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ABSTRACT 

The main performance measures used in the assessment and optimization of traffic signal 

timing have traditionally been restricted to mobility, with limited consideration of environmental 

and safety aspects. The goal of this study is to develop a signal timing optimization algorithm 

that can consider mobility, safety, and environmental measures simultaneously on coordinated 

arterials. The objectives of the research are to a) review relevant research that can be used to 

evaluate safety at signalized intersections as a function of various signalization-related 

parameters; b) select or develop a set of equations that can be used to predict crashes as a 

function of intersection characteristics and signal control; c) develop a methodology for 

optimizing signal control in terms of safety (crashes), environmental impacts (emissions) and 

operations (delay); d) implement the proposed methodology in the Highway Capacity Software; 

and e) conduct a sensitivity analysis of the model results to assess the optimal performance 

measures obtained as a function of key variables that affect mobility, safety and emissions 

outputs. 

Optimization results and statistical analysis of the sensitivity scenarios showed that the 

effect of each variable on the overall performance of the model is highly dependent on other 

variables. For instance, the use of shared turns and permitted left could improve both mobility 

and safety to a degree which is a function of the traffic volumes and turning percentage levels. 

The size of the intersection, defined as a function of the number of lanes on the arterial, was 

found to be the most significant variable in the model, largely affecting all performance 

measures. 
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The methods developed in this study have been implemented in the Highway Capacity 

Software (HCS), and can be used to optimize signal control by simultaneously considering 

mobility, safety, and environmental effects.  
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CHAPTER 1: BACKGROUND 

INTRODUCTION 

 

Transportation agencies are increasingly realizing the importance of performance 

measurement and management. However, the main performance measures used in the 

assessment and optimization of signal timing have been mobility measures only (such as delay, 

stops etc.), with limited consideration of safety and environmental impacts. Consideration of 

these measures is important, particularly with the increased emphasis on accounting for multiple 

performance measures in the management of transportation systems. 

 

OBJECTIVES AND SCOPE 

 

The goal of this project is to develop an algorithm capable of generating appropriate 

signal timing plans to simultaneously improve mobility (average overall delay on intersections 

and coordinated arterials), emissions (total g of gases) and safety (crash frequency). This report 

focuses on the mobility and safety components of this goal.  The objectives of the research are 

to: 

a) review relevant research that can be used to evaluate safety at signalized intersections 

as a function of various signalization-related parameters; 

b) select or develop a set of equations that can be used to predict crashes as a function of 

intersection characteristics and signal control;  

c) develop a methodology for optimizing signal control in terms of safety (crashes), 

environmental impacts (emissions) and operations (delay);  
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d) implement the proposed methodology in the Highway Capacity Software; and  

e) conduct a sensitivity analysis of the model results to assess the optimal performance 

measures obtained as a function of key variables that affect mobility, safety and emissions 

outputs. 

 

STRUCTURE OF THIS DOCUMENT 

 

The next chapter of the report (Chapter 2) summarizes the literature review, focused on  

crash prediction models for intersections, the genetic algorithm that was applied to solve the 

proposed problem, and the sensitivity analysis method selected for this work.  Chapter 3 

describes the methodology framework and its implementation in the Highway Capacity Software 

(HCS).  Chapter 4 presents the results, including the base scenario and the sensitivity analysis. 

Chapter 5 summarizes the conclusions of the research, limitations of this study and 

recommendations for future work. 
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CHAPTER 2: LITERATURE REVIEW 

 

The first part of this chapter summarizes the existing work on crash prediction functions, 

culminating with the selection of the model for the project purpose. The second part reviews the 

literature on genetic algorithms that can be used to achieve the goal of this research. The third 

part discusses the sensitivity analysis methodology selected to analyze the results of this work. 

 

PART 1: CRASH PREDICTION MODEL 

 

This subsection describes the evolution of crash prediction models at intersections over 

the years and techniques used to build these models, from basic statistical analysis to simulation, 

the Highway Safety Manual (HSM), and a more recent model that considers signal operations at 

a higher level of detail. The final subsection summarizes the findings of this review. 

 

Evolution of Crash Studies at Intersections 

 

Crashes at intersections are generally categorized into rear end, sideswipe (same 

direction), sideswipe (opposite direction), right-angle, head-on/angular, and left-turn/approach-

turn crashes. Definitions are shown in Table 1. 
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Table 1. Crash Type Definition 

Type Definition 

Rear-end 
Two vehicles, travelling in the same direction and aligned to one another, collide regardless 

of what movement either vehicle is making, except when one or both vehicles are backing.  

Sideswipe 

Two vehicles, moving alongside each other, collide laterally. This type would include a 

collision resulting from one of the vehicles making an improper turn, lane change, or 

overtaking maneuver, in the same or opposite direction. 

Right-angle 

A crash where two vehicles, approaching from non-opposing angular directions, collide and 

impact at an angle. Typically crashes result from vehicles failing to either stop or yield the 

right of way from a stop or yield sign, running a red light, or not being able to pass through 

intersections when the green signal of conflicting movements is on. 

Head-on 

Two vehicles, approaching opposite directions that intend to continue in opposite directions, 

collide in a frontal or angular manner. This includes collisions resulting from vehicles 

traveling the wrong way down divided highways or because of loss-of-control. 

Loss-of-

control 

A single vehicle exit the roadway because of loss-of-control over the vehicle. If no escape 

areas exist, which is the case in most urban settings, the vehicle generally hits a fixed object 

on the roadside, a parked vehicle, pedestrian, or bicycle. 

Approach-

turn/ 

Left-turn 

Vehicles traveling in opposite directions on the same street with one vehicle attempting to 

turn left or U turn in front of the opposing vehicle. 

Source: (1) State of New Jersey Department of Transportation. 

 (2) Minimum uniform crash criteria. 

 (3) City of Fort Collins. 

 

Poch & Mannering’s (4) study is one of the earliest that examined the impact of signal 

control parameters on intersection safety. A negative binominal (NB) regression model was used. 

The dataset included 63 intersections over six years and was used to develop four statistical 

models for different crash categories: (a) all accidents; (b) rear-end accidents; (c) angle 

accidents; (d) approach-turn accidents. Model coefficients for significant variables were 

calculated, as well as elasticities to explanatory variables. Results show that two-phase signals 

increase the frequency of rear-end and angle accidents, but are still safer than unsignalized 
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intersections in terms of total accidents; and eight-phase signals increase rear-end and approach-

turn accidents, for a higher total number of crashes as compared to unsignalized intersections. 

However, the model only considered two-phase and eight-phase controls. The authors indicate 

that eight-phase signals are often used under high volumes and heavy congestion traffic 

conditions. Therefore, increased crashes may be caused by high volumes rather than the number 

of phases. There is no discussion in this paper about the interaction of those two factors. 

In addition, protected left turns could help relieve crash frequency. A protected / 

permissive left turn is beneficial for reducing rear-end and angle accident accidents, however the 

total number of crashes could increase. The advantages of this research are: a) crashes are 

analyzed by types rather than just in total or by vehicle types; b) the authors discuss the 

limitation of applying Poisson regression model to the over-dispersed crash data. One of the 

assumptions of Poisson regression is that the mean and variance of data are the same. However, 

generally, the crash data at different intersections or during different years violates this 

assumption. Improper application would lead to underestimation of coefficients. 

The limitations of this research are: a) it only considered isolated intersections and did 

not include any variables related to signal coordination and arterial operations; b) there are some 

variables that were not considered in their entire feasible ranges. For example, it only considers 

two phase and eight phase control. 

In 2007, Mitra et al. (5) studied right angle and rear-end crashes in Singapore from 1992 

to 1999 using a zero-inflated probability model. This model can deal with an instance where data 

contains many zero counts (cases at a given location and during a period when there is no record 

of an accident). The method assumes that there are two states: one is called “perfect state”, which 

assumes the only possible observation is zero, with a probability p; and other is called “imperfect 
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state”, which assumes that a Poisson/NB random variable is observed with a probability of 1-p 

(6). Sometimes p and λ (mean of imperfect state) are uncorrelated, but other times p is a simple 

function of λ as in p =
1

1+λ𝜏
 for an unknown constant τ. The former is called zero-inflated 

Poisson (ZIP) or zero-inflated negative binomial (ZINB) and the latter ZIP(τ) or ZINB(τ). 

The data includes crashes from 1992 to 1999 at 52 intersections. A total of 32 

explanatory variables represent geometric, traffic controls, and regulatory factors at the 

intersections. For head-to-rear accidents, the Poisson regression’s assumption was found to be 

better than the NB’s, but for rear-to-side accident, NB was preferred. For both models, τ was 

considered insignificant.  

Results show that adjacent intersections within 200 meters and existence of bus stops 

along approaches would decrease head-to side accidents. The number of rear-to-rear accidents 

would increase with higher speed limits and surveillance cameras, and decrease with adaptive 

signal controls. Additionally, presence of uncontrolled left-turn channels, existence of medians 

wider than 6.56 ft (2 meters), higher approach volumes, and more phases per cycle would all 

contribute to higher instances of accidents by both maneuver types. 

Chin and Quddus (7) were concerned that crash data could be related in time and space. 

Therefore, a random effect NB model is more proper than both a Poisson and NB model, since 

the latter models require accident data to be uncorrelated. Their study included 832 observations 

over 7 years and showed that the increased number of phases per cycle might have increased the 

number of accidents. Moreover, adaptive signal controls appeared to have an effect in reducing 

accident occurrence. Although this study applied an advanced model, it did not consider different 

crash types. 
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Wang and Abdel-Aty (8) agree that there are temporal and spatial correlations among 

crash data. Temporal crash data are observations at a cross section of an intersection over several 

periods of time. By considering the temporal effect, it is possible to explore the effectiveness of 

the change of certain explanatory variables. For the spatial dimension, the authors suggested that 

intersections within a given range might be correlated because of factors such as traffic 

coordination and platoons. Therefore, intersections were grouped into clusters using a distance 

criterion. Intersections within a cluster were considered to be spatially correlated, and those from 

different clusters were assumed to be statistically independent. 

The authors point out that using either Poisson or NB models for longitudinal data may 

be problematic, because both assume that the crash data (e.g. the annual number of crashes at 

each intersection) are independent, which conflicts with the assumption stated previously. 

Moreover, errors of crashes within the same intersection should be highly correlated, while 

errors amongst different intersections are random. In that sense, these two models could not 

describe the error structure correctly. Generalized estimating equations (GEE) were applied with 

a NB link function with four correlation structures such as independent, exchangeable, auto-

regressive, and unstructured.  

The explanatory variables are geometric design features, traffic characteristics, traffic 

control, and operational features. For temporal analysis, the dependent variable is the number of 

annual rear-end crashes. For the spatial analysis, the dependent variable is the number of rear-

end crashes over two years. The data used for temporal analysis included 208 intersections over 

3 years, and the data used for spatial analysis involves 476 intersections along 41 corridors. 

The variable that was related with signal timing is left-turn protection on the major/minor 

roadway. Results showed that the auto-regression structure assumption had the highest R2 for 
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both temporal and spatially correlated models. However, this approach could not combine the 

temporal and spatial correlations into one single model, and the cluster category which is 

determined by distance in the spatial-correlated model has not been clearly explained and 

standardized. Also, the correlation categorized by distance may vary from city to city. 

A study conducted by Agbelie et al (9) investigated impacts of signal timing parameters, 

traffic and highway geometric characteristics on crash frequencies at urban signalized 

intersections. The dataset included 381 urban signalized intersections in Illinois, which were 

collected from 2004 to 2010. The variables related to signal control included: 1) minimum green 

time; 2) average green time; 3) maximum green time; 4) types of signal controls (pretimed or 

demand-actuated); and 5) the number of phases. It was found that only two factors were 

statistically significant: the maximum green time and the number of signal phases. Other traffic 

and geometric variables included in the study were the ratio of major road AADT to that of the 

minor road and the number of lanes on each approach. 

Both Poisson and random-parameters NB models were considered to describe the nature 

of crash frequencies. The latter model takes into account the possible heterogeneity that may 

result from one intersection to another and across different data collection periods. Results 

suggested that the latter model described better the studied phenomenon. The model corroborates 

results from previous research, as it shows that a unit increase in the number of signal phases 

would increase crash frequencies by 40%. Additionally, the model indicates that an increase in 

the maximum green time would increase crash frequencies at signalized intersections with a 

probability of 93.32%. 
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Simulation Based Methods  

 

The first studies exploring the potential of microscopic simulation tools to study safety 

measures in signalized intersections were conducted in the early 2000’s (10, 11). As a major 

conclusion, the authors indicated that there should be a relationship between crash field data and 

road user interactions, measured in the form of conflicts. Conflicts, in turn, are associated with 

operational measures such as delays and the number of stops.  

Archer (12) investigated more deeply the nature of conflicts from the safety perspective, 

defining surrogate traffic safety indicators: Time to Accident, Time to Collision, and Post-

Encroachment Time. Although those measures were consistent with field data, the simulation 

model underestimated the corresponding field values. Based on this possibility, subsequent 

studies emphasize the importance of calibration and validation of traffic microscopic simulation 

tools for the purpose of generating surrogate safety measures (13, 14), such as the Time-to-

Collision, and the Federal Highway Administration (FHWA) now provides a model to relate 

traffic conflicts to crash rates, the Surrogate Safety Analysis Model – SSAM (15). 

More recently, other authors reconsidered whether microsimulation could be used to 

evaluate intersection safety. Saleem et al. (16) simulated conflicts in four-leg intersections using 

VISSIM and Paramics. The coefficient estimates for the conflict variables from both models 

were similar and statistically significant. The second part of the analysis examined the possible 

effects of left-turn phasing, indicating that the protected–permissive treatment could reduce angle 

and left turning crashes. However, the new crash–conflict relationships were different from those 

recommended by the SSAM (15). 
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Essa and Sayed (17) also found different relationships from those proposed by the 

SSAM, by calibrating VISSIM to produce conflicts. The calibration process consisted of 

matching actual field conditions, and the use of sensitivity analysis followed by a genetic 

algorithm procedure to calibrate the VISSIM parameters that had the biggest effect on the 

simulated conflicts. 

Building new relationships between conflicts and crashes using the microscopic simulator 

VISSIM was also the objective of a recent study by Shahdah, Saccomanno and Persaud (18), 

who simulated the effects of countermeasures to left-turn against crashes, using a sample of 

intersections located in Toronto, Canada. Results obtained from traffic conflicts surrogate safety 

measures were consistent with those obtained from a rigorous, conventional Empirical Bayes 

before and after analysis, which is the traditional, albeit costly method of performing such 

analysis. This study used SAAM relationships and as the surrogate measure the Time-to-

Collision (TTC), defined as the time separation between two vehicles before they collide, if both 

vehicles continue at their present speeds along their respective trajectories. By using this 

measure, the research tested the impact of protected versus permissive left-turns, and the 

reduction factor for the number of crashes was estimated as 0.919. 

