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BACKGROUND  
The Pennsylvania Department of Transportation (PennDOT) maintains information on road conditions through its Road Condition Reporting System (RCRS). The effectiveness of RCRS is dependent on the quality of information and the timeframe in which it is provided. PennDOT is consequently interested in the average time for notification of highway incidents from emergency dispatch centers. This information would support PennDOT in a number of ways: (1) Reduce the overall time to clear incidents and the time gap between when a highway closure occurs and when the public is informed; (2) Provide information to aid PennDOT in policy and decision making process related to traffic incident management; (3) Identify potential key elements and any critical missing information related to traffic incident management; and (4) Improve operation at statewide, regional, and district traffic management centers. Based on the preceding discussion, the general objective of this project was to evaluate the highway incident detection timeline along a number of major highways in the Commonwealth of Pennsylvania, including Primary Interstate Highway I-76, I-80, I-81, and I-95, and Auxiliary Interstate Highway I-78 and I-83. This was accomplished by comparing emergency dispatch records and the PennDOT RCRS for incidents along the aforementioned highways over several years. Based on established data pairings, statistical analyses were performed to evaluate the notification time difference across a number of counties in Pennsylvania.   
FINDINGS
An integrated framework using a graphical user interface and auomated data pairing was developed to match records between the PennDOT RCRS and county 911 databases. Using this framework,  the statistical variability in noitifcation time was evaluated for counties that provided 911 call center data. 

RESULTS
The major results from this research project included the following:
The time difference between RCRS entries and 911 call records is not normally distributed, necessitating the use of the median value to accurately describe the central tendency in the statistical data.
The overall median time difference between matched RCRS and 911 entries was 12 minutes. Based on an upper quartile estimate, 75% of all matched records have a time difference less than approximately 28 minutes.
Montgomery, Delaware, Cumberland, and Bucks counties all exhibit time differences shorter than the median computed for all counties.
Generally, counties with smaller time differences tended to exhibit smaller variability in their distributions. Overall, there was large scatter in the results when comparing extremes in county-level results.
Areas of the Commonwealth traversed by I-95, I-83, the southernmost section of I-81, and I-76 generally exhibited smaller time differences. Conversely, the sections of I-81 heading north from Lebanon County (and the only counties for which 911 data was procured along I-80 in this study) exhibited larger time differences.

COUNCLUSIONS AND RECOMMENDATIONS
Since the RCRS system is a major tool with which PennDOT monitors highways, the statistical results from this study can aid PennDOT in developing best practices for policy and procedural decisions related to traffic incident management, which can improve operation at the statewide, regional, and district traffic management centers. Estimates of the time necessary for PennDOT to receive notification of highway incidents across the Commonwealth of Pennsylvania can allow PennDOT to better allocate resources and is the first step in minimizing the time gaps for highway closures in response to emergencies. This information would also allow PennDOT to identify potential key elements and any critical missing information related to traffic incident management across the Commonwealth of Pennsylvania. For example, one major lesson from this study is that there is significant difference between various 911 communication center operations, reporting procedures, and CAD systems across the Commonwealth. In many ways, this decentralization increases the difficulty of establishing links between 911 call data and existing PennDOT RCRS records. Increased integration of datasets among the various stakeholders involved with highway incidents can begin to address some of these issues and improve operational emergency management of highways in the Commonwealth of Pennsylvania. PennDOT can also implement the results of study by periodically deploying the integrated framework documented in this report to catalog any statistical changes in traffic incident timeline.


[bookmark: _Toc495972766]Introduction & Project Objectives
The Pennsylvania Department of Transportation (PennDOT) maintains information on road conditions through its Road Condition Reporting System (RCRS). PennDOT uses this technology for planning purposes and to report roadway and bridge closures, weather-related road conditions, lane restrictions, highway conditions, and construction activities to outside agencies and the general public. RCRS is available from any PennDOT intranet location and various locations in other agencies, which allows various personnel and bureaus to enter data and make it available for district engineering offices, the Pennsylvania Emergency Management Agency, and the Pennsylvania State Police. RCRS also forms the backbone for PennDOT’s official travel information services (i.e., 511PA), which allows travelers to plan their routes and law enforcement and emergency response agencies rely to establish the quickest and most direct route when responding to an incident or event.
The effectiveness of RCRS is dependent on the quality of information and the timeframe in which it is provided. PennDOT is consequently interested in understanding how long it takes on average time to be notified of highway incidents with respect to when emergency dispatch centers (i.e., 911 call centers) are notified. This information would support PennDOT in a number of ways: (1) Reduce the overall time to clear incidents and reduce the time gap between when a highway closure occurs and when the public is informed; (2) Provide information to aid PennDOT in policy and decision making process related to all aspects of traffic incident management; (3) Identify potential key elements and any critical missing information related to traffic incident management across the Commonwealth of Pennsylvania; and (4) Improve operation at statewide, regional, and district traffic management centers.
Based on the preceding discussion, the general objective of this project was therefore to evaluate the highway incident detection timeline along a number of major highways in the Commonwealth of Pennsylvania. More specifically, efforts on this project focused on determining the average timeline for when the Pennsylvania Department of Transportation (PennDOT) is notified of incidents requiring highway closures along Primary Interstate Highway I-76, I-80, I-81, and I-95, and Auxiliary Interstate Highway I-78 and I-83. This was accomplished by comparing emergency dispatch (911) records and the PennDOT Road Condition Reporting System (RCRS) for incidents along the aforementioned highways over the previous several years. These databases were normalized, pre-processed, and then examined using an integrated approach. This resulted in the establishment of linkages between the two databases for those entries that described the same highway incident. Based on these pairings, statistical analyses were performed to evaluate the time latency across a number of counties in Pennsylvania. The following sections present a review of data acquisition and post-processing, an in-depth discussion of efforts involved to develop statistical estimates of notification latency, analysis of the latency results, and efforts to curate the data. 
[bookmark: _Toc495972767]Project Data
The first step to achieve the objectives of this project was to identify and procure the data required to perform statistical analysis. As noted previously, two sources of information were considered simultaneously in order to determine the time delay for a given highway incident along Primary Interstate Highway I-76, I-80, I-81, and I-95, and Auxiliary Interstate Highway I-78 and I-83: (1) PennDOT RCRS records; and (2) time response logs kept at the 911 call center of the county where a highway incident occurred. Data collection efforts therefore consisted of requesting RCRS logs for the highways of interest from the PennDOT project team and contacting county 911 call centers throughout the Commonwealth of Pennsylvania.

