estimate the weather-related 
incident frequency.  

The days that have weather events are subsequently examined to determine 
whether the event occurs during the study period. Specifically, each analysis 
period is examined to determine whether it is associated with a weather event. If 
the pavement is wet during an analysis period, the precipitation type (i.e., rain or 
snow) is recorded for that period. If precipitation is falling, the precipitation rate 
is also recorded. 

The duration of precipitation and wet pavement from Equation 29-9 and 
Equation 29-11, respectively, are rounded to the nearest hour for 1-h analysis 
periods or to the nearest quarter hour for 15-min analysis periods. The rounding 
ensures the most representative match between event duration and analysis 
period start and end times.  

TRAFFIC DEMAND VARIATION GENERATION 
The traffic demand variation procedure is used to identify the appropriate 

traffic demand adjustment factors for each analysis period in the reliability 
reporting period. One set of factors accounts for systematic volume variation by 
hour of day, day of week, and month of year. Default values for these factors are 
provided in Exhibit 17-5 to Exhibit 17-7 in Chapter 17. 

The sequence of calculations in the traffic demand variation procedure is 
shown in Exhibit 29-2. The calculations proceed on a day-by-day and hour-by-
hour basis in chronological order. Within a given day, the procedure considers 
only the hours within the study period. The factors identified in this procedure 
are subsequently used in the scenario file generation procedure to compute the 
demand volume for the subject urban street facility. 

A random variation adjustment factor is also available and can be included, 
if desired, by the analyst. It accounts for the random variation in volume that 
occurs among 15-min time periods. This factor is described in more detail in the 
Scenario Dataset Generation section. 

The procedure includes two adjustment factors to account for a reduction in 
traffic demand during inclement weather. One factor addresses demand change 
during periods of rain. The second factor addresses demand change during 
periods of snow. Default values for these factors are provided in Exhibit 17-8 in 
Chapter 17. 
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This procedure does not address traffic diversion due to the presence of 
work zones or special events. Their accommodation in a reliability evaluation is 
discussed in the Analysis Techniques subsection of Section 5 in Chapter 17. 

If the traffic volumes provided in the base dataset and the alternative 
datasets are computed by using planning procedures, the volumes in the dataset 
are assumed to represent the average day of week and month of year. In this 
situation, the adjustment factors for day of week and month of year are set to a 
value of 1.0.  

The factors identified in this procedure are subsequently used in the scenario 
dataset generation procedure to compute the demand volume for the subject 
urban street facility. 

TRAFFIC INCIDENT GENERATION 
The traffic incident procedure is used to predict incident date, time, and 

duration. It also determines incident event type (i.e., crash or noncrash), severity 
level, and location on the facility. Location is defined by the specific intersection 
or segment on which the incident occurs and whether the incident occurs on the 
shoulder, one lane, or multiple lanes. The procedure uses weather event and 
traffic demand variation information from the previous procedures in the 
incident prediction process. 

The sequence of calculations in the traffic incident procedure is shown in 
Exhibit 29-3. The sequence shown is applicable to incidents occurring at 
signalized intersections. A similar sequence is followed for incidents occurring at 
locations along the urban street between the signalized intersections (i.e., 
midsignal segments). 

The traffic incident procedure consists of six calculation steps. The 
calculations associated with each step are described in the following paragraphs. 
A random number is used in several of the steps. All random numbers have a 
real value that is uniformly distributed from 0.0 to 1.0.  

Day = 1

Last day of 
reliability reporting 

period?

Hour = 1

Last hour of day?
Day = 

Day + 1

Hour = 
Hour + 1

No

Yes
No

Yes

Demand 
Variation

Procedure

Compute and save 
volume adj. factors by 
hour for each hour.

Start

Intersection Incident Procedure

Exhibit 29-2 
Traffic Demand Variation 
Procedure 
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Step 1: Compute the Equivalent Crash Frequency for Weather 
Crash frequency increases when the road is wet, covered by snow, or 

covered by ice. The effect of weather on crash frequency is incorporated in the 
reliability methodology by converting the input crash frequency data into an 
equivalent crash frequency for each type of weather condition. The equivalent 
crash frequency for dry pavement conditions is defined with the following 
equation: 

where 

 Fcstr(i),dry = equivalent crash frequency when every day is dry for street location 
i of type str (str = int: intersection, seg: segment) (crashes/year), 

 Fcstr(i) = expected crash frequency for street location i of type str 
(crashes/year), 

 8,760 = number of hours in a year (h/year), 

 Ny = total number of years (years), 

 Nhdry = total number of hours in Ny years with dry conditions (h), 

 Nhrf = total number of hours in Ny years with rainfall conditions (h), 

 Nhwp = total number of hours in Ny years with wet pavement and not 
raining (h), 

 Nhsf = total number of hours in Ny years with snowfall conditions (h), 

Exhibit 29-3 
Traffic Incident Procedure for 
Intersection Incidents 

Equation 29-13 
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 Nhsp = total number of hours in Ny years with snow or ice on pavement and 
not snowing (h), 

 CFAFrf = crash frequency adjustment factor for rainfall, 

 CFAFwp  = crash frequency adjustment factor for wet pavement (not raining), 

 CFAFsf = crash frequency adjustment factor for snowfall, and 

 CFAFsp = crash frequency adjustment factor for snow or ice on pavement (not 
snowing). 

The equivalent crash frequency for nondry conditions is computed with the 
following equation. The crash frequency adjustment factor (CFAF) for dry weather 
CFAFdry is 1.0. 

 

where 

 Fcstr(i),wea = equivalent crash frequency when every day has weather condition 
wea (wea = dry: no precipitation and dry pavement, rf: rainfall, wp: 
wet pavement but not raining, sf: snowfall, sp: snow or ice on 
pavement but not snowing) for street location i of type str 
(crashes/year); 

 Fcstr(i),dry = equivalent crash frequency when every day is dry for street location 
i of type str (crashes/year); and 

 CFAFwea = crash frequency adjustment factor for weather condition wea. 

Equation 29-14 requires the total number of hours for each weather condition 
in the vicinity of the subject facility. A weather history that extends for 2 or more 
years should be used to reduce the random variability in the data. These hours 
can be obtained from available weather records or estimated by using the 
weather event procedure. 

This step is applied separately to each intersection and segment on the 
facility. The expected crash frequency Fc is provided by the analyst for the 
subject intersection or the subject segment, whichever is applicable. 

The CFAF is the ratio of hourly crash frequency during the weather event to 
the hourly crash rate during clear, dry hours. It is computed by using one or 
more years of historical weather data and crash data for the region in which the 
subject facility is located. Default values for these factors are provided in Exhibit 
17-9 in Chapter 17. 

Step 2: Establish the CFAFs for Work Zones and Special Events 
If the analysis period occurs during a work zone or special event, the CFAF 

variable for segments CFAFstr and the CFAF variable for intersections CFAFint are 
set equal to the values provided by the analyst. Otherwise, CFAFstr and CFAFint 
equal 1.0. This step is repeated for each analysis period of the reliability reporting 
period.  

Equation 29-14 
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Step 3: Determine Whether an Incident Occurs 
During this step, each of the 24 h in the subject day is examined to determine 

whether an incident occurs. The analysis considers each street location (i.e., 
intersection and segment) separately. At each street location, each of the 
following 12 incident types is separately addressed. Each of these types is 
separately considered for each hour of the day (whether the hour coincides with 
an analysis period is determined in a subsequent step). 

 Crash, one lane blocked, fatal or injury; 

 Crash, two or more lanes blocked, fatal or injury; 

 Crash, shoulder location, fatal or injury; 

 Crash, one lane blocked, property damage only; 

 Crash, two or more lanes blocked, property damage only; 

 Crash, shoulder location, property damage only; 

 Noncrash, one lane blocked, breakdown; 

 Noncrash, two or more lanes blocked, breakdown; 

 Noncrash, shoulder location, breakdown; 

 Noncrash, one lane blocked, other; 

 Noncrash, two or more lanes blocked, other; and 

 Noncrash, shoulder location, other. 

Initially, the weather event data are checked to determine whether the 
subject day and hour are associated with rainfall, wet pavement and not raining, 
snowfall, or snow or ice on pavement and not snowing. For a given day, street 
location, and hour of day, the average incident frequency is computed with the 
following equation on the basis of the weather present at that hour and day.  

where 

 Fistr(i),wea(h,d) = expected incident frequency for street location i of type str and 
weather condition wea(h,d) during hour h and day d 
(incidents/year); 

 CFAFstr = crash frequency adjustment factor for street location type str; 

 Fcstr(i),wea = equivalent crash frequency when every day has weather condition 
wea for street location i of type str (crashes/year); and 

 pcstr,wea = proportion of incidents that are crashes for street location type str 
and weather condition wea. 

Default values for the proportion of incidents are provided in the third 
column of Exhibit 17-11 in Chapter 17. 

The incident frequency is converted to an hourly frequency that is sensitive 
to traffic demand variation by hour of day, day of week, and month of year. The 
converted frequency is computed with the following equation: 

“Other” refers to any kind of 
nonbreakdown incident (e.g., 
spill, dropped load). 

Equation 29-15 



 Highway Capacity Manual: A Guide for Multimodal Mobility Analysis 

 
Scenario Generation Procedure  Chapter 29/Urban Street Facilities: Supplemental 
Page 29-12  Version 6.0 

where 

 fistr(i),wea(h,d),h,d = expected hourly incident frequency for street location i of type 
str and weather condition wea(h, d) during hour h and day d 
(incidents/h), 

 Fistr(i),wea(h,d) = expected incident frequency for street location i of type str and 
weather condition wea(h, d) during hour h and day d 
(incidents/year), 

 8,760 = number of hours in a year (h/year), 

 24 = number of hours in a day (h/day), 

 fhod,h,d = hour-of-day adjustment factor based on hour h and day d, 

 fdow,d = day-of-week adjustment factor based on day d, and 

 fmoy,d = month-of-year adjustment factor based on day d. 

The hour-of-day adjustment factor includes a day subscript because its 
values depend on whether the day occurs during a weekday or weekend. The 
day subscript for the day-of-week factor is used to determine which of the 7 
weekdays is associated with the subject day. Similarly, the month subscript is 
used to determine which of the 12 months is associated with the subject day for 
the month-of-year factor. Default values for these adjustment factors are 
provided in Exhibit 17-5 to Exhibit 17-7 in Chapter 17. 

Incidents for a given day, street location, incident type, and hour of day are 
assumed to follow a Poisson distribution. For any given combination of 
conditions, the probability of more than one incident of a given type is negligible, 
which simplifies the mathematics so that the question of whether an incident 
occurs is reduced to whether there are zero incidents or one incident of a given 
type. Equation 29-17 is used to compute the probability of no incidents occurring. 
Default values for the proportion of incidents are provided in Exhibit 17-11 and 
Exhibit 17-12 in Chapter 17.  

where 

 p0str(i),wea(h,d),con,lan,sev,h,d = probability of no incident for street location i of type str, 
weather condition wea(h, d) during hour h and day d, 
event type con (con = cr: crash, nc: noncrash), lane 
location lan (lan = 1L: one lane, 2L: two or more lanes, sh: 
shoulder), and severity sev (sev = pdo: property damage 
only, fi: fatal or injury, bkd: breakdown, oth: other); 

 fistr(i),wea(h,d),h,d = expected hourly incident frequency for street location i 
of type str and weather condition wea(h, d) during hour h 
and day d (incidents/h); and 

Equation 29-16 

Equation 29-17 
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 pistr,wea(h,d),con,lan,sev = proportion of incidents for street location type str, 
weather condition wea(h, d) during hour h and day d, 
event type con, lane location lan, and severity sev. 

The following rule is checked to determine whether the incident of a specific 
type occurs: 

No incident if Ristr(i),wea(h,d),con,lan,sev,h,d ≤ p0str(i),wea(h,d),con,lan,sev,h,d 

Incident if Ristr(i),wea(h,d),con,lan,sev,h,d > p0str(i),wea(h,d),con,lan,sev,h,d 

where 

Ristr(i),wea(h,d),con,lan,sev,h,d = random number for incident for street location i of type 
str, weather condition wea(h, d) during hour h and day d, 
event type con, lane location lan, and severity sev; and 

p0str(i),wea(h,d),con,lan,sev,h,d = probability of no incident for street location i of type str, 
weather condition wea(h, d) during hour h and day d, event 
type con, lane location lan, and severity sev. 

Step 4: Determine Incident Duration 
If the result of Step 3 indicates that an incident occurs for a given day, street 

location, incident type, and hour of day, the calculations in this step are used to 
determine the incident duration. Each hour of the day is considered separately in 
this step.  

Incident duration includes the incident detection time, response time, and 
clearance time. Research (1) indicates that these values can vary by weather 
condition, event type, lane location, and severity. Default values for average 
incident duration are provided in the text associated with Exhibit 17-10 in 
Chapter 17. 

The following equation is used to estimate the incident duration for a given 
incident: 

where  

 distr(i),wea(h,d),con,lan,sev,h,d = incident duration for street location i of type str, weather 
condition wea(h, d) during hour h and day d, event type 
con, lane location lan, and severity sev (h); 

 Rdstr(i),con,lan,sev,h,d = random number for incident duration for street location 
i of type str for hour h and day d, event type con, lane 
location lan, and severity sev; 

 —distr,wea(h,d),con,lan,sev = average incident duration for street location type str, 
weather condition wea(h, d) during hour h and day d, 
event type con, lane location lan, and severity sev (h); 

 sstr,wed(h,d),con,lan,sev = standard deviation of incident duration for street 
location type str, weather condition wea(h, d) during 

Equation 29-18 

Equation 29-19 
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hour h and day d, event type con, lane location lan, and 
severity sev (= 0.8 

—distr,wea(h,d),con,lan,sev) (h); and 
 gamma–1(p, μ, σ) = value associated with probability p for cumulative 

gamma distribution with mean μ and standard 
deviation σ. 

The duration computed with Equation 29-19 is used in a subsequent step to 
determine whether an analysis period is associated with an incident. To simplify 
the analytics in this subsequent step, it is assumed that no incident extends beyond 
midnight. To ensure this outcome, the duration computed from Equation 29-19 is 
compared with the duration between the start of the study period and midnight. 
The incident duration is then set to equal the smaller of these two values. 

Step 5: Determine Incident Location 
If the result of Step 3 indicates that an incident occurs for a given day, street 

location, incident type, and hour of day, the calculations in this step are used to 
determine the incident location. For intersections, the location is determined to 
be one of the intersection legs. For segments, the location is determined to be one 
of the two travel directions. The location algorithm is volume-based so that the 
correct location determinations are made when three-leg intersections or one-
way streets are addressed. Each hour of the day is considered separately in this 
step. 

Intersection Location 
When a specific intersection is associated with an incident, the location of the 

incident is based on consideration of each intersection leg volume lv. This 
volume represents the sum of all movements entering the intersection on the 
approach lanes and movements exiting the intersection on the adjacent departure 
lanes. In the field, this volume would be measured by establishing a reference 
line from outside curb to outside curb on the subject leg (near the crosswalk) and 
counting all vehicles that cross the line, regardless of travel direction. 

The leg volumes are then summed, starting with the leg associated with 
National Electrical Manufacturers Association (NEMA) Phase 2, to produce a 
cumulative volume by leg. These volumes are then converted to a proportion by 
dividing by the sum of the leg volumes. The calculation of these proportions is 
described by the following equations. One set of proportions is determined for 
the base dataset and for each work zone and special event dataset. 

Equation 29-20 
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with 

where 

 pvint(i),n = cumulative sum of volume proportions for leg associated with 
NEMA phase n (n = 2, 4, 6, 8) at intersection i, 

 lvint(i),n = leg volume (two-way total) for leg associated with NEMA phase n at 
intersection i (veh/h),  

 tvint(i) = total volume entering intersection i (veh/h), and 

vinput,int(i),j = movement j volume at intersection i (from dataset) (veh/h). 

The leg location of the incident is determined by comparing a random 
number with the cumulative volume proportions. With this technique, the 
likelihood of an incident being assigned to a leg is proportional to its volume 
relative to the other leg volumes. The location is determined for a given 
intersection i by the following rule: 

where 

 Rvint(i),con,lan,sev = random number for leg volume for intersection i, event type 
con, lane location lan, and severity sev; and 

 pvint(i),n = cumulative sum of volume proportions for leg associated with 
NEMA phase n (n = 2, 4, 6, 8) at intersection i. 

Segment Location 
When a specific segment is associated with an incident, the location of the 

incident is based on consideration of the volume in each direction of travel dv. 
This volume is computed by using the movement volume at the boundary 
intersection that uses NEMA Phase 2 to serve exiting through vehicles. The 
volume in the Phase 2 direction is computed as the sum of the movements 
exiting the segment at the boundary intersection (i.e., it equals the approach lane 
volume). The volume in the Phase 6 direction is computed as the sum of the 
movements entering the segment at the boundary intersection (i.e., it equals the 
departure lane volume). The two directional volumes are referenced to NEMA 
Phases 2 and 6. The sum of these two volumes equals the Phase 2 leg volume 
described in the previous subsection. 

A cumulative volume proportion by direction is used to determine incident 
location. The calculation of these proportions is described by the following 
equations. One set of proportions is determined for the base dataset and for each 
work zone and special event dataset. 

Equation 29-21 

Equation 29-22 
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where 

 pvseg(i),n = volume proportion for the direction of travel served by NEMA phase 
n (n = 2, 6) on segment i, and 

 dvseg(i),n = directional volume for the direction of travel served by NEMA phase 
n on segment i (veh/h). 

The segment location of the incident is determined by comparing a random 
number with the cumulative volume proportions. With this technique, the 
likelihood of an incident being assigned to a direction of travel is proportional to 
its volume, relative to the volume in the other direction. The location is 
determined for a given segment i by the following rule: 

where 

 Rvseg(i),con lan,sev = random number for volume for segment i, event type con, lane 
location lan, and severity sev; and 

 pvseg(i),n = volume proportion for the direction of travel served by NEMA 
phase n (n = 2, 6) on segment i. 

Step 6: Identify Analysis Period Incidents 
Steps 3 through 5 are repeated for each hour of the subject day. As implied 

by the discussion to this point, all incidents are assumed to occur at the start of a 
given hour.  

During this step, the analysis periods associated with an incident are 
identified. Specifically, each hour of the study period is examined to determine 
whether it coincides with an incident. If an incident occurs, its event type, lane 
location, severity, and street location are identified and recorded. Each 
subsequent analysis period coincident with the incident is also recorded. 

The incident duration from Equation 29-19 is rounded to the nearest hour for 
1-h analysis periods or to the nearest quarter hour for 15-min analysis periods. 
This rounding is performed to ensure the most representative match between 
event duration and analysis period start and end times.  

SCENARIO DATASET GENERATION 
The scenario dataset generation procedure uses the results from the 

preceding three procedures to develop one HCM dataset for each analysis period 
in the reliability reporting period. As discussed previously, each analysis period 
is considered to be one scenario.  

The sequence of calculations in the scenario file generation procedure is 
shown in Exhibit 29-4. The calculations and file generation proceed on a day-by-
day and analysis-period-by-analysis-period basis in chronological order. If a day 

Equation 29-23 

Equation 29-24 
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is coincident with a work zone or special event, the appropriate alternative 
dataset is loaded. Otherwise, the base dataset is loaded. 

 

This procedure creates a new HCM dataset for each analysis period. The 
dataset is modified to reflect conditions present during a given analysis period. 
Modifications are made to the traffic volumes at each intersection and driveway 
and to the saturation flow rate at intersections influenced by an incident or a 
weather event. The speed is also adjusted for segments influenced by an incident 
or a weather event.  

The incident history developed by the traffic incident procedure is consulted 
during this procedure to determine whether an incident occurs at an intersection 
or on a segment. If an incident occurs at an intersection, the incident lane location 
data are consulted to determine which approach and movements are affected. If 
the incident occurs on the shoulder, the shoulder in question is assumed to be the 
outside shoulder (as opposed to the inside shoulder). If a one-lane incident occurs, 
the incident is assumed to occur in the outside lane. If a two-or-more-lane incident 
occurs, it is assumed to occur in the outside two lanes. The incident is also 

Exhibit 29-4 
Scenario File Generation 
Procedure 
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assumed to occur on the intersection approach lanes as opposed to the departure 
lanes. These assumptions are consistent with typical intersection crash patterns. 

The scenario dataset generation procedure consists of nine calculation steps. 
The calculations associated with each step are described in the following 
paragraphs. 

Step 1: Acquire the Appropriate Dataset 
During this step, the appropriate HCM dataset is acquired. This step 

proceeds day by day and analysis period by analysis period in chronological 
order. The date is used to determine whether a work zone or special event is 
present. If one is present, the appropriate alternative dataset is acquired. 
Otherwise, the base dataset is acquired. The hour-of-day, day-of-week, and 
month-of-year demand adjustment factors associated with each dataset are also 
acquired (as identified previously in the traffic demand variation procedure). 

Step 2: Compute Weather Adjustment Factors  

Signalized Intersections 
The following equation is used to compute the saturation flow rate 

adjustment factor for analysis periods with poor weather conditions. It is used in 
Step 5 to estimate intersection saturation flow rate during weather events. 

where 
 frs,ap,d = saturation flow adjustment factor for rainfall or snowfall during 

analysis period ap and day d, 

 Rr,ap,d = rainfall rate during analysis period ap and day d (in./h), and 

 Rs,ap,d = precipitation rate when snow is falling during analysis period ap and 
day d (in./h). 

If Equation 29-25 is used for analysis periods with falling rain, the variable Rs 
should equal 0.0. If it is used for analysis periods with falling snow, the variable 
Rr should equal 0.0. The variable Rs equals the precipitation rate in terms of 
equivalent inches of water per hour (i.e., it is not a snowfall rate). 

The value obtained from Equation 29-25 applies when precipitation is falling. 
If the pavement is wet and there is no rainfall, the adjustment factor frs,ap,d is 0.95. 
If snow or ice is on the pavement and snow is not falling, the adjustment factor 
frs,ap,d is 0.90.  

Segments 
The following equation is used to compute the free-flow speed adjustment 

factor for analysis periods with poor weather conditions. It is used in Step 7 to 
estimate the additional running time during weather events. 

Equation 29-25 

Equation 29-26 
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where 

 fs,rs,ap,d = free-flow speed adjustment factor for rainfall or snowfall during 
analysis period ap and day d, 

 Rr,ap,d = rainfall rate during analysis period ap and day d (in./h), and 

 Rs,ap,d = precipitation rate when snow is falling during analysis period ap and 
day d (in./h). 

If Equation 29-26 is used for analysis periods with falling rain, the variable Rs 
should equal 0.0. If it is used for analysis periods with falling snow, the variable 
Rr should equal 0.0. The variable Rs equals the precipitation rate in terms of 
equivalent inches of water per hour (i.e., it is not a snowfall rate). 

The value obtained from Equation 29-26 applies when precipitation is falling. 
If the pavement is wet and there is no rainfall, the adjustment factor fs,rs,ap,d is 0.95. 
If snow or ice is on the pavement and snow is not falling, the adjustment factor 
fs,rs,ap,d is 0.90.  

Step 3: Acquire Demand Adjustment Factors 
During this step, the hour-of-day, day-of-week, and month-of-year demand 

adjustment factors associated with each analysis period are acquired (as 
identified previously in the traffic demand variation procedure). They are used 
in Step 6 to estimate the analysis period volumes. 

Step 4: Compute Incident Adjustment Factors for Intersections 
The following equation is used to compute the saturation flow rate 

adjustment factor for analysis periods associated with an incident. It is used in 
Step 5 to estimate intersection saturation flow rate during incidents. 

with 

where 

 fic,int(i),n,m,ap,d = saturation flow adjustment factor for incident presence for 
movement m (m = L: left, T: through, R: right) on leg associated 
with NEMA phase n (n = 2, 4, 6, 8) at intersection i during 
analysis period ap and day d, 

 Nn,int(i),n,m = number of lanes serving movement m under normal (i.e., 
nonincident) conditions on leg associated with NEMA phase n at 
intersection i (ln), 

 Nic,int(i),n,m,ap,d = number of lanes serving movement m blocked by the incident on 
leg associated with NEMA phase n at intersection i during 
analysis period ap and day d (ln), 

Equation 29-27 

Equation 29-28 
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 bic,int(i),n,ap,d = calibration coefficient based on incident severity on leg 
associated with NEMA phase n at intersection i during analysis 
period ap and day d,  

 Ipdo,int(i),n,ap,d = indicator variable for property-damage-only (PDO) crash on leg 
associated with NEMA phase n at intersection i during analysis 
period ap and day d (= 1.0 if PDO crash, 0.0 otherwise), 

 Ifi,int(i),n,ap,d = indicator variable for fatal-or-injury crash on leg associated with 
NEMA phase n at intersection i during analysis period ap and 
day d (= 1.0 if fatal-or-injury crash, 0.0 otherwise), and 

 Iother,int(i),n,ap,d = indicator variable for noncrash incident on leg associated with 
NEMA phase n at intersection i during analysis period ap and 
day d (= 1.0 if noncrash incident, 0.0 otherwise). 

