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Abstract

:

A public safety answering point (PSAP) receives alerts and attends to emergencies that occur in its responsibility area. The analysis of the events related to a PSAP can give us relevant information in order to manage them and to improve the performance of the first response institutions (FRIs) associated to every PSAP. However, current emergency systems are growing dramatically in terms of information heterogeneity and the volume of attended requests. In this work, we propose a system for statistical, spatial, and temporal analysis of incidences registered in a PSAP by using simple, yet robust and compact, event representations. The selected and designed temporal analysis tools include seasonal representations and nonparametric confidence intervals (CIs), which dissociate the main seasonal components and the transients. The spatial analysis tools include a straightforward event location over Google Maps and the detection of heat zones by means of bidimensional geographic Parzen windows with automatic width control in terms of the scales and the number of events in the region of interest. Finally, statistical representations are used for jointly analyzing temporal and spatial data in terms of the “time–space slices”. We analyzed the total number of emergencies that were attended during 2014 by seven FRIs articulated in a PSAP at the Ecuadorian 911 Integrated Security Service. Characteristic weekly patterns were observed in institutions such as the police, health, and transit services, whereas annual patterns were observed in firefighter events. Spatial and spatiotemporal analysis showed some expected patterns together with nontrivial differences among different services, to be taken into account for resource management. The proposed analysis allows for a flexible analysis by combining statistical, spatial and temporal information, and it provides 911 service managers with useful and operative information.
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1. Introduction


Since the 1950s, emergency services have been operating in North America mostly through a unique three-digit number (e.g., 911) for easy memorization, allowing anyone at anytime to contact a call-taker located in a public safety answering point (PSAP). A PSAP is a facility at which emergency calls are received under the responsibility of a public authority [1]. From this facility, a diversity of first response institutions (FRIs) can be coordinated and dispatched, according to the type of reported emergency. Among the main FRIs, we can find police, medical services, or fire brigades. The first generation of 911 services used the public switched telephone network (PSTN) to receive alert calls in the PSAPs [2]. When cellular communications arrived, these services evolved to enhanced 911 (E-911), with the aim of incorporating and supporting calls made from mobile devices, which have different operation schemes and protocols relative to landlines [3]. The latest technological advances in communications have generated next-generation 911 (NG-911) services, which have enabled the use of Internet protocols for transmitting voice, video, and text messages for emergency communications [4]. These new emergency response services are operating in many countries around the world, including the Integrated Security Service ECU 911 (where ECU is an abbreviation for Ecuador), which began its operations in this country in 2012.



All of these emergency services handle a large amount of information with complex geographical and temporal heterogeneities. The information stored in event databases (DBs) at each PSAP has mostly been used for generating numerical reports of events attended by each FRI in a descriptive form. However, it becomes clearer every day that many more benefits can be obtained by exploiting the dynamically stored data in order to provide service managers with efficient tools for analyzing the complex event dynamics and their interactions, rather than limiting ourselves to summary reports [5]. Thus, it seems possible to increase the quality and efficiency of the stored-data analysis by combining statistical, spatial, and temporal information for a better understanding of the attended emergencies, for generating useful reports, and for improving resource management [6,7,8]. This analysis will increase the response capacity of the FRIs, optimizing available resources, shortening response times, and helping to plan the response to similar events in the future on the basis of the analysis of historical data [9].



Therefore, this work proposes an analysis system to scrutinize the available information regarding emergencies attended by a PSAP. We used a set of techniques for the simple and effective representation of emergency events using statistical, temporal, and geographical analysis. The implemented model was oriented to obtain a statistical and spatial–temporal characterization of the continuous operation of FRIs. We designed the system and developed a case study by using the information of more than 1 million emergencies attended during 2014 by the E-911 PSAP of Quito, Ecuador. The selected and designed temporal analysis tools included seasonal representations and nonparametric confidence intervals (CIs), which allowed us to dissociate the main temporal components from transients. The spatial analysis tools included a straightforward event location over Google Maps and the detection of heat zones by means of bidimensional geographic Parzen windows with automatic width control in terms of scales and the number of events in a region of interest. Finally, statistical representations are used for jointly analyzing time and space in terms of the “time–space slices”.



This paper is organized as follows. Section 2 describes the emergency representation model and the operation of a PSAP. In Section 3, the behaviors of different FRIs are described, several examples of the emergencies attended during 2014 are analyzed, and the main results are explained and discussed. Finally, conclusions and future work are presented in Section 4.




2. Emergency Representation Model


This section starts by describing the operation of the Ecuadorian 911 service in order to give a better understanding of the requirements and needs of this type of system. After this system description, we present an equation notation for event sets, and we use it to represent the seasonal evolution and the nonparametric CIs on the temporal representation. Then, the well-known Parzen window model is used to support the geographical representation of each event set. Finally, a representation is provided for the straightforward statistical visualization of joint temporal and spatial event density, given by spatial–temporal slices of the Parzen windows.