[bookmark: _Toc495972768]Data Acquisition
PennDOT RCRS data was provided via email to the Temple research team on Tuesday, November 22, 2016 by the PennDOT project team. The data consisted of a zip file with a Microsoft Excel spreadsheet generated by the PennDOT RCRS software that detailed all reported incidents along the highways of interest in this study. Therefore, acquisition of all RCRS data necessary for successful completion of the project objective was completed as of Tuesday, November 22, 2016.
Based on the original RCRS data provided by PennDOT, a total of 20,950 entries occurred along Primary Interstate Highway I-76, I-80, I-81, and I-95, and Auxiliary Interstate Highway I-78 and I-83 between the dates of 01/01/2013 and 11/22/2016. These entries corresponded to multiple event “types”, including Lane Restriction, Shoulder Closed, Traffic Disruption, Ramp Restriction, Ramp Closure, Closed, Open, and Residual Delays. Given this initial database from PennDOT and a review of the routes of the project highways, a total of 37 counties (of the 67 counties throughout Pennsylvania) were identified as pertinent to this project (Table 1). However, based on conversations between the Temple research team and the PennDOT project team at an in-person meeting (Friday, February 3rd, 2017), filter criteria was established to refine the RCRS data. This allowed the project to focus on the RCRS incident types most important to PennDOT (i.e., entries with status of “Closed”, “Lane Restriction”, “Ramp Closure”, and “Ramp Restriction”). This changed the total number of pertinent PennDOT RCRS entries from 20,950 entries to 8,984 entries (20 of which were duplicate entries with different start and ending counties) and reduced the number of pertinent counties to 29 (Table 1).
Since all RCRS data was acquired early within the project, all remaining efforts related to data acquisition were concentrated on the 911 calls. This necessitated contact with all counties of interest, which the Temple research team initiated prior to refining the RCRS data. Therefore, the Temple research team reached out to all 37 counties initially identified at the start of the project. Many of the counties contained more than one of the highways of interest in this study. Contact with each of the counties was attempted in three different manners:
(1) Direct emails/phone calls to county dispatch centers by the Temple research team. The PennDOT project team provided a list of contacts at all counties of interest for the project. These contacts typically included the Director of Emergency Communications, or a similar title, that coordinated 911 communications for a given county. The Temple research team initiated contact with these individuals via email on Wednesday, November 23, 2016 and continued regularly as various counties responded or failed to respond.
(2) Direct emails/phone calls to county dispatch centers by the PennDOT project team. At the onset of the project during the kick-off meeting, the Temple research team was informed that the  PennDOT project team had initiated contact via email with the counties to request data be provided. This email was submitted to the counties on Tuesday, October 18, 2016. A copy of the email and a list of counties and contact information were provided to the research team after the kick-off meeting. The PennDOT project team continued to contact various counties periodically as the project progressed based on any difficulties encountered by the Temple research team.
(3) Submission of official right-to-know requests (RTK). Generally speaking, the 911 time response logs are considered public records and can be accessed by submitting an official RTK. A number of counties had interfaces through their official county websites to perform this task. A form was submitted directly via the website, emailed to a contact person at the county, or printed out and mailed to the county. The nature of the form differed slightly depending on the county (e.g., Figure 1), but generally detailed the nature of the data requested. A total of 25 county RTK requests were submitted throughout the course of the project.
In some cases (Philadelphia, Delaware, Columbia, Franklin, and Monroe counties), data acquisition efforts included interfacing with contacts at the Pennsylvania State Police (PSP) and/or submitting RTK requests through PSP since their agency handles 911 calls regarding highways in the aforementioned counties. Additionally, in at least one county (Northumberland), the Temple research team was informed that a nearby county (Union) communication center handled their 911 dispatching for the pertinent highway along that stretch of the Commonwealth. Generally, the format of the provided 911 data varied substantially both in terms of file format/structure (e.g., Excel files, pdf files, etc.) and range of information included in the entry fields (Figure 1). Some counties were able to provide a lot more details [e.g., multiple time stamps, (latitude, longitude) coordinates] for each incident, while other datasets proved to be missing critical information (e.g., descriptive address). This reflected the wide range of computer aided dispatch (CAD) systems (in terms of both data input and export capabilities) and record-keeping policies in place across the Commonwealth. As noted by a few of the county 911 communication center directors, a number of counties are still using older CAD systems while some others have recently updated their systems, and a number of them are transitioning to different systems.


[bookmark: _Toc495972326]Figure 1. Example of right-to-know (RTK) request submitted to Berks County.
	