Other factors investigated in the literature included the speed limit.  Pirdavani et al. (19) 

used microsimulation to evaluate the safety of signalized 4-leg intersections and concluded that 

driver behavior was highly influenced by increasing speed limits, as evidenced by the observed 

deterioration in surrogate safety metrics.  

Stevanovic et al. (20) proposed a method for traffic signal timing based on the 

optimization of Pareto Fronts. Three dimensions were considered: mobility, environment 

(emissions) and safety. Safety was accounted for in terms of surrogate measures, using the traffic 
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microsimulation software VISSIM to calculate potential conflicts in the intersections. A genetic 

algorithm was implemented to solve the optimization problem, supported by data collected in 5 

signalized intersections along a segment in West Valley City, Utah. It was concluded that the 

process of finding optimum solutions considering mobility, safety and emissions is feasible, and 

the proposed method could improve signal timings in most cases, as compared to the situation 

observed in the field. According to the authors, the optimum balance between mobility, safety 

and emissions did not seem to produce timings which are very different from each other. The 

variability of safety, for instance, ranged from 5% and 35% in terms of number of conflicts. 

The rapid evolution shown in more recent studies regarding simulation-based models 

suggest that this method might be superior to analytical methods for determining the impact of 

specific factors to safety. To investigate this, So et al. (21) compared AADT-based crash 

estimation (approach a) and SAAM simulated conflicts-based (approach b) models. Also, three 

new approaches were proposed: an integrated approach of simulated conflicts and volume 

parameters (c); an estimated conflicts-incorporated SPF approach (d); and an intersection 

operational attribute-based SPF approach (e). Trade-offs between accuracy and practicality of the 

five models were discussed. It was concluded that approaches (c) and (a) were the best in terms 

of prediction performance and practicality, respectively. The appropriate choice of model would 

depend on the availability of resources and objectives of the analyst. 

 

The Highway Safety Manual 

 

Many states have developed crash reduction factors (CRF) for cost-benefit analysis and 

other purposes, some developed by crash types and severity types as subclasses. The CRFs are 
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usually estimated using a before-and-after methodology or simulation technique, as discussed 

previously. As a rule, the CRFs are defined as: 

CRF =  
𝐶𝑟𝑎𝑠ℎ 𝑅𝑎𝑡𝑒 𝐵𝑒𝑓𝑜𝑟𝑒−𝐶𝑟𝑎𝑠ℎ 𝑅𝑎𝑡𝑒 𝐴𝑓𝑡𝑒𝑟

𝐶𝑟𝑎𝑠ℎ 𝑅𝑎𝑡𝑒 𝐵𝑒𝑓𝑜𝑟𝑒
 × 100    (1) 

 

Crash Rates =  
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑟𝑎𝑠ℎ𝑒𝑠

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒
    (2) 

 

where Exposure is usually calculated in million vehicle-miles (MVM) of travel. Table 2 

shows the factors concerning signal controls in Florida as an example. 

A positive value of CRF indicates an increase of the total crashes with the 

implementation of an improvement. If multiple improvements are applied to the same project 

location, the composite CRF can be estimated as: 

 

𝐶𝑅𝐹 =  𝐶𝑅𝐹1 + (1 − 𝐶𝑅𝐹1)𝐶𝑅𝐹2 + (1 − 𝐶𝑅𝐹1)(1 − 𝐶𝑅𝐹2)𝐶𝑅𝐹3 +⋯   (3) 

 

Much work has been focused on developing crash prediction models able to make use of 

adjustment factors in the format of the presented CRF. Among these methodologies, the most 

comprehensive one is AASHTO’s HSM (23). The HSM provides safety performance functions 

(SPF) to estimate an expected average crash frequency. For intersections, it categorizes crashes 

into two severity types: fatal-and-injury and property-damage-only crashes. The model considers 

the types of intersections (by number of legs/approaches) at urban arterials and highways, their 

geometric design parameters, and traffic control features. The overall formula for predicting the 

number of accidents is: 
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Table 2. Crash Reduction Factors 

State Factors Crash type Reduction factor (%) 

Florida 

New signal at 

channelized intersection 

  

Rear-end -51 

Angle 53 

Left-turn 34 

Right-turn 70 

Sideswipe 10 

Head-on 53 

New signal at non-

channelized intersection 

  

Rear-end -5 

Angle 11 

Left-turn 34 

Right-turn 23 

Sideswipe 23 

Head-on -46 

Modify signal timing  

and phasing 

  

Rear-end -22 

Angle 31 

Left-turn 66 

Right-turn -20 

Sideswipe -17 

Head-on 100 

Source: (22) Florida Department of Transportation, http://www.dot.state.fl.us/rddesign/QA/Tools.shtm 

 

 

𝑁𝑝𝑖 = 𝐶𝑟[(𝑁𝑏𝑖𝑚𝑣 + 𝑁𝑏𝑖𝑠𝑣)(𝐶𝑀𝐹1𝑖 × …× 𝐶𝑀𝐹𝑛𝑖) + 𝑁𝑝𝑒𝑑𝑖(𝐶𝑀𝐹1𝑝 × …× 𝐶𝑀𝐹𝑛𝑝) + 𝑁𝑏𝑖𝑘𝑒𝑖] (4) 

 

where: 𝐶𝑟 = calibration (scaling) factor for a specific roadway segment that is developed for use 

in a particular geographical area; 

𝑁𝑏𝑖𝑚𝑣 = predicted crash frequency under base conditions involving multiple vehicles. 

http://www.dot.state.fl.us/rddesign/QA/Tools.shtm
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𝑁𝑏𝑖𝑚𝑣 = predicted crash frequency under base conditions involving single vehicles. 

𝑁𝑝𝑒𝑑𝑖 & 𝑁𝑏𝑖𝑘𝑒𝑖 = predicted average crash frequencies of vehicle-pedestrian collisions and 

vehicle-bicycle collisions; and 

𝐶𝑀𝐹1 … 𝐶𝑀𝐹𝑛 = crash modification factors a given type of accident. 

The difference between the CMF structure used by the HSM and the CRF presented 

previously is that while the second represents a percent before-after difference in the total 

number of accidents, the first is a multiplicative factor applied to the number of accidents 

predicted for base conditions to account for a series of road or environmental characteristics. 

Note that, in spite of the name, “crash reduction factors”, they may also represent an increase in 

the number of crashes, when it has a negative sign. Finally, sometimes the term “accident 

modification factor” (AMF) is used as a synonym to CMF, to describe multiplicative factors 

which haven’t been included in the AASHTO’s Highway Safety Manual.  This report generally 

uses the term “CMF”. 

Although very comprehensive in nature, the methodology presented by the HSM was 

conceived for planning and design purpose (23), and does not consider signal control in detail. 

Factors that are considered in the signalization-related models are oriented towards the geometric 

and traffic signal control features. For urban intersections, the influencing factors of the model 

are (HSM, 2010):   

a) Number of intersection legs (3 or 4); 

b) Number of approaches with an intersection left-turn lane (1 to 4 approaches); 

c) Number and type of left-turn signal phasing (permissive; protected/permissive or 

permissive/protected; or protected); 

d) Number of approaches with intersection right turn lane (all approaches, 0 to 4 approaches); 

e) Number of approaches with right-turn-on-red operation prohibited; 
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f) Presence/absence of intersection lighting; 

g) Red-Light Cameras to enforce red signal violations. 

h) Maximum number of traffic lanes to be crossed by a pedestrian in any crossing maneuver at 

the intersection considering the presence of refuge islands; 

i) Bus Stop within 1,000 ft of the center of the intersection (1 to 3 stops); 

j) Schools within 1,000 ft of the intersection; 

k) Alcohol Sales Establishments within 1,000 ft of the intersection (1 to 9 

 

Of these, (b), (c), (d) and (e) are related to signal operations and control.  

For rural two-lane and multilane highways signalized intersections, the factors related to 

operations are only the presence of left-turn lanes and right-turn lanes. 

Five collision types are defined in the HSM, although the number of predicted accidents 

refer to the total of crashes. The default proportion of the frequency for each crash type, if 

needed, is based on site types (Table 3). 

 

Table 3. Distribution of Multiple-Vehicle Collisions for Intersections by Collision Type 

Manner of 

Collision 

Proportion of Crashes by Severity Level for Specific Intersection Types 

3ST 3SG 4ST 4SG 

FI PDO FI PDO FI PDO FI PDO 

Rear-End 0.421 0.440 0.549 0.546 0.338 0.374 0.450 0.483 

Head-on 0.045 0.023 0.038 0.020 0.041 0.030 0.049 0.030 

Angle 0.343 0.262 0.280 0.204 0.440 0.335 0.347 0.244 

Sideswipe 0.126 0.040 0.076 0.032 0.121 0.044 0.099 0.032 

Other 0.065 0.235 0.057 0.198 0.060 0.217 0.055 0.211 

Notes: 1.  3ST: Three-leg unsignalized intersection  Source: Highway Safety Manual, 2010 p12-32. 

 

 3SG: Three-leg signalized intersection 
 4ST: Four-leg unsignalized intersection 

 4SG: Four-leg signalized intersection 

 FI: Fatal and injury accidents 
 PDO: Property damage only 
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The New Zealand Model 

 

The New Zealand transport agency developed models to predict different types of crashes 

as a function of traffic operation and geometric factors (24). This study produced comprehensive 

and systematic crash prediction models by crash type. The categories of crash were: left-angle 

crashes (right-angle in the U.S.), right-turn-against crashes (left-turn in the U.S.), rear-end 

crashes, loss-of-control crashes, and other crashes.  

The signal control parameters considered were: 1) green time for through movements; 2) 

yellow time for approaches; 3) all-red for approaches; 4) cycle time for intersections; 5) degree 

of saturation; 6) total lost time; 7) presence of detectors and coordination with upstream 

intersections; 8) types of phasing (standard/split/combined); 9) free right-turn on red; 10) phasing 

types (fully protected/partially protected/filtered). 

Prediction models were developed by using generalized linear models, which were 

widely used in crash modelling. The models follow the format of the HSM models, in which a 

base location base factor is multiplied by a series of variables that are a function of traffic, 

operations, and geometry characteristics:  

 

A = 𝑏0𝑥1
𝑏1𝑥2

𝑏2…𝑥𝑛
𝑏𝑛     (5) 

 

where: The dependent variable A is typically the total number of accidents in a 5-year period; 

 b0 is the constant adjustment factor of the model, analogous to the HSM Cr factor. In the 

original document by Turner (24), this parameter was city-specific. It is therefore desirable that 

b0 values are calibrated to account for local conditions.  However, a default range of values for 
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this factor is given in the study. For testing purposes, the median of these defaults is used in this 

work. 

𝑥𝑖 are the independent variables. One or more of them is always the annual flow rate for 

specific movements, while the others are non-flow variables; 

𝑏𝑖 are the model coefficients. A log-linear transformation is made as: 

 

log𝐴 = log (𝑏0𝑥1
𝑏1𝑥2

𝑏2 …𝑥𝑛
𝑏𝑛) = log 𝑏0 + 𝑏1 𝑙𝑜𝑔𝑥1 + 𝑏2 𝑙𝑜𝑔𝑥2 +⋯+𝑏𝑛 𝑙𝑜𝑔𝑥𝑛 (6) 

 

There are five types of relationships based on the value of coefficients, shown in Table 4. 

 

Table 4. Types of Relationships Based on the Model’s Coefficients 

Exponent Relationship with crash rate  

bi > 1 Crashes increase as the values of variables increase 

bi = 1 Crashes increase at a constant rate as values of variables increase 

0 < bi < 1 Crashes increase at a decreasing rate as values of variables increase 

bi = 0 The number of accidents are independent of the value of variables  

bi < 0 Crashes decrease as the values of variables increase 

 

Data were collected at 238 signalized intersections over 5 years, and crashes were 

classified according to type. Crash frequencies estimated by these models are the annual mean 

number of crashes.  

This study (24) also considered many factors concerning signal timing, through some of 

them were found not to be statistically significant and were not included in the final models. 
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Moreover, the models are straightforward and can be applied easily. The weakness of the models 

is in the definition of other crashes, which represents a wide variety of crashes that were not 

completely understood. Also, as with the HSM, the models should be location-specific, as each 

equation has a constant term, which was calibrated for New Zealand cities; this term should be 

calibrated locally. 

 

Summary and Conclusions 

 

Although considerable amount of work has been conducted to investigate safety at 

signalized intersections, those studies usually use statistical distributions to analyze the 

relationships between geometry and crashes. Since the 1990’s, new research started to 

incorporate operations and control characteristics to the analysis (4). Also, most studies typically 

focus on specific explanatory variables or safety countermeasures and their impact to a specific 

type of crash, such as rear-end or left-turn. 

Several subsequent studies (5-9) revealed a consensus regarding the relationship between 

crash rates with some signal parameters such as cycle length, number of phases per cycle, signal 

control types (pre-timed and adaptive control), coordination, left-turn phasing types 

(protected/permission), and increased yellow/AR intervals. 

An increase in the number of phases per cycle is commonly regarded as harmful for 

intersection safety. Chin and Quddus’s study (7) showed that it would increase the total number 

of crashes (coefficient is 0.1108), and Agbelie et al. (9) found a  similar result (coefficient is 

0.076). Poch and Mannering (4) thought that an appropriate and small number of phases such as 

two-phase signal controls would relieve the total number of crashes (coefficient is -0.055) but 
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eight-phase would increase crashes (coefficient is 0.285). For rear-end crashes as well as right-

angle crashes, both two-phase and eight phase would increase crashes. Mitra et al. (5) also found 

similar results for rear-end and right-angle crashes. Signal control coordination may improve 

mobility and reduce the total number of crashes (7).  

Studies in the last decades have shown that protected left-turn phasing is helpful in 

reducing the total number of crashes (4), rear-end (4), right-angle (4), and left-turn crashes (23). 

Interestingly however, Poch & Mannering (4) found that a protected /permissive left-turn phase 

would increase the number of left-turn crashes compared with no-signal control. In addition, 

Wang’s study (8) showed that left-turn protection on minor streets may increase rear-end 

crashes. 

Since the early 2000’s, more advanced techniques using microscopic traffic simulation 

tools were used to reconsider the interactions of safety and operation at intersections from 

another perspective. These studies (10-21) discuss the calibration and validation of 

microsimulation models to produce surrogate measures to estimate crashes, based on traffic 

conflicts. Similar to previous research, the intent of many of those studies is to evaluate the 

impact of specific explanatory variables (countermeasures), not providing the user with means to 

replicate the model results. 