2.1. Operation of a PSAP at ECU 911


According to the management model developed for the ECU 911, each PSAP has a specific coverage area. During normal operation, all the alert calls are routed by the PSTN or cellular network to the nearest PSAP, at which evaluation groups receive and analyze the content of every alert; when it does not proceed, the call is saved for its posterior classification and processing. If the alert proceeds, it is automatically turned into an emergency and is transferred to the corresponding FRI. Then, the dispatching evaluator of the particular institution decides which resources will be moved to attend the emergency and whether it is necessary to coordinate with other FIRs, according to the emergency’s relevance and affectation. This operation process is summarized in Figure 1a. The received alerts can originate from landline calls, cellphone calls, emergency buttons, reports from a member of a FRI, or detection by a surveillance camera evaluator.



A relevant point in an emergency system description is the percentage of the participation of each FRI in the total number of emergencies attended in a PSAP. For the case of Quito, Ecuador, this information can be readily obtained from the statistics section of the ECU 911 Website [10]. As we can see in Table 1, from more than 1 million emergencies registered during 2014, the group including police, health, and transit services represented 92% of the emergencies. On the other hand, fire brigades, municipal services, risk management secretaries (RMSs), and military forces only represented the remaining 8%. The Integrated Security Service has created a dictionary that defines 121 variables used to characterize the attended emergencies. Filtering the information contained in these variables, it is possible to identify very specific events, details, and any other important information regarding with the emergency.



Thus, the proposed event analysis system is illustrated in Figure 1b. The information of all the attended emergencies is saved in an SQL DB at each PSAP. For this work, a report of the emergencies attended by the PSAP in Quito was downloaded in a CSV file. Using Matlab® software (version 2017b, The Mathworks, Nattic, MA, USA, 2017), we organized the emergencies according to the parameters that we wanted to analyze in a .mat file. Temporal, geographical, and statistical analyses were developed and combined in order to model the behavior of each FRI. The results of this analysis could be subsequently used to send feedback to the PSAP managers, aiming to improve the response of the FRIs.



The information regarding any emergency contains a register with times associated to all the instances produced in the PSAP (i.e., the time when the alert arrives, when it is transferred to the FRI, when the resource is dispatched, when the resource arrives at the event site, and when the emergency is closed with a report of results). With this information, it is possible to map the events within a given geographical region by chronological order and filter the emergencies by the year, month, day, or even hour. This analysis allows managers to understand the temporal behavior of the emergencies attended by each FRI. Examples of this kind of representation are illustrated in Figure 2, where it is possible to identify the emergencies that occurred during the third week of January, and they are represented by days and hours next to their map localizations.




2.2. Temporal Event Analysis


From a mathematical point of view, we have a set of N observed events for all the institutions, and each event has been registered at time    t j   ,    j = 1 , … , N   . We denote by    j ∈  I i     the subset of events corresponding to the ith institution, where    i = 1 , ⋯ , L   , and L is the total number of institutions. According to this, and considering that each event occurs at a specific time and in a specific geographical location, we denote an event as    δ ( t −  t j  ,  r →  −   r →  j  )   , where    δ ( t ,  r →  )    denotes the bivariate Dirac delta function [11]. Its first argument accounts for the time evolution, while the second accounts for the geographical location of each event. We note that    r →    denotes the coordinate vector of an event in general terms, which will be on the earth’s surface, specifying the place of the event’s occurrence and expressed in some adequate coordinate system. Thus, the original event series is given by the accumulation of shifted bivariate deltas:


   f  ( t ,  r →  )  =  ∑  j = 1  N  δ  ( t −  t j  ,  r →  −   r →  j  )    



(1)




whereas the set of events for the ith institution can be expressed as


    f i   ( t ,  r →  )  =  ∑  j ∈  I i    δ  ( t −  t j  ,  r →  −   r →  j  )    



(2)




where    j ∈  I i     denotes the set of indices belonging to the ith institution in the system. We can obtain an expression for the time evolution of the event series in M intervals, for the ith institution, by establishing a time interval width T and a spatial integration domain    Γ (  r →  )   . This is


    Δ i   ( t | T )  =  ∑  m = 1  M   g  i , T ,  r →     ( m )  δ  ( t − m T )    



(3)




where


    g  i , T ,  r →     ( m )  =  ∫  m T − T / 2   m T + T / 2     ∬   Γ (  r →  )    f i   ( t ,  r →  )   d  r →   d t   



(4)




and     g  i , T ,  r →     ( m )     is thus obtained as the number of events available in the dataset in the time period m (   m = 1 , … , M   ) and in the spatial domain    Γ (  r →  )    when an observation time width T is used.



With this simple event description in the temporal domain, time averages can be obtained and estimated from the available set of observations through


     Δ ¯  i   ( t | T )  = E  [  Δ i   ( t | T )  ]    



(5)







We note that E denotes here the theoretical statistical expectation; however, it is not available in our problem. Instead, we constrain ourselves to working with the empirical distribution implicitly when we consider events, and this empirical distribution, as given by the delta summations, is used to give an estimation of this value by obtaining the empirical average of the event sets in convenient time intervals of interest.