	



	




[bookmark: _Ref474835263][bookmark: _Toc495972327]Figure 2. Examples of 911 communication center logs provided by (top) Dauphin County (middle) Montgomery County, and (bottom) Cumberland County.
Table 1 provides a summary of the final outcomes of the data acquisition efforts in this study. The Temple research team was able to acquired pertinent 911 call data from 17 counties out of the 29 counties with entries in the filtered RCRS database (Table 1). As a whole, these counties combined to provide a total of 1,015,743 entries in the 911 call database over a time period ranging from the start of 2013 to late 2016. These 17 counties also represented 50.8% of the total number of filtered RCRS entries (i.e., 4,561 of 8,984). The bulk of the remaining data was composed of 911 calls from Philadelphia county (3,834 entries for a total of 42.7% of the RCRS data), which was incapable of directly providing the data because highway-related calls are dispatched by PSP in that county. Efforts to acquire the data from PSP for Philadelphia County proved unsuccessful. Apart from Philadelphia County, the Temple research team was able to acquire 911 data from what amounts to 88.6% of the pertinent RCRS entries (i.e., 4,561 out of 5,150, excluding RCRS entries from Philadelphia County). Philadelphia County has a high population density relative to other Pennsylvania counties and its urban setting provides a more extensive traffic camera network. However, nearby counties where the Temple research team was able to acquire data (e.g., Delaware and Montgomery) share some similarities to Philadelphia County regarding population and traffic camera density. So despite the lack of data from Philadelphia County, the Temple research team expects that the overall results from this study will be generally representative of the study area in this project and conditions across the Commonwealth of Pennsylvania as a whole.

[bookmark: _Toc495972432]Table 1. Final status of data acquisition for all counties.

[bookmark: _Toc495972769]Data Pre-Processing and Normalization
Given that the goal of the study was to develop an integrated framework that matched 911 data to PennDOT RCRS entries, it was important to understand what information in the 911 data logs most effectively paired with the PennDOT RCRS records. However, as anticipated, the 911 call center data was provided in a number of different file formats (e.g., Excel files, pdf files, etc.) and with a wide range of information included in the entry fields (Figure 1). Therefore, extra care was necessary to normalize data in a manner that would allow the Temple research team the ability to definitively match entries between the two databases.
As part of initial efforts to pre-process and normalize the data, the research team went about manually pairing a small subset of PennDOT RCRS records. Initially, this consisted of matching the first 100 records in the PennDOT RCRS to the corresponding county 911 logs. Since the typical definitive match rate was approximately 1/3 of the examined records, this was expanded to approximately 300 records so that the first 100 matches were encountered. Data from the following counties was included in the first 100 matches: Lehigh, Luzerne, Lebanon, Berks, Lackawanna, Schuylkill, Northampton, and Susquehanna. This exercise was performed prior to the February in-person meeting (Friday, February 3rd, 2017) between the Temple research team and PennDOT project team. During this meeting, a number of pertinent questions were answered regarding filtering of the PennDOT RCRS data. As a result, the aforementioned pilot study was repeated with the new filter criteria (i.e., entries with status of “Closed”, “Lane Restriction”, “Ramp Closure”, and “Ramp Restriction”), which changed the total number of pertinent PennDOT RCRS entries from 20,950 entries to 8,984 entries. This changed the entries that were examined to determine first 100 matches.
The goal of this initial data pairing pilot study was to compare the nature of the data provided by the RCRS in relationship to records provided by the different 911 call centers. This would allow the research team to identify what information was typically provided by most call centers and what data would prove the most useful in pairing between the 911 and RCRS databases. Data pre-processing efforts could then focus on ensuring the necessary data was in place as the integrated framework was developed for pairing efforts.
Based on the manual pairing efforts from the initial pilot study, the following parameters were noted as critical in being able to confidently identify matches between PennDOT RCRS and county 911 entries: Date/timestamp, GPS coordinates, location, and incident type. This set of information would allow filtering to occur initially on date/time by defining a threshold time period around each PennDOT RCRS entry. For manual pairing, the location field in the spreadsheet would then allow filtering to take place by mile marker along the highway of interest. This process proved accurate but labor intensive and inefficient for scale up to the large number of entries in the PennDOT RCRS data. As noted in later sections of the report, automated pairing efforts were considered as they would have the benefit of using GPS coordinates to trace the location of entries in the 911 county records. The PennDOT RCRS records already included this information but it was not included in the majority of 911 call center data (Table 1). However, in cases where it was available, this data was considered highly desirable and necessary to include in normalization efforts due to the time savings associated with an automated pairing algorithm. The final field in the normalization process was incident type. This proved beneficial because for a number of counties, the 911 communication center data was not pre-filtered for the necessary incident types highlighted by PennDOT at the February in person meeting and March conference call (Thursday, March 16, 2017).
Once the specified normalized fields were determined, efforts focused on developing an efficient algorithm for developing normalized datasets for all county 911 records received. Figure 3 presents an example of a normalized data file for Susquehanna County. For the normalization process, the original county records were placed into a single Microsoft Excel® file. If the original records were spread across multiple files or sheets in a single spreadsheet file, all data was manually sorted into the same file. Any files in a .pdf or .txt format were read into a single Excel® file. These Excel® files were then parsed and all column headers were removed. The file was then revised using a custom developed script written in the programming language Python. The code utilizes the “Pandas” Python library to read and write Excel® files and manipulate the rows and columns of the data. Rules were developed for each individual county to format the pertinent columns within each spreadsheet in a consistent manner. For example, after each county Excel® spreadsheet was passed through the Python code, all normalized times were in the format YYY-MM-DD HH:MM:SS no matter what was provided in the original source format. When provided (or manually resolved), the latitude and longitude of the GPS coordinates were formatted to 6 decimal places (approximately 0.1 m resolution). Mile markers, if present in the location fields of the original data files, were identified automatically by the Python code and reported to the nearest 0.1 mile. The textual information (including any street addresses if applicable) was also passed along to the normalized data spreadsheet. Finally, if the county listed incident type, it was identified by the Python code and passed directly to the normalized data file with no further processing. In cases where some of the desired normalized information was not provided, the columns were still included in the revised normalized spreadsheet but were left blank for potential future updates with revised data. The remaining columns in the normalized data represent the raw records before normalization, and as such vary from county to county. This was included so that the raw, unmodified data would be conveniently available when reviewing the effects of the normalization process. The final step in the Python code was to write the newly formatted data file to an Excel® data file. This pre-processing ensured all the data was normalized into a consistent format to increase the efficiency and effectiveness of the pairing efforts.