The HSM (23) was the first to present comprehensive multivariate models to evaluate 

safety on rural and urban intersections by using multiple explanatory variables and regression 

models to predict crashes. In spite of that, few control parameters are considered. The work 

conducted by the New Zealand transport agency (24) moved one step ahead by combining 

operational and geometry parameters to estimate crashes by type. 
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There are still a few signal parameters that have not been studied, including detector 

extension time, and the minimum and maximum green times. An extension time should be long 

enough to ensure a vehicle can enter and clear the intersection safely.  Green time duration could 

be important, especially for intersections with coordinated signal controls, as platoons of vehicles 

with similar speeds are formed and travel through each intersection.  Shorter maximum green 

times would not only disrupt the platoon formation, but may result in higher numbers of rear-end 

crashes. Lastly, some types of crashes have not been studied fully such as sideswipe, head-on 

and run-off crashes.  

Regarding existing work on intersection safety related to signal control factors, models 

developed by Poch & Mannering (4) and Turner (24) are preferable for use in optimization, as 

they are straightforward and easy to implement as part of a larger model.  In a preliminary 

analysis, Poch’s (4) model had advantages as compared to Turner’s (24).  First, its NB model 

considers the positive nature of crash frequencies while the generalized linear regression model 

does not. Also, Turner’s study (24) was conducted in New Zealand, and every model includes a 

constant term, which is location (city) specific. However, Turner’s model considers a larger 

number of operational features, while keeping a simple structure that is more modern and 

compatible to the HSM CMF structure. This structure has the advantage of allowing for the 

calibration of existing factors and inclusion of new CMFs, that could be derived from before-

after studies using real data or microsimulation, as discussed previously. Therefore, Turner’s 

model was preferred for this work, and Table 5 presents all factors considered by the model and 

the corresponding CMFs, by crash type. As discussed earlier, CMFs below 1 reduce crashes, 

while values above 1 increase them. 
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Table 5. Selected Model Details 

Factors CMF 

Right-angle crash (off-peak period) 

Daily volume of through vehicles on approach factor0.311 

Daily volume of through traffic coming from left side + 

Daily volume of through traffic coming from right side 
factor0.362 

Number of approaching lanes exp(.356×factor) 

Intersection depth factor0.602 

Cycle time factor0.037 

All-red factor-0.636 

Split-phasing 0.69 

Mast arm display 0.74 

Coordinated 1.31 

Advanced detector 2.06 

Shared-turns 1.19 

Median island  0.67 

Right-angle crash (peak period) 

Daily volume of through vehicles on movement 2  factor0.156 

Daily volume of through traffic coming from left side + daily volume of through 

traffic coming from right side 
factor0.381 

Number of approaching lanes exp(.788×factor) 

Intersection depth factor1.237  

Cycle time factor-0.945 

All-red factor-2.528 

Split-phasing 0.35 

Mast-arm display 0.56 

Coordinated 1.49 

Shared-turns 2.06 

Median island  1.19 

Left-turn crash (off-peak period) 

Daily volume of left-turning vehicles on movement 7  factor0.155 

Left-turn storage length (1+factor)-0.124 

Number of through lanes exp (0.352×factor)  

Degree of saturation factor0.397  
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Cycle length factor-0.683 

Full LT Protection 0.71 

Shared LT  0.72 

Med island  1.22 

Cycle facilities  1.35 

Left-turn crash (peak period) 

Daily volume of left-turning vehicles on movement 7  factor0.256 

Left-turn storage length (1+factor)-0.24 

Number of through lanes exp (0.26×factor)  

Degree of saturation factor0.41 

Cycle length factor-0.34 

Full LT Protection 0.24 

Shared LT  0.56 

Med island  1.22 

Rear-end crash (off-peak period & small intersection) 

Total AADT entering the intersection from the approach factor0.447 

Left-turn storage length (1+factor)-0.259 

Lost time factor-3.424 

Split phasing 5.256 

Approach bus bay 1.309 

Cycle facilities  0.706 

Presence of right-turn lane 1.585 

Rear-end crash (peak period & small intersection) 

Total AADT entering the intersection from the approach factor0.252 

Split phasing 5.256 

Rear-end crash (off-peak period & large intersection)  

total AADT entering the intersection from the approach factor0.985 

Number of approach lanes exp(.459×factor) 

Left-turn storage length (1+factor)-1.142 

Lost time factor-1.739 

High speed 0.985 

Standard phasing on approach  1.053 

Cycle facilities  1.257 

Free right-turn lane 1.227 
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Commercial 0.819 

Rear-end crash (peak period & large intersection) 

total AADT entering the intersection from the approach factor1.181 

Number of approach lanes exp(.465×factor) 

Left-turn storage length (1+factor)-1.478 

High speed 1.756 

Standard phasing on approach  1.257 

Cycle facilities  0.443 

Free right-turn lane 0.788 

Commercial 0.925 

Rear-end crash (off-peak period & median intersection) 

total AADT entering the intersection from the approach factor ^.496 

Number of approach lanes exp(.243×factor) 

Lost time factor-0.209 

Cycle facilities  0.753 

Standard phasing on approach  0.637 

Free right-turn lane 1.442 

High speed 1.449 

Approach bus bay 0.908 

Commercial 0.9 

Rear-end crash (peak period & median intersection) 

total AADT entering the intersection from the approach factor0.457 

Number of approach lanes exp(.277×factor) 

High speed 1.63 

Standard phasing on approach  0.572 

Cycle facilities  0.754 

Approach bus bay 0.692 

Free right-turn lane 1.604 

Commercial 0.653 

Loss-of-control crashes  

total AADT entering the intersection from the approach factor0.541 

Number of approaching lanes exp(.144×factor) 

Cycle length factor-0.704 

Degree of saturation factor0.447 
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Residential 0.75 

Split phasing 2.47 

Upstream parking 0.58 

Exit merge 1.47 

Free right-lane turn 1.17 

High speed 1.57 

Approach bus bay 1.6 

Other crashes 

total AADT entering the intersection from the approach factor0.262 

approaching width factor0.027 

Cycle time factor0.354 

Free right-lane turn 1.16 

Coordinated 0.71 

Shared turns 1.26 

Split phasing 1.21 

Advanced detector 0.44 

High speed 1.98 

Approach bus bay 1.27 

Upstream parking 0.7 

Exit merge 0.65 

Commercial 1.83 

 

 

PART 2: IMPLEMENTATION OF CRASH PREDICTION AND MOBILITY MODELS 

INTO MULTIOBJECTIVE FUNCTIONS 

 

This section contains an introduction to Genetic Algorithms (GA) and their application in 

the context of optimization of safety and mobility performance measures. It is organized into 

three subsections. In the first one, GA basic concepts are explained. The second subsection 
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describes the application of GA to similar problems, while the third provides a summary and 

recommendations regarding GA applications for the purposes of this study. 

 

Genetic Algorithms Basic Concepts 

 

GAs are adaptive methods which are widely used to solve search and optimization 

problems. GAs use a direct analogy of natural behavior. They work with a population of 

“individuals”, each representing a possible solution to a given problem. Each individual is 

assigned a “fitness score” according to how good a solution it produces to the problem. The most 

highly fitted individuals are given opportunities to “reproduce”, by cross breeding with other 

highly fitted individuals in the population. This produces new individuals as “offspring”, which 

share some features of their “parents". The least fitted members of the population are less likely 

to be selected for reproduction, thus are weeded out gradually (14). In the GA, there are three 

important mechanisms: reproduction (selection), crossover, and mutation as shown in Figure 1. 
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The reproduction selects individuals with higher fitness value. Crossover takes two 

individuals, and cuts their chromosome strings (parameter set of the solution) at some randomly 

chosen positions, to produce offspring. Thus offspring inherit some genes (a specific parameter) 

from each parent. If crossover is not applied, any offspring would be exactly the same as one of 

their parents. Crossover facilitates the exploration of new parts of the search space by combining 

different solutions. The probability of crossover is typically between 0.6 and 1.0, while some 

argue that the probability should be between 0.4 and 0.9 (15). Mutation is applied to each child 

individually after crossover. It randomly alters each gene with a small probability P_m. 

Typically, P_m is 0.001, but Coley (15) argues that correcting a setting should be based on the 

specific problem. Many researchers have used P_m≈1/L, while others are concerned that P_m≈1/ 

(N√L) and L is the length of solution strings.  

Initial 

Populations 

Objective 

Function(s) 

Fitness value 

Reproduction / 

Selection 

Parents 

Crossover 

Offspring 

Mutation 

Offspring 

Figure 1: Scheme of Genetic Algorithm  
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The algorithm stops when results converge. Typically, the newest fitness value converges 

to the mean of all previous results. 

A typical multiobjective function can be formulated as: 

 

Min           f(𝒙) = {𝑓1(𝑥), 𝑓2(𝑥),… 𝑓𝑚(𝑥)}      (7) 

Subject to: 𝑥 ∈ 𝐷 and 𝐷 = {𝑥: g𝑦(𝒙)  ≤ 0, 𝑦 = 1,2, … , 𝑌; h𝑧(𝒙) = 0, 𝑧 = 1,2, … , 𝑍} 

 

where x is the parameter vector, and 𝑓𝑖(𝑥) is the ith objective function among the total of 

m objective functions. g𝑦(𝒙) is the yth inequality constraints among a total of Y inequality 

constraints and h𝑧(𝒙) is the zth equality constraint among a total of Z equality constraints. 

 

Signal Control Optimization 

 

Azar S. et. al. (16) developed an algorithm of multiobjective design optimization with 

GA, called interactive sequential hybrid optimization technique (I-SHOT). The algorithm can 

convert problems with multiple objective functions into those with a single objective function 

without any modification in the typical GA procedures: 

 

Min ∑ 𝑤𝑖 [
𝑓𝑖(𝑥)−𝜀𝑖,𝑔𝑜𝑜𝑑

𝜀𝑖,𝑏𝑎𝑑−𝜀𝑖,𝑔𝑜𝑜𝑑
]𝑚

𝑖=1      (8) 

Subject to: 𝑓𝑖(𝑥) ≤ 𝜀𝑖, 𝑖 = 1,2, … ,𝑚 x ∈ 𝐷     
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where: 𝜀𝑖 ∈ [𝜀𝑖,𝑔𝑜𝑜𝑑 ,   𝜀𝑖,𝑏𝑎𝑑] and 𝜀𝑖,𝑔𝑜𝑜𝑑 and 𝜀𝑖,𝑏𝑎𝑑 are the good and bad values for the objective 

function I, or they can be understood as the maximum and minimum value of the objective 

function. They are used to scale each of the objectives in order to compare them on a fair level.  

𝑤𝑖 is the weighting factor and can be calculated as: 

 

𝑤𝑖 =

{
 
 

 
 𝑊𝑖 + 

(1−�̅�)

�̅�
𝑊𝑖                       𝑖𝑓 �̅� > 1

𝑊𝑖                                              𝑖𝑓 �̅� = 1

𝑊𝑖 + 
(1−�̅�)

(𝑚−𝑊)̅̅ ̅̅
(1 −𝑊𝑖)           𝑖𝑓 �̅� < 1

    (9) 

𝑊𝑖 = 𝑟𝑎𝑛𝑑𝑜𝑚(0,1) ∀𝑖 = 1,2, … ,𝑚 𝑎𝑛𝑑 𝑊 =∑𝑊𝑖 = 1

𝑚

𝑖=1

 

The procedures of the I-SHOT algorithm are the same as a typical GA in general. 

However, decision makers should determine the following parameters before the first/each 

iteration: 1) the value of 𝜀𝑖,𝑏𝑎𝑑 and 𝜀𝑖,𝑔𝑜𝑜𝑑 at the first iteration and the number of Pareto solutions 

to be generated; 2) weight vectors for Equation (8). The interactions continue until the decision 

maker is satisfied with the solution set. 

Stevanovic et. al. (9) focus on single timing optimization based on delay and number of 

stops by VISSIM. They combined the two performance measures into a single objective function 

as: 

Performance Index = ∑ 𝑑𝑖𝑖 +
𝑤

3600
∑ 𝑠𝑖𝑖             (10) 

 

where 𝑑𝑖 and 𝑠𝑖 are the delay and number of stops for each vehicle i, which completes its trip in 

the network during the simulation periods; w is the weight given to each stop (most optimization 

programs assign a w value of 10). 
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Yang et al. (17) also apply the weighted coefficient method to solve a multi-objective 

signal timing model. The goal of their study was to minimize performance measures including 

average delay, stop rate, and maximization of the traffic throughput. The fitness function is: 

 

Max Perf Index = 𝑘1 × (1 −
𝑎𝑣𝑔𝐷

𝑎𝑣𝑔𝐷𝑇𝑅𝑅𝐿
) + 𝑘2 × (1 −

𝑎𝑣𝑔𝐻

𝑎𝑣𝑔𝐻𝑇𝑅𝑅𝐿
) + 𝑘3 × (

𝑄

𝑄𝑇𝑅𝑅𝐿
− 1)   (11) 

 

where: 𝑎𝑣𝑔𝐷 𝑎𝑛𝑑 𝑎𝑣𝑔𝐻 = revised Webster delay and stop rate; 

𝑎𝑣𝑔𝐷𝑇𝑅𝑅𝐿, 𝑎𝑣𝑔𝐻𝑇𝑅𝑅𝐿, 𝑎𝑛𝑑 𝑄𝑇𝑅𝑅𝐿 = revised Webster delay, Webster stop rate, and 

throughput under Webster timing scheme respectively;  

Q = traffic throughput; 

𝑘𝑖 = weighted coefficient of delay, stop rate, and traffic throughput, with adaptive 

adjustment by traffic demand variation to meet the optimization objectives of different traffic 

conditions; it can be calculated as: 

 

𝑈1 =
1−𝑌

𝑋
, 𝑈2 = 1 − 𝑌,𝑈3 =

𝑋

1−𝑌
 , 𝑘𝑖 =

𝑈𝑖

∑ 𝑈𝑖
3
𝑖

      (12) 

 

where Y = total flow rate of intersections; 

X = total saturation of intersections; and 

𝑈1 = temporary weights of index I. 
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Summary and Conclusion 

 

The studies identified have converted a multi-objective problem into a problem of a 

single objective function. In all of them, the typical Genetic Algorithm (GA) could be applied. 

Both Stevanovic’s (9) and Yang’s (17) formulas are straightforward, but neither one is easily 

applicable for our purposes. The goal of this project is to minimize delay (or number of stops) 

and crash frequency; however, it is challenging to scale these variables into compatible units and 

thus include in the same fitness function. Yang’s method uses the ratio of each performance 

measure to the value calculated by the standard manual to scale the different measurements and 

include them into the same equation. However, for crash frequency, a standard manual does not 

exist. The methodology proposed by Azar S. et. al. (16) is preferred to the other two because: 1) 

it can convert problems of multi-objective functions into problems of single objective function 

without modifying the GA procedure; 2) the conversion procedure weights each objective 

function on an even level; 3) it can be applied to problems with a combination of discrete and 

continuous variables. 
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PART 3: SENSITIVITY ANALYSIS 

Although the inputs for the safety models that are used in this work are known, the 

magnitude of the effect of each input for different scenarios is unknown. To hierarchize the 

degree of importance of each input of the model and determine which variables need to be 

calibrated, sensitivity analysis is recommended (30).  Sensitivity analysis examines to what 

extent the outputs of a model depend on its inputs, by measuring the variation of the results as a 

function of different sources (31). Also, it helps identify interactions between two or more 

variables of the model (32). 