Equation 29-27 is applied to each approach traffic movement. For a given 
movement, the first term of Equation 29-27 adjusts the saturation flow rate on the 
basis of the number of lanes that are blocked by the incident. If the incident is 
located on the shoulder or in the lanes associated with another movement m (i.e., 
Nic = 0), this term equals 1.0.  

Equation 29-27 is used for each movement to estimate the saturation flow 
rate adjustment factor for incidents. If all lanes associated with a movement are 
closed because of the incident, an adjustment factor of 0.10 is used. This 
approach effectively closes the lane but does not remove it from the intersection, 
as described in the dataset.  

Step 5: Compute Saturation Flow Rate for Intersections 
During this step, the saturation flow rate for each intersection movement is 

adjusted by using the factors computed in Steps 2 and 4. The weather adjustment 
factor is applied to all movements at all intersections. The incident adjustment 
factor is applied only to the movements affected by an incident. 

The weather and incident factors are multiplied by the saturation flow rate in 
the dataset to produce a revised estimate of the saturation flow rate. 

Step 6: Compute Traffic Demand Volumes 

Adjust Movement Volumes 
During this step, the volume for each movement is adjusted by using the 

appropriate hour-of-day, day-of-week, and month-of-year factors to estimate the 
average hourly flow rate for the subject analysis period. The following equation 
is used for this purpose: 

where 

 vint(i),j,h,d = adjusted hourly flow rate for movement j at intersection i during 
hour h and day d (veh/h), 

Equation 29-29 
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vinput,int(i),j = movement j volume at intersection i (from base dataset or alternative 
dataset) (veh/h), 

 fhod,h,d = hour-of-day adjustment factor based on hour h and day d, 

 fdow,d = day-of-week adjustment factor based on day d, 

 fmoy,d = month-of-year adjustment factor based on day d,  

 fhod,input = hour-of-day adjustment factor for hour and day associated with vinput, 

 fdow,input = day-of-week adjustment factor for day associated with vinput, and 

 fmoy,input = month-of-year adjustment factor for day associated with vinput.  

If a 15-min analysis period is used, the adjusted hourly flow rate is applied to 
all four analysis periods coincident with the subject hour h. Equation 29-29 is also 
used to adjust the volumes associated with each unsignalized access point on 
each segment. 

Random Variation Among 15-min Periods 
If a 15-min analysis period is used, the analyst has the option of adding a 

random element to the adjusted hourly volume for each movement and analysis 
period. Doing so provides a more realistic estimate of performance measure 
variability. However, it ensures that every analysis period is unique (thereby 
lessening the likelihood that similar scenarios can be found for the purpose of 
reducing the total number of scenarios to be evaluated). If this option is applied, 
the turn movement volumes at each signalized intersection are adjusted by using 
a random variability based on the peak hour factor. Similarly, the turn 
movement volumes at each unsignalized access point are adjusted by using a 
random variability based on a Poisson distribution. 

If the analyst desires to add a random element to the adjusted hourly 
volume, the first step is to estimate the demand flow rate variability adjustment 
factor with the following equation: 

where  

 fint(i),j,h,d = adjustment factor used to estimate the standard deviation of demand 
flow rate for movement j at intersection i during hour h and day d, 

 PHFint(i) = peak hour factor for intersection i, and 

 vint(i),j,h,d = adjusted hourly flow rate for movement j at intersection i during 
hour h and day d (veh/h). 

The second step is to compute the randomized hourly flow rate for each 
movement at each signalized intersection with the following equation: 

Equation 29-30 

Equation 29-31 
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where  

 v*int(i),j,ap,d = randomized hourly flow rate for movement j at intersection i 
during analysis period ap and day d (veh/h), 

gamma–1(p,μ,σ) = value associated with probability p for cumulative gamma 
distribution with mean μ and standard deviation σ, 

 Rfap,d = random number for flow rate for analysis period ap and day d, 

 vint(i),j,h,d = adjusted hourly flow rate for movement j at intersection i 
during hour h and day d (veh/h), and 

 fint(i),j,h,d = adjustment factor used to estimate the standard deviation of 
demand flow rate for movement j at intersection i during hour 
h and day d. 

Similarly, the following equations are used to compute the randomized 
hourly flow rates for each unsignalized access point. The first equation is used if 
the adjusted hourly flow rate is 64 veh/h or less. The second equation is used if 
the flow rate exceeds 64 veh/h. 

If vint(i),j,h,d ≤ 64 veh/h, 

Otherwise,  

where 

 v*int(i),j,ap,d = randomized hourly flow rate for movement j at intersection i 
during analysis period ap and day d (veh/h), 

 Poisson–1(p,μ) =  value associated with probability p for the cumulative Poisson 
distribution with mean μ, 

 Rfap,d = random number for flow rate for analysis period ap and day d, 

 vint(i),j,h,d = adjusted hourly flow rate for movement j at intersection i 
during hour h and day d (veh/h), and 

normal–1(p,μ,σ) = value associated with probability p for a cumulative normal 
distribution with mean μ and standard deviation σ. 

Step 7: Compute Speed for Segments 

Additional Delay 
During this step, the effect of incidents and weather on segment speed is 

determined. This effect is added to the HCM dataset as an additional delay 
incurred along the segment. The variable dother in Equation 18-7 is used with this 
approach. This additional delay is computed with the following equations: 

Equation 29-32 

Equation 29-33 

Equation 29-34 
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with 

where 

 dother,seg(i),n,ap,d =  additional delay for the direction of travel served by NEMA 
phase n (n = 2, 6) on segment i during analysis period ap and 
day d (s/veh), 

 Lseg(i) = length of segment i (ft), 

 Sfo,seg(i),n = base free-flow speed for the direction of travel served by 
NEMA phase n on segment i (ft/s), 

 S*fo,seg(i),n,ap,d =  adjusted base free-flow speed for the direction of travel served 
by NEMA phase n on segment i during analysis period ap and 
day d (ft/s), 

 fs,rs,ap,d = free-flow speed adjustment factor for rainfall or snowfall 
during analysis period ap and day d, 

 bic,seg(i),n,ap,d =  calibration coefficient based on incident severity on leg 
associated with NEMA phase n at intersection i during 
analysis period ap and day d,  

 No,seg(i),n = number of lanes serving direction of travel served by NEMA 
phase n on segment i (ln), 

 Ipdo,seg(i),n,ap,d =  indicator variable for property-damage-only (PDO) crash in 
the direction of travel served by NEMA phase n on segment i 
during analysis period ap and day d (= 1.0 if PDO crash, 0.0 
otherwise), 

 Ifi,seg(i),n,ap,d = indicator variable for fatal-or-injury crash in the direction of 
travel served by NEMA phase n on segment i during analysis 
period ap and day d (= 1.0 if fatal-or-injury crash, 0.0 
otherwise), and 

 Iother,seg(i),n,ap,d =  indicator variable for noncrash incident in the direction of 
travel served by NEMA phase n on segment i during analysis 
period ap and day d (= 1.0 if noncrash incident, 0.0 otherwise). 

The delay estimated from Equation 29-34 is added to the value of the “other 
delay” variable in the dataset to produce a combined “other delay” value for 
segment running speed estimation. 

Segment Lane Closure 
If an incident is determined to be located in one or more lanes, the variable 

for the number of through lanes on the segment is reduced accordingly. This 
adjustment is made for the specific segment and direction of travel associated 
with the incident. 

Equation 29-35 

Equation 29-36 
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The variable indicating the number of major-street through lanes at each 
unsignalized access point is reduced in a similar manner when the incident 
occurs on a segment and closes one or more lanes. This adjustment is made for 
each access point on the specific segment affected by the incident. 

Step 8: Adjust Critical Left-Turn Headway 
Research (1) indicates that the critical headway for left-turn drivers increases 

by 0.7 to 1.2 s, depending on the type of weather event and the opposing lane 
associated with the conflicting vehicle. The recommended increase in the critical 
headway value for each weather condition is listed in Exhibit 29-5. 

Weather Condition Additional Critical Left-Turn Headway (s) 
Clear, snow on pavement 0.9 
Clear, ice on pavement 0.9 
Clear, water on pavement 0.7 
Snowing 1.2 
Raining 0.7 

Step 9: Save Scenario Dataset 
During this step, the dataset with the updated values is saved for evaluation 

in the next stage of the reliability methodology. One dataset is saved for each 
analysis period (i.e., scenario). 

Exhibit 29-5 
Additional Critical Left-Turn 
Headway due to Weather 
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3.  SUSTAINED SPILLBACK PROCEDURE 

This section describes a procedure for using the methodologies described in 
Chapter 16, Urban Street Facilities, and Chapter 18, Urban Street Segments, to 
evaluate a facility with spillback in one or more travel directions on one or more 
segments.  

The discussion in this section addresses sustained spillback. Sustained 
spillback occurs as a result of oversaturation (i.e., more vehicles discharging from 
the upstream intersection than can be served at the subject downstream 
intersection). The spillback can exist at the start of the study period, or it can 
occur at some point during the study period. Spillback that first occurs after the 
study period is not addressed.  

OVERVIEW OF THE PROCEDURE 
The effect of spillback on traffic flow is modeled through an iterative process 

that applies the urban street segments methodology to each segment of the 
subject urban street facility. If spillback occurs on a segment, the discharge rate of 
each traffic movement entering the segment is reduced so that (a) the number of 
vehicles entering the segment equals the number of vehicles exiting the segment 
and (b) the residual queue length equals the available queue storage distance. 

The approach used to model spillback effects is similar to the technique used 
for multiple time period analysis, as described in the subsection Multiple Time 
Period Analysis in Section 3 of Chapter 18. However, in this application, a single 
analysis period is divided into subperiods for separate evaluation. Each 
subperiod is defined by using the following rules:  

 The first subperiod starts with the start of the analysis period. 

 The current subperiod ends (and a new subperiod starts) with each new 
occurrence of spillback on the facility. 

 The total of all subperiod durations must equal the original analysis 
period duration. 

As with the multiple-time-period analysis technique, the residual queue 
from one subperiod becomes the initial queue for the next subperiod. When all 
subperiods have been evaluated by using the urban street segments 
methodology, the performance measures for each subperiod are aggregated for 
the analysis period with a weighted-average technique, where the weight is the 
volume associated with the subperiod. 

Section 3 of Chapter 30, Urban Street Segments: Supplemental, describes a 
“spillback check” procedure for determining whether queue spillback occurs on 
a segment during a given analysis period. That procedure also predicts the 
controlling time until spillback. This time is used in the sustained spillback 
procedure to determine when the current subperiod ends. 

Section 3 of Chapter 30 also describes a procedure for predicting the effective 
average vehicle spacing. This spacing is used in the sustained spillback procedure 
to determine the maximum queue storage in a turn bay and along a segment. 
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COMPUTATIONAL STEPS 
This subsection describes the sequence of computational steps that culminate 

in the calculation of facility performance for a specified analysis period. The 
input data requirements for this procedure are the same as for the urban street 
segments methodology (hereafter referred to as the “methodology”). 

Step 1: Initialize Variables 
Set the original analysis period variable To equal to the analysis period T that 

is input by the analyst. Set the total time variable Ttotal,0 equal to zero and the 
subperiod counter k to 0. 

Step 2: Implement the Methodology 
The methodology is used in this step to evaluate each segment on the facility. 

The analysis period duration used in the methodology is computed as T = To – 
Ttotal,k. Increase the value of the subperiod counter k by 1. Hence, for the first 
subperiod (k = 0), the analysis period duration T equals To (i.e., T = To – 0.0). 

Step 3: Check for Spillback  
During this step, the results from Step 2 are examined to determine whether 

there is a new occurrence of spillback. One direction of travel on one segment is 
considered a “site.” Each site is checked in this step. Any site that has 
experienced spillback during a previous subperiod is not considered in this step.  

The predicted controlling time until spillback is recorded in this step. If 
several sites experience spillback, the time of spillback that is recorded is based 
on the site experiencing spillback first. The site that experiences spillback first is 
flagged as having spilled back. The controlling time until spillback for the 
subperiod Tcs,k is set equal to the time until spillback for this site. The total time 
variable is computed with the following equation. It represents a cumulative 
total time for the current and all previous subperiods. 

where 

 Ttotal,k = total analysis time for subperiods 0 to k (h), and 

 Tcs,k = controlling time until spillback for the subperiod k (h). 

If spillback does not occur, the performance measures from Step 2 are saved 
by using the procedure described in a subsequent subsection. The analyst then 
proceeds to Step 10 to determine the aggregate performance measures for the 
analysis period. 

Step 4: Implement the Methodology to Evaluate a Subperiod 
At the start of this step, the analysis period is set equal to the controlling time 

determined in Step 3 (i.e., T = Tcs,k). All other input variables remain unchanged. 
Then, the methodology is implemented to evaluate the facility. The performance 
measures from this evaluation are saved by using the procedure described in a 
subsequent subsection. 

Equation 29-37 
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Step 5: Prepare for the Next Subperiod by Determining the Initial 
Queue 

During this step, the input data are modified by updating the initial queue 
values for all movement groups at each intersection. This modification is 
necessary to prepare for a new evaluation of the facility for the next subperiod. 
The initial queue for each movement group is set to the estimated residual queue 
from the previous evaluation.  

The initial queue values for the movement groups at the downstream 
intersection that exit each segment are checked by comparing them with the 
available queue storage distance. The storage distance for the left-turn movement 
group is computed with the following equation. The storage distance for the 
right-turn movement group is computed with a variation of this equation. 

where 

 Nqx,lt,n,k = maximum queue storage for left-turn movement group during 
subperiod k (veh),  

 La,thru = available queue storage distance for the through movement (ft),  

 La,lt = available queue storage distance for the left-turn movement (ft),  

 Nlt = number of lanes in the left-turn bay (ln), and 

 L*
h,k = effective average vehicle spacing in stationary queue during 

subperiod k (ft/veh). 

The available queue storage distance for the through movement equals the 
segment length less the width of the upstream intersection. For turn movements 
served from a turn bay, this length equals the length of the turn bay. For turn 
movements served from a lane equal in length to that of the segment, the queue 
storage length equals the segment length less the width of the upstream 
intersection. 

The maximum queue storage for the through movement group is computed 
with the following equation: 

where 

 Nqx,thru,n,k = maximum queue storage for through movement group during 
subperiod k (veh), and 

 Nth = number of through lanes (shared or exclusive) (ln). 

The initial queue for each movement group exiting a segment is compared 
with the maximum queue storage values. Any initial queue that exceeds the 
maximum value is set to equal the maximum value. 

Equation 29-38 

Equation 29-39 
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Step 6: Prepare for the Next Subperiod by Determining the Saturation 
Flow Rate Adjustment 

During this step, the saturation flow rate is recomputed for movement 
groups entering the site identified in Step 3 as having spillback. This 
modification is necessary to prepare for a new evaluation of the facility during 
the next subperiod.  

The process of recomputing this saturation flow rate uses an iterative loop. 
The loop converges when the saturation flow rate computed for each upstream 
movement is sufficiently small that the number of vehicles entering the spillback 
segment just equals the number of vehicles that leave the segment. A “spillback” 
saturation flow rate adjustment factor fsp is computed for each movement to 
produce this result. Its value is set to 1.0 at the start of the first loop (i.e., fsp,0 = 1.0).  

The process begins by setting the analysis time to equal the time remaining 
in the original analysis period (i.e., T = To – Ttotal,k).  

The next task is to compute the estimated volume arriving to each movement 
exiting the segment at the downstream signalized intersection (i.e., the adjusted 
destination volume). This calculation is based on the origin–destination matrix 
and discharge volume for each movement entering the segment. These quantities 
are obtained from the variables calculated by using the methodology, as 
described in Section 2 of Chapter 30. The adjusted destination volume is 
computed with the following equation: 

where 

 Da,j,k  = adjusted volume for destination j ( j = 1, 2, 3, 4) for subperiod k 
(veh/h), and 

 vod,i,j,k  = volume entering from origin i and exiting at destination j for 
subperiod k (veh/h). 

The letters j and i in Equation 29-40 denote the following four movements: 
1 = left turn, 2 = through, 3 = right turn, and 4 = combined midsegment access 
points.  

The next task is to compute the proportion of Da,j,k coming from upstream 
origin i. These proportions are computed with the following equation: 

where bi,j,k is the proportion of volume at destination j that came from origin i for 
subperiod k (veh/h). 

The next task is to estimate the maximum discharge rate for each upstream 
movement. This estimate is based on consideration of the capacity of the 
downstream movements exiting the segment and their volume. When the 
segment has incurred spillback, the capacity of one or more of these exiting 
movements is inadequate relative to the discharge rates of the upstream 
movements entering the segment. The computed maximum discharge rate is 

Equation 29-40 

Equation 29-41 
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intended to indicate the amount by which each upstream movement’s discharge 
needs to be limited so that there is a balance between the number of vehicles 
entering and exiting the segment. The following equation is used for this 
purpose. It is applied to each of the four upstream entry movements i. 

with 

where 

 dvu,i,k  = maximum discharge rate for upstream movement i for subperiod k 
(veh/h),  

 cd,j,k  = capacity at the downstream intersection for movement j for 
subperiod k (veh/h), and 

 fxi,2,k  = volume adjustment factor for origin i for subperiod k. 

The factor fx is the ratio of two quantities. The numerator is the downstream 
through capacity that is available to the upstream through movement. The 
denominator is the volume entering the segment as a through movement and 
exiting as a through movement. The ratio is used to adjust the exiting turn 
movement and access point volumes so that they are reduced by the same 
proportion as is the volume for the exiting through movement. 

The product bi,j,k × cd,j,k represents the maximum discharge rate for entry 
movement i that can be destined for exit movement j such that the origin–
destination volume balance is maintained and the exit movement’s capacity is 
not exceeded. It represents the allocation of a downstream movement’s capacity 
to each of the upstream movements that use that capacity, where the allocation is 
proportional to the upstream movement’s volume contribution to the 
downstream movement volume. 

The capacity for the combined set of access points is unknown and is 
unlikely to be the source of spillback. Hence, this capacity is not considered in 
Equation 29-42. 

The next task is to estimate the saturation flow rate adjustment factor for the 
movements at the upstream signalized intersection. The movements of interest 
are those entering the subject segment. The following equation is used for this 
purpose: 

Equation 29-42 

Equation 29-43 

Equation 29-44 
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where 

 fsp,i,k,l  = adjustment factor for spillback for upstream movement i for iteration 
l in subperiod k,  

 cu,i,k  = capacity at the upstream intersection for movement i for subperiod k 
(veh/h), and 

 fms,i,k  = adjustment factor for downstream lane blockage for movement i for 
subperiod k. 

The adjustment factor is shown to have a subscript l indicating that the factor 
value is refined through an iterative process where the factor computed in a 
previous iteration is updated by using Equation 29-44. 

In theory, the exponent associated with the ratio in parentheses should be 
1.0. However, an exponent of 0.5 was found to provide for a smoother 
convergence to the correct factor value. 

The procedure for calculating the adjustment factor for downstream lane 
blockage fms is described in Section 3 of Chapter 30, Urban Street Segments: 
Supplemental. This adjustment factor is incorporated into the spillback factor (as 
shown in Equation 29-44) for segments with spillback. 

The last task of this step is to adjust the access point entry volumes. The 
following equation is used for this purpose. One factor is computed for each 
access point movement that departs from the access point and enters the 
direction of travel with spillback. 

where fap,m,n,i,k,p is the access point volume adjustment factor for movement i at 
access point n of site m for iteration p in subperiod k. The access point volume 
adjustment factors are used to adjust the volume entering the segment at each 
access point. 

Step 7: Implement the Methodology to Evaluate the Remaining Time 
The methodology is implemented in this step to evaluate each segment on 

the facility. The analysis period was set in Step 6 to equal the time remaining in 
the original analysis period. The saturation flow rate of each movement 
influenced by spillback is adjusted by using the factors quantified in Step 6. 

Step 8: Compute the Queue Prediction Error 
During this step, the predicted residual queue for each movement group is 

compared with the maximum queue storage. This distance is computed with the 
equations described in Step 5. Any difference between the predicted and 
maximum queues is considered a prediction error. If the sum of the absolute 
errors for all movements is not equal to a small value, the analysis returns to 
Step 6. 

Step 9: Check the Total Time of Analysis 
During this step, the total time of analysis Ttotal,k is compared with the original 

analysis period To. If they are equal, the analysis continues with Step 10.  

Equation 29-45 
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If the two times are not in agreement, the access point volumes are restored 
to their original value and then multiplied by the most current access point 
volume adjustment factor. The analysis then returns to Step 2. 

Step 10: Compute the Performance Measure Summary 
During this step, the average value of each performance measure is computed. 

The value is a representation of the average condition for the analysis period. For 
uniform delay at one intersection, it is computed with the following equation: 

where 

 d1,i,j  = uniform delay for lane group j at intersection i (s/veh),  

 d1,agg,i,j,all  = aggregated uniform delay for lane group j at intersection i for all 
subperiods (s/veh), 

 To = analysis period duration for the first subperiod (h), and 

 vi,j  = demand flow rate for lane group j at intersection i (veh/h). 

A variation of Equation 29-46 is used to compute the average value for the 
other intersection performance measures of interest. The equations for 
computing the aggregated uniform delay are provided in the next subsection. 

The following equation is used to compute the average running time for one 
site, where a site is one direction of travel on one segment: 

where 

 tR,m  = segment running time for site m (s),  

 tR,agg,m,all  = aggregated segment running time for site m for all n subperiods (s), 
and 

 wthru,m,k  = weighting factor for site m for subperiod k (veh). 

A variation of Equation 29-47 is used to compute the average value for the 
other intersection performance measures of interest. The term in the 
denominator of Equation 29-47 equals the total through volume during the 
analysis period. The equations for computing the aggregated segment running 
time and weighting factor are provided in the next subsection. 

PROCEDURE FOR SAVING PERFORMANCE MEASURES 
The performance measures computed by using the methodology are saved at 

selected points within the spillback procedure. These measures correspond to a 
specific subperiod of the analysis period. Each measure is “saved” by 
accumulating its value for each subperiod. This sum is then used to compute an 
average performance measure value during the last step of the procedure. 

Equation 29-46 

Equation 29-47 
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The following equation is used to save the computed uniform delay for one 
intersection lane group. The computed delay represents a cumulative total time 
for the current and all previous subperiods. 

with 

where 

 d1,agg,i,j,k  = aggregated uniform delay for lane group j at intersection i for 
subperiods 0 to k (s/veh), 

 d1,i,j,k  = uniform delay for lane group j at intersection i for subperiod k 
(s/veh), 

 wi,j,k  = weighting factor for lane group j at intersection i for subperiod k 
(veh), and 

 vi,j,k  = demand flow rate for lane group j at intersection i for subperiod k 
(veh/h). 

The weighting factor represents the number of vehicles arriving during the 
analysis period for the specified lane group. 

A variation of Equation 29-48 is also used to compute the aggregated values 
of the following performance measures at each intersection: 

 Incremental delay, 

 Initial queue delay, 

 Uniform stop rate, 

 Incremental stop rate based on second-term back-of-queue size, and 

 Initial queue stop rate based on third-term back-of-queue size. 

The following equation is used to save the computed running time for one 
site, where a site is one direction of travel on one segment: 

with 

where 

 tR,agg,m,k  = aggregated segment running time for site m for subperiods 0 to k (s), 

 tR,m,k  = segment running time for site m for subperiod k (s), 

 wthru,m,k  = weighting factor for site m for subperiod k (veh), 

 vt,i,j,k  = demand flow rate in exclusive through lane group j at intersection i 
for subperiod k (veh/h/ln), 

 Nt,i,j  = number of lanes in exclusive through lane group j at intersection i 
(ln), 

Equation 29-48 

Equation 29-49 

Equation 29-50 

Equation 29-51 
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 vsl,i,j,k  = demand flow rate in shared left-turn and through lane group j at 
intersection i for subperiod k (veh/h), 

 vsr,i,j,k  = demand flow rate in shared right-turn and through lane group j at 
intersection i for subperiod k (veh/h), 

 PL,i,j,k  = proportion of left-turning vehicles in the shared lane group j at 
intersection i for subperiod k, and 

 PR,i,j,k  = proportion of right-turning vehicles in the shared lane group j at 
intersection i for subperiod k. 

When Equation 29-50 and Equation 29-51 are applied, the lane groups j and 
intersection i are located at the downstream end of the subject site m. The 
weighting factor represents the number of through vehicles arriving at the 
downstream intersection as a through movement during the analysis period. 

A variation of Equation 29-50 is also used to compute the aggregated values 
of the following performance measures at each intersection: 

 Through movement delay, 

 Through movement stop rate, 

 Travel time at free-flow speed, and 

 Travel time at base free-flow speed. 

COMPUTATIONAL ENGINE DOCUMENTATION 
This section describes the logic flow of the sustained spillback procedure. 

The description uses a flowchart and linkage list to document the procedure’s 
implementation in the computational engine. 