	




[bookmark: _Toc495972328]Figure 3.  Example of normalized logs for Susquehanna County.

[bookmark: _Toc495972770]Integrated Framework for Pairing Databases
As noted in previous sections, significant efforts were involved in acquiring data from 911 call centers and pre-processing the resulting data into a consistent format. Once the data was normalized an integrated framework was developed to identify matches between incidents in the PennDOT RCRS database and those in a county 911 communication center dataset. This integrated framework was continually revised as the project progressed and the data available to the Temple research team evolved. Generally, all attempts at developing this integrated framework resulted in a similar overall approach: (1) Identify an RCRS entry of interest and identify the county in which the entry was located; (2) Load all records from county of interest; (3) Pre-filter county 911 records to remove any entries unrelated to highway incidents; (4) Identify a threshold timeframe to filter county 911 entries and remove unlikely matches based on time alone (e.g., any entries greater than three hours and earlier than one hour from the RCRS entry timestamp); (5) Use location information (e.g., GPS, mile marker information, location descriptors, etc.) to identify most likely matches to RCRS entry; (6) Develop final criterion to select among most likely matches (if more than a single county 911 entry is a likely candidate). The main difference between different iterations of the framework was the manner in which location information was integrated into the pairing process. The following sections describe the various iterations of the integrated framework, all of which were used in some manner to pair data between PennDOT RCRS and county 911 data.

[bookmark: _Toc495972771]Manual Efforts
The previous section on data normalization discussed initial manual efforts to pair data. These efforts highlighted the level of inefficiency present in this overall framework when GPS coordinates were not available. Matching between the databases was largely slowed in this case by the need to manually interpret mile markers and/or location descriptor information to deduce the location of the 911 entry and compare to the location information from GPS coordinates in the RCRS data. This often necessitated conversion of the GPS coordinates into a more qualitative descriptor that could be manually matched to the mile marker and/or location description information field in the 911 data or vice-versa. Additionally, the RCRS and 911 data were still in different Excel® spreadsheets, which necessitated having to switch windows repeatedly during the manual pairing process.

[bookmark: _Toc495972772]Automated Efforts
Given the inefficiency of manual pairing, the Temple research team pursued an integrated framework based on an automated algorithm using the Python programming language. This approach used scripts to parse through the county 911 and PennDOT RCRS for time, location, and incident type information. The tool developed a list of potential matching county 911 entries for each RCRS entry. This list was then manually reviewed for selection of the most likely match between county 911 entries and RCRS entries. The algorithm implemented GPS coordinates to filter the potential county 911 matching entries based on location. Direct comparison of GPS coordinates allowed rapid consideration of a distance threshold for filtering potential matching entries in the 911 data for a given RCRS entry. PennDOT RCRS records provided GPS information and two counties (Susquehanna and Lackawanna) also included it with their initial responses to the 911 call data requests. Comparison of the resulting matches using this version of the automated framework with GPS coordinates matched well with efforts from manual pairing for the aforementioned counties. However, the majority of the 911 call centers were unable to provide GPS data, despite repeated efforts to procure such data. As a result, the GPS-based iteration of the integrated framework was not implemented on the remaining counties to match records between 911 and RCRS databases.

[bookmark: _Toc495972773]Graphical User Interface
Since GPS data was unavailable for the vast majority of the county 911 records, the Temple research team focused their efforts on developing an iteration of the integrated framework that increased the efficiency of the manual pairing process. Several design constraints affected the development of this framework, all of which were intended to improve the efficiency with which manual pairing could take place. The resulting tool needed to address the following items: (1) be simple to use, with an intuitive user interface; (2) present the data on a single screen with a uniform format so that it is easy to compare records from dissimilar sources; (3) automate as much of the pairing process as possible, leaving the end user with little additional efforts after the tool is implemented for a given set of RCRS entries; and (4) store the paired results in a consistent and easily decipherable format. It was decided that the most effective approach for this version of the framework was a graphical user interface (GUI) developed using the PyQT4 Python bindings for the Qt cross-platform GUI/XML/SQL C++ framework. As before, the pairing tool actually used to match records was built in Python 2.7 using the library Pandas to load, store, and manipulate data. These technologies were chosen to keep the resulting tool cross platform.
A video is provided on the project website that demonstrates the functionality of the resulting GUI tool. Additionally, Figure 4 provides a series of screenshots during operation. The GUI features a toolbar at the top which can be used to specify time difference and distance settings for filtering records (Figure 4a). Generally, for optimization purposes these filtering criteria were adjusted on a county by county basis. However, a time difference of 2-4 hours and a distance difference of approximately 5 miles were often used as a starting point during the matching process. When multiple 911 entries were potential matches, the earliest record was typically selected to counteract the issue of multiple 911 entries corresponding to a single RCRS entry. For example, a given highway incident may be reported by several motorists, which can result in multiple 911 entries. However, for the purposes of this study, determination of the notification latency was based on when a 911 entry was first entered for a given incident. Below the GUI toolbar are two scrolling lists of entries. The left column lists the source records and the right column lists potentially matching destination records. In the Fig. 3 example, source records are from the RCRS system and destination records are from the corresponding county 911 database. However, this GUI tool allows pairing to occur in the other direction as well. The currently selected source record is indicated by a thick outline (Figure 4a). The user can left click on a destination record to indicate that it is a match to the currently selected source record, turning both green (Figure 4b). Alternatively, the user can right click on any destination record to indicate that the currently selected source record has no matches in the county records, turning the source record red (Figure 4c). Based on the data present in Fig. 3, the first destination record is likely a match to the selected source record based on the mile marker posts specified in both location fields. This can be marked as a match (Figure 4d) and the user can proceed to the next source record in the left-hand column by left clicking it. This will bring up a new list of potential matches in the right-hand column (Figure 4e). Based on mile marker and time, the second record in the destination column is a match for the new source record and can be left clicked to indicate a match (Figure 4f). The user continues in this manner until all source records have been processed. The resulting pairings are saved automatically to a file specified by the user. 
	(a)
	

