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Abstract 

Automated Speed Enforcement (ASE) has emerged as a prominent speed enforcement 
practice, attracting policy attention as its adoption has increased. Although ASE has been 
widely studied on residential streets and urban corridors, empirical evidence regarding 
its effectiveness in school zones is limited, where vulnerable road users and time-specific 
exposure create distinct safety challenges. This study developed Crash Modification Fac-
tors (CMFs) for ASE in school zones that quantify the expected change in crash frequency 
associated with a safety treatment, using before-and-after studies with Empirical Bayes 
(EB) and comparison group methods. The before-and-after crash studies yielded CMFs 
below 1.0 in all scenarios considered in this study, indicating the safety benefits of ASE 
across multiple crash and school categories. The comparison group before-and-after study 
indicated that, following ASE implementation, total crashes decreased by 10 percent 
(CMF = 0.90) and 9 percent (CMF = 0.91), while speeding-induced crashes decreased by 
35 percent (CMF = 0.65) and 54 percent (CMF = 0.46) for school zones on state-maintained 
and locally maintained roads, respectively. Thus, estimated CMFs provide quantitative 
inputs that agencies may consider, indicating that ASE is an effective speed management 
strategy for improving safety in school zones and justifying investment. 

Keywords: automated speed enforcement; speed management; school zones; crash  
modification factors 
 

1. Introduction 
Reducing crash risk has been explored by identifying and managing drivers’ behav-

iors, particularly driving speed, which is recognized as a major risk factor, contributing 
to 50% of crashes worldwide [1,2]. Speeding, defined as exceeding the posted speed limit, 
driving at an unsafe speed for prevailing conditions, or engaging in high-risk driving be-
havior, remains a major traffic safety concern. Excessive speed contributes substantially 
to both the frequency and severity of crashes [3,4]. Certain road users, particularly those 
with limited physical or cognitive capabilities, are disproportionately affected by exces-
sive speeds, making the consequences of speeding more severe. Children are one of the 
most critical groups because of their small physical stature, reduced conspicuity, unpre-
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dictable behavior, and limitations in judging vehicle speeds or distances [5]. Effective 
speed management strategies have been shown to reduce traffic crashes and their severity 
[6], with even a 5 mph speed reduction associated with a lower risk of severe and fatal 
injuries among kids [7]. A variety of measures are employed in school zones to manage 
vehicle speeds, including traffic-calming measures, flashing beacons, speed limit signs, 
manual speed enforcement, and Automated Speed Enforcement (ASE) [8]. 

Among these speed management strategies, ASE has experienced increasing adop-
tion in recent years [9]. The goal of ASE is to complement traditional law enforcement by 
elevating the objective and perceived risk of being cited, thereby deterring speeding be-
havior and ultimately reducing crash occurrence [10]. ASE systems typically use two main 
types of speed cameras: fixed and mobile cameras. [11]. Fixed cameras are installed at 
predetermined critical locations to provide continuous speed monitoring, including 
school and work zones. Mobile cameras are portable speed cameras that can be deployed 
at different locations as needed, providing flexibility to address speeding problems at tem-
porary or emerging high-risk sites. These automated systems are configured and operated 
differently depending on the installation location, incorporating diverse traffic policies, 
operational thresholds, or technology. 

This study was conducted to assess the safety impacts of ASE in school zones and to 
identify policy-related insights to guide decisions on implementation, continuation, and 
long-term use. In the United States (US), implementing ASE has become more challenging 
than in other countries and has become a politically sensitive topic, with frequent policy 
changes and public opposition [12]. Only a few studies have been performed in the US to 
assess ASE programs in school zones, and there is a lack of data-driven evidence of their 
effectiveness [8,13]. School zones are highly significant for traffic safety due to the pres-
ence of children, traffic surges during drop-off and pick-up hours, and high levels of in-
teraction between motorized and non-motorized road users. In this context, it is important 
to address the existing knowledge and implementation gap by providing empirical evi-
dence to inform decision-makers and agencies in improving school zone safety. Therefore, 
the first objective of this study was to quantitatively evaluate the impact of ASE by esti-
mating Crash Modification Factors (CMFs) for school zones using before-and-after stud-
ies. These CMFs quantify the expected change in crash frequency resulting from a specific 
safety intervention relative to the condition without the intervention. The second objective 
was to provide insights and recommendations to inform traffic safety policy and invest-
ment decisions. The data for this study were collected from the school zone ASE program 
in Georgia (GA), US, and this is the first comprehensive evaluation of this program. This 
manuscript constitutes a component of a broader research project conducted for the Geor-
gia Department of Transportation (GDOT) [14,15]. 