A CI would be highly desirable for the estimated time averages, but in general these are not easy to calculate from parametric tests, as far as a priori distributions (such as Gaussianity) will likely not always be a reasonable assumption. To overcome this situation, we propose using a nonparametric estimation technique based on bootstrap resampling techniques [12,13]. A bootstrap resample of a given list of events is obtained by generating a new list of events from sampling with replacement of the original list, yielding:


    f *   ( t ,  r →  , b )  =  ∑   j *  = 1  N  δ  ( t −  t  j *   ,  r →  −   r →   j *   )    



(6)




where the asterisk     *    indicates the usual notation in bootstrap resampling for statistical elements coming from the plug-in principle and resampling process, to distinguish them from the empirical or theoretical statistical elements;    t  j *     are the resampled event times, hence appearing zero, one, or several times in the resample; and b indicates the number of resamples that we are building. After resample b is built, a bootstrap replication can be built for any of the described elements of temporal evolution, by virtue of the plug-in principle [12], and then we can estimate:


     Δ ¯  i *   ( t | T , b )  = E  [  Δ i *   ( t | T )  ]    



(7)







Now, if we denote the distribution of the time average as     p   Δ ¯  i    (   Δ ¯  i  )    , we can repeat the resampling and replication process    b = 1 , ⋯ , B    times, and the histogram of the replication can be used to give an estimate of this distribution, which can be denoted as     p   Δ ¯  i  *   (   Δ ¯  i  )    , such that CIs can be readily obtained by simply using ordered statistics.




2.3. Geographical Event Analysis


For the geographical analysis, the information required in the    r →    argument consists of longitude and latitude, and these correspond to the geographical coordinates taken from the alert phone call by one of the following methods: (1) Automatic number identification and automatic location identification for land lines; (2) GPS-based positioning for smart phones; (3) Calculated geolocation for low-end cellphones. This initial location may vary from the real coordinates, and when the FRIs arrive at the event site, they can verify to keep or update it. All this information is saved in the corresponding PSAP’s DBs.



By using these geographical coordinates, the emergencies can be plotted over Google Maps in order to observe their distribution in a specific geographical zone. Figure 2b shows an example of the emergencies attended in a single day using blue points to denote their location     r →  j    in terms of scatter. It can be seen that the spatial information is richer in regions where the events tend to concentrate. The point representation only provides us with a scatter representation of the geographical dynamics of the events. The notation now for this event series is given by


    Δ i   (  r →  | m T )  =  ∑  j ∈  I  i , m T     δ  ( t −  t j  ,  r →  −   r →  j  )    



(8)




where    j ∈  I  i , m T      is the subset of indexes for which events take place in the ith institution during time period    ( m T − T / 2 , m T + T / 2 )   .



This empirical function gives us a scatter of points with an approximation of the spatial distribution. However, its scatter plot is not detailed enough to generate heat maps. In other words, we need a representation based on probability density functions (PDFs) maintaining the nonparametric characteristic of the empirical distribution. To yield an easy-to-plot statistical representation, we propose to use Parzen windows in our system.



2.3.1. Parzen Windows


In 1962, Parzen introduced a nonparametric method that can be used for estimating PDFs [14]. In our case, if we consider that the set of events is an event series of independent and identically distributed observations, then the estimated probability by Parzen windows is denoted    p (  r →  )   , and by constraining it to N observed samples, we have that the empirical probability distribution function is given by


     p ^  e   (  r →  | m T )  =  1 N  Δ  (  r →  | m T )    



(9)







Now, we can use a kernel function to give a continuously supported estimation of the PDF. For instance, the use of the Gaussian kernel often yields a good-quality estimator by virtue of the central limit theorem [15], and in this case, the estimated distribution is expressed as


     p ^  G   (  r →  | m T )  =  1  N   ( 2 π )   d / 2    σ d     ∑  j ∈  I  i , m T      e  −    |   r →  −   r →  j    |  2    2  σ 2        



(10)




where d is the dimensionality of the Gaussian kernel feature space using a common variance    σ 2   ; this is a free parameter to be chosen according to the observation scale and the number of events.



At this point, we can define the space slices for a specific time. However, we give an example in one dimension in order to better understand this proposal. For a one-dimensional and single-mode random variable x, with known distribution     f X   ( x )    , we can define its CI, with confidence level (CL)    1 − α   , in terms of the area integrated by the portion of     f X   ( x )     larger than a given threshold u, as follows. The CI    (  x l  ,  x h  )    is the set of points fulfilling


    ∫   x a    x b   f  ( x | f ≥ u )   d x = 1 − α   



(11)




which can be readily extended to multimodal distributions. We define the limiting points as those accounting for the boundary in the x domain that ensure that the CL is    1 − α    when integrating the distribution function when it is larger than a threshold. Thus, we can define the space slice    ξ ( T , α )    as the set of points in the spatial domain for which the estimated density function integrates    1 − α    of its area, for the events in a given period of time; that is,


   ξ  ( T , α )  =   r →  ξ    ∫  D (   r →  ξ  )     p ^  G   (  r →  , T |   p ^  G  ≥ u )   d  r →   = 1 − α   



(12)




where    D (   r →  ξ  )    denotes the bidimensional domain enclosed by the boundary points in a path given by     r →  ξ    [16].