	(b)
	

	(c)
	


[bookmark: _Toc495972329]Figure 4. Example of using GUI to locate matching county 911 and PennDOT RCRS records.
	(d)
	

	(e)
	

	(f)
	


[bookmark: _Toc495972330]Figure 4 (cont.). Example of using GUI to locate matching county 911 and PennDOT RCRS records.

[bookmark: _Toc495972774]Data Analysis and Discussion
After development of the GUI-based tool, the Temple research team implemented it on all the datasets that had been previously paired (Table 1) to ensure compatibility of results and evaluate the improvements in the amount of time necessary to pair data. Though not as automated and rapid as the GPS-based framework, the GUI drastically improved the efficiency of the process over a fully manual approach. Based on previous discussion, the 17 counties for which 911 communication center data was obtained included 50.8% of the total number of filtered RCRS entries (i.e., 4,561 of 8,984). This percentage jumped to 88.6% (i.e., 4,561 out of 5,150) of the pertinent RCRS entries when excluding Philadelphia County, which singly contained nearly half of all the RCRS entries. Given the similarities between Philadelphia County and other nearby counties for which the Temple research team acquired data (i.e., Delaware and Montgomery counties), the resulting statistical analysis is expected to be highly representative of conditions throughout the project study area. However, it should be noted that the Dauphin County data received did not allow manual pairing to RCRS entries (i.e., an overwhelming majority of location descriptors were labeled as “NULL”). Since Dauphin County contained 492 RCRS entries that were unmatchable based on the 911 county data provided, it was expected that a maximum of 45.3% of the total number of filtered RCRS entries would be matched after the integrated framework was implemented (79.0% if excluding Philadelphia County). The following sections discuss major aspects of the resulting statistical analyses performed after pairing was complete for each county.

[bookmark: _Toc495972775]Distribution of Data and Measure of Central Tendency
The results from statistical analysis are presented herein using a number of formats to facilitate discussion and interpretation. The main parameter of interest was a measurement of the time difference between when an incident was reported to 911 dispatch personnel and when PennDOT received notification of a highway incident. Figures 5 and 6 present stacked histograms and cumulative distribution plots for all matched county records. Versions of these figures are replicated in Appendix A for each county separately. All histograms and cumulative distribution plots have been normalized to the number of matched records for a given county (or all counties in the case where that result is plotted in the same figure). Figure 7 plots measurements of the central tendency of the time difference results based on county. Finally, Table 2 provides a tabular summary of the statistical results.

[bookmark: _Toc495972331]Figure 5. Stacked histogram of time difference for all county matched records.

[bookmark: _Toc495972332]Figure 6. Stacked cumulative distribution plot of time difference for all county matched records.

Table 2. Summary of statistical results based on pairing PennDOT RCRS and county 911 entries.


[bookmark: _Toc495972333]Figure 7. Median time difference and IQR for matched records based on county.


[bookmark: _Toc495972334]Figure 8. Comparison of counties based on percentage of matched records within a 15 minute time difference.