2. Literature Review 
School zones are typically considered critical locations because they involve child 

pedestrians and time-specific traffic patterns. Over the past decade in the US, school zones 
have experienced a concerning number of child pedestrian injuries and fatalities, with 
approximately 25,000 injuries and 100 fatalities [16]. A study conducted in school zones 
in Mississippi, US, revealed that mean speed exceeded the posted school zone speed limit 
[17] and selected school zones in GA, US, had more than 54 percent of drivers who trav-
eled at 15 mph or more above the posted speed limit, and 14.2 percent drivers exceeded 
the school zone speed limit by 20–24 mph [18]. Another study observed speeding behavior 
over a 5-week period from 147 drivers in a selected group of school zones in Sydney, Aus-
tralia, using GPS data [19]. The study focused on how long and how much drivers ex-
ceeded the posted speed limits, and it was found that 23 percent of the distance traveled 
surpassed the posted school zone speed limits, a significant percentage compared to other 
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street categories examined in the study. Selected school zones in Calgary, Canada, also 
exhibited higher mean and 85th-percentile speeds [5]. Additionally, in selected school 
zones in Toronto, Canada, the area density of fatal collisions was significantly high, and 
collision density decreased with increasing distance from the school [20]. 

Within this context, enhancing driver compliance in school zones and thereby reduc-
ing the crashes is the ultimate justification for ASE policy. ASE is increasingly adopted to 
enforce speeds due to its advantages in resource optimization, coverage, and consistency 
[13]. The ASE program in both school zones and residential streets in Maryland, US, 
showed a direct reduction in vehicle speeds and crashes, reducing severe injury and fatal 
crashes by 19.54 percent [21]. The school zone ASE camera program in Seattle, Washing-
ton, US, was found to reduce speed limit violation rates over time [8]. Additionally, ASE 
cameras in school zones in New York City reported that the program has been largely 
successful in reducing speed violations in both the short and long term, and provided 
statistically significant evidence of a 14 percent reduction in crashes after implementing 
speed cameras [13]. In Korea, a study using Bayesian structural time-series models to eval-
uate the effectiveness of tougher school zone laws, which included automated traffic 
safety devices, found that those laws did not significantly reduce crash rates, either per 
million vehicles or per million children [22]. Given the limited number of school zone-
specific studies, researchers have frequently examined ASE effectiveness in other road-
way contexts, as presented in Table 1, where speed management is critical. 

In addition, several challenges exist when implementing and operating ASE pro-
grams. Public opposition remains a primary hurdle to implementing ASE, specifically in 
the US, and many individuals and entities question the significance of these programs 
[23]. In the US, speeding is consistently seen as far less dangerous than other behaviors, 
such as drunk driving or distracted driving [24]. Several concerns exist regarding ASE, 
including its limited impact on driver behavior, crash prevention, and overall reductions 
in traffic violations [25,26]. Concerns have also been raised regarding equipment reliabil-
ity, delayed violation notices, and limited public awareness. Some critics further question 
whether ASE is motivated more by revenue collection than by safety improvements [27]. 
Additionally, there are claims that implementation locations are deliberately selected to 
maximize violation detection and may be associated with racial bias, leading to concerns 
about fairness [28]. 

Overall, prior studies have reported effects ranging from no statistically significant 
change to reductions of up to 73 percent in crashes following the implementation of ASE, 
depending on location and methodology. While the safety effectiveness of ASE has been 
widely evaluated across different contexts, such as residential streets and urban corridors, 
its effectiveness in school zones remains underexplored. As a result, a knowledge and 
implementation gap exists, including guidance on implementation, continuation, and the 
long-term use of ASE programs in school zones. Also, most ASE guidelines are too quali-
tative to interpret, and the potential benefits of using the guidelines are not realized [29]. 
To address this gap, this study provides empirical evidence on the safety effectiveness of 
ASE in school zones by developing CMFs across multiple crash categories and school 
types. 

