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EXECUTIVE SUMMARY 

The Pima Association of Government (PAG) is committed to delivering a sustainable, equitable, 

and efficient transportation system that improves mobility for all users while also advancing 

regional and national goals for greenhouse gas (GHG) emission reductions. This project, funded 

through the federal Carbon Reduction Program (CRP), develops and applies a data-driven 

framework for assessing transit and active transportation performance across the Tucson 

metropolitan area. It builds on prior PAG efforts that primarily examined motorized vehicle traffic, 

extending the scope to include transit, micromobility, and walking modes that are critical to 

achieving both accessibility and climate objectives. 

By leveraging state-of-the-art data science techniques, this project establishes new capabilities to 

archive, prepare, and process various data sources available in the PAG region to generate a 

plethora of practice-ready, multi-modal performance measures. These measures are tailored to 

achieve two objectives synergistically: (i) to create a medium for continuous and low-cost 

monitoring of multimodal performance, and (ii) to identify unprecedented insights on 

improvement priorities. Following a comprehensive exploration of all data sources accessible at 

the time, the following were selected and used as the main sources in this project: the General 

Transit Feed Specification (GTFS) feeds for the transit system; the General Bike Feed 

Specification (GBFS) feeds for shared micromobility including Tugo bike-share and e-scooters; 

regional traffic sensor data collected from the MaxView and Miovision sensors, alongside PAGôs 

turning movement counts for the walking trips. Together, these sources provide comprehensive 

coverage of the multimodality landscape in the region. 

The analytical framework developed in this project combines the high- to low-level performance 

measures to evaluate the regional multimodal services through several lenses.  

For the transit users, it evaluates various serviceability aspects, including speed and travel time, 

reliability and regularity, and headways and on-time performance.  

For the pedestrians, this analytical framework evaluates pedestrian volumes, intersection delays, 

and pedestrian level of service (PLOS).  

Lastly, for micromobility service users, the framework evaluates utilization, availability, and 

geographic service coverage.  

To ensure reliability and replicability of the outputs, the data collection pipeline and all 

performance measures were carefully designed and validated against ground truth data and 

performance targets are derived from a comprehensive review of literature. This project 

demonstrates a scalable multimodal monitoring framework that positions PAG to achieve its 

objectives improving mobility and reducing the carbon footprint of the transportation system as 

highlighting the performances of transit and active transportation.  
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Key findings of the study are listed below: 

¶ Transit:  

o SunTran demonstrated reliable transit service, with travel time reliability consistently 

at or above 0.9 based on 0-to-1 scale and operating speeds exceeding 15 mph for most 

of the day. Average headways were approximately 26 minutes throughout the day, 

including during the AM and PM peak periods. 

o SunLink showed slightly lower travel time reliability, ranging from 0.8 to 0.9. This is 

likely due to its rail service operation in mixed traffic conditions. Headways were 

generally well-maintained at around 15 minutes, with deviations between 2 and 6 

minutes. 

o SunExpress provided strong performance, particularly in outlying areas where fewer 

stops and higher speed limits allowed for faster service. Travel time reliability was 

above 0.9 in the morning and around 0.85 in the afternoon. This pattern may reflect 

the nature of express service, especially in the afternoon outbound direction when 

most passengers are returning home. 

¶ Pedestrian: 

o Based on the developed performance measures, regional pedestrian services 

experienced average delays of 30 to 40 seconds at signalized intersections, 

corresponding level of service (LOS) C, and 8 to 10 seconds at HAWK crossings (LOS 

A) during daytime hours, including AM and PM peak periods. HAWK signals 

facilitated a quicker pedestrian crossing by providing dedicated pedestrian-focused 

service within the MaxView (City of Tucson) service area.   

o Within Miovision service area (Pima County), observed average delays of 40 to 45 

seconds at signalized intersections (LOS D) and approximately 12 seconds at HAWK 

crossings (LOS B) during weekday daytime hours.  

¶ Micromobility (E-Scooters and Bike-Share): 

o Shared e-scooter services covered approximately 2.29% to 2.88% of the city area. 

Usage typically ranged from 1% to 4 % on weekdays and 2% to 5% on weekends during 

daytime hours including AM and PM peak periods. Notably nighttime activity was 

higher, ranging from 2% to 7%, which may be attributed to the relocation of e-scooters 

to designated areas particularly after midnight.  

o Shared bike service (Tugo Bike) covered about 1.94% of the City of Tucson boundary. 

Its usage ranged from 0.75% to 2.5% on weekdays and 1% to 3% on weekends during 

daytime hours, including AM and PM peak periods. 

 

The following conclusions are drawn from the project: 

¶ The resulting framework provides PAG with a replicable, low-cost toolbox to continuously 

monitor performance across the modes, transit, pedestrian, and micromobility. 
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¶ Multimodal performance measures can be reliably extracted from existing GTFS, GBFS, 

and pedestrian datasets paired with rigorous data quality assessment and improvement 

techniques.  

¶ Investments in further improving the transit service, walkability, and micromobility 

coverage offer the combined potential to improve multimodality significantly.  

Based on the findings and conclusions above, we recommend the following: 

¶ Focus on monitoring the regional multimodal transportation services with the developed 

performance measures. 

¶ Establish comprehensive frameworks that link multimodal performance measures to air 

quality outcomes, capturing the relationship between transportation and air quality. 
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1 

CHAPTER 1. INTRODUCTION 

1.1. Background 

The growing need for sustainable, equitable, and efficient transportation systems has prompted 

regional planning agencies to shift from auto-centric strategies toward multi-modal transportation 

planning. In this context, the Pima Association of Governments (PAG) has initiated the 

development of the Regional Mobility and Accessibility Plan (RMAP), a long-range, performance-

based transportation plan aimed at enhancing safety, mobility, accessibility, and environmental 

outcomes across the Tucson metropolitan area. RMAP emphasizes an integrated approach that 

includes all transportation modes, motorized vehicles, public transit, bicycles, and pedestrians, 

aligning with broader goals of reducing greenhouse gas emissions and promoting active 

transportation. 

To support these objectives, accurate and mode-specific performance measures are essential. 

Building on previous efforts focused primarily on motorized vehicle performance using event-

based data, this project extends the scope by targeting active and alternative transportation modes. 

By utilizing a variety of existing data sources, including General Transit Feed Specification 

(GTFS), General Bikeshare Feed Specification (GBFS), and local sensor data, this study 

establishes a robust framework for assessing the performance of the regional multi-modal 

transportation system. The outcome includes not only the identification and estimation of key 

performance indicators but also the development of data collection methodologies, QA/QC 

procedures, and analytical methods, thereby laying the groundwork for improved mobility, air 

quality, and long-term planning across the PAG region. 

1.2. Organization of the Report 

This report is organized for each task results and data summary as shown in 3. Chapter 2 focuses 

on the literature reviews of different performance measures for different modes of transportation, 

transit, pedestrian, and micromobility. The multimodal transportation performance measures and 

emission modeling are reviewed in the section. Chapter 3 explored transit data and discussed data 

analysis. Chapter 4 explored existing pedestrian data and conducted pedestrian data analysis. 

Chapter 5 reviewed micromobility data for each e-scooter and TUGO bike sharing system and 

conducted analysis. Chapter 6 used the identified data and conducted different performance 

measures including speed, travel time reliability, headway, headway reliability, irregularity, and 

arrival delay for each transit modes, Sun Tran, Sun Express, and Sun Link. Chapter 7 used 

pedestrian data to estimate the pedestrian volume on different intersections, calculated pedestrian 

delay and measured Pedestrian Level of Service (PLOS). Chapter 8 measures performance of e-

scooters and TUGO bike sharing system including system level vehicle utilization rate, geographic 

vehicle utilization rate, geographic time availability rate, and geographic vehicle coverage rate. 
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Based on the data, findings, and methods discussed in Chapter 3 through Chapter 8, acceptance 

criteria are discussed in Chapter 9. Chapter 10 discussed multimodal performance measures 

including different modes of transportation explored and explained the developed Jupyter note 

platform.
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Table 1.1. Timeline  
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CHAPTER 2. LITERATURE REVIEW 

2.1. Literature Review 

The objective of the project is to improve regional mobility and air quality. The project focused on 

obtaining the performance measures of the regional multi-modal transportation system by 

leveraging existing data sources in the Pima Association of Governments (PAG) region. As a final 

output, methods of data collection and multi-modal performance measure estimation as well as 

QA/QC procedures were developed. 

This section summarizes the existing performance measures for multi-modal transportation 

systems including multimodal data resource identification, performance measures identification 

and collection, and applications of multimodal performance measurements. 

2.1.1 Mode-specific Performance Indicators 

Multi-modal transportation systems performance measures are important to understand and 

evaluate the current systemôs efficiency, effectiveness, and reliability for further operation 

planning. However, there may be limited data sources available for certain modes. A challenge is 

obtaining appropriate performance measures for each mode of transportation with existing data 

sources. Some studies show how to evaluate the performance of various transportation modes, 

including transit, pedestrian, and micromobility with existing data sources. 

2.1.1.1 Transit 

For transit performance measures, appropriate usage of accurate and detailed information is 

critical. Some common sources of data for operation and service performance analysis are 

Automatic Vehicle Location (AVL), Automated Passenger Counts (APC), and electronic fareboxes 

(Liao and Liu, 2010; Carrasco, N., 2012; Handley et al., 2019). AVL systems track real-time 

locations and stores bus arrival and departure times at specified locations; APC systems collect 

passenger boarding automatically; and electronic fareboxes provide route-level and system-level 

ridership data (Ryus, P., 2003).  
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Table 2.1. Summary of studies on transit performance measures identification and collection 

Reference Performance Measures Metric/Methods Data Source(s) Key Findings 
Ryus, P. (2003) ¶ Availability measures 

¶ Service delivery measures 

¶ Community measures 

¶ Travel time measures 

¶ Safety and security 

measures 

¶ Economic measures 

¶ Etc. 

¶ Descriptive statistics 

 
¶ In-House 

¶ National Transit Database 

(NTD) 

¶ Demographic data 

¶ Traffic data 

¶ GIS data 

¶ AVL, APC and Farebox Data 

 

¶ Given 12 case studies of 

successful performance-measure 

programs. 

¶ Provided resources for the process 

of developing performance-

measurement programs including 

Data sources, data collection 

techniques, and data applications. 

Rodier, C. J., & 

Issac, E. (2016). 

¶ Service Coverage 

¶ Travel time 

¶ Frequency 

¶ Stop Accessibility 

¶ On-time performance 

¶ Passenger load 

¶ Mobility service 

equitability 

¶ Descriptive statistics 

 

¶ In-house data 

¶ NTD 

¶ Census data 

¶ Travel demand models 

¶ Surveys 

¶ Identified key transit performance 

measures, including service 

availability, service delivery, 

community impact and ETC. 