Different classes of sensitivity analysis methods exist for different purposes (33). Local 

sensitivity analysis methods are used to identify trends for a specific variable within a 

determined sample space, while global sensitivity analysis considers the entire population. 

In this work, the minimum number of variables and scenarios that are necessary to cover 

all the studied range, as described later in this report, would result in 8.1 x 107 simulations, 

which would be infeasible for the available computational resources. When this situation exists, 

screening methods are recommended (33). 

The most known screening method is the classical Ceteris Paribus, in which one factor is 

varied through a range, with all other variables held constant. A statistically significant sample is 

calculated for the number of scenarios to be constructed. However, since only one variable is 

changed at a time, this simple method has limitations regarding the identification of interactions 

between variables and restrictions in terms of possible scenarios.  

To remedy this situation, an evolution to the Ceteris Paribus concept has been proposed: 

the Factorial Effect Method (34,35). This method has been successfully applied to other 

transportation engineering studies (36). It was initially proposed by Morris (34) and further 
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developed in later studies (35) based on the concept of factorial effects – di(x), that are defined 

individually for each input i until k of the model and is measured analogously to the price 

elasticities as: 

 

𝑑𝑖(𝑥) =
[𝑦(𝑥 + 𝑒𝑖) − 𝑦(𝑥)]

∆𝑖
 (13) 

 

where x = vectors of variables within the sample space; 

 Δ = Vector with the variation of all inputs i; and 

ei = vector of zeros, with the value of Δi for the component i. 

The sampling procedure consists of assembling an input matrix in a procedure called 

“trajectory” generation. The first row of the matrix reflects an initial vector of inputs, generally 

corresponding to a base scenario. The second row (vector x1) is defined by changing only one of 

the variables by Δi. Likewise, the third row of the matrix (x2) is constructed by varying another 

variable of x1. This is done successively, never changing the same variables twice, until all inputs 

have been varied. The order in which each variable is changed is random for each trajectory, so 

that no two matrices are the same. A trajectory z of a hypothetical model with three variables can 

be represented mathematically as: 

𝑧 = |

𝑥1 𝑥2 𝑥3
𝑥1 𝑥2 + ∆2 𝑥3

𝑥1 + ∆1 𝑥2 + ∆2 𝑥3
𝑥1 + ∆1 𝑥2 + ∆2 𝑥3 + ∆3

|    (14) 

 

Note that for each trajectory, each factor is tested only once. In order to have statistically 

significant results, multiple trajectories have to be constructed. From the experience in other 
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studies (35), a minimum of 10 trajectories is sufficient for a reliable analysis, while more than 30 

trajectories wouldn’t add much more confidence to the results (37). 

When all vectors from all trajectories are simulated, the factorial effects – di(x) of all 

variables are compiled, forming the distribution Fi. The absolute values of di(x) are also 

assembled, forming the Gi distribution. Based on those distributions, the following sensitivity 

measures are calculated for each variable i: 

 

𝜇𝑖 =∑
𝑑𝑖,𝑗

𝑟

𝑟

𝑗=1

 (15) 

𝜎𝑖 = √∑
(𝑑𝑖,𝑗 − 𝜇𝑖)

2

𝑟

𝑟

𝑗=1

 (16) 

𝜇𝑖
∗ =∑

|𝑑𝑖,𝑗|

𝑟

𝑟

𝑗=1

 (17) 

where di,j = factorial effect of the variable i as calculated in the trajectory j; and 

 r = number of trajectories. 
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CHAPTER 3: METHODOLOGY 

 

As described previously, Turner’s crash prediction models (24) and the delay/stop 

equation in the HCS were used as the objective functions. The HCS incorporates the TRANSYT-

7F optimization engine, which is based on hill-climbing and GA.  Azar’s I-SHOT GA (27) was 

used to convert the two objective functions into one single function. The weights for each 

objective function 𝑤𝑖 in Equation 27 were set as user-determined instead of randomly generated.  

Figure 2 summarizes the structure of the methodology, which was implemented in the 

HCS. A series of testing scenarios were established, comprising a base condition and variations 

to each input that might affect the outcome of the proposed method. At the end of each 

simulation, performance measures were obtained: (1) delays, to describe operation performance; 

(2) number of predicted crashes, to describe safety; and (3) gases, to quantify emissions. 

 
Figure 2: Methodology 

  

The methodology and respective calculations were next implemented in the HCS – 

Streets. The following subsections describe the inputs into the HCS, the calculations performed, 

and the outputs obtained from the HCS. 

 

Objective functions: 

(1)Turner’s Crash Prediction Models 

(2)Resulting Delay from HCM procedure 

(3)Emissions 

Weights for each function: 

(Determined by the user) 

I-SHOT GA 



 

 

 

45 

Signal Timing Optimization with Consideration of Environment and Safety Impacts (2013-022S) 

New or Modified Inputs 

A new set of inputs were required to apply the proposed method, accounting for safety, 

emissions, and delay simultaneously. Existing inputs were also used as variables to the new 

models. The new and the existing variables and described below, along with the respective HCS 

screen.  

A. Primary Input Data screen (Figure 3): 

a. Demand: Demand affects delay and several other performance measures. The 

higher the demand, the higher is delay, emissions and crash probabilities. Also, 

the movement distribution (turning percentages) might play a role not only for 

operation performance, but also in safety analysis, since different types of crashes 

are associated with specific turning or through flows. 

b. Intersection Spacing: This variable represents the length of the segments from one 

intersection to another. This directly affects delay calculation and emissions, and 

might indirectly influence the overall safety. 

c. Lane configuration: It relates to the number of lanes and movement configuration, 

including the use of exclusive lanes or shared movements. This affects many of 

the variables that interrelate operations, emissions and safety. 

d. Left-turn pockets: Traditionally used to reduce delay and queuing, pockets are 

also associated with safety. 

e. Presence of free right-turn on red for motor vehicles (Y/N). This safety variable is 

defined by the existing input “RTOR”. If any value greater than zero is used, it is 

assumed that RTOR is permitted. This is a case where a trade-off is expected 
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between operations and safety. The use of RTOR has been found to improve 

operations, albeit at the cost of higher risks to traffic and pedestrians (24). 

f. Posted speed: As shown previously in this report, high speed has been associated 

with higher crash rates. On the other hand, the use of inappropriate speeds may 

also lead to inefficient operation, indirectly affecting safety and emission levels as 

well. 

g. Timing parameters: Cycle length, yellow time and all red directly affect total lost 

time, which in the proposed model might increase not only delay, but also 

emissions and some crash types, particularly rear-end crashes. 

h. Phasing: Regarding phasing, higher risks associated with permitted left-turning 

may be compensated by the greater efficiency this strategy allows. Depending on 

the demand levels and other intersection characteristics, it is possible to 

experience improvements in all three performance measures. 
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Figure 3: HCS Primary Input Data Screen 

 

B. Additional factors for the Detailed Input / Full Optimization screen (Figure 4): 

a. The objective functions in the current version of the HCS are: 1) percent base 

FFS; 2) travel time; 3) travel speed; 4) arterial stops; 5) arterial delay; 6) overall 

delay. In this project, additional optimization options are added to allow for 

combined consideration of mobility (delay), safety (crashes) and emissions 

(grams of gases). The default option is overall delay; 

b. When the multi-objective function is selected, there is a box showing the current 

optimum performance measures of the last simulation, if already defined. 
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Figure 4: HCS Detailed Input Data / Full Optimization Screen for the Arterial 

 

C. Safety and Emissions Details screen (Figure 6) 

A new screen was created to include parameters that affect only safety calculations. This 

interface can be accessed through the “Safety and Emissions” button placed on Full 

Optimization / Detailed Inputs screen. It allows the calculation and verification of the 

safety and emissions values that are expected for the current set of inputs. Also, this 

screen houses safety inputs, as follows: 

a. Intersection depth, per direction. The intersection depth defines the distance to be 

covered by an approaching vehicle for reaching the opposite approach. It is 

measured as the distance between the stop bar on the subject approach arm and 

the beginning of the downstream through intersection leg. This variable affects 

intersection size, which influences the probability of many types of crashes, 

particularly rear-end accidents. Intersection size can be classified as: 
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i. Small: those with an intersection depth of 82 ft (25 m) or less, usually 

having 1 or 2 lanes per approach; 

ii. Medium: those having an intersection depth between 82 ft and 131 ft and 

2 lanes per approach; and 

iii. Large: those having an intersection depth of 131 ft (40m) or greater with 3 

or more lanes for at least two of their approaches. 

b. Land use. Some Highway Capacity Manual (HCM) default values change for 

Central Business District (CBD) areas. Also, some safety models differentiate 

between CBD and residential areas. In the HCS interface, if the option “Other” is 

selected on the Main Input screen, as opposed to CBD, there is an option to 

specify it as “Residential” on the Safety and Emission screen.  

c. Presence of Mast arm signal display (Y/N), that affects the prediction model for 

right angle crashes. Figure 5 defines the signal display classified as the mast arm 

display. 
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d. Presence of median island that can be used by pedestrians (Y/N). 

e. Presence of merge on exit side (Y/N): this variable reflects the situation where the 

road width decreases due to lane drops, blockages, incidents or road works. If, at 

the Main Input screen, the number of lanes decrease between intersections, this 

variable is automatically set as Y. 

f. Presence of bicycle facilities, including bike lane only, shared bicycle and vehicle 

lane or bicycle storage areas at the approaches (Y/N). 

g. Presence of parking areas 328 ft (100 m) of stop bar (Y/N). 

h. Presence of upstream bus bay within 328 ft (100 m) of stop bar (Y/N). 

i. Weights given to each performance measure within the calculation of the GA 

objective function. The default value for each one is set as: 1/number of 

objectives. For example, if delay and safety are selected, the default values of 

Mast 

arm 

Left 
side 

Right 
side 

Figure 5. Types and Location of Signal Display 
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weights are 0.5 and 0.5; if delay, safety, and emissions are selected, the default 

values of weights are 0.33, 0.33, and 0.33. 

 

 

Figure 6: Safety and Emissions Screen 

 

Optimization Procedures 

The optimization procedures provided by the HCS were applied, comprising the 

following basic steps: 

1) Optimization of the cycle length using hill-climb search technique; 

2) Optimization of the phasing sequence and offsets simultaneously, using GA; and 

3) Optimization of the splits and offsets using GA. 
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The HCS procedures first determine the optimal cycle length followed by the optimal 

phasing and splits. This process cannot guarantee that the cycle length is still optimal after the 

change of splits. Moreover, though the hill-climbing technique is sometimes faster than the GA, 

results obtained from this method highly depend on initial populations (seeds), which may not be 

reliable. In other word, it cannot guarantee that results represent the global optimum. Therefore, 

another test procedure was conducted and compared with the results produced by the HCS. The 

final proposed procedure is as follows: 

1) Optimization of the cycle, split, and offset simultaneously using GA; and 

2) Optimization of the phasing sequence, split, and offsets simultaneously using GA. 

 

Objective Function 

If the optimization is focused on operational analysis only the traditional objective 

function implemented in HCS-Streets can be used. The performance measures that can be chosen 

are: (a) Percent Base FFS, (b) Travel Time, (c) Travel Speed, (d) Arterial Stops, (e) Arterial 

Delay, (f) Overall Delay, or (g) Balanced Delay. 

If the optimization is focused on both mobility and safety, then the objective function will 

use the combination of delay and number of stops as well as safety prediction functions as 

follows: 

 

Min (𝑤𝑑𝑒𝑙𝑎𝑦
𝑓𝑑𝑒𝑙𝑎𝑦(𝑥)−𝜀𝑑𝑒𝑙𝑎𝑦,𝑔𝑜𝑜𝑑

𝜀𝑑𝑒𝑙𝑎𝑦,𝑏𝑎𝑑−𝜀𝑑𝑒𝑙𝑎𝑦,𝑔𝑜𝑜𝑑
+ 𝑤𝑠𝑎𝑓𝑒𝑡𝑦

𝑓𝑠𝑎𝑓𝑒𝑡𝑦(𝑥)−𝜀𝑠𝑎𝑓𝑒𝑡𝑦,𝑔𝑜𝑜𝑑

𝜀𝑠𝑎𝑓𝑒𝑡𝑦,𝑏𝑎𝑑−𝜀𝑠𝑎𝑓𝑒𝑡𝑦,𝑔𝑜𝑜𝑑
)    (18) 
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where wdelay and wsafety are the weights to be used for overall delay and number of crashes in the 

objective function. The defaults are 0.5. These may be modified by the user in the “Safety and 

Emissions Details” input data screen. 

𝜀𝑑𝑒𝑙𝑎𝑦,𝑔𝑜𝑜𝑑 is the minimum value for the overall delay function; 

𝜀𝑑𝑒𝑙𝑎𝑦,𝑏𝑎𝑑 is the maximum value for the delay function; 

𝜀𝑠𝑎𝑓𝑒𝑡𝑦,𝑔𝑜𝑜𝑑 is the minimum value for the safety function; and 

𝜀𝑠𝑎𝑓𝑒𝑡𝑦,𝑏𝑎𝑑 is the maximum value for the safety function. 

Note that “good” and “bad” values for each variable correspond to upper and lower 

boundaries of each output; these are needed to normalize the values of three different 

performance measures so that optimization can consider all of them simultaneously. 

The 𝑓𝑠𝑎𝑓𝑒𝑡𝑦(𝑥) reflects the total number of crashes over a five-year period for the arterial, 

calculated as the sum of all types of crashes. For each type, there is a crash prediction model that 

is structured as a function of traffic and “crash modification factors” (CMF), independent 

multiplicative factors that reflect the effect of geometry or control conditions different from base 

conditions for which the model as initially calibrated. 

If the optimization focuses on mobility and emissions, then the objective function will 

use the combination of delay/number of stops and emission prediction functions as follows:  

 

Min (𝑤𝑑𝑒𝑙𝑎𝑦
𝑓𝑑𝑒𝑙𝑎𝑦(𝑥)−𝜀𝑑𝑒𝑙𝑎𝑦,𝑔𝑜𝑜𝑑

𝜀𝑑𝑒𝑙𝑎𝑦,𝑏𝑎𝑑−𝜀𝑑𝑒𝑙𝑎𝑦,𝑔𝑜𝑜𝑑
+ 𝑤𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝑓𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛(𝑥)−𝜀𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛,𝑔𝑜𝑜𝑑

𝜀𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛,𝑏𝑎𝑑−𝜀𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛,𝑔𝑜𝑜𝑑
) (19) 
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where wdelay and wemission are the weights to be used for delay and emissions in the objective 

function. The defaults are 0.5, and they may be modified by the user in the “Safety and 

Emissions Details” input data screen.  