The sequence of calculations in the spillback methodology is shown in 
Exhibit 29-6. It consists of several routines and two loops, one of which is an 
iterative loop with a convergence criterion.  

The urban street segments methodology is implemented at three separate 
points in the flowchart. Each point of implementation is indicated in the exhibit 
with a box that references the phrase “HCM methodology.” The engine 
documentation of this methodology is provided in Section 7 of Chapter 30, 
Urban Street Segments: Supplemental.  
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A description of the logic flow is as follows. The urban street segments 
methodology is initially implemented and the presence of spillback is checked. If 
spillback does not occur, the results are reported and the process is concluded. If 
spillback occurs on a segment, a subperiod is defined and the urban street 
segments methodology is reimplemented by using an analysis period that is 
shortened to equal the time until spillback.  

The iterative loop shown on the right side of the exhibit is called to quantify 
a saturation flow rate adjustment factor for each movement entering the segment 
with spillback. The value of this factor is determined to be that needed to limit 
the entry movement volume so that the residual queue on the segment does not 
exceed the available queue storage distance. 

Exhibit 29-6 
Spillback Procedure Flowchart 
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The main routines identified in Exhibit 29-6 are listed in Exhibit 29-7. The list 
provides more information about each routine’s function and the conditions for 
its use.  

Routine Description Conditions for Use 
SetupToSecondRun 

 
Find first segment to spill back (that 
has not previously spilled back) and 
reset the analysis time to equal the 
controlling spillback time. 

None 

SavePerformanceMeasures Save results from current evaluation 
with those from all prior subperiods (if 
any). 

None 

AdjustResidualQueue Set initial queue of next subperiod to 
equal the residual queue from the 
current subperiod. 

Apply to all intersections 
subjected to spillback in 
current subperiod. 

ComputeAdjustedCapacity Compute a saturation flow rate 
adjustment factor for all intersection 
and driveway movements subjected to 
spillback from a downstream 
intersection. 

Apply to all intersections 
subjected to spillback in 
current subperiod. 

ComputeQueueError Compare predicted queue length with 
available storage length for each 
movement experiencing spillback. 
Compute queue error as the absolute 
value of the difference between the 
predicted and available lengths. 

Apply to all segments 
experiencing spillback in 
current subperiod. 

  

Exhibit 29-7 
Sustained Spillback Module 
Routines 
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4.  USE OF ALTERNATIVE TOOLS 

This section presents examples using alternative traffic analysis tools that 
deal specifically with the limitations of the methodologies described in Chapters 
16 to 22. Both deterministic and stochastic tools are used for this presentation. 
The focus is on the motorized vehicle mode because alternative tools are applied 
more frequently to deal with motorized vehicle traffic. 

Several other chapters present examples covering the use of alternative tools 
to deal with the limitations of specific methodologies. These chapters are 
identified in the following list: 

 Chapter 27, Freeway Weaving: Supplemental, presents a simulation 
example that demonstrates the detrimental effect of queue backup from 
an exit ramp signal on the operation of a freeway weaving section. 

 Chapter 31, Signalized Intersections: Supplemental, presents simulation 
examples that demonstrate the effect of storage bay overflow, right-turn-
on-red operation, short through lanes, and closely spaced intersections. 

 Chapter 34, Interchange Ramp Terminals: Supplemental, presents a 
simulation example that demonstrates the effect of ramp-metering signals 
on the operation of a diamond interchange. Another simulation example 
examines the effect of the diamond interchange on the operation of a 
nearby intersection under two-way stop control. 

 Chapter 36, Concepts: Supplemental, demonstrates the use of individual 
vehicle trajectory analysis to examine cyclical queuing characteristics and 
to assess queue spillover into an upstream segment. 

The need to determine performance measures from an analysis of vehicle 
trajectories was emphasized in Chapter 7, Interpreting HCM and Alternative 
Tool Results, and Chapter 36, Concepts: Supplemental. Specific procedures for 
defining measures in terms of vehicle trajectories were proposed to guide the 
future development of alternative tools. Most of the examples presented in this 
section have applied existing versions of alternative tools and, therefore, do not 
reflect the proposed trajectory-based measures. 

This section consists of three main subsections. The first describes the base 
urban street facility used in the examples presented in the other two subsections. 
The second describes the use of alternative tools for signal timing design and 
evaluation. The third demonstrates the use of alternative tools in addressing 
some of the limitations of the HCM methodologies. 

BASIC EXAMPLE PROBLEM CONFIGURATION 
The base configuration for the examples in this section is shown in Exhibit 

29-8. Five signalized intersections are included with a spacing of 2,000 ft between 
the upstream stop lines of each intersection. Each intersection has the same 
layout, with two lanes for through and right-turn movements and one 150-ft-
long left-turn bay.  
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The phasing and demand flow rates for each intersection are shown in 
Exhibit 29-9. Leading protected phases are provided for all protected left turns. 
Intersections 1 and 5 have protected phases for all left turns. Intersections 2 and 4 
have only permitted left turns. Intersection 3 has protected left turns on the 
major street and permitted left turns on the minor street. 

Int. 
 Peak 15-min 

Adjusted Demand 
 

No. Movement Left Through Right Phasing Plan 

1 

 
Major st. 

 
Minor st. 

 
120 

 
120 

 
800 

 
600 

 
80 
 

80 
 

2 

 
Major st. 

 
Minor st. 

 
80 
 

80 

 
800 

 
600 

 
120 

 
120 

 

3 

 
Major st. 

 
Minor st. 

 
120 

 
80 

 
800 

 
600 

 
80 
 

120 
 

4 

 
Major st. 

 
Minor st. 

 
80 
 

80 

 
800 

 
600 

 
120 

 
120 

 

5 

 
Major st. 

 
Minor st. 

 
120 

 
120 

 
800 

 
600 

 
80 
 

80 
 

To simplify the discussion, the examples will focus on design and analysis 
features that are beyond the stated limitations of the urban street analysis 
procedures contained in Chapters 16 through 22. For example, pretimed control 
will be assumed here because the ability to deal with traffic-actuated control is 
not a limitation of the Chapter 19 signalized intersection analysis methodology. 
For the same reason, the analysis of complex phasing schemes that fall within the 
scope of the Chapter 19 procedures (e.g., protected-permitted phasing) will be 
avoided. Parameters that influence the saturation flow rate (e.g., trucks, grade, 
lane width, parking) will not be considered here because they are accommodated 
in other chapters.  

1 2 3 4 5

2,000 ft 2,000 ft 2,000 ft 2,000 ft

1 2 3 4 5

2,000 ft 2,000 ft 2,000 ft 2,000 ft

Exhibit 29-8 
Base Configuration for the 
Examples 

Exhibit 29-9 
Demand Flow Rates and 
Phasing Plan for Each 
Intersection  
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A symmetrical demand volume pattern will be used to facilitate 
interpretation of results. The demand volumes are assumed to be peak-hour 
adjusted. Fixed yellow-change and red-clearance intervals of 4 s and 1 s, 
respectively, will be assigned to all phases. Through-traffic phases and protected 
left-turn phases will be assigned minimum green times of 10 s and 8 s, 
respectively.  

SIGNAL TIMING PLAN DESIGN  
The methodologies in the HCM were developed to determine the 

performance of a roadway segment under specific conditions. In simple cases, 
the procedures may be applied in reverse for design purposes (e.g., determining 
the number of required lanes). In more complex situations requiring 
optimization of design parameters, the procedures must be applied iteratively 
within an external software structure. Some alternative tools provide this type of 
optimization structure and therefore offer a valuable extension of the HCM 
methodologies. The extent of HCM compatibility varies among tools. 

Two deterministic optimization tools are applied in this section. Each tool is 
used to illustrate a different approach for producing the signal timing 
parameters required by the procedures of Chapters 18 and 19. This discussion is 
not intended as a comprehensive tutorial on signal timing plan design (STPD). A 
more detailed treatment of this subject is available (3), which serves as a 
comprehensive guide to traffic signal timing and includes a discussion of the use 
of deterministic optimization tools. It represents a synthesis of traffic signal 
timing concepts and their application and focuses on the use of detection, related 
timing parameters, and effects on users at the intersection. 

Deterministic STPD Tools 
Several deterministic plan design tools are available commercially. Each tool 

represents a comprehensive package with its own computational and interface 
features. A typical tool configuration is illustrated in Exhibit 29-10. The following 
elements are included in the configuration: 

 The computational model, which performs the design, optimization, and 
analysis functions. Two components are included in the computational 
model. The first computes performance measures on the basis of specified 
input data and operating parameters. The second contains the 
optimization routines that seek a combination of operating parameters 
that will produce the best performance. 

 The data input editor, which organizes and facilitates the entry of traffic 
data and operating parameters to be supplied to the computational 
model. The data input editor establishes the “look and feel” of each tool. 
The details vary considerably among tools. For example, some tools offer 
the ability to compute saturation flow rates internally by using 
procedures similar to those prescribed in Chapter 19, Signalized 
Intersections. 
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 Import/export features, which facilitate communication of datasets 
between other applications and devices. These features are intended to 
enhance the productivity of each tool.  

 Direct links to other applications, such as microscopic simulation tools 
and fully HCM-compliant software. 

 Graphic displays, which provide insight into time–space relationships, 
queuing, and platoon propagation.  

 

The urban streets analysis procedures presented in the HCM deal with the 
operation of an urban street facility as a set of interconnected segments. Most of 
the commonly used STPD tools are configured to accommodate traffic control 
networks involving multiple intersecting routes. To simplify the discussion, the 
example presented here is limited to a single arterial route that will be analyzed 
as a system. 

Two widely used STPD tools will be applied to this example to illustrate 
their features and to show how they can be used to supplement the urban street 
facilities analysis procedures prescribed in this manual. Both tools are 
commercially available software products. More information about these tools 
can be found elsewhere (4, 5). The discussion in this section deals with the 
combination of features available from both tools without reference to a specific 
tool. 

Performance Measures 
Both STPD tools deal with performance measures that are computed by the 

procedures prescribed in this manual in addition to performance measures that 
are beyond the scope of those procedures. The performance measures covered in 
Chapters 16 and 18 include delay, stops, average speed, and queue length. The 
discussion of those measures in this section will focus on their use in STPD and 
not on comparison of the values computed by different methods.  

Several other measures beyond the scope of the HCM methodologies are 
commonly associated with signal timing plan design and evaluation. The 
following measures are derived from analysis of travel characteristics, including 
stops, delay, and queuing: 

Import/Export 

Data Input 
Editor Computational 
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Procedures 

Simulation Tools 
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Exhibit 29-10 
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Timing Design Tool 
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 Fuel consumption (gal/h), the amount of fuel consumed because of vehicle 
miles traveled, stops, and delay, as computed by a model specific to each 
tool; 

 Operating cost ($/h), the total cost of operation of all vehicles as computed 
by a model specific to each tool; and 

 Time jammed, the percentage of time that the queue on a link has backed 
up beyond the link limit. 

STPD tools also deal with a set of performance measures related to the 
quality of progression between intersections. These measures, all of which are 
outside of the HCM scope, have been defined in the literature or by developers 
of specific tools as follows: 

 Bandwidth is defined by the number of seconds during which vehicles 
traveling at the design speed will be able to progress through a set of 
intersections. Link bandwidth is the width of the progression band (in 
seconds) passing between adjacent intersections that define the link. 
Arterial bandwidth is the width of the progression band that travels the 
entire length of the arterial route. 

 Progression efficiency is the ratio of the arterial bandwidth to the cycle 
length. It thus represents the proportion of the cycle that contains the 
arterial progression band. Suggested upper limits for “poor,” “fair,” and 
“good” progression are 0.12, 0.24, and 0.36, respectively (5). Values above 
0.36 are characterized as “great” progression. 

 Progression attainability is the ratio of the arterial bandwidth to the shortest 
green time for arterial through traffic on the route. By definition, the 
arterial progression band cannot be greater than the shortest green time. 
Therefore, an attainability of 100% indicates that further improvement is 
only possible through the provision of additional green time. The need for 
fine-tuning is suggested for attainability values between 70% and 99%, 
with major changes needed for values below 70% (5). 

 Progression opportunities (PROS) are a measure of arterial progression 
quality that recognizes progression bands that are continuous between 
two or more consecutive links but do not travel the full length of the 
arterial. The number of PROS observed by a driver at any point in time 
and space is defined by the number of intersections that lie ahead within 
the progression band. The concept is based on the premise that driver 
perception of progression quality increases with the number of 
consecutive links that can be traversed within the progression band. The 
measure is accumulated in a manner similar to the score in a game of 
bowling, where success in one frame is passed on to the next frame to 
increase the total score if the success continues. More detailed information 
on the computation of PROS is available elsewhere (5). 

 Interference is expressed as the percentage of time that an arterial through 
vehicle entering a link on the green signal and traveling at the design 
speed will be stopped at the next signal. This measure is arguably an 
indication of poor perceived progression quality (5). 
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 Dilemma zone vehicles indicates the number of vehicles arriving on the 
yellow interval. Thus, it offers a potential safety-related measure. The 
computational details are described elsewhere (4). 

 The coordinatability factor (CF), while it is not strictly a performance 
measure as defined in this manual, is a measure of the desirability of 
coordinating two intersections on the basis of several factors including 
intersection spacing, speeds, and platoon formation. It is expressed as a 
relative value between 0 and 100. This measure is described in more detail 
elsewhere (4), where it is suggested that values above 80 indicate a 
definite need for coordination. 

Initial Timing Plan Design 
An initial timing plan design will first be performed by using one of the 

STPD tools. From the list of performance measures just discussed, fuel 
consumption will be chosen in this example as the performance measure for 
optimization. Other measures or combinations of measures could have been 
selected. No recommendation is implied in the selection of this particular 
measure. It serves this discussion because it supports an analysis of the trade-off 
between other measures such as stops and delay.  

A cycle length within a specified range must be selected first. Minimum and 
maximum cycle lengths of 80 and 120 s, respectively, will be used. The cycle 
optimization results are presented in Exhibit 29-11, which shows the effect of the 
cycle length on delay, stops, and fuel consumption as computed by the STPD. 
While delay and stops move in opposite directions, their combined effect 
suggests that the minimum fuel consumption will be reached with an 80-s cycle. 
This is not surprising because it is generally recognized that the optimal cycle 
length for balanced progression is twice the link travel time at the design speed, 
which is 2 × 34 = 68 s for a 2,000-ft link at 40 mi/h. However, 68 s is below the 
minimum cycle length constraint. On the basis of these results, an 80-s cycle will 
be selected for optimization of the other timing plan parameters. 

   
 (a) Stops Optimization (b) Delay Optimization 

  
 (c) Fuel Consumption Optimization  
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The split and offset optimization was carried out next. The resulting timing 
plan is shown in Exhibit 29-12. This table represents the initial timing plan to be 
investigated and refined.  

Intersection Offset Phase 1 Phase 2 Phase 3 Phase 4 Total 
1 0 13 29 13 25 80 
2 34 45 35   80 
3 3 13 33 34  80 
4 31 45 35   80 
5 78 13 29 13 25 80 

Notes: All times are in seconds. 
Offsets are referenced to the first arterial through-traffic phase. 

Initial Timing Plan Performance 
A summary of the performance measures for the initial timing plan is 

presented in Exhibit 29-13. Separate columns are included in this table for route 
totals, which include only the segments that make up the urban street facility as 
defined in Chapter 16, and system totals, which include the measures from the 
cross-street segments. Note that some of the performance measures reported in 
this table are also reported by the Chapter 16 methodology. While the STPD tool 
definitions and model structures are similar to the HCM (e.g., uniform and 
random components), no comparison of the values will be offered in this 
discussion because the focus is on the STPD and not on modeling differences. 

  System  Route 
Performance Measure Units Totals Totals 

Total travel veh-mi/h 4,927 3,063 
Total travel time veh-h/h 240 120 
Uniform delay veh-h/h 95 34 
Random delay veh-h/h 22 8 

Total delay veh-h/h 116 43 
Average delay s/veh 23.5 17.4 

Passenger delay p-h/h 140 51 
Uniform stops veh/h 12,893 5,576 
 Uniform stops % 72 63 
Random stops veh/h 1,277 440 
Random stops  % 7 5 

Total stops veh/h 14,171 6,016 
Total stops  % 79 68 

Links with d/c >1  0 0 
Links with queue overflow  0 0 

Time jammed % 0 0 
Period length s 900 900 
System speed mi/h 20.5 25.6 

Fuel consumption gal/h 387 195 
Operating cost $/h 3,063 1,049 

The initial timing plan design was based on minimizing fuel consumption as 
a performance measure. The signal progression characteristics of this design are 
also of interest. The progression characteristics will be examined in both 
numerical and graphics representations. The numbers are presented in Exhibit 
29-14 and are based on the progression performance measures that were defined 
earlier. The interference values indicate the proportion of time that a vehicle 
entering a link in the progression band would be stopped at the next signal. The 
PROS are accumulated from progression bands that pass through some adjacent 
signals along the route. The low progression efficiency and attainability and 

Exhibit 29-12 
Timing Plan Developed by 
Split and Offset Optimization 

Exhibit 29-13 
Performance Measures for the 
Initial Timing Plan 
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PROS values suggest that this design, while optimal in some respects, would not 
produce a very favorable motorist perception of progression quality. 

Performance Measure Westbound Eastbound Average 
Bandwidth efficiency 10% 5% 8% 

Progression attainability 28% 14% 21% 
Interference 9% 10%  

PROS 30% 28% 29% 

Adjustments to Improve Progression Quality 
Because of the low quality of progression, it is logical to revisit the initial 

design with the objective of maximizing progression quality instead of 
minimizing fuel consumption. The same cycle length range (80 to 120 s) was 
used for this purpose, and the runs were repeated with the objective of 
maximizing PROS. The maximum value of PROS was obtained with the same 
cycle length and phase times as the initial design. The progression performance 
measures associated with this timing plan are shown in Exhibit 29-15. These 
measures do not differ substantially from the initial design, nor do the offsets. 
The total PROS value increased from 29% to 30%, but the performance was 
somewhat better balanced by direction. Thus, there is not a large trade-off 
between the objectives of maximizing performance and maximizing progression 
quality in this case. 

A combination of factors peculiar to this example has led to the conclusion 
that the signal timing parameters for optimizing performance and progression 
are basically the same. The symmetry of the layout and phasing created a 
situation in which fuel consumption could be minimized by favoring either 
direction at the expense of the other. The balanced design was favored by the 
PROS optimization because it offered a minimal numerical advantage (30% 
versus 29%). One of the main reasons why both design approaches chose the 
lowest acceptable cycle length is that, as pointed out previously, the theoretical 
optimum cycle length was below the lowest acceptable cycle length.  

Performance Measure Westbound Eastbound Average 
Bandwidth efficiency 8% 8% 8% 

Attainability 21% 21% 21% 
Interference 9% 9%  

PROS 30% 30% 30% 

Time–Space Diagrams 
STPD tools typically produce graphic displays depicting progression 

characteristics. The most common display is the time–space diagram, which is 
well documented in the literature and understood by all practitioners. The time–
space diagram reflecting the initial design is shown in Exhibit 29-16. Note that, 
even though the traffic volumes are balanced in both directions, the design 
appears to favor the westbound (right-to-left) direction. Because of the symmetry 
of this example, a dual solution that yields the same performance but that favors 
the eastbound direction is likely to exist.  

Exhibit 29-14 
Progression Quality Measures 
for the Initial Design 

Exhibit 29-15 
Progression Quality Measures 
for the Improved Progression 
Design 
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The time–space diagram depicting the modified progression design is shown 
in Exhibit 29-17. This design shows a better balance between the eastbound and 
westbound directions. There is good progression into the system from both ends, 
but the band in both directions is halted at the center intersection. The PROS 
accumulation is evident in the bands that progress between some of the 
intersections.  

 

The difference between the initial and modified designs appears to be 
minimal. The modified design will be chosen for further investigation because it 
offers a better balance between the two directions. The offset changes for this 
design are presented in Exhibit 29-18. 

Intersection 
Initial 
Offsets 

Revised 
Offsets 

1 0 0 
2 34 30 
3 3 76 
4 31 30 
5 78 0 

The time–space diagram for this operation from another STPD tool is shown 
in Exhibit 29-19. The timing plan is the same as the plan that was depicted in 
Exhibit 29-17, but the format of the display differs slightly. Both the link band 
and the arterial band as defined previously are shown on this display. The 
individual signal phases are also depicted. Both types of time–space diagrams 
offer a manual adjustment feature whereby the offsets may be changed by 
dragging the signal display back and forth on the monitor screen. 

Exhibit 29-16 
Time–Space Diagram for the 
Initial Design 

Exhibit 29-17 
Time–Space Diagram for the 
Modified Progression Design 

Exhibit 29-18 
Offset Changes for the 
Modified Progression Design 
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Other Graphic Displays 
Other graphics formats are not as ubiquitous as the time–space diagram but 

can provide useful insights into the operation at and between intersections.  

Flow Profile Diagrams 
One example is the flow profile diagram, which is simply a plot of the flow 

rate over one complete cycle. Flow profiles may be created to portray either the 
arrival or the departure flows at a stop line.  

An example illustrating the use of flow profiles is presented in Exhibit 29-20. 
The eastbound segment between the first and second intersections is depicted in 
this example. The traffic inputs to this segment come from three independent 
movements at Intersection 1: southbound left, eastbound through, and 
northbound right. 

Four stages of the progress of traffic into and out of this segment are 
depicted in the exhibit: 

1. Uniform arrivals on external links: Each of the three movements entering the 
segment will arrive with a flow profile that is constant throughout the cycle 
because of the absence of platoon-forming phenomena on external links. 

2. Departures on the green signal: Each movement proceeds on a different 
phase and therefore enters the link at a different time. 

3. Propagation on the segment with platoon dispersion: Each of the three 
movements will be propagated downstream to the next signal by using a 
model that applies the design speed and incorporates platoon dispersion. 
Arrival of the platoons at the downstream end of the segment: The 
composite arrival profile is illustrated in the figure. The profile represents 
the sum of all of the movements entering the link. 

4. Departure on the green signal: The platoons are regrouped at this point into 
a new flow profile because of the effect of the signal. The extent of 

Exhibit 29-19 
Alternative Time–Space 
Diagram Format 
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regrouping will depend on the proportion of time that the signal is green. 
If a continuous green signal were displayed, the output flow profile 
would match the input flow profile exactly. 

 

The departure profile for this movement forms one input to the next link and 
is therefore equivalent to Stage 2 in the list above. The vehicles entering on 
different phases from the cross street must be added to this movement to form 
the input to the next segment as the process repeats itself throughout the facility.  

The preceding description of the accumulation, discharge, and propagation 
characteristics of flow profiles is of special interest to this discussion because the 
same models used by the STPD tool have been adopted by the analysis 

Southbound Left Eastbound Through Northbound Right 

Stage 1: Uniform arrivals on 
external links 

Stage 2: Departures 
on green signal 

Stage 3: Propagation on the segment with platoon dispersion 

Combined arrival profile at 
the next downstream 
signal 

Stage 4: Departure profile 
on the green signal 

Exhibit 29-20 
Example Illustrating the Use 
of Flow Profiles 
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procedures given in Chapter 18, Urban Street Segments. These procedures are 
described by Exhibit 30-3 through Exhibit 30-5 in Chapter 30, Urban Street 
Segments: Supplemental. Therefore, the graphical representations given in 
Exhibit 29-20 should be useful in facilitating understanding of the procedures 
prescribed in Chapter 18. 

Composite Flow Profiles 
Another form of flow profile graphics is illustrated in Exhibit 29-21. This 

text-based display offers a composite view of the flow profiles by showing the 
arrival and departure graphics on the same figure represented by different 
characters. The uniform arrival pattern from the external link is evident at the 
upstream intersection, which corresponds to Stages 1 and 2 of Exhibit 29-20. The 
effect of the platooned arrivals is also evident at the downstream intersection, 
corresponding to Stages 4 and 5. More details on interpreting the composite flow 
profiles are given elsewhere (5). 

   
 (a) Upstream Intersection (Uniform Arrivals) (b) Downstream Intersection (Platooned Arrivals) 

Queue Length Graphics 
The accumulation and discharge of queues can also be represented 

graphically in a manner that is consistent with the analysis procedures of 
Chapters 16 through 19. An example of graphics depicting the queue length 
throughout the cycle is presented in Exhibit 29-22. The upstream signal shows 
the familiar triangular shape that is the basis of the uniform delay equation. The 
downstream signal shows the effect of platooned arrivals on the length of the 
queue. 

    
 (a) Upstream Intersection Queue Length (b) Downstream Intersection 
 (Uniform Arrivals)  (Platooned Arrivals) 

Exhibit 29-21 
Composite Flow Profiles for 
the First Eastbound Segment 

Exhibit 29-22 
Variation of Queue Length 
Throughout the Signal Cycle 
for the First Eastbound 
Segment 
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Adding Flows and Queues to the Time–Space Diagram 
One useful display superimposes the flow profiles and queuing 

characteristics on the time–space diagram to give a complete picture of the 
operation of the facility. An example of this display representing the improved 
progression design is presented in Exhibit 29-23. The flow rates are represented 
by the density of the lines progressing between intersections at the design speed. 
The queues are represented by horizontal lines upstream of each intersection. 
From this diagram, the effect of the design on queue accumulation and discharge 
and on the propagation of flows between intersections can be visualized. 