¶ Examined the use of performance 

measures in recent reports and 

publications by the four major 

California metropolitan planning 

organizations. 

Liao, C. F., & 

Liu, H. X. 

(2010) 

Route level performance 
¶ Running Time 

¶ Dwell Time at Stop 

¶ Delay at Signal 

¶ Transfer Activity 

¶ TP time model 

¶ Link travel time model 

¶ Archived transit data from 

Metro Transit in the Twin 

Cities of Minnesota including 

Schedule Data, AVL APC, 

and Farecard data 

¶ Arterial Traffic Data 

¶ Environmental Factors 

¶ Developed an integrated data-

processing framework to support 

transit performance analysis and 

research. 

Wong, J. C. 

(2013). 

¶ Average Headway 

¶ Hours of service 

¶ Passenger Load 

¶ On-time performance 

¶ Travel Time Difference 

Descriptive statistics ¶ GTFS data  

¶ NTD data 

¶ Developed a tool that can calculate 

performance measures from GFTS 

data 

¶ Compared metrics calculated from 

raw GTFS feeds to those reported 

in the NTD. 

Carrasco, N. 

(2012). 
Reliability measures 
¶ Travel time 

¶ Speed 

¶ Punctuality 

¶ Regularity 

Descriptive statistics 

 

¶ AVL data  

¶ A set of spreadsheets 

containing aggregate 

information on schedule 

deviation, vehicle speed, and 

travel time 

¶ Quantifying reliability of transit 

service in Zurich, Switzerland 
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¶ Passage waiting time 

Liu, J., He, M., 

Schonfeld, P. 

M., Kato, H., & 

Li, A. (2022). 

¶ Accessibility (destination-

reachability metrics) 

¶ Time reliability 

¶ Monte Carlo simulation. 

¶ Linear Regression 

¶ Attributes of lines 

¶ Average Tavel Time, Time 

reliability. 

¶ Walking distance 

¶ Measured accessibility by 

incorporating time reliability in 

Wuhanôs rail transit system 

¶ The accessibility of Wuhanôs 
URTN during weekday morning 

peak hours indicates that the 

metrics that do not consider time 

reliability overestimate a URTNôs 

accessibility 

Al Mamun, M. 

S., & Lownes, 

N. E. (2011) 

¶ Composite index of public 

transit accessibility 

¶ The Local Index of 

Transit Availability 

¶ TCQSM 

¶ Time-of-day Tool 

 

¶ Transit data and census data 

¶ Travel demand for the specific 

time period. 

 

¶ Examine how consistently the 

three methods rated transit 

accessibility for each tract of the 

study area.  

¶ Proposed weighting factors for 

individual methods to formulate a 

composite measure. 

Handley, J. C., 

Fu, L., & 

Tupper, L. L. 

(2019) 

¶ Connectivity measure for 

transit systems 

¶ Spatial statistical model 

¶ Simultaneous 

autoregressive model 

¶ GTFS data 

¶ Automated passenger count 

(APC) data 

¶ Tables on schedule adherence 

¶ Stop level connectivity is defined 

as the total area reachable from the 

bus stop of interest within a certain 

travel time budget. 

¶ Network connectivity measure in 

terms of the proportion of city area 

and population having walking 

access to the core network. 

¶ A case study with operational data 

from Rochester, New York 

illustrates connectivity measure at 

different levels. 

Liu, J., 

Schonfeld, P. 

M., F.ASCE, 

Peng, Q., Yin, Y. 

(2020) 

¶ Travel reliability; 

connectivity reliability, 

travel time reliability, 

capacity reliability 

¶ Weighted average 

number of tolerable 

travel paths 

¶ Automatic Fare Collection 

(AFC) data (OD flow) 

¶ Travel reliability of urban rail 

transit is related to tolerable 

coefficient 

¶ A station with better connectivity 

reliability tends to have higher 

capacity reliability  

Park, Y., Mount, 

J., Liu, L., Xiao, 

N., Miller, H. J. 

(2019) 

¶ Transit route-based network 

distance 

¶ Total propagating delay 

size 

¶ Compare scheduled and 

observed vehicle data 

¶ Determine spatial 

boundaries 

¶ GTFS data ¶ Systematic approach to analyze 

the empirical delay propagation 

patterns based on schedule and 

real-time GTFS data 
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¶ Distance decay 

Ma, X., 

M.ASCE, Wang, 

Y. (2014) 

¶ Network-level Commercial 

Speed 

¶ Route-level transit travel 

time reliability 

¶ Stop-level ridership 

¶ Stop-level headway 

variance 

¶ Transit path-finding 

algorithm 

¶ 95th percentile travel 

time 

¶ buffer index 

¶ AFC  

¶ AVL  

¶ Demonstrated feasibility of 

establishing a web-based e-science 

system for transit performance 

measures 

Liu, L., Porr, A., 

Miller, H. J. 

(2022) 

¶ Accessibility 

 

¶ Space-time 

prismgeography method 

¶ GTFS data ¶ Introduced time geography 

approach (realizable real-time 

space) in the calculation of 

accessibility 

Morri, N., 

Hadouaj, S., 

Said, L. B. 

(2021) 

¶ Punctuality index 

¶ Regularity index 

¶ Correspondence index 

¶ Measure difference 

between the scheduled 

and observed vehicle 

data 

¶ GTFS data 

¶ AnyLogic 

¶ Developed a transit control system 

that detects the traffic disturbance 

of itineraries and generate 

regulation action in real time 

Note: AVL, Automatic Vehicle Location; APC, Automatic Passenger Count; GTFS, General Transit Feed Specification Transit Data; NTD, National Transit 

Database data; TCQSM: Transit Capacity and Quality of Service Manual 
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For instance, Liao and Liu (2010) developed an integrated data-processing framework with raw 

AVL-APC and electronic fare collection data enabling the creation of systematic transit 

performance measures and Liu et al. (2020) evaluated travel reliability by identifying three 

reliability indicators, connectivity reliability, travel time reliability, and capacity reliability, with 

OD station pair data from fare collection data. General Transit Feed Specification (GTFS) data, 

provides information on agency servicesô stops, trips, routes, and fares (Wong, J. C., 2013) and 

was used by Handley et al. (2019) and Wong, J. C. (2013) to evaluate service connectivity and 

deficiencies in the transit system. National Transit Data (NTD) offers information about the 

agency, the financial status of the transit operation, and the transit service (Ryus, P., 2003). Rodier 

and Issac (2016) suggested performance measures addressing safety, mobility, spare ratio, cost-

effectiveness, and energy consumption using the NTD and survey data. Other analyses may use 

additional data to supplement the frequently used transit data sources. For instance, Al Mamun and 

Lownes (2011) used Census and transit data to develop tract-based transit accessibility scores, and 

Liu et al. (2022) measured Wuhanôs rail transit system using attributes of routes and walking 

distance data. Moreover, real-time transit data can be used to generate real-time transit 

performance measures. By comparing the GTFS schedules and real-time data, Park et al (2019) 

measured delays; Liu et al (2022) measured accessibility by introducing a new time geography 

approach, called a realizable real-time space-time prism; and Morri et al (2021) developed three 

indices, punctuality index, regularity index, and correspondence. Alternatively, using AFC and 

AVL data, various real-time performance measures such as speed, travel time, ridership, and 

headways were measured at the network, route, and stop levels (Ma, X. et al., 2014). 

2.1.1.2  Pedestrians 

Walking is increasingly promoted to citizens and communities, but there have been limited studies 

addressing pedestrians compared to motorized vehicles (Landis et al., 2016). An examination of 

literature found studies that introduced performance measurement methods for pedestrian mode. 

Most of the reviewed studies developed a Pedestrian Level of Service (PLOS) metric using 

different regression models (Petritsch, T. A., 2005; Daniel et al., 2016; Landis et al., 2016). The 

models include Pearson correlation analysis and regression model (Petritsch, T. A., 2005), multiple 

linear regression (Daniel et al., 2016), and a stepwise multivariable regression (Landis et al., 2016). 

Field collected data, video, and survey were used for most of the developed PLOS metrics. 

Choobchian et al. (2024) evaluated walkability using a data-driven approach with structural 

equation modeling using three different walkability indicators. Additionally, Hubbard et al. (2008) 

introduced real-time pedestrian performance measures, integrating real-time performance 

measures with existing controller and vehicle detection technology.  
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Table 2.2. Summary of studies on pedestrian performance measures identification and collection 

Reference Performance 

Measures 

Methods Data Source(s) Key Findings 

Petritsch, T. A. (2005) ¶ Pedestrian LOS ¶ Pearson correlation 

analyses and regression 

model 

¶ Field data collection and 

video simulations 

¶ Developed a LOS model for 

pedestrians at signalized intersections. 

¶ Identified six primary factors in the 

Pedestrian LOS model for 

intersections, such as right-turn-on-red 

volumes, permissive left turns from 

the street parallel to the crosswalk, 

vehicle volume, midblock 85 

percentile speed of the vehicles on the 

street being crosses. 

Hubbard, S. M., 

Bullock, D. M., & 

Day, C. M. (2008) 

¶ Real-time pedestrian 

performance 

measures at signal 

intersections  

 

¶ HCM pedestrian delay 

method 

¶ Pedestrian space method 

¶ Right-turn flow rate 

during pedestrian interval 

 

¶ Loop or video detection 

data including vehicle 

occupancy, vehicle gaps, 

vehicle speeds, and V/C 

ratio. 

¶ Signal controller event-

based logging data 

¶ Provided real-time pedestrian 

performance measures using existing 

controllers and vehicle detection 

technology. 

Daniel et al. (2016) ¶ Pedestrian Footpath 

LOS 

¶ Multiple linear regression ¶ On-site measurement, 

video & visual 

walkthrough surveys 

¶ The factors considered fall into three 

categories: physical, location, and user 

attributes. 

¶ Pedestrianôs perception of comfort 
and safety is influenced not only by 

the walking environment and 

conditions but also by the adjacent 

road and traffic characteristics 

Landis, B. W., 

Vattikuti, V. R., 

Ottenberg, R. M., 

McLeod, D. S., & 

Guttenplan, M. 

(2001). 

¶ Pedestrian LOS 

within a Roadside 

environment 

¶ A stepwise multivariable 

regression 

¶ Surveys ¶ Lateral separation factors, outside lane 

traffic volume, speed, and driveway 

access frequency are the main factors 

related to pedestrian LOS. 