We can think of a Parzen window density estimation in our problem as a data interpolation technique that uses the emergency’s coordinates (i.e., latitude and longitude) to estimate a PDF [14]. This way, it allows us to graph a bidimensional surface with its higher amplitudes over the densest area of the represented events. We can define a CL, for example, 40% or 20%, as shown in Figure 3, and visualize the resulting contour where the plane P intercepts the PDF’s generated surface.




2.3.2. Short-Scale Adjustment of the Parzen Width


The previous subsection has described the use of Parzen windows to estimate the density function of events, for which we have to decide the value of the represented bandwidth. At a global observation scale, for example, the whole city, the method is robust for empirical methods of determining the bandwidth, as the samples contain a large number of events. For this reason, a heuristic criterion for bandwidth of about 0.01 can been used for exploration from a city representation scale. However, we would like to be able to work at different observation scales, in order to scrutinize further details in different regions of interest. For this purpose, we use two elements. First, a system of geographical representation yields the required flexibility in the support or our framework. Using Google Maps, we represented the emergencies on an adequate scale that allowed us to identify relevant details, such as the street names and sectors. Second, the option to work at different scales of observation depends on how the bandwidth is set, particularly if there are multimodalities. This last element is further developed next.



Botev et al. [17] proposed a purely data-driven algorithm to determine the bandwidth of Parzen windows, which avoids the use of any arbitrary reference rule and is particularly suitable for auto adjusting the bandwidth at different scales in our system. This method introduces an adaptive kernel density estimation (KDE) method based on the smoothing properties of the linear diffusion process. This method is known as Parzen kernel density deviation via diffusion (Parzen–KDD, for short). The use of Parzen–KDD allows for a better representation of Parzen windows in narrow scales and provides this with accuracy when locating small sets of events, as illustrated in Figure 4d.



We consider a KDE, given by


    f ^   (  r →  ; σ )  =  1 N   ∑  i = 1  N  ϕ  (  r →  ,   r →  i  ; σ )    



(13)




where    ϕ  (  r →  ,   r →  i  ; σ )  =  1    2 π   σ    e  −   (  r →  −   r →  i  )  2  /  ( 2  σ 2  )       is a Gaussian kernel with center location     r →  i    and scale   σ  , also known as the bandwidth.



In order to calculate the bandwidth in higher dimensions, it is necessary to know the asymptotically optimal squared bandwidth (   σ *   ), which is given by


    σ *  =   2 π N (  ψ  0 , 2   +  ψ  2 , 0   +  ψ  1 , 1   )   − 1 / 6     



(14)




where   ψ   is a twice continuously differentiable function    ψ ( 1 ) = 0    and     ψ  ″    ( x )  > 0    for all    x ∈ R   . In order to estimate all    ψ  i , j     for which    i + j = k    and    0 ≤ k ≤ 2   , the method uses established formulas for    k ≥ 3   . The function    γ ( σ )    is defined as


   γ  ( σ )  =   2 π N (   ψ ^   0 , 2   +   ψ ^   2 , 0   +   ψ ^   1 , 1   )   − 1 / 6     



(15)




where    ψ ^    is the viable plug-in estimator derived from


    ψ  i , j   =  ∬      ∂  ( i + j )    ∂   r →  x i  ∂   r →  y j    f  (  r →  )   2  d  r →    



(16)







By solving Equation (15), it is possible to find    σ x    and    σ y    for the Gaussian kernel [17], and these have the form


    1  2 π  σ y   σ x     e  −      (   r →  x i  −   r →  x j  )  2   2  σ x 2    −   (   (   r →  y i  −   r →  y j  )  2    2  σ y 2          



(17)







Then, the squared bandwidth can be calculated with the following expressions:


    σ x  =      ψ ^   2 , 0   3 / 4    4 π N   ψ ^   0 , 2   3 / 4    (   ψ ^   1 , 1   +     ψ ^   2 , 0     ψ ^   0 , 2      )      − 1 / 6     



(18)






    σ y  =      ψ ^   0 , 2   3 / 4    4 π N   ψ ^   2 , 0   3 / 4    (   ψ ^   1 , 1   +     ψ ^   2 , 0     ψ ^   0 , 2      )      − 1 / 6     



(19)







These equations are the basis for the Parzen–KDD method.