𝜀𝑑𝑒𝑙𝑎𝑦,𝑔𝑜𝑜𝑑 is the minimum value for the delay function; 

𝜀𝑑𝑒𝑙𝑎𝑦,𝑏𝑎𝑑 is the maximum value for the delay function;   

𝜀𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛,𝑔𝑜𝑜𝑑 is the minimum value for the emission function; and 

𝜀𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛,𝑏𝑎𝑑 is the maximum value for the emission function. 

Finally, if the optimization addresses all three areas (mobility, safety, and emissions),  

then the objective function will use the combination of delay, safety, and emission prediction 

functions as follows: 

 

Min (𝑤𝑑𝑒𝑙𝑎𝑦

𝑓𝑑𝑒𝑙𝑎𝑦(𝑥)−𝜀𝑑𝑒𝑙𝑎𝑦,
𝑔𝑜𝑜𝑑

𝜀𝑑𝑒𝑙𝑎𝑦,𝑏𝑎𝑑−𝜀𝑑𝑒𝑙𝑎𝑦,
𝑔𝑜𝑜𝑑

+ 𝑤𝑠𝑎𝑓𝑒𝑡𝑦

𝑓𝑠𝑎𝑓𝑒𝑡𝑦(𝑥)−𝜀𝑠𝑎𝑓𝑒𝑡𝑦,
𝑔𝑜𝑜𝑑

𝜀𝑠𝑎𝑓𝑒𝑡𝑦,
𝑏𝑎𝑑

−𝜀𝑠𝑎𝑓𝑒𝑡𝑦,
𝑔𝑜𝑜𝑑

+ 𝑤𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝑓𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛(𝑥)−𝜀𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛,
𝑔𝑜𝑜𝑑

𝜀𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛,
𝑏𝑎𝑑

−𝜀𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛,
𝑔𝑜𝑜𝑑

) (20) 

 

where wdelay, wsafety, and wemission are the weights to be used for delay, safety and emissions in the 

objective function, respectively. The defaults are 1/3 for each, and may be modified by the user 

in the “Safety and Emissions Details” input data screen.  

The following subsections describe the calculation of each component of these objective 

functions. 

 

Operations 

The operations component is calculated in terms of delay, as follows: 
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𝑑(𝑥) = 𝑑1 + 𝑑2 + 𝑑3     (21) 

𝑑1 =
𝐶[1−(𝑔/𝑐)]2

2[1−(
𝑔

𝑐
)×min (1,𝑋)]

     (22) 

𝑑2 = 900𝑇 {(𝑋 − 1) + √(𝑥 − 1)2 +
8𝑘×𝐼×𝑋

𝑐𝐴×𝑇
}    (23) 

𝑑3 =
3600

𝑣𝑇
(𝑡𝐴  

𝑄𝑏+𝑄𝑒−𝑄𝑒𝑜

2
+ 

𝑄𝑒
2−𝑄𝑒𝑜

2

2𝑐𝐴
−
𝑄𝑏

2

2𝑐𝐴
)   (24) 

 

where: d = control delay (sec/veh); 

d1 = uniform delay (sec/veh); 

d2 = incremental delay (sec/veh); 

d3 = initial queue delay (sec/veh); 

C = cycle length (sec); 

g = effective green time for the lane group (sec); 

v = traffic flow per hour (veh/h); 

cA = average capacity for the lane group (veh/h); 

X = volume/capacity ratio for the subject lane group = v/cA; 

T = duration of analysis period (h); 

I = upstream filtering factor; 

Qb = initial queue at the start of the analysis period (veh / h); 

tA = adjusted duration of unmet demand in the analysis period (h); 

Qe = queue at the end of the analysis period (veh); 

Qeo = queue at the end of the analysis period when v ≥ 𝑐𝐴 and 𝑄𝑏 = 0.0 (veh); and 

k = incremental delay factor, related to actuated control (0.4 to 0.5, being 0.5 

recommended for pre-timed phases) 
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Safety 

The safety component is calculated by adding the number of predicted crashes of several 

types:  

 

𝐴𝑇𝑜𝑡𝑎𝑙 = 𝐴𝑟𝑖𝑔ℎ𝑡−𝑎𝑛𝑔𝑙𝑒 + 𝐴𝑙𝑒𝑓𝑡−𝑡𝑢𝑟𝑛−𝑎𝑔𝑎𝑖𝑛𝑠𝑡 + 𝐴𝑟𝑒𝑎𝑟−𝑒𝑛𝑑 + 𝐴𝑙𝑜𝑠𝑠 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 + 𝐴𝑜𝑡ℎ𝑒𝑟 (25) 

 

Each crash type is estimated by a different submodel, as a function of AADT and varying 

CMFs. In HCS-Streets, the user defines hourly flow for each traffic direction independently. The 

AADT is calculated by dividing the hourly volumes by a user defined K factor. The default value 

for K is 0.1.   

Most crash prediction models use the total AADT for each approach as an input. Two of 

them, however (𝐴𝑟𝑖𝑔ℎ𝑡−𝑎𝑛𝑔𝑙𝑒 and 𝐴𝑙𝑒𝑓𝑡−𝑡𝑢𝑟𝑛−𝑎𝑔𝑎𝑖𝑛𝑠𝑡), use movements volumes. The equations 

presented in this report take as a reference the northbound movement, with each movement 

coded as shown in Figure 7. 
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Figure 7. Signalized intersection movement codes (Reference: northbound direction) 

 

ARight-angle is total number of predicted right angle crashes in five years, estimated as: 

𝐴𝑟𝑖𝑔ℎ𝑡−𝑎𝑛𝑔𝑙𝑒 = 𝑏0 × 𝑞8
0.311(𝑞5 + 𝑞11)

0.362 × 𝑒0.356𝑁 × 𝐼𝐷
0.602 × 𝐶0.037 × 𝐴𝑅−0.636 ×

𝐹𝑠𝑝𝑙𝑖𝑡 𝑝ℎ𝑎𝑠𝑖𝑛𝑔 × 𝐹𝑚𝑎𝑠𝑡 × 𝐹𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑑 × 𝐹𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 × 𝐹𝑠ℎ𝑎𝑟𝑒𝑑 𝑡𝑢𝑟𝑛𝑠 × 𝐹𝑖𝑠𝑙𝑒  (26) 

 

Table 6 provides definitions and the parameters to be used in this equation. 

 

q10

q12

q11

q6

q4

q5

q7 q8 q9

q3 q2 q1
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Table 6. Right-angle crash (all day) 

Factors Symbol Coefficient 

constant 
b0 2.08x10-5 to 

1.54x10-4  

daily volume of through vehicles on movement 2 q2 q2
0.311 

daily volume of through traffic coming from left side + 

daily volume of through traffic coming from right side 

q5 + q11 
(q5 + q11) 0.362 

Number of approaching lanes N exp(0.356×N) 

Intersection depth ID ID
 0.602 

Cycle length C C 0.037 

All-red time AR AR-0.636 

Split phasing on the approach 𝐹𝑠𝑝𝑙𝑖𝑡 𝑝ℎ𝑎𝑠𝑖𝑛𝑔 0.69 

Presence of mast-arm display 𝐹𝑚𝑎𝑠𝑡 0.74 

Signal coordination with the upstream intersection 𝐹𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑑 1.31 

Presence of advanced detector 𝐹𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 2.06 

Shared-turns 𝐹𝑠ℎ𝑎𝑟𝑒𝑑 𝑡𝑢𝑟𝑛𝑠 1.19 

Presence of raised median/central island on the approach 𝐹𝑖𝑠𝑙𝑒 0.67 

 

Aleft-turn-against is the total number of left turn crashes in five years and is estimated as 

follows: 

𝐴 𝑙𝑒𝑓𝑡−
𝑡𝑢𝑟𝑛−
𝑎𝑔𝑎𝑖𝑛𝑠𝑡

= 𝑏0 × 𝑞7
0.155 × (1 + 𝐿𝐿𝑇)

−0.124 × 𝑒0.352𝑁𝑇 × 𝑋𝐿𝑇
0.397 × 𝐶−0.683 × 𝐹 𝐿𝑇 

𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛
×

𝐹𝑠ℎ𝑎𝑟𝑒𝑑
 𝐿𝑇

× 𝐹𝑖𝑠𝑙𝑒 × 𝐹𝑏𝑖𝑘𝑒 (27) 

Table 7 provides the parameters to be used in this equation,  
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Table 7. Left-turn-against crash (all day) 

Factors Symbol Coefficient 

constant b0 2.27 to 4.41 

daily volume of left-turning vehicles on movement 7 q7 q7
0.155 

Left-turn storage length LLT (1+ LLT)-0.124 

Number of through lanes NT exp(0.352× NT) 

Degree of saturation for left turn movement XLT XLT
 0.397 

Cycle length C C -0.683 

Fully protected left-turn in the phasing 𝐹𝐿𝑇 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 0.71 

Shared left-turn/through lane present on the approach 𝐹𝑠ℎ𝑎𝑟𝑒𝑑 𝐿𝑇 0.72 

Presence of raised median/central island on the approach 𝐹𝑖𝑠𝑙𝑒 1.22 

Presence of cycle lanes or storage on the approach 𝐹𝑏𝑖𝑘𝑒 1.35 

 

Arear-end is the total number of rear-end crashes in five years, and depends on the 

intersections size: 

 Small: those having an intersection depth of 82 ft or less; 

 Large: those having an intersection depth of 131 ft or greater; and 

 Medium: those not lying in either of the two above categories 

For these three categories, Arear-end is estimated as follows: 

 

A𝑟𝑒𝑎𝑟−𝑒𝑛𝑑,
𝑠𝑚𝑎𝑙𝑙

= 𝑏0 × 𝑞
0.447 × (1 + 𝐿𝐿𝑇)

−0.259 × 𝐿𝐶
−3.424 × 𝐹 𝑠𝑝𝑙𝑖𝑡 

𝑝ℎ𝑎𝑠𝑖𝑛𝑔

× 𝐹𝑏𝑢𝑠 × 𝐹𝑏𝑖𝑘𝑒 × 𝐹𝐹𝑅𝑇 (28) 

𝐴𝑟𝑒𝑎𝑟−𝑒𝑛𝑑 
(𝑚𝑒𝑑𝑖𝑢𝑚)

= 𝑏0 × 𝑞
0.496 × 𝑒0.243𝑁 × 𝐿𝐶

0.209 × 𝐹𝑏𝑖𝑘𝑒 × 𝐹 𝑠𝑡𝑑 
𝑝ℎ𝑎𝑠𝑖𝑛𝑔

× 𝐹𝐹𝑅𝑇 × 𝐹ℎ𝑖𝑔ℎ 
𝑠𝑝𝑒𝑒𝑑

× 𝐹𝑏𝑢𝑠 × 𝐹𝐶𝐵𝐷 (29) 

𝐴𝑟𝑒𝑎𝑟−𝑒𝑛𝑑, 
(𝑙𝑎𝑟𝑔𝑒)

= 𝑏0 × 𝑞
0.356 × 𝑒0.459𝑁 × (1 + 𝐿𝐿𝑇)

−1.142 × 𝐿𝐶
−1.739

× 𝐹𝑏𝑖𝑘𝑒 × 𝐹 𝑠𝑡𝑑 
𝑝ℎ𝑎𝑠𝑖𝑛𝑔

× 𝐹𝐹𝑅𝑇 × 𝐹ℎ𝑖𝑔ℎ 
𝑠𝑝𝑒𝑒𝑑

× 𝐹𝐶𝐵𝐷 (30) 
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Table 8 provides the parameters to be used in these equations. 

 

Table 8. Rear-end crashes (all day, for all sizes of intersections) 

Factors Symbol 
Coefficient 

Small Medium Large 

Constant 
b0 0.658 

to 7.95 

1.14×10-3 0.774 

to 3.92 

total AADT entering the intersection from the approach Q 0.447 0.496 0.356 

Number of approaching lanes N 0 0.243 0.459 

Left-turn storage length LLT -0.259 0 -1.142 

Lost time (Y + AR + Green Extension) LC -3.424 
 

0.209 -1.739 

Split phasing on the approach 𝐹𝑠𝑝𝑙𝑖𝑡 𝑝ℎ𝑎𝑠𝑖𝑛𝑔 5.256 1 1 

Standard phasing on approach  𝐹𝑠𝑡𝑑 𝑝ℎ𝑎𝑠𝑖𝑛𝑔 1 0.637 1.053 

Presence of free-right-turn lane for motor vehicles 𝐹𝐹𝑅𝑇 1.585 1.442 1.227 

Presence of cycle lanes or storage on the approach 𝐹𝑏𝑖𝑘𝑒 0.706 0.753 1.257 

Speed limit of 50 mph (80kph) or more on the approach 𝐹ℎ𝑖𝑔ℎ 𝑠𝑝𝑒𝑒𝑑 11 
 

1.449 0.985 

Upstream bus bay within 328 ft (100 m) of limit line 𝐹𝑏𝑢𝑠 1.309 0.908 1 

Area is CBD 𝐹𝐶𝐵𝐷 1 0.9 0.819 

 

Aloss-of- control is the total number of loss-of-control crashes in five years, and is estimated as 

follows: 

 

𝐴𝑙𝑜𝑠𝑠 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 𝑏0 × 𝑞
0.541 × 𝑒0.144𝑁 × 𝐶−0.704 × 𝑋0.447 × 𝐹𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 × 𝐹 𝑠𝑝𝑙𝑖𝑡 

𝑝ℎ𝑎𝑠𝑖𝑛𝑔

× 𝐹𝑝𝑎𝑟𝑘 ×

𝐹 𝑒𝑥𝑖𝑡 
𝑚𝑒𝑟𝑔𝑒

× 𝐹𝐹𝑅𝑇 × 𝐹ℎ𝑖𝑔ℎ 
𝑠𝑝𝑒𝑒𝑑

× 𝐹𝑏𝑢𝑠   (31) 

 

Table 9 provides the parameters to be used in this equation. 
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Table 9. Loss-of-control crashes 

Factor Symbol Coefficient 

Constant 

b0 0.111 to 

9.12x10-2 

total AADT entering the intersection from the approach q q 0.541 

Number of approaching lanes N exp(.144×N) 

Cycle length C C -704 

Degree of saturation X X 0.447 

Area land use is residential 𝐹𝑟𝑒𝑠𝑖𝑑𝑒𝑛𝑡𝑖𝑎𝑙 0.75 

Split phasing on the approach 𝐹𝑠𝑝𝑙𝑖𝑡 𝑝ℎ𝑎𝑠𝑖𝑛𝑔 2.47 

Presence of upstream parking within 328 ft (100m) of limit line 𝐹𝑝𝑎𝑟𝑘 0.58 

Merge present on exit side 𝐹𝑒𝑥𝑖𝑡 𝑚𝑒𝑟𝑔𝑒 1.47 

Presence of free-right-turn lane for motor vehicles 𝐹𝐹𝑅𝑇 1.17 

Speed limit of 50 mph (80kph) or more on the approach 𝐹ℎ𝑖𝑔ℎ 𝑠𝑝𝑒𝑒𝑑 1.57 

Presence of upstream bus bay within 328 ft (100 m) of limit line 𝐹𝑏𝑢𝑠 1.6 

 