¶ The model was developed through a 

stepwise multivariable regression 

analysis of1,250 observations from an 

event that placed 75 people on a 

roadway walking course in the 

Pensacola, Florida, metropolitan area. 
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Choobchian, P., 

Mohammadi, A., Zou, 

B., Hair, J. F., 

Valinejad, M., Shin, J., 

Siriraj, P. S. (2024) 

¶ Walkability ¶ Data-driven approach 

using structural equation 

modeling, Partial Least 

Square Structural 

Equation model 

¶ American Community 

Survey (ACS) 

¶ Walkability affects the share of 

commute walk trips the most. 

¶ Transit- and job density-related 

indicators are the most critical. 

¶ Socio-economic factors influence the 

tendency of walking to commute  
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2.1.1.3  Micromobility 

Micromobility has emerged in recent years as a popular mode of transportation for short-distance 

travel. One common micromobility mode is the e-scooter, for which performance measures 

derived from trajectory data is most commonly used. Using the e-scooter trajectory data, Zuniga-

Garcia et al. (2021) conducted a spatial-temporal analysis, and Caspi et al. (2020) evaluated travel 

behavior patterns of e-scooter in Austin, Texas by the descriptive statistical analysis and 

geographically weighted regression model. Alternatively, Yan et al. (2021) correlated transit and 

station-based bike share system data with the e-scooter performance with correlation analysis.  
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Table 2.3. Summary of studies on e-scooter performance measures identification and collection 

E-Scooter 

Reference Performance Measures Methods Data Sources (s) Key Findings 

Zuniga-Garcia, N., Juri, 

N. R., Perrine, K. A., & 

Machemehl, R. B. 

(2021). 

¶ VMT and speeds across 

different urban 

infrastructure types 

¶ Spatial-temporal 

analysis 

¶ E-Scooter trajectory 

data 

¶ An average e-scooter trip distance 

is split between sidewalks (18 

percent), bike lanes (11 percent), 

and roadways (33 percent), with 38 

percent across other unclassified 

areas. 

¶ E-scooter riders have an average of 

15.2 km/h on weekdays and 13.7 

km/h on weekends. 

Caspi, O., Smart, M. J., 

& Noland, R. B. (2020). 

¶ Travel behavior patterns 

of e-scooter use in Austin 

¶ Descriptive statistical 

analysis. 

¶ Geographically 

Weighted Regression 

¶  

¶ E-scooter trajectory 

data, land use, and 

street network data 

¶ Commuting is not the main trip 

purpose for e-scooter riders. Also. 

most trips are in residential, 

commercial, and industrial areas. 

¶ The usage of e-scooter is associated 

with areas with high employment 

rates, and in areas with bicycle 

infrastructure. 

¶ People use e-scooter regardless of 

the affluence of the neighborhood.  

And college towns are a ready 

market for e-scooter sharing 

services. 

Yan, X., Yang, W., 

Zhang, X., Xu, Y., 

Bejleri, I., & Zhao, X. 

(2021). 

¶ The relationships with 

transit and station-based 

bike sharing system 

¶ Correlation analysis ¶ General Bikeshare 

Feed Specification data 

and real-time bike-

share system data 

¶ E-scooters have both 

complementary and substitution 

effects on bike share and public 

transit. 

¶ Travelers pay a price premium and 

save time when choosing e-scooters 

over transit. 

Note: VMT: Vehicle miles traveled 
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Bike-sharing system performance measures frequently used bike-sharing GPS data. For example, 

using the bike-sharing GPS data, Kabra et al. (2020) evaluated the accessibility and availability of 

the bike-sharing system in Paris, France with origin-destination model and user-choice model, and 

Pashkevich et al. (2021) assessed the bike-sharing system in Krakow, Poland using static analysis 

method. Additionally, Berke et al. (2024) used bike-share network data and census data to evaluate 

the U.S. citiesô bike-share networkôs equity by quantifying spatial equity with the Gini index. 
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Table 2.4. Summary of studies on bike performance measures identification and collection 

Bikeshare system 

Reference Performance Measures Methods Data Sources Key Findings 
Kabra, A., Belavina, E., & 

Girotra, K. (2020. 

¶ Accessibility (how far the 

user walks to reach 

stations) and availability 

(likelihood of finding a 

bicycle) 

¶ Origin-Density Model 

¶ User-Choice Model 

¶ Bike sharing data in 

Paris 

¶ POI from Google 

¶ Metro Ridership and 

tourist volume 

¶ Weather data 

 

¶ Every additional meter of walking 

to a station decreases a userôs 

likelihood of using a bike from that 

station by 0.194%.  

¶ 80% of bike-share usage comes 

from areas within 300 m of 

stations. 

Berke, A., Truitt, W., & 

Larson, K. (2024). 

¶ Transportation equity ¶ Quantifying spatial 

equity with the Gini 

index 

¶ Quantifying equitable 

access by 

demographic inclusion 

 

¶ bike-share data and 

census data 

¶ Evaluated how well five large U.S. 

city bike-share networks have 

addressed equity as they expanded. 

¶ Higher-income and White 

populations were consistently 

included in bike-share service 

areas at higher rates. 

Pashkevich, A., Kğos, M. J., 

Jaremski, R., & 

Aristombayeva, M. (2021) 

¶ Load of station as an 

origin (or destination) of 

trips 

¶ Travel time and Trip 

distance 

¶ Attractiveness points of 

each station 

¶ Statistical analysis ¶ Bike-sharing GPS 

data  

¶ Evaluated the station-based bike-

sharing system in Krakow, Poland. 

¶ criteria of stations attractiveness 

were introduced based on everyday 

activities and public transport 

accessibility 

 



мр 
 

 

2.1.1.4  Air Quality 

Sustainability has been one of the primary goals of transportation systems and planning. Measuring 

the air quality according to the transportation performance allows the evaluation of environmental 

impact of the current transportation system. According to some studies regarding the emission due 

to transportation, the most important air pollutants include volatile organic compounds (VOCs), 

carbon monoxide (CO), oxides of nitrogen (NOx), oxides of sulfur (SOx), and particulate matter 

(PM) (Delucchi, M., 1996; Clark et al., 2017; Aminzadegan et al., 2022). The air quality and 

emission were evaluated by different emission models such as Emission Factor (EMFAC) model, 

greenhouse-gas emissions model, and regression model with emission data from agencies, studies, 

and United States Environmental Protection Agency (U.S. EPA) (Delucchi, M., 1996; 

Aminzadegan et al., 2022).
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Table 2.5. Summary of studies on air quality due to transportation operation measures identification and collection 

Transportation Impact to Air Quality Measures 

Reference Criteria Air pollutants Methods Data Sources (s) ¶ Key Findings 
Delucchi, M. A., 

McCubbin, D. R., (1996) 

¶ volatile organic 

compounds (VOCs) 

¶ carbon monoxide (CO) 

¶ oxides of nitrogen (NOx) 

¶ oxides of sulfur (SOx) 

¶ particulate matter (PM; 

including small-diameter 

PM10, in some cases) 

¶ CARBôs EMFAC 
emission model, 

CECôs Elfin model, 

greenhouse-gas 

emissions model 

¶ CARBôs EMFAC 
raw data, toxic-

emission inventory 

data  

 

¶ social cost of a transportation 

mode considering the health effects 

of air pollution 

Clark, L. P., Millet, D. B., 

Marshall, J. D. (2017) 

¶ NO2 ¶ Regression model with 

Census Demographic 

data 

¶ Air pollution data 

from published 

research (Bechle et 

al., 2015) 

¶ Estimated annual average NO2 

concentrations decreased from 

2000 to 2010 for all of the race-

ethnicity following the declining 

transportation-related air pollutant 

emissions 

Aminzadegan, S., 

Shahriari, A., Mehranfar, F., 

Abramoviĺ, B.(2022) 

 

¶ SO2 

¶ PM 

¶ CO 

¶ NOx 

¶ N2O 

¶ CH4 

¶ CO2 

¶ Analysis based on the 

investigation of 

literature 

¶ Literature Review ¶ Effect of greenhouse gases from 

transportation, impact of pollutants 

for each transportation mode 
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2.1.2 Examples of Multimodal Performance Indicator Applications 

Agencies and researchers have been applying different performance measures of multimodal 

transportation to system and network planning, Transportation Systems Management & 

Operations (TSMO) strategies, corridor or project planning, street design, etc.  

The Florida Department of Transportation (FDOT) has two applications of multimodal 

transportation measures: the Complete Streets Implementation Plan (FDOT and Smart Growth 

America, 2015) and the TSMO strategic plan (FDOT, 2017). FDOT and Smart Growth America 

(2015) used seven types of complete streets goals: safety, accessibility, economy, environmental, 

public health, social equity, and life quality, to evaluate the Complete Streets Implementation Plan. 

To evaluate the quality of experience, FDOT and Smart Growth America (2015) also applied LOS 

to the transit, bicycle, and pedestrian modes. For the TSMO strategic plan, FDOT (2017) used 

Regional Integrated Traffic Information System (RITIS) for performance metrics calculation, 

tracking the performance, and identifying optimal set of TSMO. The Oregon Department of 

Transportation (ODOT) (2021) used RITIS/INRIX probe data, internal data warehouse/business 

intelligence system, central signal system, and PORTAL system developed by Portland State 

University to enhance the availability and use of mobility performance measures. Semler et al. 

(2016) developed performance measures for pedestrian and bike systems based on community 

goals of connectivity, economic, environment, equity, health, livability, and safety, aligning with 

the performance measures such as accessibility, demand, reliability, mobility, and infrastructure.  

Additionally, multimodal level of service (MMLOS) was applied to assess auto, bus, bicycle, and 

pedestrian level of service (Washington State Transportation Commission, 2018; Khedri et al., 

2022). The studies highlighted the needs of different MMLOS standards according to the project-

specific goals.
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Table 2.6. Summary of multi-modal transportation performance measures application examples 

References Measures Applications Study 

Locations 

Findings 

FDOT and Smart 

Growth America. 

(2015). 

¶ Seven types of complete 

street goals and each 

goal consider several 

different performance 

measures.  

¶ Complete Streets 

Implementation Plan 

Florida ¶ Successfully integrating a complete street approach 

into FDOTôs practice requires measures and criteria 

used to evaluate proposed future investments, the 

performance of individual transportation facilities, 

the performance of the network as a whole, and the 

general effectiveness of FDOTôs programs 

Washington State 

Transportation 

Commission. 

(2018). 

¶ Multimodal LOS ¶ Statewide 

Transportation Policy 

Plan 

Washington  ¶ The statewide policy plan provides the overarching 

framework of statewide goals. 

¶ The plan requires local and state agencies to 

establish multimodal LOS standards based on their 

goals and use concurrency to maintain them since 

there is no one-size-fits-all measure of transportation 

system performance. 