A number of observations are notable in the aforementioned figures and tables, particularly related to the central tendency of the time difference results. An examination of Figures 5 and 6 highlights that the resulting time difference is not normally distributed. The distribution is heavily skewed towards the shorter time differences and exhibits a significantly long tail. For example, nearly 70% of all matched records exhibit a time difference of less than 20 minutes. However, nearly 10% of all matched records push that latency to at least an hour or more. This represents a factor of three increase in the time difference. This overall pattern is similar to either an exponential distribution or a Pareto distribution, which is a skewed, heavy-tailed distribution that is sometimes used to model the distribution of incomes and other financial variables. The majority of the counties exhibit a similar distribution when viewed separately from each of the other counties (e.g., see figures in Appendix A). Given the non-normally distributed nature of the time difference results, it is important to use a suitable measurement to represent “average” time difference for all the counties so that overall performance can be evaluated. Generally, in descriptive statistics the “average” value of a parameter highlights the central tendency of its distribution. This central tendency is combined with some measurement of dispersion/variability of a parameter to provide a systematic manner with which to compare and contrast distributions. Typically, the arithmetic mean () is often used as a measure of the central tendency of a distribution and standard deviation () is calculated to represent variability. However, these parameters are inherently tied to normal distributions of data and can be ineffective or misleading in describing distributions with significant skew (as is the case in the time difference results from this study). The reason for that is that large outliers will tend to disproportionately affect  and the resulting  may describe nonsensical or impossible outcomes. For example, an examination of the statistical descriptors in Table 2 demonstrates that the arithmetic mean of the time difference for all counties was approximately 21 minutes. The standard deviation was approximately 22.5 minutes. A confidence interval of ±1 leads to a negative time difference. Multiple counties suffer from this issue (e.g., Bucks, Cumberland, Delaware, etc.), particularly those that tend to exhibit shorter latency times.
Given the preceding discussion, a better measurement of the central tendency is the median value. The median of a distribution is determined by identifying the middle value when the data is ranked from largest to smallest. In that manner there are an equal number of data points larger and smaller than the median, and the median represents the middle quartile of the data (i.e., 50th percentile). A typical confidence interval that is used to represent data variability with the median value is the interquartile range (IQR). IQR represents the difference between the upper quartile (i.e., 75th percentile) and lower quartile (25th percentile) of the data. IQR is not affected by extreme values and is therefore often used together with the median when the distribution is skewed. Table 2 presents the median values and IQR for each of the counties in addition to  and . The median values are generally quite different from  as would be expected for distributions with significant skew. Figure 7 plots the median time difference and IQR as the confidence interval to allow a comparison of latency by county. Note that the use of IQR prevents the prediction of negative time difference in the confidence interval surrounding the median value. Based on the data in Table 2 and Figure 7, the overall median time difference between matched RCRS and 911 entries was 12 minutes. Based on the upper quartile estimate, 75% of all matched records have a time difference less than approximately 28 minutes. When viewed at an individual county level, Montgomery, Delaware, Cumberland, and Bucks counties all exhibit time differences shorter than the median computed for all counties. In fact, of those counties, all but Bucks County exhibit a time difference in single digit minutes (with Bucks recording a median of 10 minutes exactly). Generally, a trend could be noted where counties with smaller time differences tended to exhibit smaller variability in their distributions (i.e., smaller IQR). For example, Luzerne County, which exhibited the largest median time difference, also had the largest IQR. Overall, there was large scatter in the results when comparing extremes in county-level results. For example, Figure 8 highlights the county-level differences in how often PennDOT was informed of a highway incident within 15 minutes. A value of 15 minutes for the time difference is roughly between the arithmetic mean and the median for time difference across all counties, so it serves as a useful gauge of overall county statistical behavior. In this case, there is nearly a factor of ten difference between the county with the highest percentage of matched records with less than 15 minutes time difference and the county with lowest. The largest median time difference was also nearly five times slower than the smallest median time difference (Table 2 and Figure 7). Finally, the county-level difference in IQR (i.e., data variability) between smallest and largest was nearly as high at approximately 3.5 times (Table 2 and Figure 7). These results suggest appreciable variability in the various factors affecting 911 reporting practices across the Commonwealth of Pennsylvania.

[bookmark: _Toc495972776]Geospatial Distribution of Results
In addition to examining the statistical descriptors of the time differences across counties, it is also useful to visually examine the geospatial distribution of these time differences across the Commonwealth of Pennsylvania. This may reveal patterns related to geography that may prove useful for PennDOT practice (e.g., one particular stretch of one of the highways in this study may be significantly different than nearby stretches). Figure 9 presents a choropleth map of counties across the Commonwealth of Pennsylvania with a single hue progression color scheme representing the median time difference computed in this study. Also included for each county is a circular representation of the IQR to highlight variability in the results. An examination of Figure 9 yields a number of items worthy of discussion. First, due to issues with data acquisition, much of the RCRS entries along the I-80 corridor across Pennsylvania were not matched to 911 county records. Areas of the Commonwealth traversed by I-95, I-83, the southernmost section of I-81 starting in Cumberland County, and (where data is available) I-76 generally exhibited smaller time differences between RCRS entries and 911 records. Conversely, the sections of I-81 heading north from Lebanon County (and the only counties for which 911 data was procured along I-80 in this study) exhibited larger time differences. There are a number of potential factors that may explain these observations. For example, differences in 911 reporting procedures, allocation of responsibility for incidents along highways, population density, density of the 511PA traffic camera network, and 911 call volumes may all play a role in the geospatial distribution highlighted in Figure 9.

[bookmark: _Toc495972777]Match Rate
One item of interest from Table 2 is the rate with which RCRS entries were matched to county 911 records. As noted in Table 2, the average match rate for all counties was nearly 60%. Some counties exhibited nearly complete matching rates (e.g., Luzerne County with nearly 93% of entries matched) while others had less favorable matching rates (e.g., Franklin County with only approximately 17% of records matched). There are a number of explanations for these discrepancies. In an ideal scenario, all RCRS entries correspond to at least one entry in databases maintained by 911 call centers. However, there may be some situations where highway incidents are not reported to 911 call centers or are otherwise unavailable within their CAD systems. For example, PennDOT personnel monitoring traffic cameras may respond to an incident and generate a lane closure without any 911 calls being generated. In some counties, highway incidents may be handled by another nearby agency/call center (e.g., Northumberland County referred the Temple research team to Union County for records related to I-80 in Northumberland County) or by PSP. In many cases, the CAD systems used by the 911 call centers cannot maintain records longer than a specified time period (e.g., one year). In the case of this study where RCRS entries extended back three years, the 911 data provided to the Temple research team was incomplete for certain counties, which may explain the non-matching RCRS entries. Therefore the match rate column in Table 2 highlights the difficulties caused by differences in 911 call center operations, reporting procedures, and CAD systems across the Commonwealth. One lesson from this study is that increased integration of datasets among the various stakeholders involved with highways can begin to address some of the issues noted in this study and improve operational emergency management of highways in Pennsylvania.