AOther is the total number of other crashes in five years and is estimated as follows: 

 

𝐴𝑜𝑡ℎ𝑒𝑟 = 𝑏0 × 𝑞
0.262 ×𝑊0.027 × 𝐶0.354 × 𝐹𝐹𝑅𝑇 × 𝐹𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑑 × 𝐹𝑠ℎ𝑎𝑟𝑒𝑑

 𝑡𝑢𝑟𝑛𝑠
× 𝐹 𝑠𝑝𝑙𝑖𝑡 

𝑝ℎ𝑎𝑠𝑖𝑛𝑔

×

𝐹 𝑎𝑑𝑣
𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟

× 𝐹ℎ𝑖𝑔ℎ 
𝑠𝑝𝑒𝑒𝑑

× 𝐹𝑏𝑢𝑠 × 𝐹𝑝𝑎𝑟𝑘 × 𝐹 𝑒𝑥𝑖𝑡 
𝑚𝑒𝑟𝑔𝑒

× 𝐹𝐶𝐵𝐷  (32) 

 

Table 10 provides the parameters to be used in this equation. 
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Table 10. Other crashes 

Factor Symbol Coefficient 

Constant 

b0 1.55x10-3 to 

2.38x10-3 

total AADT entering the intersection from the approach q q0.262 

approaching width W W0.027 

Cycle length C C0.354 

Presence of free-right-turn lane for motor vehicles 𝐹𝐹𝑅𝑇 1.16 

Signal coordination with the upstream intersection 𝐹𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑑 0.71 

Lanes with shared movements (left-turn/through, right-turn/through, 

or both present on the approach 
𝐹𝑠ℎ𝑎𝑟𝑒𝑑 𝑡𝑢𝑟𝑛𝑠 1.26 

Split phasing on the approach 𝐹𝑠𝑝𝑙𝑖𝑡 𝑝ℎ𝑎𝑠𝑖𝑛𝑔 1.21 

Presence of advanced detector(s) on the approach 𝐹𝑎𝑑𝑣 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 0.44 

Speed limit of 50 mph (80kph) or more on the approach 𝐹ℎ𝑖𝑔ℎ 𝑠𝑝𝑒𝑒𝑑 1.98 

Presence of upstream bus bay within 328 ft (100 m) of limit line 𝐹𝑏𝑢𝑠 1.27 

Presence of upstream parking within 328 ft (100m) of limit line 𝐹𝑝𝑎𝑟𝑘 0.7 

Merge present on exit side 𝐹𝑒𝑥𝑖𝑡 𝑚𝑒𝑟𝑔𝑒 0.65 

Area is CBD 𝐹𝐶𝐵𝐷 1.83 

 

To validate the results implemented in the HCS for the safety component, a spreadsheet was 

built, containing all equations and tables shown in this section. Figure 8 and Figure 9, show the 

input/calculation screen and the output of the spreadsheet respectively, which considers one 

intersection at a time. After several rounds of testing, all results produced by the HCS and the 

spreadsheet were identical, confirming the accuracy of the implementation of the model. 
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Figure 8. Spreadsheet built to validate HCS implementation – Inputs and calculations 

 

 

Figure 9. Spreadsheet built to validate HCS implementation – Outputs 

 

Approach

Hourly Volumes q 1 q 2 q 3 East-West North-South Unit Category

180 250 50 Intersection Depth (I D) ft Safety

EB WB NB SB

q 12 80 q 4 200 Lanes (N ) 2 2 2 2 HCS (geometry)

q 11 1145 q 5 1145 Number of Through Lanes (N T ) 2 2 2 2 HCS (geometry)

q 10 200 q 6 80 Shared Turns TRUE TRUE TRUE TRUE HCS (geometry)

Shared Left Turn FALSE FALSE TRUE TRUE HCS (geometry)

50 250 180 LT Storage 200 200 0 0 ft HCS (Traffic)

q 9 q 8 q 7 Lane width 12 12 12 12 ft HCS (Traffic)

General Inputs Posted Speed 45 45 30 30 mi/h HCS (Traffic)

Cycle Length (C ) 70 s Yellow (Y ) 3 3 3 3 s HCS (phasing)

Coordination FALSE All Red (AR ) 2 2 2 2 s HCS (phasing)

Split-Phasing FALSE Full LT Protection TRUE TRUE FALSE FALSE HCS (phasing)

Region Start-up Lost Time (l 1 ) 2 2 2 2 s HCS (detailed)

K Factor (%) 10.0% Green Extension (e ) 2 2 2 2 s HCS (detailed)

Intersection Size Medium Free-right-turn (F RTR ) FALSE FALSE FALSE FALSE Safety

AADT q 1 q 2 q 3 Mast-Arm TRUE TRUE TRUE TRUE Safety

1800 2500 500 Median Island TRUE TRUE FALSE FALSE Safety

Advanced Detector TRUE TRUE TRUE TRUE Safety

` 800 q 4 2000 Merge present on the exit side FALSE FALSE FALSE FALSE Safety

q 11 11450 q 5 11450 Bicycle facilities FALSE FALSE FALSE FALSE Safety

q 10 2000 q 6 800 Bus bay within 330 ft from stop bar FALSE FALSE FALSE FALSE ft Safety

Parking within 330 ft from stop bar FALSE FALSE FALSE FALSE ft Safety

500 2500 1800 Degree of Saturation - Approach (X ) 0.280 0.457 0.300 0.206 Aggregated results

q 9 q 8 q 7 Degree of Saturation - Left Turn (X LT ) 0.059 0.468 0.347 0.037 Movement group results

Lost Time (L C ) 5 5 5 5 s HCS (internal)

100100

Approach

EB WB NB SB Total

Aright-angle 0.38 0.38 0.61 0.61 1.97

Aleft-turn-against 0.21 0.48 0.55 0.23 1.48

Arear-end 0.17 0.17 0.10 0.10 0.54

Aloss -of-control 0.19 0.24 0.11 0.09 0.63

Aother 0.11 0.11 0.09 0.09 0.40

Atotal  (5 year) 1.07 1.38 1.46 1.12 5.02

Aaverage (year) 0.21 0.28 0.29 0.22 1.00
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Emissions 

The following emission estimation model has been developed based on NGSIM data 

(Part A of this report). The general function for emission estimation is: 

 

𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝐵1 ∗ 𝑉𝑀𝑇 +
𝐵2

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑒𝑒𝑑
+
𝐵3∗𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑜𝑝𝑠

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑒𝑒𝑑
    (33) 

 

where B1, B2, and B3 are coefficients of the independent variables. In summary, the best 

prediction models for various environmental measures are presented in the following equations: 

 

𝐶𝑂(𝑔) = 10.875 × 𝑉𝑀𝑇 + 3078.297 ×
1

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
+ 1.470 ×

𝑁𝑢𝑚𝑆𝑡𝑜𝑝𝑠

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
  (34) 

𝑁𝑂𝑥(𝑔) = 1.241 × 𝑉𝑀𝑇 + 185.490 ×
1

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
+ 0.206 ×

𝑁𝑢𝑚𝑆𝑡𝑜𝑝𝑠

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
  (35) 

𝐸𝐶(𝑗𝑜𝑢𝑙𝑒) = 7.223 × 106 × 𝑉𝑀𝑇 + 1.084 × 109 ×
1

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
+ 2.388 × 106 ×

𝑁𝑢𝑚𝑆𝑡𝑜𝑝𝑠

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
 (36) 

𝐶𝑂2𝐸𝑞𝑢𝑖(𝑔) = 519.1 × 𝑉𝑀𝑇 + 77950.6 ×
1

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
+ 171.6 ×

𝑁𝑢𝑚𝑆𝑡𝑜𝑝𝑠

𝑎𝑣𝑔𝑠𝑝𝑒𝑒𝑑
  (37) 

 

Note that the VMT is given in miles and the speed given in mph. 

 

Main outputs 

During each iteration, all performance measures used by the objective function are 

recorded, along with other parameters usually provided by the HCS. At the end of the procedure, 

the following main outputs are produced: 

1. Optimized signal-timing plan; 



 

 

 

65 

Signal Timing Optimization with Consideration of Environment and Safety Impacts (2013-022S) 

2. Diagnostic messages, that comprise mostly warnings on input variables that might 

compromise the quality of the results; 

3. Optimization Status: this comprises (a) information on the performance function, 

including the original, optimum and average values, as well as the % improvement 

throughout the run time; (b) and the Run Status, including the current generation number, 

the generation optimum and total time elapsed, in sec; 

4. Performance measures for each component: delay (sec/veh), safety (total number of 

crashes), and emissions (total g of gases) for the optimized signal plan 

Figure 10 shows the new output screen that was created for this project. 

 

Figure 10. New Output Screen 
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CHAPTER 4: RESULTS 

This chapter, provides the results obtained from HCS-Streets for a base scenario and the 

sensitivity analysis test scenarios. For each scenario, the following are calculated: expected total 

number of crashes, expected overall delay for the arterial (sec/veh) and emissions, measured in 

terms of total g of gases. 

To identify and rank the input variables affecting the global fitness output and each 

performance measure, multiple runs are made using the new algorithm, varying key inputs in 

predetermined ranges. The sensitivity analysis method described in Chapter 2 is used and 

statistical tests are applied to the results at 95% confidence. 

 

BASE SCENARIO 

 

For the base scenario, a set of characteristics were assumed for each input type used by 

HCS, as described in the following subsections. 

 

Design 

A three-intersection arterial was designed for testing. All three intersections have the 

same configuration, as shown in Figure 11. The main street approaches have two lanes with a 

200-ft exclusive left-turn pocket and a shared right and through lane. The side streets have two 

lanes: a shared left and through lane and a shared right and through lane. The link length between 

Intersection 1 and Intersection 2 as well as Intersection 2 and Intersection 3 is 1,300 feet. The 

length of all other links for both the main street and side streets are 1000 feet. Other 

characteristics are: 
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 The speed limit of the arterial is 45 mi/h and that of the side streets is 30 mi/h.; 

 Lane width of 12 feet; and 

 Zero grade on all approaches.  

 

Demand 

The arterial is in a CBD area. The base traffic demand for all the movements at each of 

the three intersections are as shown in Figure 11. This demand level was defined after a series of 

tests, so that the level of service at the arterial components ranged from C to E, leaving room for 

improvement, while avoiding spillbacks that would result from LOS F.  

The K factor, which reflects the relationship between those hourly volumes, used by 

capacity and level of service calculations and the average annual daily traffic (AADT), used for 

crash estimation, was set as 10%. 

 

 

Figure 11: Configuration and Demand on Testing Arterial 
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Safety-only characteristics 

The following characteristics have a direct effect only on the safety component of the 

model: 

 Intersection depth of 110 feet (medium sized intersection); 

 There are median islands along the arterial; 

 There are mast arm signal displays at each intersection; 

 Constant width along the arterial, (no merges on the exit sides); 

 There is no parking along any of the links; and 

 There are no bus bays or bicycle facilities present. 

Other variables that affect safety include the degree of saturation X of each approach, the 

degree of saturation of the left turn lane groups and the lost time LC. Those variables are 

calculated iteratively by HCS as intermediate results and used in the final model. 

 

Control 

For the control variables, the values used for the base scenario were: 

 Coordinated arterial; 

 All intersections have semi-actuated control and detectors are present at each side 

street approach and protected left turn movements; 

 Minimum green of 6 sec; 

 Yellow time fixed as 3 sec at every approach; 

 Red clearance time set as 2 sec for all intersections; 

 No RTOR; 
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 Exclusive left-turn phasing is used for the main street while permissive only left-

turn phasing is used for the side streets, hence no split phasing is used for the side 

streets. 

 The initial signal timing used in optimization assumed a cycle length of 120 sec, 

which is recommended by the 2010 HCM (p 18-78, Exhibit 18-33). The green 

duration is assumed to be proportional to the respective demands. In a preliminary 

optimization run performed with the proposed GA, the plan provided in Table 11 

was obtained, with the use of a lag phase for westbound left movement and a total 

cycle length of 70 seconds. 

 

Table 11. Initial Signal Timing Plan 

Phasing Diagram  

    

Green (s) 7.0 19.6 4.8 13.0 

Yellow (s) 3 3 3 3 

Red Clearance (s) 2 2 2 2 

 

Optimization guidelines 

Figure 12 shows the Full Optimization screen, with the settings used for the project, as 

defined after rounds of preliminary testing. The selected objective function was “Delay & Safety 

& Emissions”, and all signal parameters were considered for optimization. Cycles between 60 

and 160 sec were allowed, at 5 sec increment. 

As recommended by HCS-Streets, for the GA, population sizes of 10 were used, with 

30% crossover probability, a minimum 4.0% mutation probability, and 1% convergence 
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threshold. However, a maximum of 1,000 generations was permitted, as opposed to the 100 

default value, to ensure convergence to the global solution. 

Finally, regarding the weights given to each component of the objective function, a 

balanced 33%/33%/33% scheme was chosen for operations/safety/emissions, for the base 

scenario. 

 

 

Figure 12: Configuration and Demand on Testing Arterial 

 

 

SENSITIVITY ANALYSIS 

 

Whereas the individual effect of each submodel used in this study is known, the outputs 

produced by their combined use through the HCS implementation must be explored and 

validated. This section implements the Factorial Sampling Method, described in Chapter 2, as 

follows:  
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1. Selection of key variables to be considered for a sensitivity analysis and variation 

range; 

2. Set sensitivity analysis “trajectories”, defined by series of consecutive scenarios in 

which, for each simulation, one variable is varied within the predefined range while 

all other variables are kept as in the previous scenario; 

3. Run the model implemented in HCS for each scenario of each trajectory; 

4. Build a database with resulting performance measures (delay, crashes and emissions) 

and associated input data; 

5. Analyze data; and 

6. Perform statistical tests. 

 

Variables 

Variation to the model’s parameters were tested, within three main domains: (a) design; 

(b) demand; (c) control; (d) safety-only parameters; and (e) weights given to each optimization 

criterion. Three levels were considered per variable. The following items explain the variables 

that were tested and their levels of variation. 

 

A. Intersection Spacing: 

The initial distance between intersections was 1300 ft (base scenario). Another two levels 

of spacing were also tested, corresponding to 700 ft and 1900 ft. This variation affects not only 

coordination patterns, but storage areas as well. 

B. Intersection Size: 
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Intersection size was defined by two variables: total number of lanes on the arterial and 

intersection depth. Also, the All Red time was affected by this parameter. The three levels were: 

 Small Intersections: 2-lane arterial, 80 ft intersection depth and 1 sec all red; 

 Medium Intersections (base scenario): 3-lane arterial, 110 ft intersection depth 

and 2 sec all red time; and 

 Large Intersections: 4-lane arterial, 140 ft intersection depth and 3 sec all red 

time. 