FDOT, 2017. ¶ Three types of program 

goals (Mobility, Safety, 

and ITS/communication 

networks maintenance) 

have several 

performance metrics, 

respectively. 

¶ TSMO Strategic Plan Florida ¶ Performance metrics can track the project 

performance enhancement and identify the optimal 

set of TSMO strategies. 

¶ Archived in RITIS includes FDOT traffic detector 

data, privately collected vehicle probe data, and 

SunGuide® event data. These data are used to 

calculate the metrics.  
ODOT, 2021 ¶ Mobility -related 

performance measures 

¶ Operations program 

performance 

management plan 

Oregon ¶ Create actionable performance measures that directly 

support the stewardship of Oregonôs transportation 

system. 

¶ Core performance measures are used to understand 

ODOTôs ability to plan for, implement, operate, and 

maintain facilities. Also, these measures can be used 

to validate whether a project is producing the 

intended outcome. 
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References Measures Applications Study 

Locations 

Findings 

Khedri, B., 

Malarkey, D., & 

MacKenzie, D. 

(2022). 

¶ Multimodal level of 

service measures 

¶ Project Evaluation NA 

 
¶ Summarized practice for multimodal design and the 

use of multimodal performance measures in 

transportation projects. 

¶ Current practices have not yet standardized on a 

single approach or list of performance measures to fit 

all projects.  

ODOT, 2021 

 

¶ Mobility -related 

performance measures 

¶ Operations program 

performance 

management plan 

 

Oregon ¶ Created actionable performance measures that 

directly support the stewardship of Oregonôs 

transportation system. 

¶ Core performance measures are used to understand 

ODOTôs ability to plan for, implement, operate, and 

maintain facilities. Also, these measures can be used 

to validate whether a project is producing the 

intended outcome. 

 

Semler, C., Vest, 

A., Kingsley, K., 

Mah, S., Kittelson, 

W., Sundstrom, C., 

& Brookshire, K. 

(2016).  

 

¶ Pedestrian and bike 

system performance 

measures 

 

Local Jurisdiction 

(county, city); 
¶ Street Design, 

¶ System/Network 

Planning 

¶ Corridor or project 

planning 

¶ Development review 

 

Regional Planning 

Agency (MPO); 
¶ System/network 

planning 

¶ Regional Policy 

Development 

¶ Funding Allocation 

State Agency 

(DOT) 

NA ¶ Helped communities develop performance measures 

that can fully integrate pedestrian and bicycle 

planning in ongoing performance management 

activities. 

¶ Discussed how the measures can be tracked and what 

data required. 
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References Measures Applications Study 

Locations 

Findings 

¶ Statewide 

system/network 

planning 

¶ Statewide Policy 

Development 

¶ Code Compliance 
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Some studies were conducted to apply air quality measures to multimodal transportation systems. 

Moon et al. (2022) used the relationship between the traffic volume, simulated with Google maps 

according to the 2012 California Household Travel Survey (CHTS), and emission data, obtained 

from the Air Quality System (AQS) from U.S. EPA, to evaluate the air quality in California. 

Another approach to the air quality measure was using simulation tools. Chen et al. (2020) 

evaluated link-based energy consumption rate and emission rate for transit buses during peak-hour 

traffic in South Caolina with the traffic simulation using Simulation of Urban Mobility (SUMO), 

emission simulation using MOVES, and deep learning-based surrogate mode.  
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Table 2.7. Summary of transportation operation impact on air quality performance measures application examples 

References Measures Method Data Source Study 

Locations 

Findings 

Moon, et al., 

(2022) 

¶ Correlation of 

traffic volume 

with traffic-

related air 

pollutant 

¶ Calculate 

correlation of 

monitored 

traffic 

volume in the 

local area 

with air 

quality data  

Traffic data:  

Google Maps 

Air quality data:  

Air Quality 

System (AQS) 

from EPA  

California ¶ Correlation between traffic volume 

and two common vehicular 

pollutants is more significant when 

traffic volume is high. 

¶ Potential interference of other 

determining factors (weather, 

industrial activities) 

Chen et al., 

(2020) 

¶ Statistical 

correlations of 

the energy and 

air quality 

impacts with 

changes in 

traffic activities 

¶ Applied 

traffic 

simulationôs 

output to 

EPAôs Motor 

Vehicle 

Emissions 

Simulator 

Reference for 

traffic data:  

iPeMs  

Air quality data: 

EPAôs Motor 

Vehicle 

Emissions 

Simulator, 

MOVES 

South 

Carolina 
¶ Developed neural network models 

by applying the traffic simulation 

of city of Columbia to the EPAôs 

Motor Vehicle Emissions 

Simulator 

¶ Achieved 15% mean absolute 

percentage error relative to 

MOVES results 
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CHAPTER 3. TRANSIT DATA COLLECTION AND ANALYSIS 

In order to understand the data before 

defining performance measures, 

various available data sources were 

collected and explored to determine 

whether they would be further 

considered for the transit performance 

measurements in CHAPTER 6.  

 

3.1. Deliverables 

Table 3.1 summarizes the available data sources, collection methods, and use cases. This study 

comprehensively examines the GTFS data and is structured as outlined in the following.  Section 

3.2.1 provides an overview of the GTFS data, summarizing its components and general 

applications. Sections 3.2.2 and 3.2.3 delve deeper into two particular GTFS data entities, namely 

GTFS Trip Updates and GTFS Static data, respectively. These sections cover the details which 

were further used in developing performance measures in CHAPTER 6. Subsequently, Section 

3.2.4 focuses on data analysis derived from GTFS, highlighting insights into bus locations, transit 

vehicle speeds, and headways across the system. The appendix collects overviews of all other 

sources that have been considered throughout the tasks but tabled according to various 

conversations with PAG. 

Source: istockphoto.com 
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Table 3.1. Summary of Transit Data Sources and Use Cases Considered 

Data Source 
Collection 

Method 
Use Cases 

GTFS* Vehicles Sun Tran API provided 

by Sun Tran 

GTFS* data accuracy measure 

Trip Update Sun Tran API provided 

by Sun Tran 

Performance measures: 

¶ Speed 

¶ Travel time reliability 

¶ Headway 

¶ Headway reliability 

¶ Irregularity 

¶ On-time performance 
 

GTFS* 

Static Data 

Sun Tran API provided 

by Sun Tran 

Performance measures: 

¶ Speed 

¶ Travel time reliability 

¶ Headway 

¶ Headway reliability 

¶ Irregularity 

On-time performance 
 

GTFS*: General Transit Feed Specification  

3.2. General Transit Feed Specification (GTFS) 

This section is dedicated to a comprehensive overview of the General Transit Feed Specification 

(GTFS) data and its analytical applications. It delves into the specifics of each GTFS component, 

detailing the type of information provided by each dataset. The analysis conducted using this 

data encompasses bus locations, speeds, and headways, providing a thorough understanding of 

transit operations and performance metrics.  

3.2.1 GTFS General Overview 

The projectôs goal is to establish performance measures that measure high-resolution performance 

of multi-modal transportation system in the PAG region. To achieve this goal, obtaining real-time 

data for each transportation mode is critical. GTFS provides information on Sun Tranôs operation 

in real-time. As depicted in Table 3.2, there are two types of data, GTFS Real Time (hereafter, 

GTFS-RT) and GTFS Schedule (hereafter, GTFS-ST). The GTFS-RT provides real time updated 

information of transit system about trip updates, vehicle positions, and alerts. The GTFS-ST 

provides static and scheduled transit system information such as scheduled time of departure and 

transit system networks.  
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Table 3.2. Sun Tran GTFS feeds summary 

GTFS 

Data 
Feed Entity Description 

RT 

Trip Update Realtime update for departure events for a given stop on a trip 

Vehicle Realtime positioning information for a given vehicle 

Alert Indicating some sort of incident in the public transit network 

ST 

agency Transit agencies with service represented in this data 

calendar Service dates specified using a weekly schedule with start and end dates 

calendar_dates Exceptions for the services defined in the calendar 

feed_info 
Dataset metadata, including publisher, version, and expiration 

information 

stops Stops where vehicles pick up or drop off riders 

transfers Rules for making connections at transfer points between routes 

trips 
Trip for each route. A trip is a sequence of two or more stops that occur 

during a specific time period 

routes 
Transit routes. A route is a group of trips that are displayed to riders as a 

single service 

shapes Rules for mapping vehicle travel paths (route alignments) 

stop_times Times that a vehicle arrives at and departs from stops for each trip 

Note: Ref.: Google Inc. MobilityData (Oct 3, 2024) 

 

As shown in Figure 3.1, GTFS has different types and entities. Under the upper branch, the ñSun 

Tranò (including the Sun Tran modes of Sun Tran bus, Express Bus, and Sun Link), there are 

GTFS-RT and GTFS-ST. The Sun Tran GTFS-RT data includes Vehicle, Trip Update, and Alert 

entities. The Sun Tran GTFS-ST includes agency, calendar, calendar_dates, feed_info, routes, 

shapes, stop_times, stops, transfers, and trips entities.  

The lower branch, the ñSun Shuttleò, is a GTFS data entity provided separately from the upper 

branch. Sun Shuttle only has the GTFS-RT which encompasses Vehicle and Trip Update entities.  
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Figure 3.1.  Sun Tran GTFS Data Structure 

3.2.2 GTFS Trip Update 

GTFS Trip Update provides real-time updates for departure events for a given stop on a trip. As 

illustrated in Figure 3.2, the Sun Tran system is composed of different elements: vehicle, trip, stop, 

and route. The vehicle is the vehicle serving each route and running for a trip. The trip refers to a 

set of stop sequences in a route that the vehicle traveled. Stops are physical transit stops, which 

can lie on multiple routes. The route is a group of trips that are displayed to riders as a single 

service. The path of each vehicle should follow the designated route. The Trip Update data is a 

predicted departure time for stops along the route considering the operation and road conditions. 

According to Google Inc. MobilityData (2023), Trip Update reflects deviations from the scheduled 

timetable by providing predicted arrival and departure times for stops along a route.  
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Figure 3.2. GTFS Route System 

To understand the GTFS Trip Update data information availability, raw data was collected without 

specified data structure formatting. The gtfs-realtime-bindings module, providing Python classes 

generated from the GTFS-realtime Protocol Buffer specification (Google Inc. MobilityData, 

2023), and the requests library were installed and used with Python 3.10.0 to obtain the GTFS data 

from the Protocol Buffer specification. The raw data provided for each vehicleôs trip sequence 

information as described in Figure 3.3.  