 

Potential Improvements from Phasing Optimization 
The quality of progression in this example was improved from the initial 

design, but the results leave room for further improvement. For example, there 
are minimal arterial through bands. The current design was based on leading 
phases for all protected left turns. The operation might be improved by the 
application of lagging left-turn phases on some approaches. The procedures 
given in Chapter 18 are sensitive to the phase order. These procedures could be 
applied manually to seek a better operation. The use of STPD tools for this 
purpose will be demonstrated here because phasing optimization is internalized 
in the tools as a computational feature. 

Exhibit 29-23 
Time–Space Diagram with 
Flows and Queues 
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The phasing optimization process recommended changes at two of the five 
intersections. The phasing modifications are shown in Exhibit 29-24. Lead-lag 
phasing was applied at both intersections. As a result of the optimization, the 
arterial bandwidth increased from 6 to 16 s in both directions. The total signal 
delay decreased from 220 to 200 s/veh. The arterial speed increased from 22.1 to 
23.0 mi/h. Thus, the phasing optimization would improve both the progression 
quality and the operational performance of the route. The progression quality 
improvement is evident in the time–space diagram presented in Exhibit 29-25.  

 

 

The decision to implement lead-lag phasing involves many factors including 
safety and local preferences. This discussion has been limited to a demonstration 
of how STPD tools can be used in the assessment of the operational effects of 
phasing optimization as one input to the decision process. The suggested 
modifications will not be implemented in the balance of the examples. 

Original Phasing Optimized Phasing

Intersection 1

Intersection 5

Original Phasing Optimized Phasing

Intersection 1

Intersection 5

Exhibit 29-24 
Optimized Phasing 
Modifications 

Exhibit 29-25 
Time–Space Diagram for the 
Optimized Phasing Plan 
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DEMONSTRATION OF ALTERNATIVE TOOL APPLICATIONS 

Effect of Midsegment Parking Activities 
The HCM methodology in Chapter 18 recognizes midsegment activities such 

as cross-street entry between signals and access point density. A procedure is 
provided in the methodology for estimating the delay due to vehicles turning left 
or right into an access point approach. However, no procedures are included for 
estimating the delay or stops due to other causes such as pedestrian interference 
and parking maneuvers. Alternative tools must be used to assess these effects.  

This section will demonstrate the use of a typical microscopic simulation tool 
(6) to assess the effects of midsegment parking maneuvers on the performance of 
an urban street facility. The signal timing plan example from the previous section 
will be used for this purpose. The offsets will be modified first to create “ideal” 
progression in the eastbound direction at the expense of the westbound flow. 
The investigation will focus on the eastbound flow. The offsets and time–space 
diagram depicting this operation are shown in Exhibit 29-26. Offset 1 is 
referenced to the first phase for arterial through movements. Offset 2 is 
referenced to Phase 1. Their values will differ because of leading left-turn phases 
at some intersections. Different tools require different offset references. 

 

The treatment of parking maneuvers by the selected simulation tool is 
described in the tool’s user guide (6). The following parameters must be supplied 
for each segment that contains on-street parking spaces: 

 Beginning of the parking area with respect to the downstream end of the 
segment, 

Exhibit 29-26 
Time–Space Diagram Showing 
Ideal Eastbound Progression 

Signal 
Offset 

1 
Offset 

2 
1 0 0 
2 35 47 
3 63 68 
4 23 35 
5 57 56 
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 Length of the parking area, 

 Mean duration of a parking maneuver, and 

 Mean frequency of parking maneuvers. 

The occurrence and duration of parking maneuvers are randomized around 
their specified mean values. The parameters that will be used in this example are 
shown in Exhibit 29-27. 

Parameter Value 
Beginning of the parking area 200 ft from the downstream intersection 
Length of the parking area 1,600 ft (leaving 200 ft to the upstream 

intersection) 
Mean duration of a parking maneuver 30 s 
Mean frequency of parking maneuvers 0 veh/h (no parking maneuvers) 

60 veh/h  
120 veh/h  
180 veh/h  
240 veh/h  
Represents a range of approximately 15 min to 
60 min average parking duration 

The simulation runs covered 80 cycles of operation. Separate runs were made 
for each level of parking frequency. The default simulation parameters of the 
selected tool were used.  

The effect of the parking activity on travel time and delay is presented in 
Exhibit 29-28, which shows the total travel time for the facility as well as the two 
delay components of travel time (total delay and control delay). Each of the 
values represents the sum of the individual segment values. The graphs 
demonstrate that all of the relationships were more or less linear with respect to 
the parking activity level. 
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Effect of Parking Activity Level 
on Travel Time and Delay 
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The effect of the parking activity on stops is presented in Exhibit 29-29. For 
this example, the average percentage of stops for all eastbound vehicles increased 
from slightly more than 40% to slightly less than 60% throughout the range of 
parking activity levels. Both of these exhibits indicate that the simulation tool 
was able to extend the capability for analysis of urban street facilities beyond the 
stated limitations of the methodology presented in Chapter 16. 

 

Effect of Platooned Arrivals at a Roundabout 
Chapter 22, Roundabouts, describes a methodology for analyzing the 

operation of an isolated roundabout. Section 9 of Chapter 30, Urban Street 
Segments: Supplemental, describes a methodology for analyzing the operation of 
street segments bounded by roundabouts. Neither methodology explicitly 
accounts for the effect that platooned arrivals from a signal may have on 
roundabout operational performance. Therefore, the analysis of a roundabout as 
a part of a coordinated traffic control system is likely better accomplished with 
alternative tools. The alternative deterministic tools described earlier in this 
section do not deal explicitly with roundabouts in coordinated systems. Most 
simulation tools offer some roundabout modeling capability, although the level 
of modeling detail varies among tools.  

This subsection describes the use of a typical simulation tool (7) in analyzing 
a roundabout within the arterial configuration of the previous example in this 
section. For this purpose, Intersection 3 at the center of the system will be 
converted to a roundabout with two lanes on each approach. To simplify the 
discussion, a basic symmetrical configuration will be used, because the 
discussion will be limited to the effect of platooned arrivals on the operation. The 
design aspects of roundabouts are covered in Chapter 22, Roundabouts, with 
more details provided in Chapter 33, Roundabouts: Supplemental, and 
elsewhere (8). The default traffic modeling parameters of the simulation tool will 
be applied. The roundabout configuration is shown schematically in Exhibit 29-30. 
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This example will examine two STPDs that create substantially different 
platoon arrival characteristics on the arterial approaches to the roundabout. The 
time–space diagrams representing the two designs are shown in Exhibit 29-31. 
The first design provides simultaneous arrival of the arterial platoons from both 
directions. The second creates a situation in which one platoon will arrive in the 
first half of the cycle and the other will arrive during the second half. The two 
cases will be described as “simultaneous” and “alternating” platoon arrivals. 

   
 (a) Simultaneous Platoon Arrivals (b) Alternating Platoon Arrivals 

The platoon arrival characteristics can only be expected to influence the 
operation of a roundabout with relatively free-flowing traffic. While a two-lane 
roundabout could accommodate the demand volumes used in the previous 
examples in which the intersection was signalized, the initial simulation runs 
indicated enough queuing on all approaches to obscure the effect of the 
progression design. Since the focus of this example is on the effect of the adjacent 
signal timing plan, the demand volumes on the cross-street approaches to the 
roundabout will be reduced by 100 veh/h (approximately 17%) to provide a 
better demonstration of that effect. 

Exhibit 29-30 
Roundabout Configuration for 
Intersection 3 

Exhibit 29-31 
Time–Space Diagrams 
Showing Simultaneous and 
Alternating Platoon Arrivals at 
the Roundabout 



 Highway Capacity Manual: A Guide for Multimodal Mobility Analysis 

 
Use of Alternative Tools  Chapter 29/Urban Street Facilities: Supplemental 
Page 29-54  Version 6.0 

Ten simulation runs were performed for both progression designs, and the 
average values of the performance measures were used to compare the two 
designs. The performance measures illustrated in Exhibit 29-32 include delay and 
stops on all approaches to the roundabout and travel times on individual link 
segments and on the route as a whole. 

Movement Alternating Simultaneous Difference Percent 
Delay 

Major-street approaches 15.81 14.18  1.64 10.34 
Minor-street approaches 19.36 19.88 –0.52 –2.69 

Stops 
Major-street approaches 0.59 0.52  0.08 12.71 
Minor-street approaches 0.88 0.89 –0.01 –0.57 

Average Travel Times 
Through vehicles traveling 

the full route 250.60 237.74 12.86 5.13 

Approach links 58.06 56.30 1.76 3.03 
Exit links 50.76 45.66 5.10 10.05 

As a general observation, the simultaneous design performed noticeably 
better than did the alternating design on the major street, with a slight 
degradation to the cross-street performance. Travel times for vehicles traveling 
the full length of the facility were improved by about 5%. Travel times on the 
arterial segments entering and leaving the roundabout were improved by 3% 
and 10%, respectively.  

This example has demonstrated that the simulation tool was able to describe 
the effect of two signal progression schemes on the performance of a roundabout 
within a coordinated arterial signal system. The next example will deal with the 
same basic arterial layout except that the roundabout will be replaced by a two-
way STOP-controlled (TWSC) intersection. The platoon arrival types can be 
expected to have a greater influence on the TWSC operation than the roundabout 
because the effect is much more direct. Major-street vehicles always have the 
right-of-way over minor-street vehicles. Simultaneous platoons arriving from 
both directions will provide more opportunity for gaps in the major-street flow. 
Alternating platoons will keep major-street vehicles in the intersection for a 
greater proportion of time, thereby restricting cross-street access.  

The effect at a roundabout is much more subtle because minor-street vehicles 
have the right-of-way over major-street vehicles once they have entered the 
roundabout. With simultaneous arrivals, platoons from opposite directions assist 
each other by keeping the minor-street vehicles from entering and seizing control 
of the roadway. When there is no traffic from the opposite direction, as in the 
case of alternating arrivals, a major-street movement is more likely to encounter 
minor-street vehicles within the roundabout. This phenomenon explains the 10% 
improvement in performance for simultaneous arrivals in the roundabout 
example as indicated in Exhibit 29-32. 

  

Exhibit 29-32 
Performance Comparison for 
Simultaneous and Alternating 
Platoon Arrivals at a 
Roundabout 
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Queue Length Analysis Based on Vehicle Trajectories 
The HCM’s segment-based chapters provide deterministic procedures for 

estimating the extent of queue backup on either signalized or unsignalized 
approaches. Most of the procedures are sensitive to some degree to platoon 
formation from adjacent signals. Most provide estimates of the average back of 
queue (BOQ) and the expected BOQ at some level of probability.  

One additional queuing measure that can be derived from simulation is the 
proportion of time that the BOQ might be expected to extend beyond a specified 
point. This measure can be obtained directly from the analysis of individual 
vehicle trajectories by using the procedures set forth in Chapter 7, Interpreting 
HCM and Alternative Tool Results, and Chapter 36, Concepts: Supplemental. 
Those procedures will be applied in this example to examine the queuing 
characteristics on the minor-street approach to a TWSC intersection operating 
within a signalized arterial system. The criteria and procedures prescribed in 
Chapter 36 for identifying the onset and release from the queued state will be used.  

The same urban street configuration will be used for this purpose. The center 
intersection that was converted to a roundabout in the previous example will 
now be converted to TWSC. Because of the unique characteristics of TWSC, a few 
changes will have to be made to the configuration. TWSC capacities are lower 
than those of signals or roundabouts, so the minor-street demand volumes will 
have to be reduced. The two-lane approaches will be preserved, but the 
additional left-turn bay will be eliminated. The same two platoon arrival 
configurations (simultaneous and alternating) will be examined to determine 
their effect on the minor-street queuing characteristics. The signal timing plans 
from the roundabout example, as illustrated in Exhibit 29-31, will also be used 
here. Twelve cycles covering 960 s will be simulated for each case to be 
examined, and the individual vehicle trajectories will be recorded.  

Queuing Characteristics 
The first part of this example will demonstrate TWSC operation with an 

idealized scenario to provide a starting point for more practical examples. Two 
intersecting streams of through movements with completely uniform 
characteristics will be simulated. As many of the stochastic features of the 
simulation model as possible will be disabled. This is a highly theoretical 
situation with no real practical applications in the field. Its purpose is to provide 
a baseline for comparison. 

The formation of queues under these conditions is illustrated in Exhibit 29-
33, which shows the instantaneous BOQ for all time steps in the simulation. The 
cross-street entry volume was 600 veh/h in each direction, representing 
approximately the capacity of the approach. The cyclical operation is evident 
here, with 12 discernible cycles observed. Each cycle has a similar appearance. 
The differences among cycles are due to embedded stochastic features that could 
not be disabled.  
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The signal timing plan with simultaneous platoon arrivals should produce 
the most cyclical operation that could actually be observed in the field. This 
configuration was simulated by loading the minor street to near capacity levels 
as determined experimentally. The entry volume was 350 veh/h.  

The queuing results are shown in Exhibit 29-34. Some cyclical characteristics 
are still evident here, but they are considerably diminished from the idealized 
case. The loss of cyclical characteristics results from cross-street turning 
movements entering the segments at their upstream intersections and from the 
general stochastic nature of simulation modeling. 
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Exhibit 29-33 
Queuing Results for the 
Theoretical Example 

Exhibit 29-34 
Queuing Results for 
Simultaneous Platoons 
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The operation was simulated next with alternating platoon arrivals. Again 
the demand volumes were set to the experimentally determined approach 
capacity, which was 270 veh/h, or about 25% lower than the capacity with 
simultaneous platoons. The results are presented in Exhibit 29-35. Some further 
loss of cyclical properties due to the spreading of entry opportunities across a 
greater proportion of the cycle is observed here.  

 

The least cyclical characteristics would be expected from simulation of a 
completely isolated operation. The 2,000-ft link lengths were retained for this 
case, but no adjacent intersections existed. All other parameters remained the 
same, including the entry volume because the entry capacity for isolated 
operation was found to be the same as the case with alternating platoons.  

The results are presented in Exhibit 29-36. There are no cyclical 
characteristics here because there is no underlying cycle in the operation. Also, 
even with the same entry volume as the alternating platoon case, the peak BOQs 
are much lower. This is because the entry opportunities are distributed randomly 
in time instead of being concentrated at specific points in the cycle.  
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Back-of-Queue Assessment 
The discussion to this point has focused on instantaneous BOQs in an effort 

to understand the general nature of queuing under the conditions that were 
examined. With knowledge of the instantaneous BOQ values available from 
simulation, useful performance measures related to queuing can be produced 
from simulation. One such measure is the proportion of time that a queue would 
be expected to back up beyond a specified point. This concept is different from 
the probability of backup to that point normally associated with deterministic 
tools. The balance of the discussion will deal with the proportion of time with 
queue backup (PTQB) beyond a specified point. 

The three cases examined in this example were simulated with cross-street 
demand volumes of 80, 160, 240, 320, and 400 veh/h, and the PTQB 
characteristics were determined by simulation for each case. The results were 
plotted for a specified distance of 100 ft from the stop line as shown in Exhibit 29-
37. Each case is represented by a separate line that shows the percentage of time 
that the queue would be expected to back up beyond 100 ft from the stop line for 
each cross-street entry volume level. The simultaneous platoon case showed the 
lowest BOQ levels, starting with no time with BOQ beyond 100 ft below 240 
veh/h, and reached a value of nearly 90% of the time at the maximum volume of 
400 veh/h. Predictably, the isolated case was the most susceptible to queue 
backup, and the alternating platoon case fell somewhere in between. 
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This example has demonstrated the use of simulation to produce potentially 
useful queuing measures based on the analysis of individual vehicle trajectories. 
It has also demonstrated how simulation can be used to assess the queuing 
characteristics of a minor-street approach to a TWSC intersection operating in a 
coordinated signal environment.  
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5.  EXAMPLE PROBLEMS 

This section describes the application of the motorized vehicle, pedestrian, 
bicycle, and transit methodologies through a series of example problems. Exhibit 
29-38 provides an overview of these problems. The focus of the examples is to 
illustrate the multimodal facility evaluation process. An operational analysis 
level is used for all examples. The planning and preliminary engineering analysis 
level is identical to the operational analysis level in terms of the calculations 
except that default values are used when field-measured values are not available.  

Problem 
Number Description 

Analysis 
Level 

1 Automobile-oriented urban street Operational 
2 Widen the sidewalks and add bicycle lanes on both sides of facility Operational 
3 Widen the sidewalks and add parking on both sides of facility Operational 
4 Urban street reliability under existing conditions Operational 
5 Urban street reliability strategy evaluation Planning 

EXAMPLE PROBLEM 1: AUTOMOBILE-ORIENTED URBAN STREET 

The Urban Street Facility 
A 1-mi urban street facility is shown in Exhibit 29-39. It is located in a 

downtown area and oriented in an east–west travel direction. The facility 
consists of five segments with a signalized boundary intersection for each 
segment. Segments 1, 2, and 3 are 1,320 ft long and have a speed limit of 35 mi/h. 
Segments 4 and 5 are 660 ft long and have a speed limit of 30 mi/h. Each segment 
has two active access point intersections.  

 
Segments 1, 2, and 3 pass through a mixture of office and strip commercial. 

Segments 4 and 5 are in a built-up shopping area. 

The geometry of the typical street segment is shown in Exhibit 29-40. It is the 
same for each segment. The street has a curbed, four-lane cross section with two 
lanes in each direction. There is a 1.5-ft curb-and-gutter section on each side of 
the street. There are 200-ft left-turn bays on each approach to each signalized 
intersection. Right-turn vehicles share the outside lane with through vehicles on 
each intersection approach. A 6-ft sidewalk is provided on each side of the street 
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Example Problems 

Exhibit 29-39 
Example Problem 1: Urban 
Street Schematic 
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adjacent to the curb. No fixed objects are located along the outside of the 
sidewalk. Midsegment pedestrian crossings are legal. No bicycle lanes are 
provided on the facility or its cross streets. No parking is allowed along the 
street.  

 

The Question 
What are the travel speed and level of service (LOS) of the motorized vehicle, 

pedestrian, bicycle, and transit modes in both directions of travel along the 
facility? 

The Facts 
The traffic counts for one segment are shown in Exhibit 29-41. The counts are 

the same for all of the other segments. The counts were taken during the 15-min 
analysis period of interest. However, they have been converted to hourly flow 
rates.  

 

The signalization conditions are shown in Exhibit 29-42. The conditions 
shown are identified as belonging to Signalized Intersection 1; however, they are 
the same for the other signalized intersections (with the exception of offset). The 
signals operate with coordinated–actuated control. The left-turn movements on 
the northbound and southbound approaches operate under permitted control. 
The left-turn movements on the major street operate as protected–permitted in a 
lead–lead sequence. 

Exhibit 29-42 indicates that the passage time for each phase is 2.0 s. The 
minimum green setting is 5 s for the major-street left-turn phases and 18 s for the 
cross-street phases. The offset to Phase 2 (the reference phase) end-of-green 
interval is 0.0 s. The offset for each of the other intersections is shown in Exhibit 
29-39. A fixed-force mode is used to ensure that coordination is maintained. The 
cycle length is 100 s. 
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Exhibit 29-40 
Example Problem 1: Segment 
Geometry 

Exhibit 29-41 
Example Problem 1: 
Intersection Turn Movement 
Counts 
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Geometric conditions and traffic characteristics for Signalized Intersection 1 
are shown in Exhibit 29-43. They are the same for the other signalized 
intersections. The movement numbers follow the numbering convention shown 
in Exhibit 19-1 of Chapter 19. 

All intersection movements include 3% heavy vehicles. The segment and 
intersection approaches are effectively level. No parking is allowed along the 
facility or its cross-street approaches. With a few exceptions (discussed below), 
local buses stop on the eastbound and westbound approaches to each signalized 
intersection at a rate of 3 buses/h. 

Arrivals for all cross-street movements are effectively random, so a platoon 
ratio of 1.00 is used. The through movement arriving to the eastbound approach 
at Intersection 1 exhibits favorable progression from an upstream signal, so a 
platoon ratio of 1.33 is used. For similar reasons, a ratio of 1.33 is also used for 
the through movement arriving to the westbound approach at Intersection 6. 
Right-turn-on-red volume is estimated at 5.0% of the right-turn volume. 

Exhibit 29-42 
Example Problem 1: Signal 
Conditions for Intersection 1 
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Each segment has a barrier curb along the outside of the street in each 
direction of travel. With allowance for the upstream signal width, the percentage 
of the segment length with curb is estimated at 94% for Segments 1, 2, and 3. It is 
estimated as 88% for Segments 4 and 5.  

The traffic and lane assignment data for the two access point intersections for 
Segment 1 are shown in Exhibit 29-44. These data are the same for the other 
segments; however, the access point locations (shown in the first column) are 
reduced by one-half for Segments 4 and 5. The movement numbers follow the 
numbering convention shown in Exhibit 20-1 of Chapter 20, Two-Way STOP-
Controlled Intersections. There are no turn bays on the segment at the two access 
point intersections. 

 

A low wall is located along about 25% of the sidewalk in Segments 1, 2, and 
3. In contrast, 10% of the sidewalk along Segments 4 and 5 is adjacent to a low 
wall, 35% to a building face, and 15% to a window display. 

Office and strip commercial activity along Segments 1, 2, and 3 generates a 
pedestrian volume of 100 p/h on the adjacent sidewalks and crosswalks. 
Shopping activity along Segments 4 and 5 generates a pedestrian volume of 
300 p/h on the adjacent sidewalks and crosswalks. A lack of bicycle lanes has 
discouraged bicycle traffic on the facility and its cross streets; however, a bicycle 
volume of 1.0 bicycle/h is entered for each intersection approach. 

Local buses stop on the eastbound and westbound approaches to each 
signalized intersection, with the exception of Intersection 5. There are no stops on 
either approach to Intersection 5. However, transit stops are provided along the 
facility at 0.25-mi intervals, so the service is considered to be local. As a result, 

Approach
Movement L T R L T R L T R L T R
Movement number 5 2 12 1 6 16 3 8 18 7 4 14
Intersection Geometry  
Number of lanes 1 2 0 1 2 0 1 2 0 1 2 0
Lane assignment L TR n.a. L TR n.a. L TR n.a. L TR n.a.
Average lane width, ft 9.0 11.0 0.0 9.0 11.0 0.0 12.0 12.0 12.0 12.0
Number of receiving lanes 2 2 2 2
Turn bay or segment length, ft 200 0 200 200 1320 200 200 999 200 200 999
Traffic Characteristics 
Volume, veh/h 80 640 80 80 640 80 60 480 60 60 480 60
Right-turn-on-red volume, veh/h 4 4 3 3
Percent heavy vehicles, % 3 3 3 3 3 3 3 3 3 3 3 3
Lane utilization adjustment factor 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Peak hour factor 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Start-up lost time, s 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Extension of eff. green time, s 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Platoon ratio 1.000 1.333 1.000 1.333 1.000 1.000 1.000 1.000 1.000
Upstream filtering factor 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Pedestrian volume, p/h 100 100 100 100
Bicycle volume, bicycles/h 1 1 1 1
Opposing right-turn lane influence Yes Yes Yes Yes
Initial queue, veh 0 0 0 0 0 0 0 0 0 0 0
Speed limit, mi/h 35 35 35 35 35 35 35 35 35 35 35 35
Unsignalized movement volume, veh/h 0 0 0 0 0 0 0 0 0 0 0 0
Unsignalized movement delay, s/veh 0 0 0 0 0 0 0 0 0 0 0 0
Unsignalized mvmt. stop rate, stops/veh 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Approach Data Left Side Right Side Left Side Right Side Left Side Right Side Left Side Right Side
Parking present? No No No No No No No No
Parking maneuvers, maneuvers/h 0 0 0 0 0 0 0 0
Bus stopping rate, buses/h 3 3 0 0
Approach grade, % 0 0 0 0 0 0 0 0 0 0 0 0
Detection Data  
Stop line detector presence Presence Presence No det. Presence Presence No det. Presence Presence Presence Presence Presence No det.
Stop line detector length, ft 40 40 40 40 40 40 40 40 40 40 40 40

Intersection Data Worksheet
SouthboundEastbound Westbound Northbound

Access Point Input Data 
Access Approach
Point Movement L T R L T R L T R L T R
Location,ft Movement number 1 2 3 4 5 6 7 8 9 10 11 12

440 Volume, veh/h 38 684 38 39 702 39 49 0 48 48 0 49
West end Lanes 0 2 0 0 2 0 1 0 1 1 0 1

880 Volume, veh/h 39 702 39 38 684 38 48 0 49 49 0 48
Lanes 0 2 0 0 2 0 1 0 1 1 0 1

SouthboundNorthboundWestboundEastbound

Exhibit 29-43 
Example Problem 1: 
Geometric Conditions and 
Traffic Characteristics for 
Signalized Intersection 1 

Exhibit 29-44 
Example Problem 1: Access 
Point Data 
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the westbound transit frequency on Segment 5 and the eastbound transit 
frequency on Segment 4 are considered to be the same as for the adjacent 
segments (i.e., 3 buses/h). The bus dwell time at each stop averages 20 s. Buses 
arrive within 5 min of their scheduled time about 75% of the time and have a 
load factor of 0.80 passengers/seat. Each bus stop has a bench but no shelter. 