[bookmark: _Toc495972335]Figure 9. Geospatial distribution of median time difference and IQR.
[bookmark: _Toc488074252][bookmark: _Toc495972778]Data Curation & Archiving Efforts
Given the large amount of data collected and the importance of this study to highway safety across the Commonwealth, it was important that the project data, analysis, and deliverables be archived for future access by PennDOT personnel. In addition to the raw data from the 911 call centers and PennDOT RCRS, the Temple research team generated a number of other outputs as the project progressed and estimates were developed for the latency between 911 call center entries and PennDOT RCRS entries: (1) copies of normalized data from counties investigated in study; (2) Python-based scripts that manipulate data and perform analysis to locate pairings between 911 and RCRS entries; (3) results from pairing efforts between the 911 and RCRS databases; and (4) task deliverable reports related to research efforts throughout project. The Temple research team developed a project website with a user friendly interface to help archive all of the aforementioned information related to research efforts. This website has and will continue to serve as the instrument by which data is curated for the project. The following sections describe the structure and content of the website.

[bookmark: _Toc488074253][bookmark: _Toc495972779]Summary of Project Website
The TEM WO 009 project website is available via the following hyperlink: https://www.isip.piconepress.com/projects/penndot_response_time/. Most of the website is unprotected, but a username and password are required to download restricted information (e.g., data files, Python tools, etc.). The project website is organized using a simple structure. The home page provides a quick summary of the project objective and a list of recent project highlights. Included on the project home page are hyperlinks to the following items: (1) Overview; (2) Downloads; and (3) Docs. Item (1) is a relatively minor aspect of the website in relation to the project efforts. The “Overview” link sends the website viewer to a single webpage that provides a more thorough discussion of the project goals and research efforts. It is meant to augment the home page and present the project in a more detailed context so that users unfamiliar with the project (e.g., other PennDOT personnel with which the PennDOT project team wishes to share the website) can better understand the project prior to exploring other aspects of the site. The “Docs” link sends the website viewer to an index site with various documentation regarding the project. For example, from the “Docs” link, the user can download all relevant project reports, a demo of the pairing tool developed in this project, and the user manual for the PennDOT RCRS system. For ease of use, there is also a direct link to the project draft final report and pairing demo video on the project home page.
The most significant aspect of the project website is the location of all relevant project files, which is accessible from the “Downloads” hyperlink on the project website home page. Following this hyperlink leads the user to a landing page with additional hyperlinks to relevant project items. The most important of these is multiple iterations of the compressed archive of all data files in a single downloadable GNU compressed tar file. Additionally, a directory of all data files by county is also available via hyperlink on this page. The directory of all data files includes the following list of folders (Figure 10):
000_penndot: This folder contains Excel® spreadsheets of all RCRS data provided by PennDOT for the purposes of this research project. There are multiple versions of the spreadsheet. The first “penndot_tidy.xlsx” presents all the filtered RCRS data for this project as originally provided in the master RCRS spreadsheet provided via email by the PennDOT project team on Tuesday, November 22, 2016. The other versions present modifications to the RCRS data as performed during data normalization. For example, “000_penndot.xlsx” presents the normalized copy of the filtered RCRS data based on the normalization techniques described earlier in this report. This data is also provided in a comma-separated values (CSV) file (“000_penndot.csv” and “000_penndot_norm.csv”). Appended to each entry is a unique hash identifier for simplified, rapid data lookup functionalities using the Python scripts developed for this project. The CSV files can be opened using either a simple text editor (e.g., the Notepad program typically provided within the Windows operating system) or Microsoft Excel® among other software. Also included in this folder is an archival subfolder (“_ARCHIVES”) that contain original archives of the RCRS data prior to any normalization and filtering. The subfolder “_DOCS” in this particular case is empty but included to maintain consistency with the structure of the remaining data folders for the counties (see below).

County folders: A folder is provided for each county for which data was acquired and processed in this study. The naming convention for these folders is “XXX_county name” where the XXX represents the county number. Inside each county-level directory folder are the following files (e.g., Figure 11):
CSV file with normalized 911 call center data. As with the normalized PennDOT RCRS data, a unique hash identifier has been affixed to each 911 data entry in the normalized CSV file. The naming convention is “XXX_county name.csv” where XXX is the county number.
DAT files containing pairing information between 911 call entries and RCRS data. Two DAT files are provided: (1) “XXX_county name_ppc.dat” represents the pairing information generated when matching PennDOT RCRS entries to 911 call center entries, starting with PennDOT RCRS as the source data and 911 data as destination data; and (2) “XXX_county name_pcp.dat” represents the pairing information generated when matching 911 call center entries to PennDOT RCRS, starting with the 911 records as the source data and RCRS entries as the destination data. In both cases, the pairing information is expressed as a two column table with source hash identifier paired with destination hash identifier. So in cases where the pairing goes from PennDOT RCRS to 911 data, the first column of the table in the DAT file would contain the hash identified associated with a particular RCRS entry and the second column would contain the corresponding 911 call entry hash identifier. In cases where a credible match could not be located, “N/A” was inserted in the second column. This format was repeated in the DAT file for pairing data in the opposite direction. The DAT folder can be opened using a simple text editor as mentioned with CSV files.
Archival folder (“_ARCHIVES”) with original 911 data. Typically this folder contains Excel® files as provided by the county 911 call center (e.g., Figure 12). However, in some circumstances, these original data files were provided in PDF files or other formats. Additionally, the archival folder typically contains any revised versions of the data files that aided in the normalization process. For example, in some cases, the original Excel® spreadsheets contained merged cells or other distracting properties that hindered parsing of the data. The Temple research team manually revised such files to remove any of these issues prior to the pairing process.  The revised spreadsheet is then also provided in the archival folder in addition to the original data files provided by the county 911 call center. Another common issue was when a 911 call center provided a PDF file, which necessitated conversion into a spreadsheet. Again, both files were included for the applicable counties in its archival folder.
Documents folder (“_DOCS”) that contains pertinent documentation regarding the county data (Figure 13). For example, in cases where an RTK request was formally made, the completed form is provided in this subfolder. Also included is also any other pertinent documentation that may be useful for understanding the acquired data (e.g., document with list of abbreviations, user manuals, etc.).