To organize the data at the route level, a data structure was defined with a dictionary format 

containing the route ID as the first dimension, the vehicle ID as the second dimension, and the stop 

updates information as the third dimension. With this data structure, the GTFS Trip Update data 

was archived at 1 second time intervals. The observed data updating behavior indicates that when 

a trip sequence is updated, the newly retrieved data includes the complete set of updated records 

for the trip.  

The Trip Update data was used to measure transitôs travel time reliability, headway, irregularity, 

headway reliability, speed, and on-time performance. With the departure time of each routeôs stops, 

the performance could be quantified and measured.  
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Figure 3.3. GTFS Trip Update Data Structure 

3.2.3 GTFS Static Data 

GTFS static data was provided along with the GTFS API links. The static data offers an 

understanding of how each ID of the transit system elements, such as route_id, trip_id, shape_id, 

and stop_id, were coded and what they represent. The route_id in GTFS data refers to the 

identification number of each route. This data consists of nine files in comma-separated values 

(CSV) format, including the file names of agency, calendar, calendar_dates, feed_info, routes, 

shapes, stop_times, stops, and trips. For transit performance measures, understanding the 

geographic information of each GTFS data is crucial. The geographic data from the GTFS static 

data was referenced with the API data to ensure analysis comprehensiveness. 

3.2.3.1 Stops 

As indicated in Table 3.3, the stops file provides information about each stop and assigns a unique 

identifier to each stop. It describes where the stop is located with the coordinates (longitudes and 

latitudes) and provides the stopôs name and code. 

Table 3.3. Stops parameters definitions 

Parameter Description 

stop_id 

Identifies a location: stop/platform, station, entrance/exit, generic node, 

boarding area. 

Å ID must be unique across all stops.stop_id 

Å Multiple routes may use the same stop_id 

stop_code Short text or a number that identifies the location for riders 

stop_name Name of the location 

stop_lat /stop_lon Latitude and longitude of the location 

Note: Ref.: Google Inc. MobilityData (May 22, 2024) 
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3.2.3.2 Routes 

As outlined in Table 3.4, the routes file elaborates on each transit route, clarifying how route 

identifiers and color codes correlate to specific routes operated by Sun Tran allowing different 

transit routes to be identified and distinguished. 

Table 3.4. Routes parameters definitions 

Parameters Description Options Definition 

route_id Identifies a route NA 

route_short_name 
Short name of a route (often a short, 

abstract identifier) 
NA 

route_long_name 
Full name of a route (generally more 

descriptive than the route_short_name) 
NA 

route_type 
Indicates the type of transportation used 

on a route 

0: Tram, Streetcar, Light rail  

1: Subway, Metro 

3: Bus 

4: Ferry 

5: Cable tram 

6: Aerial lift 

7: Funicular 

11: Trolleybus 

12: Monorail 

Note: Ref.: Google Inc. MobilityData (May 22, 2024) 

3.2.3.3 Trips 

The trips file lists all potential trips for each route within the transit system. A trip is a sequence of 

two or more stops that occur during different operation days and times (Google Inc. MobilityData, 

Retrieved May 24, 2024). The list includes the information of each tripôs identifier, route and block 

it aligns with, and shape identifier associated with its route as can be seen from Table 3.5. This 

file is critical for understanding the scheduling and operations of each trip.
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Table 3.5. Trips parameters definitions 

Parameters Description Options Definition 

route_id Identifies a route NA 

service_id 
Identifies a set of dates when service is 

available for one or more routes 

1: Monday ï Friday 

2: Saturday 

3: Sunday 

10201, 10401, 7701, 1901: N/A 

trip_id Identifies a trip NA  

trip_headsign 
Text that appears on signage identifying 

the tripôs destination to riders 
NA  

Trip_short_name 
Uniquely identifies a trip within a service 

day 
NA 

direction_id Indicates the direction of travel for a trip 
0: Travel in one direction 

1: Travel in the opposite direction 

block_id 
Identifies the block to which the trip 

belongs 
NA 

shape_id 
Identifies a geospatial shape describing the 

vehicle travel path for a trip 
NA 

Note: Ref.: Google Inc. MobilityData (May 22, 2024) 

3.2.3.4 Shapes 

The shapes file provides the geographical information of each trip ID. As shown in Table 3.6, the 

longitudinal and latitudinal coordinates of each trip ID and the traveled distance from the 

beginning point of the sequence to the current sequence point were defined. Figure 3.4 

demonstrates each routeôs geographical visualization from the shapes file data. The shapes file 

was enhanced to include route identifiers for the route-level geographical analysis. 

Table 3.6. Shapes parameters definitions 

Parameters Description 

shape_id Identifies a shape 

shape_pt_lat Latitude of a shape point 

shape_pt_lon Longitude of a shape point 

shape_pt_sequence 
Sequence in which the shape points connect to form the shape 

(increase along the trip but do not need to be consecutive) 

shape_dist_traveled 
Actual distance traveled along the shape from the first shape point 

to the point specified in the record. 

Note: Ref.: Google Inc. MobilityData (May 22, 2024) 
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Figure 3.4. GTFS Shapes Static Data 
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3.2.3.5 Stop Times 

The stop_times file provides the sequences, locations, and arrival and departure times of each 

stop in each trip as shown in Table 3.7. 

Table 3.7. Stop times file parameters definitions 

Parameters Description Options Definition 

trip_id Identifies a trip NA 

arrival_time/ 

departure_time 

Arrival / departure 

time at the stop for a 

specific trip 

NA 

stop_id 
Identifies serviced 

stop 
NA 

stop_sequence 

Order of stops, 

location groups, or 

GeoJSON locations 

for a particular trip 

NA 

pickup_type 
Indicates pickup 

method 

0 / empty: Regularly scheduled pickup  

1: No pickup available 

2: Must phone agency to arrange pickup 

3: Must coordinate with driver to arrange pickup 

drop_off_type 
Indicates drop off 

method 

0 / empty: Regularly scheduled drop off  

1: No drop off available 

2: Must phone agency to arrange drop off 

3: Must coordinate with driver to arrange drop off 

shape_dist_traveled 

Actual distance 

traveled along the 

associated shape, 

from the first stop to 

the stop specified in 

this record 

NA 

timepoint 

Indicates if arrival 

and departure times 

for a stop are strictly 

adhered to by the 

vehicle or if they are 

instead approximate 

and /or interpolated 

times 

NA 

Note: Ref.: Google Inc. MobilityData (May 22, 2024) 

 

The GTFS Static data provided critical information on how the GTFS data can be interpreted and 

how the geographical visualization can be designed with the given data.  
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3.2.4 GTFS Data Analysis 

To effectively assess the Sun Tran transit systemôs operation, data from both the GTFS-RT and 

GTFS-ST were utilized. This approach allowed for comprehensive data analysis, including hour-

by-hour system reviews and geospatial explorations. The geospatial analyses were facilitated by 

integrating geographic information from GTFS-ST with real-time trip updates from GTFS-RT. For 

this analysis, archived GTFS-RT Trip Update data spanning from July 19, 2024, to August 27, 

2024, were examined. The analysis periods were defined as follows: AM peak from 6:30 AM to 

8:30 AM, midday from 8:30 AM to 4:00 PM, and PM peak from 4:00 PM to 6:00 PM. This 

structured timeframe is used for capturing the transit systemôs performance across different parts 

of the day, thereby providing insights into peak and off-peak operational efficiencies. 

3.2.4.1 Bus Locations 

The distribution of bus locations represents the density of transit service across different times of 

the day. Figure 3.5. illustrates the bus location during selected hours for each time period, which 

were chosen to represent typical operational patterns: 7:00 AM to 8:00 AM for the AM peak, 12:00 

PM to 1:00 PM for midday, and 5:00 PM to 6:00 PM for the PM peak. The bus location is displayed 

for each unique vehicle with its last observed location. If a vehicle completes its route within a 

given time frame, the location of its final stop is depicted as the vehicleôs position on the map. 

According to the GTFS-ST defined schedule, more vehicles operate during daytime, from AM 

peak to PM peak, and less vehicles are operated during outside of daytime as the ridership decrease. 

This analysis utilized GTFS-RT Trip Update data, focusing on departure updates within the 

specified time period of the AM peak, midday, and PM peak intervals.  

The findings from different time periods show a consistent pattern: a high concentration of vehicles 

in downtown areas, contrasting with fewer buses and likely longer headways in more remote 

regions. 

  



оп 
 

 

  
a) AM peak (7:00 AM ï 8:00 AM) b) Midday (12:00 PM ï 1:00 PM) 

 

 

c) PM peak (5:00 PM ï 6:00 PM)  

Figure 3.5. Transit Vehicle Locations Analysis 
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3.2.4.2 Transit Vehicle Speed 

Analyzing transit speed provides valuable insights into service operational performance. It helps 

identify delayed service routes and time. To assess the efficiency of the transit service, segment-

level speeds between stops were analyzed. Using GTFS-RT Trip Update data, departure times at 

each stop were extracted. Travel time for each segment was calculated by subtracting the departure 

time at stop i from the departure time at stop i + 1. Corresponding segment geometries and travel 

distances were obtained from the GTFS-ST files. With these values, the speed for each segment 

was calculated as below(Federal Highway Administration (FHWA), 1997). 

Ô Ô

Äȟ 
 

In which: 

Ô : departure time at stop i + 1 

Ô: departure time at stop i 

Äȟ  : stop-to-stop segment distance from stop i to stop i + 1 

Weekday and Weekend Average Speed Pattern: 

To assess variations in transit speed between weekdays and weekends, we analyzed the traffic 

patterns, acknowledging that these periods exhibit different characteristics. The weekdays include 

five weekdays, from Monday to Friday, and weekends include two weekend days, Saturday and 

Sunday. Figure 3.6 provides a comparative visualization of the average transit speeds for these 

two distinct time frames.  

During weekdays, speeds are higher before the AM peak and after the PM peak, averaging between 

16 mph and 17 mph. However, there is a noticeable decrease during the AM to PM peak period, 

with speeds ranging between 14 mph and 15 mph. This pattern is likely influenced by increased 

traffic congestion and higher passenger volumes during these peak hours. There is also a decrease 

beginning at 2PM and continuing through the start of the PM peak period. The weekend speed 

pattern shows higher averages before the AM peak, ranging between 17 mph and 19 mph, and a 

similar pattern to weekdays during the midday period.  

This analysis highlights the influence of differing traffic volumes and passenger behavior on transit 

speed across weekdays and weekends, emphasizing the need for tailored service strategies for each 

time frame to optimize efficiency and rider experience.       
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a) Weekday average speed 

 
b) Weekend average speed 

Figure 3.6. Weekday and Weekend Average Speed Pattern 
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3.2.4.3 Transit Vehicle Headways 

To comprehensively understand the operations of the transit system, we analyzed and calculated 

the headways for both scheduled and actual vehicle arrivals at each stop. The vehicleôs arrival time 

was subtracted from the next consecutive vehicle arrival time for each transit station to calculate 

headways.  