Outline of Solution 
This section outlines the results of the facility evaluation. To complete this 

evaluation, the motorized vehicle, pedestrian, and bicycle methodologies in 
Chapter 19 were used to evaluate each of the signalized intersections on the 
facility. The procedure in Chapter 20 was used to estimate delay for pedestrians 
crossing at a midsegment location. The motorized vehicle, pedestrian, bicycle, 
and transit methodologies in Chapter 18 were then used to evaluate both 
directions of travel on each segment. Finally, the methodologies described in 
Chapter 16 were used to evaluate all four travel modes in both directions of 
travel on the facility. The findings from each evaluation are summarized in the 
following three subparts. 

Intersection Evaluation 
The results of the evaluation of Intersection 1 (i.e., First Avenue) are shown 

in Exhibit 29-45. The results for Intersections 2, 3, and eastbound Intersection 4 
are similar. In contrast, Intersections 5 and 6 are associated with a shorter 
segment length, lower speed limit, and higher pedestrian volume, so their 
operation is different from that of the other intersections. The results for 
Intersection 5 (i.e., Fifth Avenue) are shown in Exhibit 29-46. Intersection 6 and 
westbound Intersection 4 have similar results.  

 

  

Intersection Approach
First Avenue Basic Description

Applicable lane assignments L TR n.a. L TR n.a. L TR n.a. L TR n.a.
Primary movement number 5 2 12 1 6 16 3 8 18 7 4 14
Vehicle volume, veh/h 80 640 80 80 640 80 60 480 60 60 480 60
Conflicting crosswalk volume, p/h 100 100 100 100
Bicycle volume, bicycle/h 1 1 1 1
Approach lanes, ln 1 2 0 1 2 0 1 2 0 1 2 0
Vehicle Level of Service

Int. delay, s/veh Volume-to-capacity ratio 0.17 0.33 0.33 0.15 0.33 0.33 0.37 0.62 0.62 0.37 0.62 0.62
20.4 Control delay, s/veh 7.78 5.75 5.78 7.06 13.43 13.78 43.24 34.18 34.26 43.24 34.18 34.26

Int. level of service Stop rate, stops/veh 0.27 0.20 0.20 0.26 0.48 0.50 0.85 0.77 0.77 0.85 0.77 0.77
C Level of service A A A A B B D C C D C C

Pedestrian Level of Service
Corner location Adjacent to Eastbound Adjacent to Westbound Adjacent to Northbound Adjacent to Southbound
Corner circulation area, ft2/p 93.7 93.7 93.7 93.7
Crosswalk location Crossing major Crossing major Crossing minor Crossing minor
Crosswalk circulation area, ft2/p 75.9 75.9 82.4 82.4
Pedestrian delay, s/p 42.3 42.3 42.3 42.3
Pedestrian LOS score 2.75 2.75 2.66 2.66
Level of service C C B B
Bicycle Level of Service
Bicycle delay, s/bicycle 5.8 13.8 34.3 34.3
Bicycle LOS score 3.72 3.72 2.87 2.87
Level of service D D C C

Intersection Evaluation Summary
Eastbound Westbound Northbound SouthboundExhibit 29-45 

Example Problem 1: 
Intersection 1 Evaluation 
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Both exhibits indicate that the major-street vehicular through movements 
(i.e., eastbound Movement 2 and westbound Movement 6) operate with very low 
delay and few stops. The LOS is A and B for the eastbound and westbound 
through movements, respectively. 

Pedestrian circulation area on the corners of Intersection 1 is generous, with 
pedestrians able to move in their desired path without conflict. Corner 
circulation area at Intersection 5 is restricted, with pedestrians having limited 
ability to pass slower pedestrians.  

At Intersection 1, the low pedestrian volume results in generous crosswalk 
circulation area. Pedestrians rarely need to adjust their path to avoid conflicts. In 
contrast, the high pedestrian volume at Intersection 5 results in a constrained 
crosswalk circulation area. Pedestrians frequently adjust their path to avoid 
conflict. At each intersection, pedestrians experience an average wait of about 
42 s at the corner to cross the street in any direction. This delay is lengthy, and 
some pedestrians may not comply with the signal indications. At Intersection 1, 
the pedestrian LOS is C for the major-street crossing and B for the minor-street 
crossing. At Intersection 5, the pedestrian LOS is B for the major-street and 
minor-street crossings. 

The lack of a bicycle lane combined with a moderately high traffic volume 
results in a bicycle LOS D on the eastbound and westbound approaches of 
Intersection 1 and Intersection 5. 

Segment Evaluation 
The results of the evaluation of Segment 1 (i.e., First Avenue to Second 

Avenue) are shown in Exhibit 29-47. The results for Segments 2 and 3 are similar. 
In contrast, Segments 4 and 5 are associated with a shorter segment length, lower 
speed limit, and higher pedestrian volume, so their operation is different from 
that of the other intersections. The results for Segment 5 (i.e., Fifth Avenue to 
Sixth Avenue) are shown in Exhibit 29-48. Segment 4 has similar results.  

  

Intersection Approach
Fifth Avenue Basic Description

Applicable lane assignments L TR n.a. L TR n.a. L TR n.a. L TR n.a.
Primary movement number 5 2 12 1 6 16 3 8 18 7 4 14
Vehicle volume, veh/h 80 640 80 80 640 80 60 480 60 60 480 60
Conflicting crosswalk volume, p/h 300 300 300 300
Bicycle volume, bicycle/h 1 1 1 1
Approach lanes, ln 1 2 0 1 2 0 1 2 0 1 2 0
Vehicle Level of Service

Int. delay, s/veh Volume-to-capacity ratio 0.16 0.34 0.34 0.16 0.34 0.34 0.36 0.62 0.62 0.36 0.62 0.62
20.0 Control delay, s/veh 7.89 8.39 7.99 7.79 9.71 9.38 43.12 33.87 34.01 43.12 33.87 34.01

Int. level of service Stop rate, stops/veh 0.29 0.30 0.28 0.29 0.34 0.33 0.86 0.77 0.78 0.86 0.77 0.78
B Level of service A A A A A A D C C D C C

Pedestrian Level of Service
Corner location Adjacent to Eastbound Adjacent to Westbound Adjacent to Northbound Adjacent to Southbound
Corner circulation area, ft2/p 14.8 14.8 14.8 14.8
Crosswalk location Crossing major Crossing major Crossing minor Crossing minor
Crosswalk circulation area, ft2/p 24.5 24.5 26.7 26.7
Pedestrian delay, s/p 42.3 42.3 42.3 42.3
Pedestrian LOS score 2.70 2.70 2.62 2.62
Level of service B B B B
Bicycle Level of Service
Bicycle delay, s/bicycle 8.7 10.0 34.0 34.0
Bicycle LOS score 3.72 3.72 2.87 2.87
Level of service D D C C

Intersection Evaluation Summary
Eastbound Westbound Northbound Southbound Exhibit 29-46 

Example Problem 1: 
Intersection 5 Evaluation 
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Exhibit 29-47 indicates that the vehicular through movements on Segment 1 
in the eastbound and westbound travel directions have a travel speed of 24 and 
23 mi/h, respectively (i.e., about 58% of the base free-flow speed). The LOS of 
each movement is C. In contrast, Exhibit 29-48 indicates that the through 
movements have a travel speed of only about 17 mi/h on Segment 5 (or 46% of 
the base free-flow speed), which is LOS D. Vehicles stop at a rate of about 
1.8 stops/mi on Segment 1 and about 2.7 stops/mi on Segment 5. 

Pedestrian space on the sidewalk along the segment is generous on 
Segment 1 and adequate on Segment 5. These characterizations are based on 
Exhibit 16-9 and an assumed dominance of platoon flow for Segments 4 and 5. 
Pedestrians on these sidewalks can walk freely without having to alter their path 
to accommodate other pedestrians. The segment travel speed (3.54 ft/s for 
Segment 1 and 3.18 ft/s for Segment 5) is adequate but would desirably exceed 
4.0 ft/s. Nevertheless, the sidewalk is near the traffic lanes, and crossing the street 

Segment Travel Direction
First Avenue Basic Description
to Speed limit, mi/h 35 35
Second Avenue Vehicle volume, veh/h 800 800

Through lanes, ln 2 2
Segment length, ft Vehicle Level of Service

1,320 Base free-flow speed, mi/h 40.9 40.9
Travel speed, mi/h 24.2 23.4
Spatial stop rate, stops/mi 1.72 1.93
Level of service C C
Pedestrian Level of Service
Pedestrian space, ft2/p 593.9 593.9
Pedestrian travel speed, ft/s 3.54 3.54
Pedestrian LOS score 3.48 3.48
Level of service C C
Bicycle Level of Service
Bicycle travel speed, mi/h 12.44 12.20
Bicycle LOS score 3.67 3.67
Level of service D D
Transit Level of Service
Transit travel speed, mi/h 12.8 12.4
Transit LOS score 3.17 3.20
Level of service C C

Eastbound Westbound
Segment Evaluation Summary

Segment Travel Direction
Fifth Avenue Basic Description
to Speed limit, mi/h 30 30
Sixth Avenue Vehicle volume, veh/h 800 800

Through lanes, ln 2 2
Segment length, ft Vehicle Level of Service

660 Base free-flow speed, mi/h 37.9 37.9
Travel speed, mi/h 17.6 17.4
Spatial stop rate, stops/mi 2.63 2.75
Level of service D D
Pedestrian Level of Service
Pedestrian space, ft2/p 153.3 153.3
Pedestrian travel speed, ft/s 3.18 3.18
Pedestrian LOS score 3.27 3.27
Level of service C C
Bicycle Level of Service
Bicycle travel speed, mi/h 11.37 11.26
Bicycle LOS score 3.67 3.67
Level of service D D
Transit Level of Service
Transit travel speed, mi/h 7.7 17.4
Transit LOS score 3.63 2.78
Level of service D C

Eastbound Westbound
Segment Evaluation Summary

Exhibit 29-47 
Example Problem 1: 
Segment 1 Evaluation 

Exhibit 29-48 
Example Problem 1: 
Segment 5 Evaluation 
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at a midsegment location can be difficult. As a result, the pedestrian LOS is C on 
all segments. 

The lack of a bicycle lane, combined with a moderately high traffic volume, 
results in a bicycle LOS D for both directions of travel on all segments. 

Transit travel speed is about 12 mi/h on Segment 1 and corresponds to 
LOS C. On Segment 5, the travel speed is about 8 mi/h and 17 mi/h in the 
eastbound and westbound directions, respectively. The low speed for the 
eastbound direction results in LOS D. The higher speed for the westbound 
direction is due to the lack of a westbound transit stop on Segment 5. It results in 
LOS C for this direction. 

Facility Evaluation 
The methodologies described in Chapter 16 were used to compute the 

aggregate performance measures for each travel direction along the facility. The 
results are shown in Exhibit 29-49. This exhibit indicates that the vehicle travel 
speed is about 22 mi/h in each travel direction (or 56% of the base free-flow 
speed). An overall LOS C applies to both vehicular movements on the facility; 
however, it is noted that LOS D applies to Segments 4 and 5. Vehicles incur stops 
along the facility at a rate of about 1.9 stops/mi. 

 

Pedestrian space on the sidewalk along the facility is generous. Pedestrians 
on the sidewalks can walk freely without having to alter their path to 
accommodate other pedestrians. The facility travel speed of about 3.4 ft/s is 
adequate but would desirably exceed 4.0 ft/s. Nevertheless, the sidewalk is near 
the traffic lanes, and crossing the street at a midsegment location can be difficult. 
As a result, the pedestrian LOS is C for both directions of travel. 

The lack of a bicycle lane, combined with a moderately high traffic volume, 
results in an overall bicycle LOS D for both directions of travel. 

Transit travel speed is about 12 mi/h on the facility in each direction of travel. 
An overall LOS C is assigned to each direction. The lower speed on westbound 

Travel Direction
Vehicle Level of Service 2 6
Base free-flow speed, mi/h 40.1 40.1
Travel speed, mi/h 22.6 22.2
Spatial stop rate, stops/mi 1.83 1.93

Facility length, ft Level of service C C
5,280 Poorest perf. segment LOS D D

Pedestrian Level of Service
Pedestrian space, ft2/p 298.6 298.6
Pedestrian travel speed, ft/s 3.4 3.4
Pedestrian LOS score 3.42 3.42
Level of service C C
Poorest perf. segment LOS C C
Bicycle Level of Service
Bicycle travel speed, mi/h 12.3 12.2
Bicycle LOS score 3.67 3.67
Level of service D D
Poorest perf. segment LOS D D
Transit Level of Service
Transit travel speed, mi/h 12.4 12.3
Transit LOS score 3.15 3.17
Level of service C C
Poorest perf. segment LOS D D

Facility Evaluation Summary
Eastbound Westbound

Exhibit 29-49 
Example Problem 1: 
Facility Evaluation 
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Segment 4 and eastbound Segment 5 is noted to result in LOS D for those 
segments. 

EXAMPLE PROBLEM 2: PEDESTRIAN AND BICYCLE IMPROVEMENTS 

The Urban Street Facility 
The 1-mi urban street facility shown in Exhibit 29-39 is being considered for 

geometric design modifications to improve pedestrian and bicycle service. The 
following changes to the facility are proposed: 

 Eliminate one vehicle lane in each direction,  

 Add a 12-ft raised-curb median,  

 Add a 4-ft bicycle lane in each direction,  

 Increase the total walkway width to 9 ft,  

 Add a 3-ft buffer between the sidewalk and the curb, and 

 Add bushes to the buffer with a 10-ft spacing.  

No fixed objects are located along the outside of the sidewalk. The analysis 
for Example Problem 1 represents the existing condition, against which this 
alternative will be evaluated. 

The geometry of the typical street segment is shown in Exhibit 29-50. It is the 
same for each segment. Additional segment details are provided in the 
discussion for Example Problem 1.  

 

The Question 
What are the travel speed and LOS of the motorized vehicle, pedestrian, 

bicycle, and transit modes in both directions of travel along the facility? 

The Facts 
The traffic counts, signalization, and intersection geometry are listed in 

Exhibit 29-41 to Exhibit 29-44. They are unchanged from Example Problem 1. 

Outline of Solution 
This section outlines the results of the facility evaluation. The motorized 

vehicle, pedestrian, and bicycle methodologies in Chapter 19 were used to 
evaluate each of the signalized intersections on the facility. The procedure in 
Chapter 20 was used to estimate delay for pedestrians crossing at a midsegment 

4 ft

12 ft

N

Not to scale

12 ft

12 ft

Crosswalk width: 12 ft
Total walkway width: 9 ft
Buffer: 3 ft

Pavement condition rating: 3.5
Curbed cross section
Cross-street lane width: 12 ft
Corner radius: 6.0 ft

Signal Signal

4 ft

Raised-curb median

Exhibit 29-50 
Example Problem 2: 
Segment Geometry 
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location. The motorized vehicle, pedestrian, bicycle, and transit methodologies in 
Chapter 18 were then used to evaluate both directions of travel on each segment. 
Finally, the methodologies described in Chapter 16 were used to evaluate all four 
travel modes in both directions of travel on the facility. The findings from each 
evaluation are summarized in the following three subparts. 

Intersection Evaluation 
The results of the evaluation of Intersection 1 (i.e., First Avenue) are shown 

in Exhibit 29-51. The results for Intersections 2, 3, and eastbound Intersection 4 
are similar. In contrast, Intersections 5 and 6 are associated with a shorter 
segment length, lower speed limit, and higher pedestrian volume, so their 
operation is different from that of the other intersections. The results for 
Intersection 5 (i.e., Fifth Avenue) are shown in Exhibit 29-52. Intersection 6 and 
westbound Intersection 4 have similar results.  

 

 

Both exhibits indicate that the vehicular through movements on the facility 
(i.e., eastbound Movement 2 and westbound Movement 6) operate with low 
delay and few stops. For the eastbound through movement, the LOS is A at 
Intersection 1 and B at Intersection 5. The LOS is B for the westbound through 
movement at both intersections. Relative to Example Problem 1, the delay for the 
through movements has increased by 1 to 3 s at Intersection 1 and by 6 to 8 s at 
Intersection 5. This increase is sufficient to lower the LOS designation for the 
through movements at Intersection 5 (i.e., from A to B). 

Intersection Approach
First Avenue Basic Description

Applicable lane assignments L TR n.a. L TR n.a. L TR n.a. L TR n.a.
Primary movement number 5 2 12 1 6 16 3 8 18 7 4 14
Vehicle volume, veh/h 80 640 80 80 640 80 60 480 60 60 480 60
Conflicting crosswalk volume, p/h 100 100 100 100
Bicycle volume, bicycle/h 1 1 1 1
Approach lanes, ln 1 1 0 1 1 0 1 2 0 1 2 0
Vehicle Level of Service

Int. delay, s/veh Volume-to-capacity ratio 0.20 0.67 0.67 0.18 0.67 0.67 0.36 0.63 0.63 0.36 0.63 0.63
21.8 Control delay, s/veh 10.67 9.73 9.73 8.75 14.48 14.48 43.28 34.14 34.26 43.28 34.14 34.26

Int. level of service Stop rate, stops/veh 0.43 0.25 0.25 0.34 0.46 0.46 0.85 0.77 0.77 0.85 0.77 0.77
C Level of service B A A A B B D C C D C C

Pedestrian Level of Service
Corner location Adjacent to Eastbound Adjacent to Westbound Adjacent to Northbound Adjacent to Southbound
Corner circulation area, ft2/p 282.1 282.1 282.1 282.1
Crosswalk location Crossing major Crossing major Crossing minor Crossing minor
Crosswalk circulation area, ft2/p 69.7 69.7 82.5 82.4
Pedestrian delay, s/p 42.3 42.3 42.3 42.3
Pedestrian LOS score 2.63 2.63 2.66 2.66
Level of service B B B B
Bicycle Level of Service
Bicycle delay, s/bicycle 8.4 8.4 34.3 34.3
Bicycle LOS score 2.99 2.99 2.77 2.77
Level of service C C C C

Intersection Evaluation Summary
Eastbound Westbound Northbound Southbound

Intersection Approach
Fifth Avenue Basic Description

Applicable lane assignments L TR n.a. L TR n.a. L TR n.a. L TR n.a.
Primary movement number 5 2 12 1 6 16 3 8 18 7 4 14
Vehicle volume, veh/h 80 640 80 80 640 80 60 480 60 60 480 60
Conflicting crosswalk volume, p/h 300 300 300 300
Bicycle volume, bicycle/h 1 1 1 1
Approach lanes, ln 1 1 0 1 1 0 1 2 0 1 2 0
Vehicle Level of Service

Int. delay, s/veh Volume-to-capacity ratio 0.21 0.67 0.67 0.21 0.67 0.67 0.36 0.63 0.63 0.36 0.63 0.63
24.2 Control delay, s/veh 11.49 16.90 16.90 11.66 16.41 16.41 43.20 33.97 34.20 43.20 33.97 34.20

Int. level of service Stop rate, stops/veh 0.47 0.56 0.56 0.48 0.54 0.54 0.86 0.78 0.78 0.86 0.78 0.78
C Level of service B B B B B B D C C D C C

Pedestrian Level of Service
Corner location Adjacent to Eastbound Adjacent to Westbound Adjacent to Northbound Adjacent to Southbound
Corner circulation area, ft2/p 77.6 77.6 77.6 77.6
Crosswalk location Crossing major Crossing major Crossing minor Crossing minor
Crosswalk circulation area, ft2/p 22.4 22.4 26.6 26.7
Pedestrian delay, s/p 42.3 42.3 42.3 42.3
Pedestrian LOS score 2.55 2.55 2.62 2.62
Level of service B B B B
Bicycle Level of Service
Bicycle delay, s/bicycle 8.6 8.6 34.2 34.2
Bicycle LOS score 2.99 2.99 2.77 2.77
Level of service C C C C

Intersection Evaluation Summary
Eastbound Westbound Northbound Southbound

Exhibit 29-51 
Example Problem 2: 
Intersection 1 Evaluation 

Exhibit 29-52 
Example Problem 2: 
Intersection 5 Evaluation 
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Pedestrian circulation area on the corners of Intersections 1 and 5 is 
generous, with few instances of conflict. This condition is improved from 
Example Problem 1 and reflects the provision of wider sidewalks. 

Relative to Example Problem 1, the reduction in through lanes has reduced 
the time provided to pedestrians to cross the major street. This reduction resulted 
in larger pedestrian groups using the crosswalk and a small reduction in 
crosswalk pedestrian space. At Intersection 1, pedestrian space is still generous, 
with few instances of conflict. At Intersection 5, the problem is amplified by a 
higher pedestrian demand. Pedestrian space in the crosswalks is constrained, 
and pedestrians are likely to find that their ability to pass slower pedestrians is 
limited. 

At each intersection, pedestrians experience an average wait of about 42 s at 
the corner to cross the street in any direction. This condition has not changed 
from Example Problem 1. 

At both intersections, the pedestrian LOS is B for the major-street and minor-
street crossings. Relative to Example Problem 1, the pedestrian LOS score for the 
major-street crossings has improved a small amount at all intersections. At 
Intersection 1, this change is sufficient to result in a change in service level (i.e., 
from C to B) for the major-street crossings.  

Bicyclists using the bicycle lanes are expected to be delayed about 8 s/bicycle 
on the eastbound and westbound approaches at each intersection. This level of 
delay is desirably low. However, the bicycle lane is relatively narrow at 4 ft, 
which leads to LOS C on the eastbound and westbound approaches of both 
intersections. This LOS is an improvement over the LOS D identified in Example 
Problem 1. 

Segment Evaluation 
The results of the evaluation of Segment 1 (i.e., First Avenue to Second 

Avenue) are shown in Exhibit 29-53. The results for Segments 2 and 3 are similar. 
In contrast, Segments 4 and 5 are associated with a shorter segment length, lower 
speed limit, and higher pedestrian volume, so their operation is different from 
the other intersections. The results for Segment 5 (i.e., Fifth Avenue to Sixth 
Avenue) are shown in Exhibit 29-54. Segment 4 has similar results.  

The results reported in this section reflect the segment geometry shown in 
Exhibit 29-50. These results are compared with those from Example Problem 1. 
The differences in performance are a result of the changes identified in the bullet 
list that precedes Exhibit 29-50. Most notable in this list is the reduction in lanes 
for motorized vehicles, which results in a doubling of vehicles in the remaining 
lanes. The vehicle volume in these lanes has a significant influence on bicycle and 
pedestrian performance. 
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Exhibit 29-53 indicates that the vehicular through movements on Segment 1 
in the eastbound and westbound travel directions have a travel speed of about 
22 mi/h (i.e., about 56% of the base free-flow speed). LOS C applies to both 
movements. In contrast, Exhibit 29-54 indicates that the through movements 
have a travel speed of only about 13 mi/h on Segment 5 (or 37% of the base free-
flow speed), which is LOS E. Vehicles stop at a rate of about 1.8 stops/mi on 
Segment 1 and about 4.6 stops/mi on Segment 5. Relative to Example Problem 1, 
the quality of service has been degraded for vehicles traveling along Segment 5. 