C. Left turn pocket: 

In addition to the 200 ft. left-turn pocket of the base scenario, the analysis considered 

longer left-turn lanes (400 ft), and no pockets at all. Finally, when the leftmost lane is set as 

shared left and through movements, the pocket length considered by HCS equals the segment 

length, which can potentially affect the model. 

D. Shared turns: 

This comprises two different variables, for right and left turns: 

 For right turns, it relates to the use of the rightmost lane for shared right and 

through movements. The default value is Yes (shared right turn present); and 

 For left turns, it relates to the use of the leftmost lane for shared right and through 

movements. The default value is No (exclusive left-turn lane/pocket). 

E. Arterial Posted Speed: 

The posted speed in the base scenario was set as 45 mph. The other levels tested include a 

lower speed arterial (35 mph) and another with a 55 mph posted speed, which would be 

classified in the New Zealand model as a “high speed” arterial. The speeds at the minor streets 

were kept constant at 30 mph. 
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F. Volume Increments: 

Volume multipliers of 0.9 and 0.8 were used to verify the sensitivity of the model to 

different traffic levels. These multipliers were applied to traffic flows entering from both the 

arterial and minor streets. As indicated earlier, oversaturated conditions were not considered in 

this study. 

G. Turning Percentages: 

The default turning percentage was 10% of the total flow at the central intersection and 

each minor street approach. Increments of 5% were also tested, from 5% to 15%. Separate tests 

were undertaken for right and left turns, for a total of 2 variables and 6 levels. 

H. K Factor: 

K factor varied from 5% to 15%. K in the base scenario was 10%. Note that the hourly 

volumes used for the delay calculation remain unchanged, and the K factor only affects the 

AADT estimation which is calculated for use by the safety models. 

I. Protected Left: 

In the base scenario, a protected phase exists for the main street. Depending on 

intermediate results for some scenarios, a permitted phase may also be suggested by HCS- 

Streets. However, when this variable is set as “No”, no protected phases are allowed. 

J. Mast-arm Signal Display and Median Islands: 

In the base scenario, this type of signal display is used for all approaches at each 

intersection, as well as median islands for pedestrian crossings. When set as “No”, mast-arm 

displays and islands are removed from the entire corridor. 

K. Merge on Exit Side: 
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This variable reflects the reduction in the road width after the intersection is cleared, for 

each direction. As stated before, this may correspond to lane drops, incidents or road works. Due 

to HCM limitations in handling bottlenecks on urban streets, in this work, merges were 

considered solely as road width reductions from the intersection center to the roadway, that tend 

to affect the safety component of the model. 

L. Bicycle Facilities, Parking and Bus Bays within 330 ft from Stop Bar: 

The default for these variables was set as “No”, Alternatively, the influence of each of 

these elements was examined with respect to intersection safety. 

M. Weight sensitivity 

Three sets of scenarios were established for weight testing: operations, safety and 

emissions. For each, the 33/33/33 weights were changed to one of the following schemes: One 

variable dominance (50/25/25, 25/50/25 or 25/25/50, depending on the tested domain); or two 

variable dominance (40/40/20, 40/20/40 or 20/40/40). 

 

Summary of Tested Variables and Ranges 

Table 12 lists all variables included in the sensitivity analysis. For each variable, the table 

shows the three levels and full range considered, along with the respective units. 

The highlighted values reflect the inputs used in the base scenario. 
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Table 12. Variables Included in the Sensitivity Analysis and Variation Range 

Domain 
      Levels 

Range 
N° Variable Unit 1 2 3 

D
es

ig
n
 

1 Intersection spacing feet 700 1300 1900 1200 

2 Size (Number of total lanes on arterial)1   2 3 4 2 

3 Left turn pockets feet 0 200 400 400 

4 Shared right turn  No Yes    

5 Shared left turn  No Yes    

6 Arterial Posted Speed mph 35 45 55 10 

D
em

an
d
 7 Volume increments (multipliers) veh/h/ln 0.8 0.9 1 0.2 

8 Right turn percentages % 5% 10% 15% 0.1 

9 Left turn percentages % 5% 10% 15% 0.1 

10 K factor % 5% 10% 15% 0.1 

Control 11 Protected Left   No Yes    

S
af

et
y
 f

ac
to

rs
 

12 Mast-arm signal display   No Yes    

13 Median island   No Yes    

14 Merge on exit side   No Yes    

15 Bicycle facilities   No Yes    

16 Bus bay within 330 feet from stop bar   No Yes    

17 Parking within 330 feet from stop bar   No Yes    

18 Area type is residential   No Yes    

W
ei

g
h
t 19 Operations 

% 

33/33/33 50/25/25 40/40/20 25 

20 Safety 33/33/33 25/50/25 20/40/40 25 

21 Emissions 33/33/33 25/25/50 40/20/40 25 

 

Method 

The application of the Factorial Sampling Method is based on the construction of 

trajectories, with input vectors randomly generated. Each trajectory allows for the measurement 

of the effect of each factor to each performance measure.   

The trajectory is composed of vectors of input data. Since there are 21 variables of 

interest, each trajectory is represented by a matrix with 21 columns (variables) and 22 rows, in 

which the first row reflects the base scenario and all other rows represent variations of each 

variable within one of the levels, as shown in Table 12. Table 13 was developed to generate 
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random trajectories. From the base scenario (first row), each consecutive vector is composed by 

varying one single input, as highlighted, to one of the three possible levels. The selected levels 

and the order in which the variables are assorted are defined randomly. 

 

Table 13. Random Trajectory Generator 
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E
m

is
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o
n
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INITIAL VECTOR 2 2 2 2 1 2 3 2 2 2 2 2 2 1 1 1 1 1 1 1 1 

median island 2 2 2 2 1 2 3 2 2 2 2 2 1 1 1 1 1 1 1 1 1 

K factor 2 2 2 2 1 2 3 2 2 1 2 2 1 1 1 1 1 1 1 1 1 

Left turn percentages 2 2 2 2 1 2 3 2 3 1 2 2 1 1 1 1 1 1 1 1 1 

Merge on exit side 2 2 2 2 1 2 3 2 3 1 2 2 1 2 1 1 1 1 1 1 1 

Right turn percentages 2 2 2 2 1 2 3 1 3 1 2 2 1 2 1 1 1 1 1 1 1 

Shared right turn 2 2 2 1 1 2 3 1 3 1 2 2 1 2 1 1 1 1 1 1 1 

Mast-arm signal display 2 2 2 1 1 2 3 1 3 1 2 1 1 2 1 1 1 1 1 1 1 

Bicycle facilities 2 2 2 1 1 2 3 1 3 1 2 1 1 2 2 1 1 1 1 1 1 

Arterial Posted Speed 2 2 2 1 1 3 3 1 3 1 2 1 1 2 2 1 1 1 1 1 1 

Intersection spacing 3 2 2 1 1 3 3 1 3 1 2 1 1 2 2 1 1 1 1 1 1 

Volume increments 

(multipliers) 
3 2 2 1 1 3 2 1 3 1 2 1 1 2 2 1 1 1 1 1 1 

Bus bay 330 feet from 

stop bar 
3 2 2 1 1 3 2 1 3 1 2 1 1 2 2 2 1 1 1 1 1 

Safety 3 2 2 1 1 3 2 1 3 1 2 1 1 2 2 2 1 1 1 2 1 

Protected Left 3 2 2 1 1 3 2 1 3 1 1 1 1 2 2 2 1 1 1 2 1 

Shared left turn 3 2 2 1 2 3 2 1 3 1 1 1 1 2 2 2 1 1 1 2 1 

Left turn pockets 3 2 3 1 2 3 2 1 3 1 1 1 1 2 2 2 1 1 1 2 1 

Area type is residential 3 2 3 1 2 3 2 1 3 1 1 1 1 2 2 2 1 2 1 2 1 

Parking 330 feet from 

stop bar 
3 2 3 1 2 3 2 1 3 1 1 1 1 2 2 2 2 2 1 2 1 

Emissions 3 2 3 1 2 3 2 1 3 1 1 1 1 2 2 2 2 2 1 2 2 

Size 3 1 3 1 2 3 2 1 3 1 1 1 1 2 2 2 2 2 1 2 2 

Operations 3 1 3 1 2 3 2 1 3 1 1 1 1 2 2 2 2 2 2 2 2 
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Each scenario (vector) is run in HCS-Streets, by constructing an input file using the real 

values that correspond to the levels determined in Table 13 and listed in Table 12. The resulting 

performance measures are then registered in another spreadsheet, and the factorial effect of each 

variable is calculated as: 

 

𝑑𝑖,𝑗(x) =
MOE(𝑥𝑘)−𝑀𝑂𝐸(𝑥𝑘−1)

∆
      (38) 

 

where: di,j (x) = factorial effect of the factor i of trajectory j; 

 MOE () = performance measure for a given vector; 

 xk = input data vector for row k; 

 Δ = Variation of the tested variable between vector xk and xk-1. 

Three statistics are calculated: the average of the factorial effects across all trajectories 

(μ); the average of the absolute factorial effects (μ*); and the standard deviation (σ). The higher 

the μ*, the higher the indication that a variable has a significant impact on the performance 

measure analyzed. 

A fourth measure β was calculated as the relationship between the modulus of μ and μ*: 

𝛽𝑖 =
|𝜇𝑖|

𝜇𝑖
∗       (39) 

The closer this factor is to zero, the greater the indication that the sign of the factorial effect is 

dependent on the overall scenario. A factor of 1 means that the variable always affects the output 

in the same way. 
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Data Analysis 

The following paragraphs show the results of the sensitivity analysis on each 

performance measure – delay, crashes and emissions. The results were obtained from a total of 

10 trajectories. 

 

A. Operations: 

Table 14 ranks all variables by the average of the factorial effects across all trajectories 

(μ). A positive sign indicates a positive relationship between the variable and the performance 

measure. For instance, a certain increase in the demand (volume multipliers) is associated with 

an average increase of 2.5 in delay for the solution area of this experiment. 

In the case of binary variables, the “yes” value is associated with 1. As an example, it can 

be stated that the use of a protected left phase as opposed to permitted movements increased the 

delay at a rate of 6.9, on average, for the studied case. In this case, a safer solution leads to 

poorer operations, and the tradeoffs between the two aspects must be carefully analyzed. 

Variables with a negative sign, on the other hand, on the average, improve operations. 

This was true for shared movements and specially for the intersection size. As expected, the 

more the number of lanes, the better is the operational performance. 

The β values, as stated previously, indicate how much the results depend on the other 

variables. The closer to zero, the higher the variability of the sign of μ. An example of this is the 

“Intersection Spacing”: although longer spacing was found to decrease delays in many instances 

by providing more storage area, in some cases it merely translated in a greater length to be 

cleared by traffic and less efficient coordination. The results were very much linked to through 

flows and the percent of turning movements.  
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Table 14. Ranking of μ for All Variables and Associated β – Delay  

Variable μ β 

Protected Left 6.920 1.000 

Volume increments (multipliers) 2.510 1.000 

Left turn percentages 1.020 1.000 

Safety 0.545 0.947 

Right turn percentages 0.500 0.610 

Mast-arm signal display 0.190 1.000 

Arterial Posted Speed 0.140 0.438 

Median island 0.120 1.000 

K factor 0.120 0.750 

Bicycle facilities 0.030 1.000 

Bus bay within 330 feet from stop bar 0.001 1.000 

Parking within 330 feet from stop bar 0 0 

Merge on exit side -0.020 1.000 

Emissions -0.156 0.204 

Left turn pockets -0.280 0.467 

Intersection spacing -0.280 0.269 

Operations -0.925 1.000 

Area type is residential -1.230 0.953 

Shared right turn -3.369 1.000 

Shared left turn -3.410 1.000 

Size -12.540 0.997 

 

To better illustrate this variability on the results across multiple scenarios, Figure 13 

provides box-plots that represent the variability of the factorial effects for each variable, allowing 

for better comparison between them. As shown, larger intersection sizes always lead to less 

delay, although the variability for this effect is rather high. On the other extreme, higher volume 

increments result in higher delay, with very low variability. 



 

 

 

80 

Signal Timing Optimization with Consideration of Environment and Safety Impacts (2013-022S) 

 

Figure 13: Variability of μ for each variable – Delay 
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Table 15 presents the average of the absolute factorial effects (μ*) of each variable, 

which is considered the most statistically significant measure in the method used, ranked from 

the highest impact to the least. The table also shows the standard deviation associated with each 

one and the confidence interval, at the 95% confidence level. 

 

Table 15. Ranking and Confidence Interval of μ* for All Variables – Delay  

Variable 

Lower 

Bound 
μ* 

Upper 

Bound 

Std. 

Dev σ 

Size 3.037 12.580 22.123 15.397 

Protected Left 4.464 6.920 9.376 3.963 

Shared left turn 1.166 3.410 5.654 3.621 

Shared right turn 2.098 3.369 4.640 2.051 

Volume increments (multipliers) 1.538 2.510 3.482 1.569 

Area type is residential 0.647 1.290 1.933 1.037 

Intersection spacing 0.282 1.040 1.798 1.223 

Left turn percentages 0.371 1.020 1.669 1.048 

Operations -0.113 0.925 1.963 1.675 

Right turn percentages 0.143 0.820 1.497 1.092 

Emissions -0.019 0.768 1.555 1.270 

Left turn pockets -0.275 0.600 1.475 1.412 

Safety 0.152 0.575 0.999 0.683 

Arterial Posted Speed 0.065 0.320 0.575 0.412 

Mast-arm signal display -0.003 0.190 0.383 0.311 

K factor -0.017 0.160 0.337 0.286 

Median island -0.060 0.120 0.300 0.290 

Bicycle facilities -0.029 0.030 0.089 0.095 

Merge on exit side -0.006 0.020 0.046 0.042 

Bus bay within 330 feet from stop bar -0.001 0.001 0.003 0.003 

Parking within 330 feet from stop bar ---   ---   

 

Although the ranking shown in Table 15 provides some insight on the magnitude of the 

impact of each variable, the confidence intervals and standard deviations suggest that one-to-one 

comparisons of variables with similar effects is not straightforward. For that reason, a multiple 

pairwise comparison statistical test was performed. 
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In a preliminary analysis, it was noted that the distribution of μ* didn’t follow a normal 

(Gaussian) pattern. For that reason, the non-parametric Kruskal Wallis test was chosen, which 

accounts for the frequency that each variable assumes a specific position in the overall ranking.  

The results are shown in Table 16. The much higher value of H as compared to the 

critical Chi indicates that H0 can be rejected, and at least two variables differ from each other. To 

specify which ones, multiple pairwise comparisons were made, as illustrated by the Tukey lines, 

on the right side of Table 16. 