3. Experiments and Results


The information saved in the DB used contained 121 variables, and these were obtained from the incoming alert calls converted into emergencies and attended by their corresponding PSAP, as shown in Figure 1. All the registered events were stored without any order or predefined pattern, but the geographical coordinates and several time references are available. To give an idea of the amount and quality of the available data in this DB, there were about 1,078,000 registered emergencies in the Quito PSAP only for 2014, and each event had valid information recorded in at least 50 of the 121 variables. These events were used as the basis for building and testing the system, providing us with the three described types of analytics and visualization, namely, temporal, geographical, and spatiotemporal.



3.1. Results of Temporal Analysis


In the temporal domain, spectral analysis allowed us to recognize different periodical behaviors for each institution. By using the periodogram, we could determine or discard the near-periodical nature of these signals, which is a good indicator of seasonality in a data series [18]. Two examples of spectral analysis can be observed in Figure 5, where the fundamental period (   T 0   ) of the analyzed signals could be obtained by taking into account the presence of a harmonic structure and then identifying its fundamental frequency. As seen in Figure 5a, there is a fundamental peak at the frequency corresponding to     T 0  = 7.01    days, which means that the near-periodic pattern clearly repeated every week in the short-time periodic institution (STPI) services. On the other hand, Figure 5b shows a fundamental frequency peak corresponding to     T 0  = 12.01    months, which clearly indicates the near-periodicity pattern of 1 year for the long-term periodic institution (LTPI) service.



According to the above observed temporal distributions of the registered events, we noted that the FRIs in Quito could be divided into three categories, as described next.



First, STPIs are those with a characteristic near-periodic behavior in short observation time intervals, that is, a week or a month. Police, health, and transit services can be included into this first category. Figure 6a illustrates the number of emergencies for these institutions over 2014, and Figure 6b details the month of March represented on a daily basis over the month. We can observe that Mondays usually exhibited the lowest number of events. The number of emergencies continued to increase during the other weekdays, and it reached the maximum values on weekends. Specifically, Saturday was most often the day when the peak of emergencies could be observed. This trend continued during the month and throughout the year. By comparing the plots of these three institutions, we can observe a similar behavior in terms of emergency peaks being coincident in similar days for this institution group.



Second, LTPIs are those with a near-periodic behavior during extended time intervals, in our case, a year. Figure 6c illustrates the emergencies corresponding to fire brigades over the years 2013 to 2016. In Figure 6d, four years are shown overlapping, and a characteristic pattern with a similar number of events can be observed during the first and last months of each year. In the third trimester, a dramatic increase in the number of emergencies can be seen, which was due to the summer season and its associated wildfire increase, according to [19]. The unusual peak of emergencies in April of 2016 corresponded to an earthquake of 5.9 degrees on the Ritcher scale that affected the country [20].



Finally, non-time periodic institutions (NTPIs) are those whose graphical representation or Fourier transform do not exhibit any periodic behavior, but rather they seem to be completely random and unrelated in terms of number of events. In our DB, RMS, military, and municipal services were included in this category. In Figure 6e we can see the emergencies that were attended during 2014 by these services, and Figure 6f shows March of 2014 represented with monthly and weekly scales.



Given the near-periodicity present in both STPIs and LTPIs, it is useful to obtain their statistical temporal description, as given by the bootstrap CIs, trends, and outlier events (OEs). An OE is any observation outside of 1.5 times the interquartile range (IQR) over quartile Q3 and below quartile Q1 [21]. The time intervals considered for this analysis can be hourly, daily, weekly, monthly, or yearly. Emergencies recorded during 2014 were analyzed by overlapping the 52 weeks of the year. The results are depicted for police services in Figure 7a, for health services in Figure 7b, and for transit services in Figure 7c. The OEs are clearly seen as located outside of the dashed lines, and the CI is represented as the gray area. This temporal summary representation can be very helpful to support the manager analysis of the near-periodic behavior and to systematically analyze the OE, hence supporting the resource allocation by emergency managers of each institution. In all the cases, the CI confirmed this behavior in the analyzed institutions. For STPI, Saturdays registered the maximum peak of reported emergencies, and Mondays registered the lowest number. These three institutions had a similar weekly pattern. Figure 7d shows the characteristics of the LTPI, where 4 years were considered, from 2013 to 2016. The CI confirmed the behavior related with summer, forest fires and its yearly periodicity.



An hourly representation of the police events was further scrutinized, as seen in Figure 8, to show an example of short-term analysis. In this case, we overlapped the 365 days of the year, and these were divided into 24 h periods. This allowed us to identify the time interval of the day in which the number of events reached their maximum and minimum. We represented separately the yearly average of emergencies attended during weekdays versus weekends. In all the cases, we see that from midnight to 06h00, there was a dramatic decrement in the number of emergencies; during daylight hours, the number of events started to gradually rise, and from 18h00 to midnight the events reached their peak values. Once again, we see that the nights of weekends clearly registered the maximum number of attended emergencies. We note that, in this case, there was an overlap between 8 and 16 h, indicating that these hours were equally intense for all the days of the week in terms of police events.