Pedestrian space on the sidewalk along the segment is generous on 
Segment 1. Pedestrians can walk freely without having to alter their path to 
accommodate other pedestrians. Pedestrian space is adequate on Segment 5, 
with pedestrians in platoons occasionally needing to adjust their path to avoid 
conflict. These characterizations are based on Exhibit 16-9 and on an assumed 
dominance of platoon flow for Segments 4 and 5. Relative to Example Problem 1, 

Segment Travel Direction
First Avenue Basic Description
to Speed limit, mi/h 35 35
Second Avenue Vehicle volume, veh/h 800 800

Through lanes, ln 1 1
Segment length, ft Vehicle Level of Service

1,320 Base free-flow speed, mi/h 38.7 38.7
Travel speed, mi/h 21.5 21.6
Spatial stop rate, stops/mi 1.86 1.84
Level of service C C
Pedestrian Level of Service
Pedestrian space, ft2/p 809.9 809.9
Pedestrian travel speed, ft/s 3.55 3.55
Pedestrian LOS score 2.93 2.93
Level of service C C
Bicycle Level of Service
Bicycle travel speed, mi/h 13.16 13.16
Bicycle LOS score 3.02 3.02
Level of service C C
Transit Level of Service
Transit travel speed, mi/h 10.3 10.3
Transit LOS score 3.43 3.43
Level of service C C

Segment Evaluation Summary
Eastbound Westbound

Segment Travel Direction
Fifth Avenue Basic Description
to Speed limit, mi/h 30 30
Sixth Avenue Vehicle volume, veh/h 800 800

Through lanes, ln 1 1
Segment length, ft Vehicle Level of Service

660 Base free-flow speed, mi/h 35.3 35.3
Travel speed, mi/h 12.9 13.2
Spatial stop rate, stops/mi 4.59 4.35
Level of service E E
Pedestrian Level of Service
Pedestrian space, ft2/p 225.4 225.4
Pedestrian travel speed, ft/s 3.18 3.18
Pedestrian LOS score 2.85 2.85
Level of service C C
Bicycle Level of Service
Bicycle travel speed, mi/h 11.67 11.67
Bicycle LOS score 3.01 3.01
Level of service C C
Transit Level of Service
Transit travel speed, mi/h 5.3 13.2
Transit LOS score 3.99 3.14
Level of service D C

Segment Evaluation Summary
Eastbound Westbound

Exhibit 29-53 
Example Problem 2: 
Segment 1 Evaluation 

Exhibit 29-54 
Example Problem 2: 
Segment 5 Evaluation 
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the sidewalks are more distant from the traffic lanes and crossing the street at a 
midsegment location is easier because of the raised curb median. The LOS score 
indicates improved pedestrian service; however, the pedestrian LOS remains at 
C on all segments. 

Bicyclists using the bicycle lanes experience a travel speed of 13 mi/h on 
Segment 1 and 12 mi/h on Segment 5. This travel speed is considered desirable. 
However, the bicycle lane is relatively narrow at 4 ft, so a bicycle LOS C results 
for both directions of travel on each segment. The bicycle LOS scores, while still 
poor, indicate that bicycle service has improved on both segments relative to that 
found in Example Problem 1. In fact, the bicycle LOS for each segment has 
improved by one letter designation. 

Transit travel speed is 10 mi/h on Segment 1 and corresponds to LOS C. On 
Segment 5, the travel speed is about 5 mi/h and 13 mi/h in the eastbound and 
westbound directions, respectively. The low speed for the eastbound direction 
results in LOS D. The higher speed for the westbound direction is due to the lack 
of a westbound transit stop on Segment 5. It results in LOS C. Relative to 
Example Problem 1, the slower vehicular travel speed has increased the transit 
LOS scores, which indicates a lower quality of service. 

Facility Evaluation 
The methodologies described in Chapter 16 were used to compute the 

aggregate performance measures for each travel direction along the facility. The 
results are shown in Exhibit 29-55. This exhibit indicates that the vehicle travel 
speed is about 18 mi/h in each travel direction (or 48% of the base free-flow 
speed). An overall LOS D applies to vehicle travel in each direction on the 
facility. It is noted that LOS E applies to Segments 4 and 5. Vehicles incur stops 
along the facility at a rate of about 2.6 stops/mi. Relative to Example Problem 1, 
vehicular travel speed has dropped about 4 mi/h, and motorized vehicle LOS has 
degraded one level for this scenario. 

 

Travel Direction
Vehicle Level of Service 2 6
Base free-flow speed, mi/h 37.8 37.8
Travel speed, mi/h 18.3 18.3
Spatial stop rate, stops/mi 2.61 2.59

Facility length, ft Level of service D D
5,280 Poorest perf. segment LOS E E

Pedestrian Level of Service
Pedestrian space, ft2/p 422.2 422.2
Pedestrian travel speed, ft/s 3.4 3.4
Pedestrian LOS score 2.91 2.91
Level of service C C
Poorest perf. segment LOS C C
Bicycle Level of Service
Bicycle travel speed, mi/h 12.7 12.8
Bicycle LOS score 3.02 3.02
Level of service C C
Poorest perf. segment LOS C C
Transit Level of Service
Transit travel speed, mi/h 9.3 9.3
Transit LOS score 3.48 3.48
Level of service C C
Poorest perf. segment LOS D D

Facility Evaluation Summary
Eastbound Westbound

Exhibit 29-55 
Example Problem 2: 
Facility Evaluation 
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Pedestrian space on the sidewalk along the facility is generous. Pedestrians 
on the sidewalks can walk freely without having to alter their path to 
accommodate other pedestrians. Increasing the separation between the sidewalk 
and traffic lanes and improving pedestrians’ ability to cross the street at 
midsegment locations (by adding a raised-curb median) have resulted in a lower 
LOS score, which indicates improved service relative to Example Problem 1. 
However, the pedestrian LOS letter (C) is unchanged. 

Bicyclists in the bicycle lanes are estimated to experience an average travel 
speed of about 13 mi/h. This travel speed is considered desirable. However, the 
4-ft bicycle lane is relatively narrow and produces LOS C. This level is one level 
improved over that found for Example Problem 1. 

Transit travel speed is about 9 mi/h on the facility in each direction of travel. 
An overall LOS C is assigned to each direction. Relative to Example Problem 1, 
the LOS designation is unchanged; however, the transit speed is slower, and the 
transit LOS score higher, which indicates a reduction in the quality of service. 

EXAMPLE PROBLEM 3: PEDESTRIAN AND PARKING IMPROVEMENTS 

The Urban Street Facility 
The 1-mi urban street facility shown in Exhibit 29-39 is being considered for 

geometric design modifications to improve parking and pedestrian service. The 
following changes to the facility are proposed: 

 Eliminate one vehicle lane in each direction,  

 Add a 12-ft raised-curb median,  

 Add a 9.5-ft parking lane in each direction, and 

 Increase the total walkway width to 7 ft. 

No fixed objects will be located along the outside of the sidewalk. The on-
street parking is expected to be occupied 50% of the time. Parking maneuvers are 
estimated to cause 1.8 s/veh additional delay on Segments 1, 2, and 3. On 
Segments 4 and 5, these maneuvers are estimated to cause 0.3 s/veh additional 
delay. The analysis for Example Problem 1 represents the existing condition, 
against which this alternative will be evaluated. 

The geometry of the typical street segment is shown in Exhibit 29-56. It is the 
same for each segment. Additional segment details are provided in the 
discussion for Example Problem 1.  

The Question 
What are the travel speed and LOS of the motorized vehicle, pedestrian, 

bicycle, and transit modes in both directions of travel along the facility? 

The Facts 
The traffic counts, signalization, and intersection geometry are listed in 

Exhibit 29-41 to Exhibit 29-44. They are unchanged from Example Problem 1. 
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Outline of Solution 
This section outlines the results of the facility evaluation. To complete this 

evaluation, the motorized vehicle, pedestrian, and bicycle methodologies in 
Chapter 19 were used to evaluate each of the signalized intersections on the 
facility. The procedure in Chapter 20 was used to estimate pedestrian delay 
when crossing at a midsegment location. The motorized vehicle, pedestrian, 
bicycle, and transit methodologies in Chapter 18 were then used to evaluate both 
directions of travel on each segment. Finally, the methodologies described in 
Chapter 16 were used to evaluate all four travel modes in both directions of 
travel on the facility. The findings from each evaluation are summarized in the 
following three subparts. 

Intersection Evaluation 
The results of the evaluation of Intersection 1 (i.e., First Avenue) are shown 

in Exhibit 29-57. The results for Intersections 2, 3, and eastbound Intersection 4 
are similar. In contrast, Intersections 5 and 6 are associated with a shorter 
segment length, lower speed limit, and higher pedestrian volume, so their 
operation is different from that of the other intersections. The results for 
Intersection 5 (i.e., Fifth Avenue) are shown in Exhibit 29-58. Intersection 6 and 
westbound Intersection 4 have similar results.  

 

  

9.5 ft

12 ft

N

Not to scale

10 ft

10 ft

Crosswalk width: 12 ft
Total walkway width: 7 ft
Buffer: 0 ft

Pavement condition rating: 3.5
Curbed cross section
Cross-street lane width: 12 ft
Corner radius: 6.0 ft

Signal Signal

9.5 ft

Raised-curb median

Intersection Approach
First Avenue Basic Description

Applicable lane assignments L T R L T R L TR n.a. L TR n.a.
Primary movement number 5 2 12 1 6 16 3 8 18 7 4 14
Vehicle volume, veh/h 80 640 80 80 640 80 60 480 60 60 480 60
Conflicting crosswalk volume, p/h 100 100 100 100
Bicycle volume, bicycle/h 1 1 1 1
Approach lanes, ln 1 1 1 1 1 1 1 2 0 1 2 0
Vehicle Level of Service

Int. delay, s/veh Volume-to-capacity ratio 0.19 0.58 0.09 0.17 0.58 0.09 0.36 0.63 0.63 0.36 0.63 0.63
21.8 Control delay, s/veh 10.12 8.11 9.04 7.66 16.71 11.29 43.28 34.14 34.26 43.28 34.14 34.26

Int. level of service Stop rate, stops/veh 0.40 0.23 0.34 0.28 0.56 0.41 0.85 0.77 0.77 0.85 0.77 0.77
C Level of service B A A A B B D C C D C C

Pedestrian Level of Service
Corner location Adjacent to Eastbound Adjacent to Westbound Adjacent to Northbound Adjacent to Southbound
Corner circulation area, ft2/p 148.1 148.1 148.1 148.1
Crosswalk location Crossing major Crossing major Crossing minor Crossing minor
Crosswalk circulation area, ft2/p 74.0 74.0 82.6 82.4
Pedestrian delay, s/p 42.3 42.3 42.3 42.3
Pedestrian LOS score 2.67 2.67 2.66 2.66
Level of service B B B B
Bicycle Level of Service
Bicycle delay, s/bicycle 8.1 16.7 34.3 34.3
Bicycle LOS score 4.27 4.27 2.83 2.83
Level of service E E C C

Intersection Evaluation Summary
Eastbound Westbound Northbound Southbound

Exhibit 29-56 
Example Problem 3: 
Segment Geometry 

Exhibit 29-57 
Example Problem 3: 
Intersection 1 Evaluation 
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Both exhibits indicate that the vehicular through movements on the facility 
(i.e., eastbound Movement 2 and westbound Movement 6) operate with very low 
delay and few stops. For the eastbound through movement, the LOS is A at 
Intersection 1 and B at Intersection 5. The LOS is B for the westbound through 
movement at both intersections. Relative to Example Problem 1, the delay for the 
through movements has increased by a few seconds at both intersections. 
However, this increase is sufficient to lower the LOS designation for only the 
eastbound through movement at Intersection 5. 

Pedestrian circulation area on the corners of Intersection 1 is generous. 
However, corner circulation area at Intersection 5 is constrained, with 
pedestrians frequently needing to adjust their path to avoid slower pedestrians. 
Regardless, this condition is improved from Example Problem 1 and reflects the 
provision of wider sidewalks. 

Relative to Example Problem 1, the reduction in lanes has reduced the time 
provided to pedestrians to cross the major street. This reduction resulted in 
larger pedestrian groups using the crosswalk and a slight reduction in crosswalk 
pedestrian space. At Intersection 1, pedestrian space is generous. However, 
pedestrian space is constrained at Intersection 5, with pedestrians having limited 
ability to pass slower pedestrians as they cross the street. 

At each intersection, pedestrians experience an average wait of about 42 s at 
the corner to cross the street in any direction. At both intersections, the 
pedestrian LOS is B for the major-street crossing and the minor-street crossing. 
The LOS designation has improved for the major-street crossing at Intersection 1 
by one letter, relative to Example Problem 1, and remains unchanged at 
Intersection 5. 

The lack of a bicycle lane combined with a high traffic volume results in a 
bicycle LOS E on the eastbound and westbound approaches of Intersection 1 and 
Intersection 5. This level is worse than the LOS D identified in Example Problem 
1 because the traffic volume per lane has doubled. 

Segment Evaluation 
The results of the evaluation of Segment 1 (i.e., First Avenue to Second 

Avenue) are shown in Exhibit 29-59. The results for Segments 2 and 3 are similar. 
In contrast, Segments 4 and 5 are associated with a shorter segment length, lower 

Intersection Approach
Fifth Avenue Basic Description

Applicable lane assignments L T R L T R L TR n.a. L TR n.a.
Primary movement number 5 2 12 1 6 16 3 8 18 7 4 14
Vehicle volume, veh/h 80 640 80 80 640 80 60 480 60 60 480 60
Conflicting crosswalk volume, p/h 300 300 300 300
Bicycle volume, bicycle/h 1 1 1 1
Approach lanes, ln 1 1 1 1 1 1 1 2 0 1 2 0
Vehicle Level of Service

Int. delay, s/veh Volume-to-capacity ratio 0.19 0.59 0.09 0.18 0.59 0.09 0.36 0.64 0.64 0.36 0.64 0.64
21.7 Control delay, s/veh 9.95 12.04 4.87 9.57 13.71 6.48 43.20 33.91 34.25 43.20 33.91 34.25

Int. level of service Stop rate, stops/veh 0.41 0.39 0.19 0.39 0.46 0.25 0.86 0.77 0.78 0.86 0.77 0.78
C Level of service A B A A B A D C C D C C

Pedestrian Level of Service
Corner location Adjacent to Eastbound Adjacent to Westbound Adjacent to Northbound Adjacent to Southbound
Corner circulation area, ft2/p 33.0 33.0 33.0 33.0
Crosswalk location Crossing major Crossing major Crossing minor Crossing minor
Crosswalk circulation area, ft2/p 23.8 23.8 26.7 26.7
Pedestrian delay, s/p 42.3 42.3 42.3 42.3
Pedestrian LOS score 2.61 2.61 2.62 2.62
Level of service B B B B
Bicycle Level of Service
Bicycle delay, s/bicycle 12.0 13.7 34.2 34.2
Bicycle LOS score 4.27 4.27 2.83 2.83
Level of service E E C C

Intersection Evaluation Summary
Eastbound Westbound Northbound Southbound Exhibit 29-58 

Example Problem 3: 
Intersection 5 Evaluation 
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speed limit, and higher pedestrian volume, so their operation is different from 
that of the other intersections. The results for Segment 5 (i.e., Fifth Avenue to 
Sixth Avenue) are shown in Exhibit 29-60. Segment 4 has similar results. 

The results reported in this section reflect the segment geometry shown in 
Exhibit 29-56. These results are compared with those from Example Problem 1. 
The differences in performance are a result of the changes identified in the bullet 
list that precedes Exhibit 29-56. Most notable in this list is the reduction in lanes 
for motorized vehicles, which results in a doubling of vehicles in the remaining 
lanes. The vehicle volume in these lanes has a significant influence on bicycle and 
pedestrian performance. 

 

 

Exhibit 29-59 indicates that the vehicular through movements on Segment 1 
in the eastbound and westbound travel directions have a travel speed of about 
19 mi/h (i.e., about 53% of the base free-flow speed). LOS C applies to both 

Segment Travel Direction
First Avenue Basic Description
to Speed limit, mi/h 35 35
Second Avenue Vehicle volume, veh/h 800 800

Through lanes, ln 1 1
Segment length, ft Vehicle Level of Service

1,320 Base free-flow speed, mi/h 36.2 36.2
Travel speed, mi/h 19.6 19.1
Spatial stop rate, stops/mi 2.08 2.23
Level of service C C
Pedestrian Level of Service
Pedestrian space, ft2/p 737.9 737.9
Pedestrian travel speed, ft/s 3.55 3.55
Pedestrian LOS score 2.93 2.93
Level of service C C
Bicycle Level of Service
Bicycle travel speed, mi/h 11.91 11.73
Bicycle LOS score 4.16 4.16
Level of service D D
Transit Level of Service
Transit travel speed, mi/h 10.3 10.1
Transit LOS score 3.40 3.42
Level of service C C

Segment Evaluation Summary
Eastbound Westbound

Segment Travel Direction
Fifth Avenue Basic Description
to Speed limit, mi/h 30 30
Sixth Avenue Vehicle volume, veh/h 800 800

Through lanes, ln 1 1
Segment length, ft Vehicle Level of Service

660 Base free-flow speed, mi/h 33.3 33.3
Travel speed, mi/h 14.3 13.9
Spatial stop rate, stops/mi 3.40 3.66
Level of service D D
Pedestrian Level of Service
Pedestrian space, ft2/p 201.4 201.4
Pedestrian travel speed, ft/s 3.18 3.18
Pedestrian LOS score 2.87 2.87
Level of service C C
Bicycle Level of Service
Bicycle travel speed, mi/h 10.49 10.29
Bicycle LOS score 4.13 4.13
Level of service D D
Transit Level of Service
Transit travel speed, mi/h 6.2 13.9
Transit LOS score 3.84 3.05
Level of service D C

Segment Evaluation Summary
Eastbound Westbound

Exhibit 29-59 
Example Problem 3: 
Segment 1 Evaluation 

Exhibit 29-60 
Example Problem 3: 
Segment 5 Evaluation 
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movements. In contrast, Exhibit 29-60 indicates that the through movements 
have a travel speed of only about 14 mi/h on Segment 5 (or 42% of the base free-
flow speed), which is LOS D. Vehicles stop at a rate of about 2.1 stops/mi on 
Segment 1 and about 3.5 stops/mi on Segment 5. Relative to Example Problem 1, 
conditions have degraded for vehicles traveling along these segments, but not 
enough to drop the LOS designation. 

Pedestrian space on the sidewalk along the segment is generous on 
Segment 1 and adequate on Segment 5. These characterizations are based on 
Exhibit 16-9 and on an assumed dominance of platoon flow for Segments 4 and 5. 
Pedestrians on these sidewalks can walk freely without having to alter their path 
to accommodate other pedestrians. Relative to Example Problem 1, the sidewalks 
are more distant from the traffic lanes, and crossing the street at a midsegment 
location is easier because of the raised-curb median. The LOS score indicates 
improved pedestrian service; however, the pedestrian LOS remains at C on all 
segments. 

The lack of a bicycle lane combined with a high traffic volume results in a 
bicycle LOS D for both directions of travel on Segment 1 and Segment 5. Relative 
to Example Problem 1, the quality of service has degraded for bicyclists on all 
segments. This reduction in service is due largely to the increased density of 
vehicles in the mixed traffic lanes. 

Transit travel speed is about 10 mi/h on Segment 1 and corresponds to 
LOS C. On Segment 5, the travel speed is about 6 mi/h and 14 mi/h in the 
eastbound and westbound directions, respectively. The low speed for the 
eastbound direction results in LOS D. The higher speed for the westbound 
direction is due to the lack of a westbound transit stop on Segment 5. It results in 
LOS C. Relative to Example Problem 1, the slower vehicular travel speed has 
increased the transit LOS scores, which indicates a lower quality of service. 

Facility Evaluation 
The methodology described in Section 2 is used to compute the aggregate 

performance measures for each travel direction along the facility. The results are 
shown in Exhibit 29-61. This exhibit indicates that the vehicle travel speed is 
about 18 mi/h in each travel direction (or 51% of the base free-flow speed). An 
overall LOS C applies to both vehicular movements on the facility; however, it is 
noted that LOS D applies to Segments 4 and 5. Vehicles incur stops along the 
facility at a rate of about 2.3 stops/mi. Relative to Example Problem 1, the quality 
of vehicular service has degraded, but not enough to drop the LOS designation. 

Pedestrian space on the sidewalk along the facility is generous. Pedestrians 
on the sidewalks can walk freely without having to alter their path to 
accommodate other pedestrians. Increasing the separation between the sidewalk 
and traffic lanes and improving pedestrians’ ability to cross the street at 
midsegment locations (by adding a raised-curb median) have resulted in a lower 
LOS score, which indicates improved service relative to Example Problem 1. 
However, the pedestrian LOS letter (C) is unchanged. 
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The lack of a bicycle lane combined with a high traffic volume results in an 
overall bicycle LOS D for both directions of travel. The quality of service has 
degraded slightly, relative to Example Problem 1, but not enough to drop the 
LOS designation. 

Transit travel speed is about 10 mi/h on the facility in each direction of travel. 
An overall LOS C is assigned to each direction. Conditions have degraded 
slightly, relative to Example Problem 1, but not enough to drop the transit LOS 
designation. 

EXAMPLE PROBLEM 4: EXISTING URBAN STREET RELIABILITY 

Objective 
This example problem illustrates 

 The steps involved in calculating reliability statistics for an urban street 
facility using the minimum required data for the analysis, 

 Identification of the key reliability problems on the facility, and 

 Diagnosis of the causes (e.g., demand, weather, incidents) of reliability 
problems on the facility. 

Site 
The selected site for this example problem is an idealized 3-mi-long principal 

arterial street located in Lincoln, Nebraska. The street is a two-way, four-lane, 
divided roadway with shoulders. There are seven signalized intersections that 
are spaced uniformly at 0.5-mi intervals along the street. The posted speed limit 
on the major street and the minor streets is 35 mi/h. A portion of this street is 
shown in Exhibit 29-62. The distances shown are the same for the other segments 
of the facility.  

Travel Direction
Vehicle Level of Service 2 6
Base free-flow speed, mi/h 35.4 35.4
Travel speed, mi/h 18.2 18.1
Spatial stop rate, stops/mi 2.27 2.34

Facility length, ft Level of service C C
5,280 Poorest perf. segment LOS D D

Pedestrian Level of Service
Pedestrian space, ft2/p 381.1 381.1
Pedestrian travel speed, ft/s 3.4 3.4
Pedestrian LOS score 2.92 2.92
Level of service C C
Poorest perf. segment LOS C C
Bicycle Level of Service
Bicycle travel speed, mi/h 11.6 11.6
Bicycle LOS score 4.15 4.15
Level of service D D
Poorest perf. segment LOS D D
Transit Level of Service
Transit travel speed, mi/h 10.0 9.9
Transit LOS score 3.39 3.39
Level of service C C
Poorest perf. segment LOS D D

Facility Evaluation Summary
Eastbound Westbound

Exhibit 29-61 
Example Problem 3: 
Facility Evaluation 



 Highway Capacity Manual: A Guide for Multimodal Mobility Analysis 

Chapter 29/Urban Street Facilities: Supplemental  Example Problems 
Version 6.0  Page 29-79 

 

Also shown in Exhibit 29-62 are the traffic movement volumes for each 
intersection and access point on the facility. Each intersection has the same 
volume, and each access point has the same volume. Intersection geometry and 
signal timing are described in a subsequent section. 

Required Input Data 
This section describes the input data needed for both the reliability 

methodology and the core HCM urban streets methodology. The dataset that 
describes conditions under which no work zones or special events are present is 
known as the base dataset. Other datasets used to describe work zones or special 
events are called alternative datasets.  

Reliability Methodology Input Data 
Exhibit 29-63 lists the input data needed for an urban street reliability 

evaluation. The agency does not collect traffic volume data on a continual basis, 
so the factors and ratios that describe demand patterns will be defaulted. Traffic 
counts for one representative day are provided by the analysis and used as the 
basis for estimating volume during other hours of the year. Lincoln, Nebraska, is 
one of the communities for which a 10-year summary of weather data is 
provided, so the default weather data will be used. Incident data are available 
locally as annual crash frequencies by intersection and street segment. It was 
determined that the effect of work zones or special events on reliability would 
not be considered in the evaluation. 

HCM Urban Street Methodology Input Data 
This subsection describes the data gathered to develop the base dataset. The 

base dataset contains all of the input data required to conduct an urban street 
facility analysis with the methodologies described in HCM Chapters 16 through 
19. Alternative datasets are not needed because the effects of work zones and 
special events are not being considered in the evaluation. 
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Exhibit 29-62 
Example Problem 4: 
Urban Street Facility 
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Data Category Input Data Need Data Value 
Functional class Urban street functional class Urban principal arterial 
Nearest city Required when defaulted weather 

 data used 
Lincoln, Nebraska 

Geometrics Presence of shoulder Yes 
Time periods Analysis period 

Study period 
Reliability reporting period 

15 min 
7–10 a.m. 
Weekdays for 1 year 

Demand patterns Hour-of-day factors 
Day-of-week demand ratio 
Month-of year demand ratio 
Demand change due to rain, snow 

Will be defaulted 

Weather Rain, snow, and temperature data 
 by month 
Pavement runoff duration 

Will be defaulted 

Incidents Segment and intersection crash 
 frequencies 
Crash frequency adjustment factors 
 for work zones or special events 
Factors influencing incident duration  

Available locally (See Step 5) 
 
Not required (no work zones) 
 
Will be defaulted 

Work zones and 
special events 

Changes to base conditions 
(alternative dataset) and schedule 

Not required (no work zones) 
 

Traffic counts Day and time of traffic counts used 
 in base and alternative datasets 

Tuesday, January 4, 7–8 a.m. 
No alternative datasets required 
(no work zones) 

Traffic count data for the hour beginning at 7:00 a.m. are available from a 
recent traffic count taken on a Tuesday, January 4. Weather conditions were clear 
and the pavement was dry. The traffic volumes are shown in Exhibit 29-62. They 
are the same at all seven intersections for this idealized example. 

Exhibit 29-64 provides the signal timing data for Intersection 1. The other 
signalized intersections have the same signal timing.  