Table 1. Studies conducted on ASE in other roadway contexts. 

Study Country Findings 

[30] 
The United 
States (US) 

A 5 percent and 2.5 percent reduction in collisions and injuries 
per month on average, respectively (based on a quasi-experi-

mental evaluation). 

[31] The US A 33% reduction in reported collisions and a 3% reduction in 
traffic fatalities at camera sites (based on raw crash counts). 
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After camera installation, crashes and injuries decreased by 
50% relative to the most similar arterials, all arterials, and local 
roads in Philadelphia (obtained from an Negative Binomial and 

Poisson regression approach). 

[32] The US 

A 12% reduction in fatal and injury crashes across treated loca-
tions (overall safety impact from the Empirical Bayes (EB) 

method). 
A 15% reduction in fatal and severe injury crashes (overall 

safety impact from the EB method). 
Some treated sites did not demonstrate expected safety bene-

fits. 

[33] The US 
A 9.35% reduction in all crashes, a 13.16% reduction in Prop-

erty Damage Only (PDO) crashes, and a 30.3% reduction in in-
jury crashes (based on raw crash counts). 

[13] The US A 14% reduction in collisions after implementing cameras 
(based on raw crash counts). 

[34] Canada A 14% ± 11% reduction in expected collisions at treated loca-
tions (from the EB method). 

[35] The United 
Kingdom (UK) 

A reduction in crashes over a distance of up to 1 km upstream 
and downstream of the camera, averaging 20% or 1 

PIA/km/year, attributable to a reduction in speed (from the EB 
method). 

[36] 
The Nether-

lands 

The odds ratio was 0.79 for injury crashes (49% reduction in 
raw crash numbers during the after period at treated sites and 
35% reduction in raw crash numbers during the after period at 

control sites). 
The same odds ratio of 0.79 was obtained for serious casualties 

(57% reduction in raw crash numbers in the after period at 
treated sites and 45% reduction in raw crash numbers in the af-

ter period at control sites). 

[37] The UK 

Within a 100 m radius, injuries were 73% lower (rate ratio 0.27, 
95% Confidence Interval, 0.19 to 0.39). 

Within 100–300 m radius, the reduction was 24% (0.76, 0.66 to 
0.88). 

Reductions within 300–500 and 500–1000 m radius bands were 
not statistically significant. 

Using the routes method, a significant reduction in injuries was 
found within 100 m of sites (0.30, 0.20 to 0.42), and minor re-

ductions at distances of 100–300 m (0.55, 0.43 to 0.68) and 300–
500 m (0.59, 0.46 to 0.76) (based on a comparison group before-

and-after study that used a standard ratio approach) 

3. Methodology 
3.1. Data Description 

This study collected data from the ASE program in school zones in GA, US, which 
was enabled by Georgia House Bill 978 in 2018, authorizing the installation of ASE cam-
eras in school zones [38]. These fixed cameras are operated only during active school days 
and specified school hours, including one hour before classes begin and one hour after 
dismissal. A violation is typically defined as exceeding the posted school zone speed limit 
by more than 10 mph. During the initial 30-day period after installation, drivers receive 
warning notices without penalties; thereafter, violations result in civil fines of $75 for the 
first offense and $125 for subsequent offenses. Non-compliance may lead to additional 
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notices and administrative actions, including restrictions on vehicle registration renewal 
and title transfer. 

Currently, ASE is in effect in approximately 286 school zones across GA. Of these, at 
certain schools, two pairs of cameras were deployed on separate road segments, resulting 
in a total of 295 camera sites. Figure 1 shows all schools in GA equipped with ASE. Schools 
with limited information or combined school zones were excluded, leaving 187 ASE-
equipped school zones. The sample was divided into two groups: on-system schools, 
where schools were located on state-maintained roads, and off-system schools, where 
schools were located on locally maintained roads. On-system roads are part of the Georgia 
State Highway System and are maintained by the GDOT, whereas off-system roads are 
maintained by local governments such as counties or municipalities. This distinction is 
important because the two roadway systems often differ in traffic volumes, speeds, road-
way characteristics, and traffic management practices. Therefore, analyzing on-system 
and off-system school zones separately provides a more accurate assessment of the safety 
impacts of ASE. The minimum required sample size for each category was calculated us-
ing Cochran’s formula, yielding 55 on-system and 99 off-system schools. 