3.2. Geographical and Spatiotemporal Analysis


As previously explained, two available variables in our DB were latitude and longitude of the emergency events. With this information, it was possible to geolocate these on a map for visual and numerical analysis of the geographical characterization of the FRIs under study. Although these types of geographical phenomena analyses and visualizations are being deeply studied [22,23], heatmap visualizations based on KDE approaches are one of the most widely applied solutions [24,25]. This popularity is due to their easy-to-modify character, in order to create efficient and scalable versions for different types of data, such as data streams [26,27] or big data [28,29,30]. For this reason, heatmap visualizations based on improved KDE methods have been used in a wide range of application fields, including traffic data visualization [31], emotional heatmaps [32], sentiment analysis [33,34,35], or human dynamics in social networks [36], among others. However, although level sets [23] and density pruning techniques [29] are studied for visualization, to the best of our knowledge, three-dimensional (3D) spatiotemporal visualization, as in Figure 9, has not been exploited to date, whereas it can be very useful to locate different spatiotemporal events in the same management panel.



In our system, the geographical representation was made over Google Maps, which can be readily handled with a publicly available function (plot_google_map.m) that uses an API (Application Programming Interface) developed by the same company [37]. The map coordinates were stored in the WGS84 reference system [38]. These geographical coordinates were used to search an image of a bidimensional map to place the emergencies as visible points, as observed in Figure 2b. The map scale could be settled to adapt the represented area according to the search criteria for the analyzed events.



Once the emergencies were placed over a reference map, we needed to identify the densest locations and represent these to create a heat map. With this purpose, a Parzen representation was applied, and some example results can be observed in Figure 4, where darker red areas correspond to a higher event density. In this case, a fixed bandwidth was used to yield a global (city-scale) view of emergencies in police, health, and transit services. We note that there is a noticeable similarity on the support for these three services, but the heat peaks are not always the same, as was the case for the time series peaks. For instance, police has a trimodal representation supported along the city, whereas health has a bimodal distribution, partially corresponding to that of the police, but with narrower main modes. On the other hand, transit events are distributed with strong multimodality, and their heat noticeably extends to the south-east, corresponding with one of the main roads that connects the city of Quito with the towns of Monjas, Conocoto and Sangolquí. In Figure 4d, we can observe Mariscal town on a short scale. In this case, by using Parzen–KDD, we could easily identify the points of higher concentration of police events. This accuracy is very useful when the responder institutions are planning the distribution of their units across the city for a faster response or to prevent incidents in the future.



As described in Section 2, the spatiotemporal analysis results from the combined analysis of spatial and temporal information of the emergencies registered in our DB. This combination allows us to better understand the occurrence of emergencies associated to each FRI. In other words, when we represent each confidence area in terms of 3D coordinates (latitude, longitude, and time), it is possible to obtain a useful visualization of the events [39]. In Figure 9, we represent the 95% confidence areas for each day in December 2014 (only 11 days are represented for ease of visualization on paper), corresponding to the police emergencies in the city of Quito. We note the temporal variations in the position of the slices with time, as well as the changes in shape and area. It is noteworthy to emphasize that this kind of variation remains hidden if we only scrutinize the temporal representations of the number of events.



In order to further analyze STPIs and LTPIs, we compared the geographical Parzen estimation during the day of the maximum and minimum number of emergencies in 2014 and for each FRI. For the police service, the maximum peak of events was registered on Saturday 6 December, with 3090 emergencies, and the minimum was on Thursday 2 January, with 630 emergencies, as illustrated in Figure 10a. We note that this represents a noticeable number of emergencies, even for the minimum peak. The same figure depicts the Parzen distribution both in a red gradient over the map and its corresponding bidimensional PDF, for better visualization purposes. It is interesting to note that regions with intense activity for this service tended to be quite similar, as seen in the heat maps; however, their relative intensity was different over these days, which is more evident in the PDF representation. This points out that the modal regions with police activity were repetitive, whereas the intensity within these regions tended to be different over different time periods.



For health services, the maximum peak of events was registered on Wednesday 1 January, with 1437 emergencies, and the minimum was on Wednesday 6 August, with 307 emergencies. Figure 11 shows a similar representation for these, making evident that in this case the dynamics were different, as far as some modal regions were repeated (in the south and along roads to the east and south-east), but other modal areas were very different, which was made more evident in the PDF representations. Therefore, health emergencies were more variable in terms of their geographical support, and not only in the intensity of events.



For transit services, the maximum peak was on Saturday 20 December, with 1177 emergencies, and the minimum was on Thursday 2 January, with 199 emergencies, as Figure 12a shows. On weekends, transit emergencies were distributed in a wider area that included sectors and small towns around Quito, compared to the weekdays. The visible distribution modes allowed us to identify concentrations in Carcelen (A), Tanda (B), Luluncoto (C), Conocoto (D), and Sangolquí (E), which correspond to the city periphery (see Figure 12b). During weekdays, transit emergencies were mainly concentrated in the urban area of the city, as clearly seen in Figure 12c.