Each line stretches from a specific variable (from 1 to 8 in this case) until the variables 

that could not be considered statistically different from the base (H0 can’t be reject). For 

example, Protected Left, that was taken in the preliminary analysis as the most important 

variable in terms of impact on mobility, can only be considered statistically different, and thus 

more relevant, than the variable “Emissions”. 

Likewise, “Volume Increments” can be considered more relevant than the length of left 

turn pockets, but its impact on delays is not necessarily higher than that caused by right or left 

turn percentages. 

It can be concluded that, while some variables are notably more significant (especially 

the use of protected lefts, shared turns, intersection size, and volumes), others highly depend on 

other variables and the corresponding test scenario. 
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Table 16. Kruskal Wallis Test – Delay  

Multiple comparisons (pairwise)  

 

          Tukey Line from Variable n 

T T2/n   Variable Ṝ 1 2 3 4 5 6 7 8 

1619 261954   Protected Left 194.6          

1946 378497   Shared right turn 173.4          

1607 258245   Volume increments (multipliers) 165.0          

1734 300502   Size 161.9          

1650 272250   Shared left turn 160.7          

1421 201782   Area type is residential 142.1          

1327 175960   Intersection spacing 132.7          

1253 157001   Left turn percentages 125.3        # 

979 95746   Right turn percentages 114.2        # 

1142 130302   Emissions 98.7        # 

987 97318   Operations 97.9        # 

748 55876   Arterial Posted Speed 97.2        # 

960 92160   Safety 96.0        # 

972 94478   Left turn pockets 74.8        # 

673 45293   K factor 68.8        # 

688 47266   Mast-arm signal display 67.3        # 

578 33408   Median island 57.8        # 

484 23426   Merge on exit side 51.0        # 

510 26010   Bicycle facilities 48.4        # 

462 21344   Bus bay 330 feet from stop bar 46.2        # 

420 17640   Parking 330 feet from stop bar 42.0        # 

 

B. Safety: 

Similarly to Table 14, Table 17 ranks all variables by their effect on the predicted number 

of crashes, as measured by the factor μ and corresponding β.  Large intersections are associated 

with a much higher number of crashes, especially angle and rear-end crashes. However, this was 

true only when no pockets for left turns were present. When this is the case, the use of shared left 

turns could mitigate the risk factors, as reflected by the μ for this variable. 

KRUSKALL-WALLIS TABLE

Chi 16.92

H 121.63
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Other relevant variables were demand-related (volumes and K factor) and the use of 

shared right turns. 

Table 17. Ranking of μ for All Variables and Associated β – Safety  

Variable μ β 

Size 31.940 0.946 

Volume increments (multipliers) 3.660 1.000 

Shared right turn 3.360 1.000 

Bus bay within 330 feet from stop bar 2.160 1.000 

Left turn percentages 0.940 0.855 

Merge on exit side 0.760 1.000 

Intersection spacing 0.580 0.547 

Operations 0.568 1.000 

Bicycle facilities 0.450 0.652 

Arterial Posted Speed 0.090 0.134 

Emissions -0.004 0.008 

Safety -0.422 0.905 

Protected Left -0.470 0.376 

Right turn percentages -0.620 0.756 

Area type is residential -0.810 0.730 

Mast-arm signal display -1.850 1.000 

Parking within 330 feet from stop bar -1.950 1.000 

Median island -2.720 1.000 

Left turn pockets -3.560 0.908 

K factor -9.580 1.000 

Shared left turn -15.570 0.919 

 

Figure 14 graphically shows those results, and illustrates the variability of the Shared Left 

Turn and Size variables. As stated previously, this happens because a large increase in the 

number of predicted crashes occurs only when a large intersection has no pockets or shared left 

turn lanes. Higher K factors consistently decrease crashes, as they are associated with lower 

AADTs, while higher volumes would increase exposure and crashes. 
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Figure 14: Variability of μ for each variable – Crashes 
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Table 18 and Table 19 present the confidence interval and ranking of μ* for all variables 

regarding safety, and the corresponding Kruskal Wallis tests, respectively. Note that β values 

shown in Table 17 were closer to 1 as compared to the operations analysis, indicating that the 

factorial effects on safety have constant signs for most variables. As a result, the magnitude of μ* 

values shown on Table 18 are similar to the μ values, and the same variables are the most 

important to the model: Size, Shared Turns, K factor, Pockets and Volume Increments. 

 

Table 18. Ranking and Confidence Interval of μ* for All Variables – Safety  

Variable 
Lower 

Bound 
μ* 

Upper 

Bound 

Std. 

Dev σ 

Size -27.422 33.780 94.982 98.745 

Shared left turn -11.877 16.950 45.777 46.510 

K factor 6.555 9.580 12.605 4.880 

Left turn pockets 1.366 3.920 6.474 4.121 

Volume increments (multipliers) 1.117 3.660 6.203 4.102 

Shared right turn 2.386 3.360 4.334 1.572 

Median island 2.100 2.720 3.340 1.000 

Bus bay within 330 feet from stop bar 1.490 2.160 2.830 1.081 

Parking within 330 feet from stop bar 1.548 1.950 2.352 0.649 

Mast-arm signal display 1.542 1.850 2.158 0.497 

Protected Left 0.342 1.250 2.158 1.464 

Area type is residential 0.555 1.110 1.665 0.895 

Left turn percentages 0.368 1.100 1.832 1.182 

Intersection spacing 0.297 1.060 1.823 1.231 

Right turn percentages 0.362 0.820 1.278 0.739 

Merge on exit side 0.537 0.760 0.983 0.360 

Bicycle facilities 0.241 0.690 1.139 0.725 

Arterial Posted Speed 0.022 0.670 1.318 1.046 

Operations 0.048 0.568 1.088 0.839 

Emissions -0.018 0.518 1.053 0.865 

Safety 0.123 0.467 0.811 0.555 

 

Kruskal Wallis tests (Table 19) had similar results with the ones observed for the 

operations analysis. Statistically significant differences can be established for variables with up 
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to 10 levels of difference in the ranking, but never for consecutive variables, for the given sample 

size and confidence level. The K factor was the variable found to differ the most, while the 

weight variables, labeled as “Operations”, “Safety” and “Emissions”, barely influenced the 

outcomes. 

 

Table 19. Kruskal Wallis Test – Safety  

Multiple comparisons (pairwise)  

 

          Tukey Lines   

T T2/n   Variable Ṝ 1 2 3 4 5 6 7 8 9 10 

1465 214476   K factor 199.7           

1127 127013   Shared right turn 166.5           

1997 398801   Median island 157.4           

1508 227406   Volume increments (multipliers) 156.5           

1565 244923   Left turn pockets 150.8           

1665 277223   Size 146.5           

1574 247590   Parking 330 feet from stop bar 134.7           

1345 180903   Bus bay 330 feet from stop bar 134.5           

1347 181306   Mast-arm signal display 130.0           

1300 168870   Shared left turn 112.7           

927 85840   Protected Left 92.7           

850 72250   Area type is residential 85.0           

812 65853   Left turn percentages 81.2           

811 65772   Intersection spacing 81.1           

683 46581   Right turn percentages 68.3           

645 41538   Merge on exit side 64.5           

605 36542   Bicycle facilities 60.5           

561 31472   Arterial Posted Speed 56.1           

477 22753   Operations 47.7           

467 21762   Emissions 46.7           

429 18404   Safety 42.9           

 

 

 

KRUSKALL-WALLIS TABLE

Chi 16.92

H 119.14
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C. Emissions: 

As with the other variables, Table 20 ranks the variables according to the μ values and 

respective β. Intersection spacing was the variable that was found to increase emissions the most. 

This is expected, since longer segment lengths results in more driving and thus higher emissions. 

On the other hand, some variables that were associated with better performance in terms of 

operations also resulted in lower emissions. Those variables are Size and Shared Turns. 

 

Table 20. Ranking of μ for the All Variables and Associated β – Emissions  

Variable μ β 

Intersection spacing 840.500 1.000 

Volume increments (multipliers) 202.910 1.000 

Protected Left 5.450 0.277 

Operations 4.315 0.815 

Left turn pockets 3.440 0.966 

Bicycle facilities 1.030 0.880 

Mast-arm signal display 0.390 0.379 

Parking within 330 feet from stop bar -0.020 1.000 

Bus bay within 330 feet from stop bar -0.070 0.778 

Merge on exit side -0.090 0.818 

Median island -0.640 0.941 

Emissions -1.027 0.189 

K factor -2.000 0.820 

Safety -3.097 0.682 

Area type is residential -7.110 0.929 

Arterial Posted Speed -24.650 1.000 

Right turn percentages -81.460 0.860 

Left turn percentages -136.920 0.846 

Size -707.160 0.749 

Shared left turn -766.790 1.000 

Shared right turn -856.920 1.000 
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Higher turning percentages were also related to lower emissions, as can also be seen on 

Figure 15. This happened because, in this case study, the through movements were more often 

the critical ones, so that higher percentages of left turns would improve overall performance. 

Figure 15 also shows the relevance and variability of the Size variable, which was also 

observed for the other performance measures. 
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Figure 15: Variability of μ for each variable – Emissions 
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Right turn percentages
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Shared right turn
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Volume increments (multipliers)
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Table 21 and Table 22 show the analysis for μ*. When accounting for positive and 

negative factorial effects on emissions, Size becomes the most important factor in the analysis, 

despite its large standard deviation. Traffic Volumes were found to play a significant role in the 

model, as they did with the other performance measures. Safety-only was not found to affect 

emissions. 

 

Table 21. Ranking and Confidence Interval of μ* for All Variables – Emissions  

Variable 
Lower 

Bound 
μ* 

Upper 

Bound 

Std. Dev 

σ 

Size 315.489 944.760 1574.031 1015.289 

Shared right turn 570.082 856.920 1143.758 462.795 

Intersection spacing 674.172 840.500 1006.828 268.360 

Shared left turn 351.888 766.790 1181.692 669.419 

Volume increments (multipliers) 140.262 202.910 265.558 101.079 

Left turn percentages 77.298 161.760 246.222 136.273 

Right turn percentages 17.930 94.700 171.470 123.864 

Arterial Posted Speed 21.019 24.650 28.281 5.858 

Protected Left 2.684 19.670 36.656 27.406 

Area type is residential 1.814 7.650 13.486 9.417 

Emissions -0.570 5.443 11.455 9.701 

Operations -0.882 5.297 11.475 9.969 

Safety 0.706 4.544 8.382 6.192 

Left turn pockets -1.151 3.560 8.271 7.600 

K factor -1.079 2.440 5.959 5.678 

Bicycle facilities -1.003 1.170 3.343 3.507 

Mast-arm signal display -0.417 1.030 2.477 2.334 

Median island -0.453 0.680 1.813 1.828 

Merge on exit side -0.031 0.110 0.251 0.228 

Bus bay within 330 feet from stop bar -0.031 0.090 0.211 0.195 

Parking within 330 feet from stop bar -0.006 0.020 0.046 0.042 

 

Among the three performance measures, the emissions was the one that was clearly affected by 

each variable, with statistical confidence, as shown in Table 22. It can be noticed that the H value 
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is higher, while Tukey Lines are generally shorter, which means that variables are more 

differentiated among themselves, at 95% confidence. 

 

Table 22. Kruskal Wallis Test – Emissions  

Multiple comparisons (Pairwise) 

 

          

T T2/n  Variable Ṝ Tukey Lines 

1831 335256  Intersection spacing 192.6           

1908 364046  Shared right turn 190.8           

1926 370948  Size 183.1           

1822 331968  Shared left turn 182.2           

1619 262116  Volume increments (multipliers) 161.9           

1599 255680  Left turn percentages 159.9           

1393 194045  Right turn percentages 139.3           

1347 181441  Arterial Posted Speed 134.7           

1240 153760  Protected Left 124.0           

1079 116424  Area type is residential 107.9           

825 68063  Emissions 82.5           

767 58829  Safety 80.9           

809 65367  Operations 76.7           

708 50126  Left turn pockets 70.8           

631 39816  k factor 63.1           

455 20703  Mast-arm signal display 61.2           

612 37393  Median island 46.8           

468 21856  Bicycle facilities 45.5           

413 17057  Merge on exit side 41.3           

390 15210  Bus bay 330 feet from stop bar 39.0           

315 9891  Parking 330 feet from stop bar 31.5           

 

 

KRUSKALL-WALLIS TABLE

Chi 16.92

H 550.92
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

 

The goal of this study was to develop a signal timing optimization algorithm that can 

consider mobility, safety, and environmental measures simultaneously on coordinated arterials. 

To attain this goal, an emissions model was developed (Part A of this report) and a set of crash 

prediction equations were identified for use in the optimization. The selected safety model has 

the advantage of considering geometry and control aspects, while its structure, analogous to the 

HSM’s, allows for local calibration of existing parameters, as well as inclusion of new factors 

(CMFs), that can be derived from before-after studies using field data or microsimulation. 

This research created and coded a tool in the HCS engine (which includes the 

TRANSYT-7F optimization tool), capable of optimizing signal timing and coordination on 

arterials. The resulting software is available to users as part of the HCS – Streets module. 

A sensitivity analysis was undertaken to gain a better understanding of the interactions 

among variables and the tradeoffs between safety, mobility, and emissions.  This analysis was 

conducted using the Factorial Effects method, by testing key variables that affect safety, 

mobility, emissions outputs separately. It was concluded that, while some variables are 

noticeably more significant than others, the effect of several of them is highly dependent on other 

variables, so that the individual degree of importance of each variable to the model cannot be 

fully ranked, at 95% confidence. 

Nevertheless, the Size of the intersection, as defined by the number of lanes on the 

arterial, was found to largely affect all three performance measures. In the case of safety, large 

intersections with short left turn pockets were associated with a much higher number of angle 
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and rear-end crashes, especially when hourly and/or annual volumes are higher. This effect can 

be mitigated with the used of shared left-turns. 

For the studied case, permitted left turns improved operations without compromising 

safety. Higher speeds were associated with slightly more crashes, although they did not 

significantly affect overall performance. Intersection spacing mostly affected emission levels, as 

the higher the segment lengths, the more gases are emitted. The effect of shared turns was highly 

dependent on the volume and turning percentage levels. For most scenarios in the case study, the 

through movements were the critical ones, so that shared turns enhanced overall performance, 

improving mobility, safety and emissions. 

Demand level variables, such as the volume multipliers, are directly correlated to delay 

and emissions. The k factor affects the AADT values, which are used by the safety model only, 

and have a high level of influence.  The weight schemes had little influence on the optimal 

results, regardless of the importance given to a particular performance measure. 

A limitation of this study is that many safety-only related variables could not be fully 

tested for their effect on other performance measures. The presence of bus bays, parking or 

bicycles facilities, for example, were analyzed in terms of safety impacts only, due to the large 

variability and uncertainties of operation effects of these variables. Likewise, merges at the 

outbound legs of the intersection were considered simply as a slight reduction on lane width. Full 

lane drops weren’t used, to avoid the occurrence of oversaturated conditions and spillbacks, 

which were beyond the scope of this research.  
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