Approach Eastbound Westbound Northbound Southbound 
Movement L T R L T R L T R L T R 
NEMA movement no. 5 2 12 1 6 16 3 8 18 7 4 14 
Volume (veh/h) 200 1000 10 200 1000 10 100 500 50 100 500 50 
Lanes 1 2 1 1 2 1 1 2 0 1 2 0 
Turn bay length (ft) 200 0 200 200 0 200 200 0 0 200 0 0 
Saturation flow rate (veh/h/ln) 1,800 1,800 1,800 1,800 1,800 1,800 1,800 1,800 1,800 1,800 1,800 1,800 
Platoon ratio 1.000 1.333 1.000 1.000 1.333 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Initial queue (veh) 0 0 0 0 0 0 0 0 0 0 0 0 
Speed limit (mi/h) -- 35 -- -- 35 -- -- 35 -- -- 35 -- 
Detector length (ft) 40 40 -- -- 40 40 -- 40 40 -- 
Lead/lag left-turn phase Lead --  Lead --  Lead -- Lead -- 
Left-turn mode Prot. --  Prot. --  Pr/Pm -- Pr/Pm -- 
Passage time (s) 2.0 --  2.0 --  2.0 2.0 2.0 2.0 
Minimum green (s) 5 --  5 --  5 5 5 5 
Change period (Y+Rc) (s) 3.0 4.0  3.0 4.0  3.0 4.0 3.0 4.0 
Phase splits (s) 20.0 35.0  20.0 35.0  20.0 25.0 20.0 25.0 
Max. recall Off --  Off --  Off Off Off Off 
Min. recall Off --  Off --  Off Off Off Off 
Dual entry No Yes  No Yes  No Yes No Yes 
Simultaneous gap out Yes Yes  Yes Yes  Yes Yes Yes Yes 
Dallas phasing No No  No No  No No No No 
Reference phase 2    
Offset (s) 0 or 50      
Notes: L = left turn, T = through, R = right turn, Prot. = protected, Pr/Pm = permissive-protected. 

See Chapter 18 for definitions of signal timing variables. 

Exhibit 29-63 
Example Problem 4: Input 
Data Needs and Sources 

Exhibit 29-64 
Example Problem 4: 
Intersection 1 Signal Timing 
Data 
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At each signalized intersection, there are left- and right-turn bays on each of 
the two major-street approaches, left-turn bays on each of the minor-street 
approaches, and two through lanes on each approach. Two unsignalized access 
points exist between each signal. 

The posted speed limit for the major street and the minor streets is 35 mi/h. 
The traffic signals operate in coordinated-actuated mode at a 100-s cycle. The 
offset for the eastbound through phase alternates between 0 and 50 s at 
successive intersections to provide good two-way progression. 

The peak hour factor is 0.99, 0.92, 0.93, 0.94, 0.95, 0.96, and 0.97 at 
Intersections 1 through 7, respectively. 

Analysis Replications 
The urban street reliability method uses a Monte Carlo approach to generate 

variables describing weather events, incidents, and random demand fluctuations 
for each scenario in the reliability reporting period. One variation of this 
approach is to use an initial random number seed. The use of a seed number 
ensures that the same random number sequence is used each time a set of 
scenarios is generated for a given reliability reporting period. Any positive 
integer can be used as a seed value. Each set of scenarios is called a replication.  

Because events (e.g., a storm, a crash) are generated randomly in the urban 
street method, the possibility exists that highly unlikely events could be 
overrepresented or underrepresented in a given set of scenarios. To minimize 
any bias these rare events may cause, the set of scenarios should be replicated 
and evaluated two or more times. Each time the set of scenarios is created, the 
inputs should be identical, except that a different set of random number seeds is 
used. Then, the performance measures of interest from the evaluation of each set 
of scenarios are averaged to produce the final performance results. 

 Five replications were found to provide sufficient precision in the predicted 
reliability measures for this example problem. The seed numbers in the following 
list were selected by the analyst for this example problem. The first replication 
used seed numbers 82, 11, and 63. The second replication used numbers 83, 12, 
and 64. This pattern continues for the other three replications. 

 Weather event generator: 82, 83, 85, 87, 89 

 Demand event generator: 11, 12, 14, 16, 18 

 Incident event generator: 63, 64, 66, 68, 70 

The random number sequence created by a specific seed number may be 
specific to the software implementation and computer platform used in the 
analysis. As a result, evaluating the same dataset and seed number in different 
software or on a different platform may produce results different from those 
shown here. Each result, though different, will be equally valid.  

Computational Steps 
This example problem proceeds through the following steps: 

1. Establish the purpose, scope, and approach. 

2. Code datasets. 

A Monte Carlo approach is 
used when there is some 
randomness in the value of a 
variable due to unknown 
influences (and known 
influences by other variables 
that also have some 
randomness) such that it is 
difficult to determine the 
frequency (or probability) of 
the subject variable’s value 
accurately.  
 

Multiple analysis replications 
are needed to determine the 
confidence interval for the final 
performance results. 
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3. Estimate weather events. 

4. Estimate demand volumes. 

5. Estimate incident events. 

6. Generate scenarios. 

7. Apply the Chapter 16 motorized vehicle methodology. 

8. Conduct quality control and error checking. 

9. Interpret results. 

Step 1: Establish the Purpose, Scope, and Approach 
Define the Purpose 
The agency responsible for this urban street wishes to perform a reliability 

analysis of existing conditions to determine whether the facility is experiencing 
significant reliability problems. It also wants to diagnose the primary causes of 
any identified reliability problems on the facility so that an improvement 
strategy can be developed. 

Define the Reliability Analysis Box 
The results from a preliminary evaluation of the facility were used to define 

the general spatial and temporal boundaries of congestion on the facility under 
fair weather, nonincident conditions. A study period consisting of the weekday 
morning peak period (7–10 a.m.) and a study area consisting of the 3-mi length of 
facility between Intersections 1 and 7 encompass all of the recurring congestion. 

The reliability reporting period is to include all weekdays during the course 
of a year. The duration of the analysis period will be 15 min. 

Select Reliability Performance Measures 
Reliability will be reported by using the following performance measures: 

mean travel time index (TTI), 80th percentile TTI, 95th percentile TTI (PTI), 
reliability rating, and total delay (in vehicle hours) for the reliability reporting 
period. 

Step 2: Code Datasets 
Select Reliability Factors for Evaluation 
The major causes of travel time reliability problems are demand surges, 

weather, and incidents. Reliability problems associated with work zones and 
special events were determined not to be key elements of the evaluation of this 
specific facility. 

Code the Base Dataset 
The base dataset was developed for the selected study section and study 

period. This dataset describes the traffic demand, geometry, and signal timing 
conditions for the intersections and segments on the subject urban street facility 
during the study period when no work zones are present and no special events 
occur. The data included in this dataset are described in Chapters 16 through 19. 
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Code the Alternative Datasets 
Only the base dataset will be required because no work zones are planned in 

the next year and no special events affect the facility on weekdays. 

Step 3: Estimate Weather Events 
This step predicts weather event date, time, type (i.e., rain or snow), and 

duration for each study period day in the reliability reporting period. 

Identify Input Data 
The default weather data for Lincoln, Nebraska, are a compilation of 10 years 

of historical data from the National Climatic Data Center ( 2,  9) and include the 
following statistics: 

• Total normal precipitation, 

• Total normal snowfall, 

• Number of days with precipitation of 0.01 in. or more, 

• Normal daily mean temperature, and 

• Precipitation rate. 

One inch of snowfall is estimated to have the water content of 0.1 in. of rain. 
Exhibit 29-65 shows the historical weather data for 2 months of the year. 

Weather Data January April
Normal precipitationa (in.) 0.67 2.90
Normal snowfall (in.) 6.60 1.50
Days with precipitation (days) 5 9
Daily mean temperature ( F) 22.40 51.20
Precipitation rate (in./h) 0.030 0.062

Note: a Rainfall plus water content of snow. 

Determine Weather Events for Each Day 
At this point in the analysis, weather is estimated for all days during a 2-year 

period. The analysis is not yet confined to the days within the reliability 
reporting period or the hours within the study period. The purpose of the extra 
calculations is to define the expected weather pattern for the study facility, which 
will be used in a later step to estimate incident frequencies.  

A Monte Carlo approach is used to decide whether precipitation will occur 
in a given day. If it does, a Monte Carlo approach is also used to determine the 
type of precipitation (i.e., rain or snow), precipitation rate, total precipitation, 
and start time for the current day. The details of the scenario generation process 
are described in Section 2. 

Exhibit 29-66 illustrates the results of the calculations for 2 weeks in January 
and 2 weeks in April. These results are based on the historical weather data for 
Lincoln, Nebraska, as shown in Exhibit 29-65. The random number values shown 
in the exhibit are intended to illustrate the computations within this specific 
table. Different values are obtained if the random number seed is changed. Only 
dates falling within the reliability reporting period are shown. 

Exhibit 29-65
Example Problem 4: Sample 
Weather Data for Lincoln, 
Nebraska 
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For reliability evaluation, total precipitation is assumed to be perfectly 
correlated with the precipitation rate such that storms producing a large total 
precipitation are associated with a high precipitation rate. This relationship is 
replicated by estimating both values by using the same random number. 

As can be seen from Exhibit 29-66, the computed event durations may exceed 
24 h, but when the end times are set for the event, any event that ends beyond 
24:00 is truncated to 24:00. 
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Jan 10 0.03 Yes 0.94 30 Snow 0.83 0.54 0.83 2.08 0.23 4:30 3.88 1.22 Night 5.10 8:23 9:36 
Jan 11 0.00 Yes 0.22 19 Snow 0.62 0.29 0.62 0.27 0.21 4:45 0.95 1.28 Night 2.23 5:42 6:59 
Jan 12 0.30 No                
Jan 13 0.90 No                
Jan 14 0.20 No                
Jan 24 0.00 Yes 0.89 28 Snow 0.09 0.03 0.09 0.01 0.12 3:00 0.01 1.23 Night 1.23 3:00 4:14 
Jan 25 0.53 No                
Jan 26 0.45 No                
Jan 27 0.21 No                
Jan 28 0.60 No                
Apr 4 0.64 No                
Apr 5 0.24 Yes 0.11 45 Rain 0.40 0.03 0.40 0.02 1.00 23:15 0.68 0.07 Night 0.75 23:56 24:00 
Apr 6 0.22 Yes 0.19 47 Rain 0.31 0.02 0.31 0.01 0.08 1:45 0.34 0.92 Night 1.26 2:05 3:00 
Apr 7 0.78 No                
Apr 8 0.39 No                
Apr 11 0.55 No                
Apr 12 0.37 No                
Apr 13 0.10 Yes 0.28 48 Rain 0.82 0.11 0.82 0.54 0.39 7:15 5.05 0.72 Day 5.76 12:18 13:01 
Apr 14 0.78 No                
Apr 15 0.27 Yes 0.98 61 Rain 0.73 0.08 0.73 0.30 0.57 11:30 3.62 0.66 Day 4.28 15:07 15:47 

Note: RN = random number. 

Determine Weather Events for Each Analysis Period 
The days that have weather events are subsequently examined to determine 

whether the event occurs during the study period. Specifically, each analysis 
period is examined to determine whether it is associated with a weather event. 
An examination of the start and end times in Exhibit 29-66 indicates that the 
snow on January 10 and the rain on April 13 occur during the 7:00 to 10:00 a.m. 
study period. 

Step 4: Estimate Demand Volumes 
This step identifies the appropriate traffic volume adjustment factors 

(demand ratios) for each date and time during the reliability reporting period. 
These factors are used during the scenario file generation procedure to estimate 
the volume associated with each analysis period. If the analyst does not provide 
demand ratios based on local data, the default ratios provided in Section 5, 
Applications, of Chapter 17 are used. 

Identify Input Data 
The input data needed for this step are identified in the following list: 

• Hour-of-day demand ratio, 

Exhibit 29-66 
Example Problem 4: Sample 
Generated Weather Events 
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• Day-of-week demand ratio,  

• Month-of-year demand ratio,  

• Demand change factor for rain event, and 

• Demand change factor for snow event. 

The default values for these factors are obtained from Exhibit 17-5 to Exhibit 
17-8. Their selection is based on the functional class of the subject facility, which 
is “urban principal arterial.” 

Determine Base Demand Ratio 
First, the demand ratios for the day of the traffic count are determined. The 

count was taken on Tuesday, January 4, during the 7:00 a.m. hour. By using the 
default demand ratio data from Exhibit 17-5 through Exhibit 17-7, the following 
can be seen: 

• The hour-of-day ratio for the 7:00 a.m. hour for principal arterials is 0.071, 

• The day-of-week ratio for Tuesdays is 0.98, and 

• The month-of-year ratio for principal arterials in January is 0.831. 

Multiplying these three factors together yields the base demand ratio of 
0.0578. This ratio indicates that counted traffic volumes represent 5.78% of 
annual average daily traffic (AADT), if this urban street’s demand pattern is 
similar to that of the default demand data. 

Determine Analysis Period Demand Ratio 
A similar process is used to determine the demand ratio represented by each 

analysis period, except that an additional adjustment is made for weather. From 
Exhibit 17-8, a default 1.00 demand adjustment factor is applied to analysis 
periods with rain and a 0.80 adjustment factor is applied to analysis periods with 
snow. 

As an example, the weather generator produced snow conditions for 
Monday, January 10, at 7:00 a.m. Default demand ratio data are obtained again 
from Exhibit 17-5 through Exhibit 17-7. The text accompanying Exhibit 17-8 
states that a demand change factor of 0.80 is appropriate for snowing conditions. 
Therefore, the factor values in the following list are established for the 
evaluation: 

• The hour-of-day ratio for the 7:00 a.m. hour for principal arterials is 0.071, 

• The day-of-week ratio for Mondays is 0.98, 

• The month-of-year ratio for principal arterials in January is 0.831, and 

• The demand change factor is 0.80. 

Multiplying these factors together yields the demand ratio of 0.0463. This 
ratio indicates that the analysis period volumes represent 4.63% of AADT. 
Therefore, the traffic counts are multiplied by (0.0463 / 0.0578) = 0.800 to produce 
equivalent volumes for the hour starting at 7:00 a.m. on Monday, January 10.  

Exhibit 29-67 shows a selection of demand profile computations for different 
hours, days, months, and weather events. Each row in this exhibit corresponds to 
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one analysis period (i.e., scenario). The ratio shown in the last column of this 
exhibit is multiplied by the traffic counts for each signalized intersection to 
estimate the equivalent hourly flow rate for the associated analysis period. 

Date Weekday Time Weather
Weather 
Factor 

Hour 
Factor 

Day 
Factor 

Month 
Factor 

Total 
Factor Total/Base

Jan 10 Mon 7:00 Snow 0.80 0.071 0.980 0.831 0.0463 0.800 
Jan 10 Mon 7:15 Snow 0.80 0.071 0.980 0.831 0.0463 0.800 
Jan 10 Mon 7:30 Snow 0.80 0.071 0.980 0.831 0.0463 0.800 
Jan 10 Mon 7:45 Snow 0.80 0.071 0.980 0.831 0.0463 0.800 
Jan 10 Mon 8:00 Snow 0.80 0.058 0.980 0.831 0.0378 0.654 
Jan 10 Mon 8:15 Snow 0.80 0.058 0.980 0.831 0.0378 0.654 
Jan 10 Mon 8:30 Dry 1.00 0.058 0.980 0.831 0.0472 0.817 
Jan 10 Mon 8:45 Dry 1.00 0.058 0.980 0.831 0.0472 0.817 
Jan 10 Mon 9:00 Dry 1.00 0.047 0.980 0.831 0.0383 0.662 
Jan 10 Mon 9:15 Dry 1.00 0.047 0.980 0.831 0.0383 0.662 
Jan 10 Mon 9:30 Dry 1.00 0.047 0.980 0.831 0.0383 0.662 
Jan 10 Mon 9:45 Dry 1.00 0.047 0.980 0.831 0.0383 0.662 
Apr 6 Wed 7:00 Dry 1.00 0.071 1.000 0.987 0.0701 1.212 
Apr 6 Wed 7:15 Dry 1.00 0.071 1.000 0.987 0.0701 1.212 
Apr 6 Wed 7:30 Dry 1.00 0.071 1.000 0.987 0.0701 1.212 
Apr 6 Wed 7:45 Dry 1.00 0.071 1.000 0.987 0.0701 1.212 
Apr 6 Wed 8:00 Dry 1.00 0.058 1.000 0.987 0.0572 0.990 
Apr 6 Wed 8:15 Dry 1.00 0.058 1.000 0.987 0.0572 0.990 
Apr 6 Wed 8:30 Dry 1.00 0.058 1.000 0.987 0.0572 0.990 
Apr 6 Wed 8:45 Dry 1.00 0.058 1.000 0.987 0.0572 0.990 
Apr 6 Wed 9:00 Dry 1.00 0.047 1.000 0.987 0.0464 0.802 
Apr 6 Wed 9:15 Dry 1.00 0.047 1.000 0.987 0.0464 0.802 
Apr 6 Wed 9:30 Dry 1.00 0.047 1.000 0.987 0.0464 0.802 
Apr 6 Wed 9:45 Dry 1.00 0.047 1.000 0.987 0.0464 0.802 

Step 5: Estimate Incident Events 
The procedure described in this step is used to predict incident event dates, 

times, and durations. It also determines each incident event’s type (i.e., crash or 
noncrash), severity level, and location on the facility. The procedure uses 
weather event and demand variation information from the two previous steps as 
part of the incident prediction process. Crash frequency data are used to estimate 
the frequency of both crash-related incidents and non-crash-related incidents. 

For an urban street reliability evaluation, incidents are categorized as being 

• Segment-related or 

• Intersection-related.  

These two categories are mutually exclusive. 

Identify Input Data 
Incident frequency data. Three-year average crash frequencies are determined 

from locally available crash records for each segment and intersection along the 
facility. These averages are shown in Exhibit 29-68. The frequency of noncrash 
incidents is estimated from the crash frequency data in a subsequent step. 
Noncrash incident frequency is not an input quantity due to the difficulty 
agencies have in acquiring noncrash incident data. 

  

Exhibit 29-67 
Example Problem 4: Sample 
Demand Profile Calculations 
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Location 
Crash Frequency 
 (crashes/year) 

Segment 1-2 (Intersections 1 to 2) 15 
Segment 2-3 (Intersections 2 to 3) 
Segment 3-4 (Intersections 3 to 4) 
Segment 4-5 (Intersections 4 to 5) 
Segment 5-6 (Intersections 5 to 6) 
Segment 6-7 (Intersections 6 to 7) 

16 
17 
18 
19 
20 

Intersection 1 32 
Intersection 2 33 
Intersection 3 
Intersection 4 
Intersection 5 
Intersection 6 
Intersection 7 

34 
35 
36 
37 
38 

Work zone/special event crash frequency adjustment factors. Work zones and 
special events are not being considered in this example; therefore, these crash 
frequency adjustment factors do not need to be provided. 

Weather event crash frequency adjustment factors. The default crash frequency 
adjustment factors given in Exhibit 17-9 are used. 

Incident duration factors. The default incident detection and response times 
given in Exhibit 17-9 and the default clearance times given in Exhibit 17-10 are 
used. 

Incident distribution. The default incident distribution given in Exhibit 17-11 
for urban street facilities with shoulders is used. 

Compute Equivalent Crash Frequency for Weather 
This step converts the average crash frequencies (supplied as input data) into 

the equivalent crash frequencies for each weather type.  

First, the input crash frequency data for segments and intersections are 
converted into an equivalent crash frequency for each of the following weather 
conditions: clear and dry, rainfall, wet pavement (not raining), and snow or ice 
on pavement (not snowing). This conversion is based on the number of hours 
during a 2-year period that a particular weather condition occurs and the crash 
adjustment factor corresponding to each weather condition. For this example 
problem, the number of hours in a year with a particular weather condition is 
determined from the default weather data for Lincoln, Nebraska.  

The equivalent crash frequency when every day is dry for street location i is 
computed with Equation 29-13 and Equation 29-14.

 
Exhibit 29-69 illustrates the computations of the equivalent crash frequencies 

by weather type for two segments and three intersections. The calculations are 
similar for the other segments and intersections. 

Exhibit 29-68 
Example Problem 4: Locally 
Available Crash Frequency 
Data 
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  Segments Intersections 
Variable Definition 1-2 2-3 1 2 3 

Fcstr(i) Observed average crash frequency 15 16 65 66 67 
Ny Number of years 2 2 2 2 2 

Nhdry Hours of dry weather 17026.98 17026.98 17026.98 17026.98 17026.98 
Nhrf Hours of rainfall 278.22 278.22 278.22 278.22 278.22 
Nhwp Hours of wet pavement 104.33 104.33 104.33 104.33 104.33 
Nhsf Hours of snowfall 64.61 64.61 64.61 64.61 64.61 
Nhsp Hours of snow or ice on pavement 45.86 45.86 45.86 45.86 45.86 

 Crash frequency adjustment factors 
for… 

     

CFAFrf Rainfall 2.0 2.0 2.0 2.0 2.0 
CFAFwp Wet pavement 3.0 3.0 3.0 3.0 3.0 
CFAFsf Snowfall 1.5 1.5 1.5 1.5 1.5 
CFAFsp Snow or ice on pavement 2.75 2.75 2.75 2.75 2.75 

 Calculated crash frequencies for…      
Fcstr(i),dry Dry weather 14.50 15.47 30.94 31.91 32.88 
Fcstr(i),rf Rainfall 29.01 30.94 61.89 63.82 65.75 
Fcstr(i),wp Wet pavement 43.51 46.41 92.83 95.73 98.63 
Fcstr(i),sf Snowfall 21.76 23.21 46.41 47.86 49.32 
Fcstr(i),sp Snow or ice on pavement 39.89 42.54 85.09 87.75 90.41 

Note: Total hours of dry, rainfall, wet pavement, snowfall, and snow or ice on pavement = 17,520 h (2 years). 

Establish Crash Frequency Adjustment Factors for Work Zones or Special 
Events 

This step is skipped because work zones and special events are not being 
considered for this evaluation. 

Determine Whether an Incident Occurs 
This step goes through each of the 24 h of each day that is represented in the 

reliability reporting period. For each hour, whether an incident occurs is 
determined. If an incident occurs, its duration is also determined. Finally, for 
each incident identified in this manner, whether some portion (or all) of the 
incident occurs during a portion of the study period is determined.  

Weather-adjusted incident frequencies. First, for a given hour in a given day, the 
weather event data are checked to see which weather condition (dry, rainfall, 
snowfall, wet pavement and not raining, or snow or ice on pavement and not 
snowing) was generated for that hour. The expected incident frequencies for 
street locations (i.e., segments and intersections) Fistr(i),wea(h,d) are determined from 
(a) the corresponding crash frequency for the given weather condition Fcstr(i),wea 
(from a previous step) and (b) a factor pcstr,wea relating total crashes to total 
incidents for the given weather condition (from the default values in the third 
column of Exhibit 17-11). If a special event or work zone was present on the 
given hour and day, the expected incident frequency is multiplied by the 
segment or intersection (as appropriate) crash frequency adjustment factor 
CFAFstr specified by the analyst for special events and work zones. Equation 29-
15 is used to compute the expected incident frequency:  

For example, weather was dry on Wednesday, April 6, at 9:00 a.m. For 
Segment 1-2, the equivalent crash frequency for dry weather is 14.50 crashes/year 
(from Exhibit 29-69). The ratio of crashes to incidents for segments in dry 
weather is 0.358. There is no work zone or special event, so the crash adjustment 
factor is 1.0. Then 

Exhibit 29-69 
Example Problem 4: 
Computation of Crash 
Frequency by Weather Type 
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Similarly, snow was falling on Monday, January 10, at 7:00 a.m. The 
equivalent crash frequency for snowfall on Segment 1-2 is 21.76 crashes/year. The 
ratio of crashes to incidents for segments in snowy weather is 0.358. Therefore, 

Conversion to hourly frequencies. Next, the incident frequency Fistr(i),wea(h,d) is 
converted to an hourly frequency fistr(i),wea(h,d),h,d by multiplying it by the percent of 
annual demand represented by the hour and by dividing by the number of days 
in a year (expressed as a ratio of hours). The same hour-of-day fhod,h,d, day-of-week 
fdow,d, and month-of-year fmoy,d demand ratios used in Step 4 are used here. 
Equation 29-16 is used, where “8,760” represents the number of hours in a year 
and “24” represents the number of hours in a day.  

 

The month-of-year demand ratio for April is 0.987, the day-of-week demand 
ratio for Wednesday is 1.00, and the hour-of-day demand ratio for 9:00 a.m. is 
0.047. The incident frequency for this day and time is calculated above as 40.5 
incidents per year. Therefore, the equivalent hourly incident frequency for 
Segment 1-2 on Wednesday, April 6, at 9:00 a.m. is 

Similarly, the equivalent hourly incident frequency for Segment 1-2 on 
Monday, January 10, at 7:00 a.m. is 

Probability of no incidents. Incidents for a given day, street location, incident 
type, and hour of day are assumed to follow a Poisson distribution, as given in 
Equation 29-17. 