For fire brigades, the maximum peak of events was registered on Sunday 21 September, with 1618 emergencies, and the minimum was on Monday 27 January, with 36 emergencies, as is illustrated in Figure 13a. In Figure 13b, it is easy to identify two main event concentrations located in Carretas (A) and Tumbaco (B) towns. Figure 13c shows the 3D Parzen distribution over the map. These peaks of events are highlighted as the most visible. Finally, Figure 13d,e shows Parzen–KDD representations for the maximum peaks registered. Carretas (A) and Tumbaco (B) emergencies can be observed in this order. It can be seen that the geographical representation was often found to be very useful to accurately locate the emergencies reported to a PSAP and similar surveillance systems [19,40].



The PSAP of Quito covers three provinces, namely, Pichincha, Napo, and Orellana, and their respective capitals are Quito (2,644,145 inhabitants), Tena (74,158 inhabitants), and El Coca (88,106 inhabitants). The largest number of emergencies were concentrated in the Quito metropolitan district and its near towns. Their combined population is close to the 3 million persons. Napo and Orellana are two of the six Amazonic provinces of the country. The Amazonic region represents almost the 45% of the total surface of the country; less than 5% of the Ecuadorian population are living in it. This nonuniform demographic distribution explains the lower density of emergencies registered in the other two provinces when we compare these with Quito. In Figure 14a, we can observe the cities of (A) Quito, (B) Napo, and (C) El Coca. It is easy to note the concentration of events registered along January 2014. Figure 14b,c illustrates the cities of Tena and El Coca, respectively. In these cities, most of events were registered in the urban parts. The surrounding territory is essentially tropical jungle with prevailing high temperatures and humidity, very low highways, and a number of protected areas and national parks. If we add this to the low density of the population, we can easily explain the low number of events registered in both provinces compared with Quito. Nevertheless, this represents highly different event dynamics in these regions, which also needs to be adequately characterized in time and space and in statistical terms, for its adequate management.





4. Discussion and Conclusions


The unprecedented growth in the amount of data related with 911 events has increased the need for agile processing and visualization. When large amounts of data are available, even simple statistical, temporal, and geographical descriptions are necessary and strongly informative. In this work, we propose a system for temporal analysis, including seasonal representations and nonparametric CIs, together with spatial representations, including heat maps, in terms of Parzen estimations. In the case study of 911 events in Quito, temporal analysis allowed us to divide the FRIs into three groups according to the periodicity of the registered events, namely, STPIs, LTPIs, and NTPIs. More than 1 million emergencies were analyzed for this research in terms of relatively simple statistical descriptions. For periodically behaved institutions, seasonal patterns were identified separately from trends and atypical events. From the geographical-analysis point of view, the emergencies could be readily seen over a referenced Google Map, and their spatial dynamics could be observed and quantified; moreover, FRIs could be scrutinized from different scales.



The proposed system can be used to provide 911 managers with statistical, spatial, and temporal analysis of the emergencies registered in a PSAP. The temporal and geographical visualization is a necessary tool, but we would like to stress that the proposed system is not just a visualization tool. Statistical processing provides us with powerful analysis tools and relevant information, which cannot fully be extracted from raw data, as in Figure 2. The use of bootstrap resampling and Parzen windowing is quite an operative statistical approach to these data, as far as these nonparametric methods are easy to use in order to deal with statistical tests and density estimations under conditions for which the underlying statistical distributions cannot be assumed as known. The efficient management of resources requires an agile and natural time–space representation supporting system and an adequate statistical analysis to convert the set of events into meaningful and solidly estimated dynamics. Whereas some of the results presented here can seem trivial (i.e., a larger number of events in the weekend), a solid quantification is the basis for establishing resource allocation. From this point, we can move now towards the design of systems used for resource allocation, by combining the resource information with the quantified data model, as well as towards more advanced and improved estimation and data processing tools. For instance, more advanced data analysis algorithms, prediction systems, or parametric statistical analysis can now be pursued. The role from the other recorded variables in the DB certainly remains to be exploited. Moreover, data quality considerations are also to be taken into account, as is usual in problems based on storing large amounts of data.



In fact, by using the information obtained with the developed tool, the institutions do not depend only on the empirical experience of the dispatchers. Usually, this kind of experience takes several months to be learned for people that work in the dispatching area. The spatial dynamics for each FRI are even more complicated in terms of being abstracted by the dispatchers. We note that the present work does not only present a temporal representation of the emergencies, but also a geographical representation in which “hot points” can be identified. Hence, through our proposal, the occurrence of different emergency types at different locations can be characterized, hence allowing the saving of time when resources are preallocated according to the type and approximate number of expected events. Moreover, economical resources can be saved when units for emergency attendance are not constantly moved or travel only short distances. This is also very relevant when an opportune response may save lives as a result of a technical planning method. For instance, knowing the concentration of crimes against the property, police units may be placed in fixed or mobile stations close to these hot areas, which allows for a fast response if an emergency is reported. This will definitively increase the security of these zones, and this is also considered as a dissuasive element to illicit actions.