According to the Sun Tran website at the time of writing this report, the typical headway is 

approximately 30 minutes during midday hours. This confirms the range of calculated headway 

using GTFS-ST and GTFS-RT to be consistent with the operatorôs defined schedule by ranging 30 

ï 40 minutes headway during the midday hours as demonstrated in Figure 3.7. The headway 

calculation was also verified through manual examination of the raw data (Vogel, 2003). 

Ô Ô 

In which: 

◄○: vehicleôs arrival time 

◄○ : next consecutive vehicle arrival time 

Headways were calculated using both GTFS-RT and GTFS-ST data. GTFS-RT Trip Update data 

provided actual departure times for each trip at each stop, enabling calculation of real-time 

headways. Similarly, scheduled departure times from the GTFS-ST stop_times file allowed for the 

estimation of scheduled headways based on the operator-defined timetable. 

Scheduled and Actual Headways Comparison:  

In our comprehensive analysis of the differences between scheduled and actual headways, we 

examined different transit routes individually to identify operational variances and patterns across 

the network. For both GTFS-RT and GTFS-ST data, the median headway for each route was 

calculated hourly by aggregating stop-level headways. As shown in Figure 3.7, the differences 

between actual and scheduled headways are generally minimal, indicating the Sun Tran system 

operates consistently aligning with its service plan. Some discrepancies and lags between the 

actual and scheduled headways, such as the dropped last operating hour for Routes 22 and 24, are 

due to methodological constraints around calculating headways for the last vehicle on a route. 
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Figure 3.7. Scheduled and Actual Headways Comparisons by Route  

ñActual Headway ï Scheduled Headwayò System Level Analysis 

In our system level headway analysis, the focus extends beyond individual transit routes to 

evaluate the entire network, assessing difference between actual and scheduled headways across 

all hours of operation. As illustrated in Figure 3.8, the median difference between actual and 

scheduled headways generally range from -5 to +5 minutes, indicating that actual service closely 

follows the planned schedule throughout most of the day. 

Negative differences, where actual headways are shorter than scheduled, are observed from the 

early morning through the PM peak period. After the PM peak, the difference shifts to positive 

values, indicating that actual headways exceed scheduled intervals during late evening hours. This 

transition from negative to positive values suggests that the system maintains relatively shorter 

headways during the day and longer headways in the late evening.  
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Notably, variance in headway differences is more pronounced during certain hours, as shown by 

the interquartile range (IQR) boxes. Specifically, the hours around 18:00 and 21:00 demonstrate 

higher variability. The increased variance at 18:00 may be attributed to changes in route headways 

following the PM peak period, while the larger variance at 21:00 likely reflects the end of transit 

service, as also observed in the route-level headway patterns shown in Figure 3.7.  

 

 

Figure 3.8. ñActual Headway ï Scheduled Headwayò Boxplot  

Headway Weekdays and Weekends Pattern Analysis 

To evaluate differences in transit operation patterns between weekdays and weekends, an average 

headway analysis was conducted across the entire transit system using GTFS-RT Trip Update data, 

as shown in Figure 3.9. The results highlight notable variations in the timing a duration of headway 

across the two periods. 

On weekdays, longer headways are observed after PM peak hours, 6:00 PM to 10:00 PM, reflecting 

lower frequency of the transit service. The highest average headway occurs around 9:00 PM and 

drops off in the late evening coinciding with service ending for routes operating with extended 

headways.  



пн 
 

 

Weekend headways remain relatively uniform throughout the day, typically ranging from 45 to 50 

minutes. The overall mean headway on weekends is higher than that on weekdays, indicating a 

generally lower service frequency during weekends. 

 

a) Weekday average headway 

  
b) Weekend average headway 

Figure 3.9. Weekdays and Weekends Headway Pattern  



по 
 

 

CHAPTER 4. Pedestrian Data Collection and Analysis 

Walking, as reviewed by Distefano and 

Leonardi (2023), Gallo and Marinelli 

(2020), and Allen and Nolmark (2022), 

is widely recognized in literature as a 

sustainable and healthy mode of 

transportation. From an environmental 

perspective, promoting walking can 

significantly improve air quality and 

reduce urban noise. From a public health 

standpoint, walking can notably increase 

physical activity levels among less active populations, which is linked to lower rates of obesity 

and cardiovascular diseases, as well as improved mental health. 

4.1. Deliverables 

This chapter focuses on documenting various data sources available for deriving high-resolution 

pedestrian performance indicators in PAG region that support walking. Table 4.1 lists these data 

sources, summarizing their collection methods, use cases, and current collection status. Subsequent 

sections provide detailed descriptions and analysis of each pedestrian data source collected. 

Source: istockphoto.com 
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Table 4.1. Pedestrian data sources in Pima County 

Data Source 
Collection 

Method 
Use Cases 

Number of 

Intersections 

(Year 2023) 

MaxView MaxView 

event-based 

data 

CATS* SQL** 

server 

Performance measures: 

¶ Pedestrian volume 

¶ Pedestrian Level 
of Service 

¶ Pedestrian Delays 

306 

PAG 

TMC 

Pedestrian 

Yearly 

manual count 

by PAG 

PAG MS2 

Website 

(pag.ms2soft.com) 

Performance measures: 

¶ Pedestrian volume 

87 

Miovision Video 

detection 

API*** token Performance measures: 

¶ Pedestrian volume 

 

123 

Miovision Miovision 

event-based 

data**** 

CATS* SQL** 

server 

Performance measures: 

¶ Pedestrian volume 

¶ Pedestrian Level 
of Service 

¶ Pedestrian Delays 

105 

CATS*: Center for Applied Transportation Sciences 

SQL**: Structured Query Language 

API***: Application Programming Interfaces 

Miovision event-based data****: Miovision event-based data share the same format as 

MaxView event-based data 

 

Data from Miovision (video detection and event-based) and MaxView (event-based) are processed 

separately, with Miovision focusing on pedestrian counts and MaxView providing pedestrian 

waiting times and push button counts after processing with the event-based data. PAG TMC 

manually collected pedestrian counts, which share some overlapping locations, spatially and 

temporally, with MaxView, are processed to obtain pedestrian counts for building a model of 

pedestrian count estimation from the event-based push button count data. Also, a waiting time 

estimation model was developed through the count data and the waiting time data. In this case, for 

intersections with available MaxView data, the waiting time of an intersection is directly calculated 

using the event-based data, and an estimation model was developed to estimate the pedestrian 

count using event-based data. The intersection LOS for pedestrian traffic was calculated from the 

average delay (waiting time). For intersections with Miovision data, the pedestrian count of an 

intersection is directly from the Miovision API, the pedestrian waiting time was estimated through 

Miovision event-based data, and the LOS of pedestrian was calculated from the average delay. 

Figure 4.1 below shows the methodology flowchart. 
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Figure 4.1. Methodology flowchart  

In the following section, we demonstrate the event-based data (using MaxView as an example), 

the video detection data (using MaxView Video Detection as an example), and the PAG TMC 

pedestrian count data which was manually collected.In-Use Data  

This section elaborates on the data sources under consideration to be further explored and used in 

the project.  

4.1.2 MaxView Data 

4.1.2.1 Data Elaboration 

The most critical measure of evaluating the performance of walking infrastructure in the region is 

the pedestrian counts. The MaxView system, an advanced traffic management system (ATMS), 

enables this measurement at the level of signalized intersections and High-intensity Activated 

crossWalK (HAWK) beacons, via providing push button event records. Figure 4.2 illustrates, 

respectively, the locations of push button devices across the region, and in selected intersection 

and HAWK locations. As can be seen, the push button devices are available across the City of 

Tucson and the Pima County area. There is a total of 676 sensors, in which 567 are intersections 

(red dots) and 109 are HAWKs (blue dots). 
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Figure 4.2. Maxview event-based data locations 

The MaxView system records the events of the pedestrianôs push buttons at the signalized 

intersections or HWAKs. Table 4.2 lists the obtainable event-based data from MaxView and each 

defined event identifiers. The two main events for pedestrians are: Event IDô = 45 when the 

pedestrian pushes the órequest to walkô button and óEvent IDô = 21 when the pedestrian starts to 

walk. By counting the number of óEvent IDô = 45, the pedestrian push counts can be extracted. 

The count of hourly push is the number of events where óEvent IDô = 45. The waiting time is the 

time gap between the event of ó45ô and the following event of ó21ô. Multiple pedestrians could 

arrive at the intersection. Thus, the maximum waiting time is the waiting time of the pedestrian 

who arrives first at the intersection in each cycle and the average waiting time is the mean of the 

waiting time for the pedestrians in each cycle. 
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Table 4.2. Available pedestrian related MaxView data codes 

 
Event IDs Event Descriptor Description * 

Pedestrian 

Phase Events 
21 Pedestrian begin walk Set when walk indication becomes active.  

22 
Pedestrian begin 

Clearance 

Set when flashing donôt walk indication  

becomes active.  

23 
Pedestrian begin solid 

donôt walk  

Set when donôt walk indication becomes  

solid (non-flashing) from either termination  

of ped clearance, or head illumination after  

a ped dark interval.  

Detector 

Events 

89 Pedestrian detector off 

Ped detector events shall be triggered post  

any detector delay/extension processing  

and may be set multiple times for a single  

pedestrian call. (With future intent to  

eventually support ped presence and  

volume)  

90 Pedestrian detector on N/A 

Phase Control 

Events 

45 Pedestrian call 

registered 

Call to service on a phase is registered by  

pedestrian demand. This event will not be  

set if a recall exists on the phase.  
Notes: *  From the code table of ñControllerEventTypesò of MaxView Event-based data archived in CATS  

4.1.2.2 Data Analysis 

MaxView operates multiple sensors within the city of Tucson area. Currently, the data from these 

sensors is archived in the CATS SQL database as event-based data. Table 4.3 provides a summary 

of the number of sensors that are actively updating data. A sensor is considered available for the 

month if it has recorded at least one data entry during that period. 
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Table 4.3. Available MaxView device count every month  

[Year] [Month] MaxViewUniqueDeviceCount 

2022 1 337 

2022 2 332 

2022 3 338 

2022 4 329 

2022 5 330 

2022 6 325 

2022 7 319 

2022 8 324 

2022 9 323 

2022 10 325 

2022 11 325 

2022 12 324 

2023 1 306 

2023 2 305 

2023 3 303 

2023 4 309 

2023 5 305 

2023 6 301 

2023 7 306 

2023 8 301 

2023 9 294 

2023 10 297 

2023 11 293 

2023 12 291 

2024 1 286 

2024 2 299 

2024 3 290 
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Figure 4.3. Available MaxView device count every month 

To understand the daily trends of pedestrian activity at intersection levels, the pedestrian push 

button count can be used either directly (Humagain and Singleton, 2021), or after being fed to 

a Bayesian Additive Regression Trees (BART) model that is trained to derive pedestrian volumes 

more accurately (Li and Wu, 2021). Humagain and Singleton (2021) used pedestrian push-button 

data from Utah traffic signals to understand the pedestrian activity patterns. Li and Wu (2021) 

presented a method to estimate pedestrian volume using button-pushing and signal timing events 

data from MaxView system by modeling pedestrian arrival as a Poisson process. Below we just 

look at the data of the push button count, not the actual volume count of pedestrians. To analyze 

the data, we define the time periods as AM_PEAK (06:30:00ï08:30:00), MID_DAY (08:30:00ï

16:00:00), and PM_PEAK (16:00:00ï18:00:00). The City of Tucson has swapped the MaxView 

AMTS with a new Kinetic Signals ATMS by Spring 2024.  