Exhibit 29-70 demonstrates the determination of incidents for Segment 1-2 on 
April 6 for the 9:00 a.m. hour. Exhibit 29-71 does the same for January 10 for the 
7:00 a.m. hour.  

If more than one incident occurs at the same time and location, the more 
serious incident is considered in the methodology. During an incident, the 
methodology requires that at least one lane remain open in each direction of 
travel on a segment and on each intersection approach. If the number of lanes 
blocked by an incident is predicted to equal the number of lanes available on the 
segment or intersection approach, one lane is maintained open and the 
remaining lanes are blocked. For example, if the segment has two lanes in the 
subject travel direction and an incident occurs and is predicted to block two 
lanes, the incident is modeled as blocking only one lane. 
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Incident Type 
Incident 

Proportion 

Hourly 
Incident 

Frequency 
exp 

(-fi × pi) 
Random 
Number 

Incident 
? 

Crash 1 lane Fatal/injury 0.036 0.00515 0.99981 0.90019 No 
Crash 1 lane PDO 0.083 0.00515 0.99957 0.38078 No 
Crash 2 lane Fatal/injury 0.028 0.00515 0.99986 0.90860 No 
Crash 2 lane PDO 0.030 0.00515 0.99984 0.06081 No 
Crash Shoulder Fatal/injury 0.021 0.00515 0.99990 0.82183 No 
Crash Shoulder PDO 0.016 0.00515 0.99918 0.34916 No 

Noncrash 1 lane Breakdown 0.456 0.00515 0.99766 0.99900 Yes 
Noncrash 1 lane Other 0.089 0.00515 0.99954 0.59842 No 
Noncrash 2 lane Breakdown 0.059 0.00515 0.99970 0.69323 No 
Noncrash 2 lane Other 0.017 0.00515 0.99991 0.08131 No 
Noncrash Shoulder Breakdown 0.014 0.00515 0.99993 0.13012 No 
Noncrash Shoulder Other 0.007 0.00515 0.99996 0.44620 No 

Notes: Incident proportions total 100%. PDO = property damage only. 
Random numbers have been selected to illustrate this particular step of the computations. They are not 
necessarily the same results that would be achieved in a full run of the procedure. 

Incident Type 
Incident 

Proportion 

Hourly 
Incident 

Frequency 
exp 

(-fi × pi) 
Random 
Number 

Incident 
? 

Crash 1 lane Fatal/injury 0.036 0.00963 0.99965 0.21041 No 
Crash 1 lane PDO 0.083 0.00963 0.99920 0.83017 No 
Crash 2 lane Fatal/injury 0.028 0.00963 0.99973 0.58437 No 
Crash 2 lane PDO 0.030 0.00963 0.99971 0.80487 No 
Crash Shoulder Fatal/injury 0.021 0.00963 0.99981 0.35441 No 
Crash Shoulder PDO 0.016 0.00963 0.99846 0.64888 No 

Noncrash 1 lane Breakdown 0.456 0.00963 0.99562 0.40513 No 
Noncrash 1 lane Other 0.089 0.00963 0.99914 0.98428 No 
Noncrash 2 lane Breakdown 0.059 0.00963 0.99943 0.61918 No 
Noncrash 2 lane Other 0.017 0.00963 0.99983 0.13712 No 
Noncrash Shoulder Breakdown 0.014 0.00963 0.99987 0.30502 No 
Noncrash Shoulder Other 0.007 0.00963 0.99993 0.33279 No 

Note: Incident proportions total 100%. PDO = property damage only. 
Random numbers have been selected to illustrate this particular step of the computations. They are not 
necessarily the same results that would be achieved in a full run of the procedure. 

Determine Incident Duration 
If the result of the previous step indicates that an incident occurs in a given 

segment or intersection during a given hour and day, the incident duration is 
then determined randomly from a gamma distribution by using the average 
incident duration and the standard deviation of incident duration as inputs. 
These values are supplied as input data. 

The duration is used in a subsequent step to determine which analysis 
periods are associated with an incident. The incident duration is rounded to the 
nearest quarter hour for 15-min analysis periods. This rounding is performed to 
ensure the most representative match between event duration and analysis 
period start and end times. This approach causes events that are shorter than 
one-half the analysis period duration to be ignored (i.e., they are not recognized 
in the scenario generation process). 

Exhibit 29-70 shows that a noncrash, one-lane, breakdown incident was 
generated for Segment 1-2 on April 6 starting at the 9:00 a.m. hour. Exhibit 29-72 
shows the inputs into the incident duration calculation and the result. As with 
other computations in this example problem involving random numbers, 
different values are obtained if the random number seed is changed. 

Exhibit 29-70 
Example Problem 4: Incident 
Determination for April 6, 
9:00 a.m., for Segment 1-2 

Exhibit 29-71 
Example Problem 4: Incident 
Determination for January 10, 
7:00 a.m., for Segment 1-2 
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Variable Value 
Location Segment 1-2 
Incident type Noncrash 
Number of lanes involved 1-lane 
Incident severity Breakdown 
Weather Dry 
Incident detection time (min) 2.0 
Incident response time, dry weather (min) 15.0 
Incident clearance time (min) 10.8 
Average incident duration (min) 27.8 
Standard deviation of incident duration (min) 22.2 
Average incident duration (h) 0.463 
Standard deviation of incident duration (h) 0.371 
Random number 0.57455 
Gamma function alpha parameter (mean2/variance) 1.5625 
Gamma function beta parameter (variance/mean) 0.2965 
Duration (h) 0.433 
Rounded duration (nearest 15 min) (h) 0.50 
Incident start time 9:00 
Incident end time 9:30 

Determine Incident Location 
If an incident occurs at a segment or intersection during a given hour and 

day, its location is determined in this step. For intersections, the location is one of 
the intersection legs. For segments, the location is one of the two segment travel 
directions. 

In the case of the incident identified on Segment 1-2 at 9:00 a.m. on April 6, 
the two directions of the segment have equal traffic volumes (see Exhibit 29-62) 
and therefore have equal probability of having the incident occur. This time, the 
scenario generator randomly assigned the incident to the westbound direction 
(identified as being associated with NEMA Phase 6 at the intersection). 

Identify Analysis Period Incidents 
The preceding steps of the incident estimation procedure are repeated for 

each hour of each day in the reliability reporting period. During this step, the 
analysis periods associated with an incident are identified. Specifically, each 
hour of the study period is examined to determine whether it coincides with an 
incident. If an incident occurs, its event type, lane location, severity, and street 
location are identified and recorded. Each subsequent analysis period coincident 
with the incident is also recorded. 

Step 6: Generate Scenarios 
This step uses the results from Steps 3 to 5 to create one scenario for each 

analysis period in the reliability reporting period. The base dataset coded in 
Step 2 represents the “seed” file from which the new scenarios are created. 

As discussed previously, each analysis period is considered to be one 
scenario. There are 3,120 analysis periods in the reliability reporting period 
(= 4 analysis periods/hour × 3 hours/day × 5 days/week × 52 weeks/year × 
1 year/reporting period). Thus, there are 3,120 scenarios. 

Each scenario created in this step includes the appropriate adjustments to 
segment running speed and intersection saturation flow rate associated with the 
weather events or incidents that are predicted to occur during the corresponding 

Exhibit 29-72 
Example Problem 4: Sample 
Calculation of Incident 
Duration 
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analysis period. If an analysis period has an incident, the number of lanes is 
reduced, the saturation flow rate is adjusted for affected intersection lanes, and a 
free-flow speed adjustment factor is applied to the affected lanes in the segment. 
If an analysis period has rainfall, snowfall, wet pavement, or snow or ice on the 
pavement, the saturation flow rate is adjusted for all intersections, the free-flow 
speed is adjusted for all segments, and the left-turn critical headways are 
adjusted for all intersections. 

The traffic demand volumes in each dataset are adjusted for monthly, 
weekly, and hourly variations. 

Step 7: Apply the Chapter 16 Motorized Vehicle Methodology 
The analysis methodology for urban street facility evaluation is applied to 

each scenario generated in the previous step. At the conclusion of this step, the 
delay and queue length for each intersection, as well as the speed and travel time 
for each segment, are computed for each scenario. 

Step 8: Conduct Quality Control and Error Checking 
The quality control of thousands of scenarios is difficult, so it is 

recommended that the analyst focus on error checking and quality control on the 
base dataset. The results should be error-checked to the analyst’s satisfaction to 
ensure that they accurately represent real-world congestion on the facility under 
recurring demand conditions with no incidents and under dry weather 
conditions. The same criteria for error checking should be used as for a 
conventional HCM analysis, but with the recognition that any error in the base 
dataset will be crucial, because it will be reproduced thousands of times by the 
scenario generator. 

The total delay for each scenario should be scanned to identify the study 
periods likely to be associated with exceptionally long queues. For a given study 
period, the final queue on each entry intersection approach for the last analysis 
period should not be longer than the corresponding initial queue for the first 
analysis period. The study period duration should be increased (i.e., started 
earlier, ended later) such that this condition is satisfied. Ideally, the study period 
is sufficiently long that these reference initial and final queues both equal zero. 
An efficient approach for making this check is to start by evaluating the scenario 
with the largest total delay.  

Step 9: Interpret Results 
This step examines the reliability results for the existing facility. These results 

are listed in Exhibit 29-73. Although both travel directions have the same volume 
and capacity, several of the values in this exhibit vary slightly by travel direction 
because of the use of Monte Carlo methods. 

The vehicle miles traveled (VMT) is computed for each scenario and added 
for all scenarios in the reliability reporting period. This statistic describes overall 
facility utilization for the reliability reporting period. 
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Measure Eastbound Westbound 
Vehicle miles traveleda 2,260 2,257 
Number of scenariosa 3,120 3,120 
Base free-flow travel timeb (s) 262.9 262.9 
Mean TTIb 1.69 1.64 
80th percentile TTI  1.57 1.56 
95th percentile TTI (PTI)  2.98 2.61 
Reliability rating  93.2 94.1 
Total delayb (veh-h) 72.0 

Notes: a This statistic represents a total for the reliability reporting period. 
 b This statistic represents an average of the value for each scenario (i.e., an average value for all 

scenarios). 

The travel time indices shown in Exhibit 29-73 were computed by finding the 
average (i.e., mean), 80th, and 95th percentile travel times for a given direction of 
travel across all scenarios and dividing by the facility’s base free-flow speed. 
Since hourly demands, geometry, weather, and signal timings are identical in 
both directions, the differences between the indices illustrate the effects of 
random variation in incidents and 15-min demands for the two directions. 

The reliability rating describes the percent of VMT on the facility associated 
with a TTI less than 2.5. A facility that satisfies this criterion during a given 
scenario is likely to provide LOS D or better for that scenario. The reliability 
ratings shown in the exhibit indicate that more than 90% of the vehicle miles of 
travel on the facility are associated with LOS D or better.  

The total delay (in vehicle hours) combines the delay per vehicle and volume 
of all intersection lane groups at each intersection during a scenario. This statistic 
increases with an increase in volume or delay. It is the only statistic of those 
listed in Exhibit 29-73 that considers the performance of all traffic movements 
(i.e., the other measures consider just the major-street through movement). 
Hence, it is useful for quantifying the overall change in operation associated with 
a strategy. When considered on a scenario-by-scenario basis, this statistic can be 
used to identify those scenarios with extensive queuing on one or more “entry” 
approaches (i.e., the cross-street intersection approaches and the major-street 
approaches that are external to the facility). 

Exhibit 29-74 shows the travel time distribution for the facility’s eastbound 
travel direction. That for the westbound direction has a similar shape. The longer 
travel times tend to be associated with poor weather. The longest travel times 
coincide with one or more incidents and poor weather. 

The reliability methodology was repeated several times to examine the 
variability in the reliability performance measures. Each replication used the 
same input data, with the exception that the three random numbers were 
changed for each replication. Exhibit 29-75 shows the predicted average and 95th 
percentile travel times for the eastbound travel direction based on five replications.  

Exhibit 29-73 
Example Problem 4: Reliability 
Performance Measure Results 
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Replication Average Travel Time (s) 95th Percentile Travel Time (s) 
1 443.7 783.8 
2 441.4 787.5 
3 432.8 758.4 
4 439.3 740.0 
5 433.7 772.9 

Average 438.2 768.5 
Standard deviation 4.79 19.6 

95th% confidence interval  432.2–444.1 
(±1.36%) 

744.4–792.8 
(±3.16%) 

The last three rows of Exhibit 29-75 show the statistics for the sample of five 
observations. The 95th percentile confidence interval was computed by using 
Equation 17-3. The confidence interval for the average travel time is 432.2 to 
441.1 s, which equates to ±1.36% of the overall average travel time. Similarly, the 
confidence interval for the 95th percentile travel time is ±3.16% of the average of 
the 95th percentile travel times. This confidence interval is larger than that of the 
average travel time because the 95th percentile travel time tends to be influenced 
more by the occurrence of incidents and poor weather. As suggested by the 
formulation of Equation 17-3, the confidence interval can be reduced in width by 
increasing the number of replications. 

The contribution of demand, incidents, and weather to total vehicle hours of 
delay (VHD) during the reliability reporting period is used to determine the 
relative contributions of each factor to the facility’s reliability. The annual VHD 
takes into account both the severity of the event and its likelihood of occurrence. 
VHD is computed by identifying the appropriate category for each scenario and 
adding the estimated VHD for each scenario in this category. The results are 
summed for all scenarios in each category in the reliability reporting period. 
They are presented in Exhibit 29-76 and Exhibit 29-77. The categories have been 
condensed to facilitate the diagnosis of the primary causes of reliability problems 
on the urban street. Demand has been grouped into two levels. All foul weather 
and incident scenarios have been grouped into a single category each. 

An examination of the cell values in Exhibit 29-77 yields the conclusion that 
the single most significant cause of annual delay on the urban street example is 
high demand, which accounts for 53.6% of annual delay during fair weather with 

Exhibit 29-74 
Example Problem 4: 
Eastbound Travel Time 
Distribution 

Exhibit 29-75 
Example Problem 4: 
Confidence Interval 
Calculation for Eastbound 
Direction 
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no incidents. Incidents or bad weather collectively account for 22.9% of annual 
delay on the facility (17.8% + 7.3% + 2.8% – 5.1% – 0.0%). 

 Total Delay by Demand and Weather (veh-h) 
  Low Demand High Demand 
  Fair Weather Foul Weather Fair Weather Foul Weather Total 

No incidents 52,957 6,337 120,393 5,025 184,712 
Incidents 5,865 23 22,714 11,437 40,039 

Total 58,822 6,360 143,107 16,462 224,751 

 
  Low Demand High Demand 
  Fair Weather Foul Weather Fair Weather Foul Weather Total 

No incidents 23.6% 2.8% 53.6% 2.2% 82.2% 
Incidents 2.6% 0.0% 10.1% 5.1% 17.8% 

Total 26.2% 2.8% 63.7% 7.3% 100.0% 

EXAMPLE PROBLEM 5: URBAN STREET STRATEGY EVALUATION 

Objective 
This example problem illustrates an application of the reliability 

methodology for alternatives analysis. The objective is to demonstrate the utility 
of reliability information in evaluating improvement strategies. The strategies 
considered in this example involve changes in the urban street’s geometric 
design or its signal operation. These changes are shown to affect traffic operation 
and safety, both of which can influence reliability. 

Site 
The same urban street described in Example Problem 4 is used in this 

example problem. 

Required Input Data 
The same types of required input data described in Example Problem 4 are 

used here. The conditions described in Example Problem 4 are used as the 
starting point for evaluating each of three strategies that have been identified as 
having the potential to improve facility reliability. One base dataset is used to 
describe the “existing” facility of Example Problem 4, while one base dataset is 
associated with each strategy, resulting in a total of four base datasets. Specific 
changes to the Example Problem 4 base dataset required to represent each 
strategy are described later. The three strategies are as follows: 

1. Shift 5 s from the cross-street left-turn phase to the major-street through 
phase. 

2. Change the major-street left-turn mode from protected-only to 
protected-permitted. 

3. Eliminate major-street right-turn bays and add a second lane to major-
street left-turn bays. 

These strategies were formulated to address a capacity deficiency for the 
major-street through movements at each intersection. This deficiency was noted 
as part of the analysis described in Example Problem 4. The change associated with 
each strategy was implemented at each of the seven intersections on the street.  

Exhibit 29-76 
Example Problem 4: Annual 
VHD by Cause 

Exhibit 29-77 
Example Problem 4: 
Percentage of Annual VHD by 
Cause  
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For this example problem, the changes needed to implement the strategies 
require changes only to the base datasets. However, some strategies may require 
changes to the reliability methodology input data, the base datasets, or the 
alternative datasets. 

Computational Steps 
This example problem proceeds through the following steps: 

1. Establish the purpose, scope, and approach. 

2. Code datasets. 

3. Generate scenarios. 

4. Apply the Chapter 16 motorized vehicle methodology. 

5. Interpret results. 

Step 1: Establish the Purpose, Scope, and Approach 
Define the Purpose 
The agency responsible for this urban street wishes to perform a reliability 

analysis of existing conditions to determine which of the three strategies offers 
the greatest potential for improvement in facility reliability.  

Define the Reliability Analysis Box 
The results from a preliminary evaluation of the facility were used to define 

the general spatial and temporal boundaries of congestion on the facility under 
fair weather, nonincident conditions. A study period consisting of the weekday 
morning peak period (7–10 a.m.) and a study area consisting of the 3-mi length of 
facility between Intersections 1 and 7 encompass all of the recurring congestion. 

The reliability reporting period is desired to include all weekdays during the 
course of a year. The duration of the analysis period will be 15 min. 

Select Reliability Performance Measures 
Reliability will be reported by using the following performance measures: 

mean TTI, 80th percentile TTI, 95th percentile TTI (PTI), reliability rating, and 
total delay (in vehicle hours) for the reliability reporting period. 

Step 2: Code Datasets 
Code the Base Dataset 
The first base dataset represents existing conditions and is identical to the 

base dataset described in Example Problem 4. This base dataset was modified as 
follows to create a new base dataset (three in all) for each strategy being evaluated: 

 The signal timing parameters for the Strategy 1 base dataset were 
modified at each intersection to reduce the phase splits for the minor-
street left-turn movements by 5 s and to increase the phase splits for the 
major-street through movements by 5 s. 

 The signal timing parameters for the Strategy 2 base dataset were 
modified at each intersection to change the major-street left-turn mode 
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from protected-only to protected-permitted. Furthermore, Chapter 12 of 
the Highway Safety Manual (10) indicates that intersection crash frequency 
increases by 11% on average when this change is made. Therefore, the 
crash frequency input data for each intersection were increased to reflect 
this change. 

 The geometric parameters for the Strategy 3 base dataset were modified at 
each intersection to eliminate the major-street right-turn bays and to add a 
second lane to the major-street left-turn bays. Furthermore, Chapter 12 of 
the Highway Safety Manual (10) indicates that intersection crash frequency 
increases by 9% for this change. Therefore, the crash frequency input data 
for each intersection were increased to reflect this change. 

Code the Alternative Datasets 
Since no work zones are planned in the next year and no special events affect 

the facility on weekdays, only the base datasets will be required. 

Step 3: Generate Scenarios 
During this step, the reliability methodology is used to create one scenario 

for each analysis period in the reliability reporting period. The base datasets 
coded in Step 2 represent the “seed” files from which the scenarios associated 
with each strategy are created. As in Example Problem 4, one set of 3,120 
scenarios is created for the existing facility. Additional sets of 3,120 scenarios are 
created for each of the three strategies. 

Step 4: Apply the Chapter 16 Motorized Vehicle Methodology 
The analysis methodology for urban street facility evaluation is applied to 

each scenario generated in the previous step, as described in Example Problem 4. 

Step 5: Interpret Results 
This step examines the reliability results for the facility. Initially, the results 

for the existing facility are described. Then, the results for each of the three 
strategies are summarized and compared with those of the existing facility. The 
formulation of these strategies was motivated by an examination of the results 
for the existing facility. The examination indicated that the major-street through 
movements had inadequate capacity during the morning peak traffic hour for 
several high-volume months of the year. 

Results for the Existing Facility 
The results for the existing facility are the same as for Example Problem 4, 

given previously in Exhibit 29-73 through Exhibit 29-77. 

Results for Strategy 1 
In Strategy 1, 5 s are taken from the cross-street left-turn phase split. This 

change increases the time available to the major-street through (i.e., coordinated) 
phase and increases the through movement capacity. The results for this strategy 
are listed in Exhibit 29-78. The first two rows list the average values obtained 
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from five replications. The third row lists the change in the performance measure 
value. The last row indicates whether the change is statistically significant.  

Case 
Travel Time (s) Total Delay 

(veh-h) 
Reliability 

Rating Average 95th Percentile 
Existing 438.2 768.5 70.7 93.2 

Strategy 1 400.7 542.2 66.2 96.8 
Change -37.5 -226.3 -4.5 3.6 

Significant? Yes Yes Yes Yes 
Note: Results based on five replications. 

The statistics in Exhibit 29-78 indicate that the strategy produces a relatively 
large improvement in travel time, particularly in the 95th percentile travel time. 
The strategy improves reliability during the peak hour for the high-volume 
months, which is reflected by the increase in the reliability rating. It forecasts an 
increase of 3.6% in the VMT for which LOS D or better is provided. On the other 
hand, delay to the cross-street left-turn movements increases. This increase 
partially offsets the decrease in delay to the major-street through movements. 
This trade-off is reflected by a small reduction of 4.5 veh-h total delay. 

Results for Strategy 2 
In Strategy 2, the major-street left-turn mode is changed from protected-only 

to protected-permitted. This change reduces the time required by the major-
street left-turn phase, which increases the time available to the coordinated phase 
and increases the through movement capacity. The results of the evaluation of 
this strategy are given in Exhibit 29-79. 

Case 
Travel Time (s) Total Delay 

(veh-h) 
Reliability 

Rating Average 95th Percentile 
Existing 438.2 768.5 70.7 93.2 

Strategy 2 382.9 473.5 49.6 97.3 
Change -55.3 -295.0 -21.1 4.1 

Significant? Yes Yes Yes Yes 
Note: Results based on five replications. 

The statistics in Exhibit 29-79 indicate that Strategy 2 produces a relatively 
large improvement in travel time, particularly in the average travel time, relative 
to Strategy 1. The strategy improves reliability during the peak hour for the high-
volume months, reflected by the increase in the reliability rating. It forecasts an 
increase of 4.1 percent in the VMT for which LOS D or better is provided. The 
delay to the major-street through movements decreases without a significant 
increase in the delay to the other movements. This trend is reflected by the 
notable reduction of 21.1 veh-h total delay. 

Results for Strategy 3 
In Strategy 3, the major-street right-turn bays are eliminated and second 

lanes are added to the major-street left-turn bays. This change reduced the time 
required by the major-street left-turn phase, which increased the time available 
to the coordinated phase and increased the through movement capacity. The 
results for this strategy are listed in Exhibit 29-80. 

Exhibit 29-78 
Example Problem 5: Results 
for Strategy 1 

Exhibit 29-79 
Example Problem 5: Results 
for Strategy 2 
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Case 
Travel Time (s) Total Delay 

(veh-h) 
Reliability 

Rating Average 95th Percentile 
Existing 438.2 768.5 70.7 93.2 

Strategy 3 410.0 460.2 59.0 98.5 
Change -28.2 -308.3 -11.7 5.3 

Significant? No Yes Yes Yes 
Note: Results based on five replications. 

The statistics in Exhibit 29-80 indicate that the strategy produces a relatively 
large improvement in travel time, particularly in the 95th percentile travel time. 
The strategy improves reliability during the peak hour for the high-volume 
months, reflected by the increase in the reliability rating. It forecasts an increase 
of 5.3% in the VMT for which LOS D or better is provided. Delay to the major-
street through movements decreases, as reflected by the reduction of 11.7 veh-h 
total delay. The change in average travel time is not statistically significant 
because the loss of the right-turn bays shifts the location of many incidents from 
the bays to the through lanes. This shift causes the average travel time for 
Strategy 3 to vary more widely among scenarios. 

Summary of Findings 
All three strategies improved the facility’s reliability and overall operation. 

Strategy 1 (shift 5 s to the coordinated phase) provides some improvement in 
reliability of travel through the facility and some reduction in total delay in the 
system. 

Strategy 2 (protected-only to protected-permitted) provides the lowest average 
travel time and the lowest total delay. It also provides a notable improvement in 
travel reliability. 

Strategy 3 (eliminate right-turn lanes, increase left-turn lanes) provides the 
biggest improvement in reliability of travel. It also provides some overall benefit in 
terms of lower travel time and total delay. 

The selection of the best strategy should include consideration of the change 
in road user costs, as measured in terms of reliability, total delay, and crash 
frequency. Viable strategies are those for which the reduction in road user costs 
exceeds the construction costs associated with strategy installation and 
maintenance.  

Exhibit 29-80 
Example Problem 5: Results 
for Strategy 3 
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