Future work includes the detailed analysis of specific emergency types attended by each institution and its statistical behavior with time. All of this is oriented to planning the distribution of resources on territory for an efficient future response to the occurrence of the studied emergencies, for example, the occurrence of car accidents during holidays on a specific highway. Knowing the distribution of these events, it will be possible to obtain the road safety risk evaluation [41] and plan the location of resources for the next periods of time, looking to minimize the response time or, in the best case, preventing the occurrence of the referred events.
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Figure 1. Overview of a public safety answering point (PSAP): (a) basic operation; (b) proposed model. DB: database; FRIs: first response institutions. 
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Figure 2. Emergencies registered during January, 2014. Number of events as a function of time during the first and third weeks (a,c); grouped by hours, and their scatterplots (b,d). 
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Figure 3. A confidence level (CL) visualization shows the contour that results from the intersection of the Parzen solid representation and the settled horizontal plane, as seen in (a); (b,c) contour visualization for CL = 40% and CL = 20%. 
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Figure 4. Overview of emergency events in the city of Quito during 6 December, as represented by their Parzen estimation for (a) police; (b) health; and (c) transit services, using a global width for all of these; (d) representation of event density using Parzen kernel density deviation via diffusion (KDD) for police on a short scale over Mariscal town. 
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Figure 5. Spectral analysis of short-time periodic institution (STPI) (a) and long-term periodic institution (LTPI) (b) examples. The narrowband spectrum in both cases and the clear presence of harmonics highlight the periodic and seasonal character of these institutions. 
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Figure 6. Emergencies registered during 2014, grouped by temporal visual trends: (a,b) police, health, and transit services; (c,d) fire brigade; (e,f) risk management secretary (RMS), military, and municipal services. 
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Figure 7. Temporal representation of the confidence interval (CI) of events during 2014, for police (a); health (b); and transit (c) services; as well as fire brigade events over 4 years, from 2013 to 2016 (d). Dashed lines are the criterion used to identify the OE, and gray areas are used to characterize the repeating patterns and subsequent resource allocation by managers. 
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Figure 8. Police emergencies by hours during 2014. Average of the 365 days of the year and their confidence intervals (CIs) are represented. Weekdays versus weekends emergencies can be seen with their variations. 






Figure 8. Police emergencies by hours during 2014. Average of the 365 days of the year and their confidence intervals (CIs) are represented. Weekdays versus weekends emergencies can be seen with their variations.



[image: Applsci 08 00199 g008]







[image: Applsci 08 00199 g009 550] 





Figure 9. Spatiotemporal emergency slices for police during December (only 11 nonconsecutive days are illustrated for better visualization on page). It is easy to notice with this representation the variations in the geographical concentration of events during the month and its concentration over different regions of the city. 
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Figure 10. Analysis of police emergencies. (a) Events during 2014, with maximum and minimum peaks; (b,c) Parzen distribution in red gradient over the map and bidimensional probability density function (PDF) representation for maximum peak on December 6; (d,e) The same for minimum peak on 2 January. 
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Figure 11. Analysis of health emergencies. (a) Events during 2014, with maximum and minimum peaks; (b,c) Parzen distribution in red gradient over the map and bidimensional probability density function (PDF) representation for maximum peak on 1 January; (d,e) The same for minimum peak on 6 August. 
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Figure 12. Analysis of transit emergencies. (a) Events during 2014, with maximum and minimum peaks; Typical Parzen distribution (red gradient over the map) of transit emergencies registered on a weekend (b); and on weekdays (c) of a week in December. 
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Figure 13. Analysis of fire brigade emergencies. (a) Events during 2014, with maximum and minimum peaks; (b,c) Parzen distribution in red gradient over the map and bidimensional probability density function (PDF); (d,e) Parzen kernel density deviation via diffusion (KDD) representations for maximum peaks, circled in red, during 21 September. Parzen–KDD permits us to visualize in short scale the exact location of events on the sectors of Carretas (A) and Tumbaco (B), respectively. 
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Figure 14. Scatterplot of the emergencies registered during January 2014 in (a) the three main cities of the provinces covered by the public safety answering point (PSAP); (b) Tena, the capital of Napo; and (c) El Coca, the capital of Orellana. 
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Table 1. Percentage of emergencies attended during 2014 by the first response institutions (FRIs) of the public safety answering point (PSAP) in Quito, Ecuador.
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	Institution
	Percentage





	Police
	64.2



	Health services
	15.0



	Transit
	12.8



	Fire brigades
	3.0



	Municipal services
	2.8



	Military forces
	1.3



	Risk management secretaries
	0.9











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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