4.1.2.2.2 Push count Analysis 

Data from January 1 to January 31, 2023: 

We began the analysis by selecting January 2023, focusing on the wintertime. Figure 4.4 displays 

the hourly average push button counts for both intersections and HAWK crossings, distinguishing 

between weekdays (i.e., Mondays, Tuesdays, Wednesdays, Thursdays, and Fridays) and weekends 

(i.e., Saturdays and Sundays). 

The graphs below show the average push button count by day type and device type in January 

2023. 
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Figure 4.4. Hourly average push button counts by day type and device type 

from January 1 to January 31, 2023 (HAWK devices 362 and 307 

excluded) 

On weekdays, push counts at intersections increase steadily throughout the morning, peaking 

around 3 PM during the Mid-Day period, reaching up to 25 per hour before tapering off during the 

PM peak (4-6 PM). Weekend push counts follow a similar pattern but peak later in the day at up 

to 20 per hour. HAWK crossings show a different trend, with high push counts during the AM peak 

on weekdays, followed by fluctuations throughout the day and a peak of 8 counts per hour in the 

Mid-Day period. On weekends, HAWK push counts are lower across the day, peaking around noon 

with around 3 counts per hour. 

To take a closer look at the details, the following figures demonstrate the push counts of different 

intersections of AM peak, Mid-day, and PM peak. 
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(a) Hourly average push count of AM_PEAK on weekdays of January 1 ï January 30, 2023 

 
(b) Hourly average push count of MID-DAY on weekdays of January 1 ï January 30, 2023 

 
(c) Hourly average push count of PM_PEAK on weekdays of January 1 ï January 30, 2023 

Figure 4.5. Hourly average push counts in January (weekdays) 
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Figure 4.5 depicts the push button counts during AM Peak, Mid-day, and PM Peak periods in 

Tucson on weekdays. Across all time periods, intersections (in red) dominate pedestrian activity 

compared to HAWK signals (in blue), particularly in central Tucson. The light grey shaded circles 

are the intersections with hourly count larger than 40 per hour. Locations around downtown 

Tucson, the University of Arizona, and 4th Ave demonstrate consistently high activation counts, 

and the intersections of major arterials, which tend to have shopping plazas or other major 

attractors, show increased activity in the midday and PM peak periods. 

  



ро 

 

 

 
(d) Hourly average push count of AM_PEAK on weekends of January 1 ï January 30, 2023 

 
(e) Hourly average push count of MID-DAY on weekends of January 1 ï January 30, 2023 

 
(f) Hourly average push count of PM_PEAK on weekends of January 1 ï January 30, 2023 

Figure 4.6. Hourly average push counts in January (weekends) 
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Figure 4.6 depicts the average push counts during different time periods (AM Peak, Mid-Day, and 

PM Peak) on weekends. The AM Peak figure shows smaller and more dispersed push button 

activity across Tucson, with most intersections experiencing relatively low counts (10ï20 

counts/hour). Observed push button counts are heaviest during the afternoon and evening, 

particularly around downtown Tucson, 4th Ave, and the area around the Tucson Mall. 

On both weekdays and weekends, the extremely large marker at the intersection of Grant Road & 

Tucson Boulevard is due to extremely high push button counts reported by Device 214, shown in 

Figure 4.7. While the majority of data points remain within normal ranges, there are notable 

outliers, with the highest points exceeding 5,000 counts per hour. These outliers may indicate 

irregularities, such as technical glitches or events that caused anomalous data spikes.

 

Figure 4.7. Hourly pedestrian counts for Device 214 in January 2023 

To address these outliers, one approach is to set thresholds for identifying abnormal data points. 

This can be done by examining historical averages to determine typical pedestrian counts for 

specific times of day or locations, particularly during peak hours. The standard deviation method 

can also be applied, where any count falling beyond three standard deviations from the mean is 

flagged as an outlier, capturing the natural variability in the data. Additionally, using a percentile 

threshold (e.g., the 95th or 99th percentile) allows us to flag values that are unusually high in 

comparison to the majority of the data, marking them for further review. These approaches will 

help refine the process of identifying and addressing outliers in pedestrian count data more 

effectively. 
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Data of July 1 to July 31, 2023 

Figure 4.9 and Figure 4.10 display the hourly average push button counts for both intersections 

and HAWK crossings, distinguishing between weekdays (Mondays, Tuesdays, Wednesdays, 

Thursdays, and Fridays) and weekends (Saturdays and Sundays). 

The average push button count at HAWK intersections on weekends is unusually high around 

midnight, because Device 362, located at Broadway Blvd & 4th Ave, has unusually high counts. 

The duration between pushes looks fine (several seconds or minutes) most of the time, but there 

are a few occasions when multiple counts are registered in 1 second. 

Figure 4.8 shows the hourly push counts at HAWK Device 362 in July 2023. 

 

Figure 4.8. Hourly Counts for Device 362 in July 2023 

The graphs below show the average push button count by day type and device type in July 2023, 

after removing HAWK Device 362. 
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Figure 4.9. Hourly average push button counts by day type and device type 

from July 1 to July 31, 2023 (excluding HAWK device 362) 

This figure illustrates the hourly average push counts for intersection and HAWK devices during 

weekdays and weekends, across the AM, Mid-Day, and PM time periods in July 2023. On 

weekdays, intersection push button counts show a typical triple peak pattern, with counts rising 

during the AM peak period, a midday peak during the noon lunch period, and a post-work peak in 

the evening. A similar pattern occurs at intersections on weekends, but with slightly lower average 

counts overall. On both weekdays and weekends, HAWKS show a unique pattern, with a daily 

high in the AM period, and lower period peaks around the noon lunch period, and in the early 

afternoon on weekdays and early evening on weekends. 

Comparing the figures from January and July 2023, push counts are lower for all days and device 

types except for weekend HAWKs, which have an AM peak just above 4 activations per hour, as 

compared to the midday peak of just above 3 activations per hour in January.  

  



рт 

 

 

 
(a) Hourly average push count of AM_PEAK on weekdays of July 1 to July 31, 2023 

 
(b) Hourly average push count of MID_DAY on weekdays of July 1 to July 31, 2023 

 
(c) Hourly average push count of PM-PEAK on weekdays of July 1 to July 31, 2023 

Figure 4.10. Hourly average push counts in July (weekdays) 
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Figure 4.10 shows the average hourly push counts at intersections and HAWK signals by period 

for weekdays in July 2023. While push button counts are lower overall than in the winter 

evaluation period, many of the same high-count intersections identified earlier remain apparent, 

showing consistent year-round activity at key attractors and areas, or the prevalence of non-

discretionary trips. 

 

  



рф 

 

 

 
(a) Hourly average push count of AM_PEAK on weekends of July 1 to July 31, 2023 

 
(b) Hourly average push count of MID_DAY on weekends of July 1 to July 31, 2023 

 
(c) Hourly average push count of PM_PEAK on weekends of July 1 to July 31, 2023 

 

Figure 4.11. Hourly average push counts in July (weekends) 
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Figure 4.11 shows the average hourly push counts at intersections and HAWK signals by period 

for weekends in July 2023. As with the weekday counts, there is a significant decrease in recorded 

activity, especially in the PM Peak period, but high counts remain around the University of Arizona 

and along the Oracle Rd and Stone Ave corridors,  

4.1.2.2.3  Pedestrian waiting time 

Next, we analyze the waiting time of pedestrians of the same time in January 2023 and July 2023. 

ὃὡὝ  
В ὡὝ

ὔ
 

ὡὝ Ὕȟ Ὕȟ 

In which: 

ὡὝ: Waiting time of each pushing event Ὥ 

Ὕȟ:  Time of pushing event happens for Ὥ event_code = 45 

Ὕȟ: Time of next light turns green (event code = 21) after Ὥ event_code = 45 

ὔ: Number of pushing events in the time period ὴ (e.g. one hour) 

ὃὡὝ: Average waiting time of pedestrians in this time period ὴ 

Data of January 1 to January 31, 2023 

Figure 4.12 illustrates hourly maximum and average pedestrian waiting times at intersections and 

HAWK signals on weekdays and weekends of January 2023. The maximum waiting time refers to 

the time the first pedestrian arriving at the intersection waits during each cycle, while the average 

waiting time represents the mean waiting time for all pedestrians within the same cycle. 
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Figure 4.12. Hourly average waiting time by day type and device type of January 

2023 

The data reveals that intersections have considerably higher waiting times compared to HAWK 
signals, with weekday intersections experiencing an average waiting time of 40 seconds during 

peak midday hours and maximum times peaking over 80 seconds. Weekends show similar trends 

at intersections, with slightly lower waiting times during AM and PM peaks. HAWK signals, on 

the other hand, maintain much lower waiting times, averaging around 12 seconds, with slight 

variations throughout the day, and the maximum waiting time rarely exceeds 17 seconds. These 

findings are consistent with the intended functions of the two types of devices, with HAWK signals 

prioritizing serving pedestrian crossings as soon as possible, while traffic intersections may need 

to progress through an entire cycle serving vehicle movements before serving a pedestrian 

movement.  

To take a closer look at the details, Figure 4.13 demonstrates the average waiting time of different 

intersections during the AM peak, Mid-day, and PM peak. 
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(a) Hourly average waiting time of AM_PEAK on weekdays of January 1ïJanuary 31, 2023 

 
(b) Hourly average waiting time of MID_DAY on weekdays of January 1ïJanuary 31, 2023 

 
(c) Hourly average waiting time of PM_PEAK on weekdays of January 1ïJanuary 31, 2023 

Figure 4.13. Hourly average waiting time in January (weekdays) 
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Figure 4.14 depicts the average waiting times at intersections and HAWK crossings during the 

AM Peak, Mid-Day, and PM Peak periods on weekdays in January 2023. The intersections of 

principal arterials stand out in all three time periods, due to their longer cycle times, intersections 

along principal arterials have moderate waiting times, while HAWK signals show consistently low 

waiting times. 