Explanation text file: A simple text file (“_AAREADME.txt”) is provided in this folder (and subsequent sub-folders) that explains a number of items related to the data and/or structure of the current folder. For example, the “_AAREADME.txt” in the main directory briefly discusses many of the items included in this deliverable report (e.g., file naming conventions, folder/sub-folder structures, etc.). It also provides a change log to keep track of changes over previous iterations of the directory.

Documentation folder: This documentation folder (“_DOCS”) contains the county codes used in this study as an Excel® spreadsheet. This file is also accessible when clicking on the 
“County Codes” hyperlink on the project website home page as previously described.
Tools folder: This folder (“_TOOL) contains the various Python codes used to parse and match the data in this project. The raw coding and documentation related to usage of the codes are all provided.

[bookmark: _Toc495972336]Figure 10. Main downloads directory on project website.


[bookmark: _Toc495972337]Figure 11. Example county-level directory (Berks County).


[bookmark: _Toc495972338]Figure 12. Example county-level archival folder (Berks County).

[bookmark: _Toc495972339]Figure 13. Example county-level documents folder (Berks County).






















[bookmark: _Toc495972780]Conclusions
The effectiveness of the PennDOT RCRS system is dependent on the quality of information and the timeframe in which it is provided. Since the RCRS system is a major tool with which PennDOT monitors highways, the statistical results from this study can aid PennDOT in developing best practices for policy and procedural decisions related to traffic incident management, which can improve operation at the statewide, regional, and district traffic management centers. The follow section describes a proposed implementation plan to guide PennDOT efforts in effectively using the results from this study.

[bookmark: _Toc495972781]Implementation of Research Results
The primary results of this study include statistical evaluation of time difference between incidents recorded in the PennDOT RCRS and those recorded by emergency dispatch personnel at county 911 call centers. These research results present a wealth of information regarding traffic incident management and can be implemented in a number of ways to improve traffic operations across the Commonwealth of Pennsylvania:
Estimates of the time necessary for PennDOT to receive notification of highway incidents across the Commonwealth of Pennsylvania can allow PennDOT to better allocate resources and is the first step in minimizing the time gaps for highway closures in response to emergencies. The spatial distribution of time difference is particularly useful as PennDOT can use the research findings to identify which stretches of highways should be targeted for improvements in notification timeline. PennDOT can then collaborate with other agencies to evaluate potential mechanisms by which to decrease the time difference.

Statistical information on notification timeline allows PennDOT to identify potential key elements and any critical missing information related to traffic incident management across the Commonwealth of Pennsylvania. The findings in this research study can be used by PennDOT to establish baseline statistical responses for counties where significant data was provided. PennDOT can then continue to use the integrated framework developed in this study to augment the existing dataset with critical missing data and examine other highways and/or areas within the Commonwealth of Pennsylvania.

One major lesson from this study is that there is significant difference between various 911 communication center operations, reporting procedures, and CAD systems across the Commonwealth. In many ways, this decentralization increases the difficulty of establishing links between 911 call data and existing PennDOT RCRS records. Increased integration of datasets among the various stakeholders involved with highway incidents can begin to address some of these issues and improve operational emergency management of highways in the Commonwealth of Pennsylvania. PennDOT can use the results from this research study to explore how increased collaboration and integrated databases can improve notification latency.
[bookmark: _GoBack]
The statistical data examined in this study presents a snapshot of traffic incidents and the corresponding response timeline within the Commonwealth of Pennsylvania. PennDOT can implement the results of study by periodically deploying the integrated framework documented in this report to catalog any statistical changes in traffic incident timeline. This is particularly warranted after PennDOT implements any efforts to affect the timeline and improve notification time. This will allow PennDOT to evaluate the efficacy of traffic operations improvement efforts as well as to model any changes in county activities.















[bookmark: _Toc495972782]Appendix A: Histograms and Cumulative Distribution Plots By County
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(a)

(b)
Figure A.1. Comparison of time difference for matched records in Berks County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.2. Comparison of time difference for matched records in Bucks County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.3. Comparison of time difference for matched records in Centre County versus all counties: (a) histogram; and (b) cumulative distribution.
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(b)
Figure A.4. Comparison of time difference for matched records in Cumberland County versus all counties: (a) histogram; and (b) cumulative distribution.
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(b)
Figure A.5. Comparison of time difference for matched records in Delaware County versus all counties: (a) histogram; and (b) cumulative distribution.
[image: ]
(a)
[image: ]
(b)
Figure A.6. Comparison of time difference for matched records in Franklin County versus all counties: (a) histogram; and (b) cumulative distribution.
[image: ]
(a)
[image: ]
(b)
Figure A.7. Comparison of time difference for matched records in Lackawanna County versus all counties: (a) histogram; and (b) cumulative distribution.
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(b)
Figure A.8. Comparison of time difference for matched records in Lebanon County versus all counties: (a) histogram; and (b) cumulative distribution.
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(b)
Figure A.9. Comparison of time difference for matched records in Lehigh County versus all counties: (a) histogram; and (b) cumulative distribution.
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(b)
Figure A.10. Comparison of time difference for matched records in Luzerne County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.11. Comparison of time difference for matched records in Montgomery County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.12. Comparison of time difference for matched records in Northampton County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.13. Comparison of time difference for matched records in Schuylkill County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.14. Comparison of time difference for matched records in Susquehanna County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.15. Comparison of time difference for matched records in Venango County versus all counties: (a) histogram; and (b) cumulative distribution.

(a)

(b)
Figure A.16. Comparison of time difference for matched records in York County versus all counties: (a) histogram; and (b) cumulative distribution.
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