Across all periods, intersections dominate the map, with larger red circles indicating longer waiting 

times, particularly in the city center and northern areas. The average waiting times are shorter 

during the Mid-day period, with smaller circles overall, while the AM Peak and PM Peak periods 

exhibit longer waiting times with larger circles, especially in central intersections. HAWK 

crossings generally show shorter waiting times compared to intersections, represented by smaller 

blue circles, with some variation across different periods. Overall, waiting times increase in more 

urbanized areas, with noticeable consistency in trends across different times of day.
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(a) Hourly average waiting time of AM_PEAK on weekends of January 1ïJanuary 31, 2023 

 
(b) Hourly average waiting time of MID_DAY on weekends of January 1ïJanuary 31, 2023 

 
(c) Hourly average waiting time of PM_PEAK on weekends of January 1ïJanuary 31, 2023 

Figure 4.14. Hourly average waiting time in January (weekends) 
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Data of July 1 to July 31, 2023 

 

Figure 4.15. Hourly average waiting time by day and device type in, July 1 ï July 

31, 2023 

Figure 4.15 presents hourly waiting times for pedestrian crossings, comparing weekdays and 

weekends across two device types: intersections and HAWKs. The graphs show both average and 

maximum waiting times in seconds. On weekdays, waiting times peak during the midday and PM 

periods for both intersections and HAWKs. During weekends, waiting times tend to be lower 

overall, with a similar pattern of midday peaks. As in the January evaluation period, HAWK signals 

have lower average and maximum waiting times, due to the differences in operational 

characteristics of the two signal types. 
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(a) Hourly average waiting time of AM_PEAK on weekdays of July 1 ï July 31, 2023 

 
(b) Hourly average waiting time of MID_DAY on weekdays of July 1 ï July 31, 2023 

 
(c) Hourly average waiting time of PM_PEAK on weekdays of July 1 ï July 31, 2023 

Figure 4.16. Hourly average waiting time in July (weekdays) 
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(a) Hourly average waiting time of AM_PEAK on weekends of July 1 ï July 31, 2023 

 
(b) Hourly average waiting time of MID_DAY on weekends of July 1 ï July 31, 2023 

 
(c) Hourly average waiting time of PM_PEAK on weekends of July 1 ï July 31, 2023 

Figure 4.17. Hourly average waiting time in July (weekends) 
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Figure 4.16 and Figure 4.17 visualize the average waiting times for pedestrian crossings during 

different times of day (AM peak, mid-day, PM peak) on weekdays and weekends. The trends are 

largely similar to those of the January evaluation period, with the largest waiting times at the 

intersections of principal arterials, moderate waiting times along principal arterials, and the lower 

waiting times at HAWK signals.   

4.1.3 Miovision data  

4.1.3.1 Data Elaboration 

4.1.3.1.1 Miovision sensor locations 

Miovision sensors can provide several traffic parameters, including turning movement count data 

in one-minute intervals. 126 intersections in the PAG region have been configured with Miovision 

sensors as of March 2024. The U of Arizona team used computer code developed earlier with Pima 

County Department of Transportation (PCDOT) that uses the API keys (provided by PCDOT and 

the Town of Marana). The code collects data via the Miovision API.  Most intersections use a 

single Miovision camera, but there are large intersections where two cameras are used to accurately 

collect traffic data, located at La Cholla Boulevard & Ruthrauff Road, La Cholla Boulevard & 

River Road, Alvernon Way & Brandi Fenton Driveway & River Road, and La Cholla Boulevard 

& Orange Grove Road in Pima County, and Cortaro Road & Arizona Pavilions, Cortaro Road & 

Silverbell Road, and Thornydale Road & Orange Grove Road in the Town of Marana. Table 4.4 

summarizes the number of Miovision intersections.  

 

Figure 4.18. Miovision sensor (archived in CATS server) location distribution 
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Table 4.4. Miovision sensor (archived in CATS server) location distribution 

NAME COUNT 

MARANA 0 

UNINCORPORATED PIMA COUNTY 123 

SAHUARITA 0 

ORO VALLEY 0 

TUCSON 0 

SOUTH TUCSON 0 

4.1.3.1.2 Miovision sensor count 

The Figure 4.19 below displays the monthly trend of active Miovision detector ID counts from 

2020 through 2024. In 2020, the number of detectors increased rapidly, starting from around 30 

and reaching nearly 90 active detectors within a few months. After this initial growth phase, the 

number of detectors stabilizes at around 90-100 between late 2020 and mid-2023, indicating 

consistent detector deployment and usage. However, towards the end of 2023 and into 2024, the 

count starts to slightly decline, dipping below 90 by mid-2024, suggesting a possible reduction in 

the number of active or distinct detectors during this period. 

 

Figure 4.19. Number of monthly active Miovision sensors
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4.1.3.2 Data Analysis 

4.1.3.2.1 Miovision volume data 

We picked the data from January 2021 to June 2024 to do the analysis because the sensor counts 

are steadier. Figure 4.20 illustrates the monthly average push-button counts across all intersections 

from 2021 to mid-2024, revealing clear seasonal patterns. Push-button activity tends to peak during 

the cooler months, particularly in early 2022 and 2023, which had peaks at 1000 push-button 

counts per day. However, there are significant drops mid-year, especially around the summer 

months, where counts dip as low as 500. This pattern repeats each year, suggesting that external 

factors such as weather conditions or seasonal behavior heavily influence pedestrian movement, 

with reduced activity during warmer months and higher activity in cooler periods. As can be seen, 

the overall pattern also indicates a decreasing trend after 2022. This trend may or may not have 

been due to decreasing number of pedestrians. Other possibilities, which could be very likely, are 

reduced sensor accuracy and reduced efficiency of the controller communications causing more 

data losses. 

 

 

Figure 4.20. Monthly Average Push-button Counts Across All Detectors 

4.1.3.2.2  Miovision average pedestrian count 

Figure 4.21 compares hourly average pedestrian counts at intersections for two distinct periods, 

January 2023 and July 2023, focusing separately on weekdays and weekends. The data reveals a 

strong standard daily temporal pattern, a slight seasonal pattern, but it has low counts overall, likely 

due to the Miovision-equipped intersections being located in suburban areas. 
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(a) Hourly average pedestrian count by day of January 2023 

 

(b) Hourly average pedestrian count by day of July 2023 

Figure 4.21. Hourly average pedestrian count by day in January and July 

On weekdays in January 2023, the pedestrian count peaks during the Mid-day period, with activity 

reaching approximately 5 counts/hour between 10 AM and 2 PM. Pedestrian counts are low overall 

due to the suburban and rural nature of the Miovision-equipped intersections but still show a 

pattern of regular daytime activity. July 2023 shows a similar daytime activity pattern but with 

reduced pedestrian activity, likely due to the extreme summer heat, which discourages outdoor 

activity, particularly during the day. 

On weekends, the daytime temporal patterns are largely the same, but with lower average counts 

than weekdays, which then decline further during the summer.  

4.1.3.2.3  Overall Trends 

The comparison shows clear seasonal variations, with January 2023 having higher pedestrian 

counts across both weekdays and weekends than July 2023. The drop in July, particularly during 
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mid-day, is likely influenced by higher temperatures, deterring outdoor movement. July also shows 

a slight decrease in activity towards the late afternoon, likely in response to the summer heat. These 

patterns highlight how weather and seasons affect pedestrian activity, which could be crucial for 

transportation planning and infrastructure development aimed at meeting pedestrian needs 

throughout the year. 

4.1.3.3 Miovision and MaxView sensor location overlap 

To investigate the relationship between push button counts and actual pedestrian counts, we require 

event-based push button data along with ground-truth pedestrian count data that are both 

temporally and spatially aligned. Accordingly, we examined the locations of the MaxView and 

Miovision data in January 2023. 



то 

 

 

 

Figure 4.22. MaxView and Miovision locations of January 2023 
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Given the lack of location overlap between the available datasets, we have decided to use the PAG 

TMC pedestrian count data as our source of ground-truth information for actual pedestrian counts. 

This data was collected at major intersections throughout the PAG region, ensuring a higher level 

of accuracy and reliability. By utilizing this dataset, we can more effectively validate the push 

button counts and establish a meaningful comparison across locations where automatic pedestrian 

detection data is unavailable or insufficient. This approach allows us to maintain consistency in 

our analysis while accounting for the spatial limitations of the original datasets. 

4.1.4 PAG Turning Movement Count (TMC) Pedestrian Data 

4.1.4.1 Data Elaboration 

Pedestrian survey data are collected as part of PAGôs TMC data collection efforts, typically for 

durations of 4, 16, or 24 hours, depending on the specific needs and funding availability of the 

program. These counts are conducted either in the fall (September to November) or the spring 

(January to April). Figure 4.23 below shows the counts collected per month from 2013 to 2023, 

typically averaging around 150 locations per year.  

 

 

Figure 4.23. Distinct intersection number from the survey data  

We choose the months of September and October of the year 2023 to compare the push button 

count data with the actual pedestrian count data. 
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Figure 4.24. Relationship Between Hourly Push Button Counts (MaxView) and 

Hourly Pedestrian Counts (PAG_TMC) of September 2023 

 

Figure 4.25. Relationship Between Hourly Push Button Counts (MaxView) and 

Hourly Pedestrian Counts (PAG_TMC) of October 2023 

The scatter plots for September 2023 and October 2023 show overall strong correlations between 

the pedestrian counts and push counts, with pedestrian counts generally in line with push button 

counts. The outliers in the bottom right area of Figure 4.25 are listed in Table 4.5. 
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Table 4.5. Outliers in bottom right of Figure 4.25 

Index DeviceID Date Hour HourlyPedCount HourlyPushButtonCounts 

137 582 10/4/23 16:00:00 12 137 

138 582 10/4/23 17:00:00 21 102 

 

 

Figure 4.26. Hourly pedestrian counts for Device 582 in October 2023 

 

This appears to be an anomaly in the push button data, where multiple pushes were recorded 

between 16:43:00 and 16:44:00 on October 4, 2023. In practice, we aggregate these consecutive 

pushes to minimize the impact of such outliers on the estimation model. After eliminating the 

outliers, the data shows a strong linear relationship between push button counts and actual 

pedestrian counts in both months. 






















































































































































































































































































