A comparable group of control schools where ASE has not been implemented was 
selected. This control group was identified by first prioritizing schools located within the 
same county as the treated school to better approximate comparable geometric and traffic 
conditions. When no suitable matches were available, schools from adjacent counties were 
used instead. Factors such as school zone speed limit, school type, roadway classification, 
upstream speed limits, availability of traffic control mechanisms, traffic volumes, school 
enrolment, and geometric features of the school zone were prioritized when selecting con-
trol schools. Because school zones throughout the state vary considerably, the selection 
process was carried out manually and systematically using engineering judgment. This 
approach allowed qualitative and contextual characteristics to be considered. Consistent 
with the sample sizes of the treated school groups, 55 on-system control schools and 99 
off-system control schools were included in the study. 

The before-and-after periods at each selected school were determined depending on 
the implementation date of the particular ASE program, and the periods were equal in 
length to accommodate temporal variations, ensure data consistency, and facilitate accu-
rate approximation of effects, as suggested in the Highway Safety Manual (HSM) [39]. In 
addition, the COVID-19 pandemic period from March 2020 to July 2021 was excluded 
from the analysis as schools were fully or partially closed, and ASE was not operational. 
Table 2 summarizes the before-and-after durations considered in the study. Total crashes 
and speed-induced crashes, along with their severity levels, traffic volumes, and roadway 
geometry-related data, were extracted from the Georgia Electronic Accident Reporting 
System (GEARS), the Traffic Analysis and Data Application (TADA), and Google Earth, 
respectively. Tables 3 and 4 show the observed crash counts at selected treated and control 
sites during the before-and-after periods. 

Crash, traffic, and geometric data were collected within selected school zones. In GA, 
school zones are defined as the area within 1, 000 ft of the boundary of any public or pri-
vate elementary or secondary school [40], where reduced speed limits are in effect during 
specified periods, such as student arrival and dismissal times. However, the spatial extent 
of the school zone may vary across locations depending on roadway classification and 
geometry, access points, and local engineering judgment. School zones are delineated in 
the field through regulatory school zone signage, pavement markings, reduced speed 
limit signs, and active traffic control devices, such as flashing beacons, as needed. In the 
study, data collection was conducted within the posted school zone segments at each se-
lected location, with boundaries defined based on the signed limits of the active school 
zone. 
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Figure 1. All schools in Georgia equipped with ASE as of January 2024. 

Table 2. Before-and-after durations considered in the study. 

Duration in Years 
Number  

On-System  Off-System 
1 < duration ≤ 2 33 32 
2 < duration ≤ 4 22 67 

Total schools 55 99 

Table 3. Observed crashes during before-and-after periods at treated sites. 

Parameter Total PDO Fatal & Injury 
On-System Treated Schools—All Crashes 

Crashes (B/A) 945/624 638/371 307/253 
Average crash reduction per site 5.8 4.9 1.0 

On-System Treated Schools—Speed-Induced Crashes 
Crashes (B/A) 26/19 16/10 10/9 

Average crash reduction per site 0.1 0.1 0.02 
Off-System Treated Schools—All Crashes 

Crashes (B/A) 1037/577 772/387 265/190 
Average crash reduction per site 4.6 3.8 0.8 

Off-System Treated Schools—Speed-Induced Crashes 
Crashes (B/A) 38/19 26/12 12/7 

https://doi.org/10.3390/safety12040092


Safety 2026, 12, 92 7 of 14 
 

https://doi.org/10.3390/safety12040092 

Average crash reduction per site 0.2 0.14 0.05 

Table 4. Observed crashes during before-and-after periods at control sites. 

Parameter Total PDO Fatal & Injury 
On-System Control Schools—All Crashes 

Crashes (B/A) 1323/1232 951/896 372/336 
Average crash reduction per site 1.7 1.0 0.7 

On-System Control Schools—Speed-Induced Crashes 
Crashes (B/A) 20/21 12/10 8/11 

Average crash reduction per site −0.02 0.04 −0.05 
Off-System Control Schools—All Crashes 

Crashes (B/A) 1303/859 965/615 338/244 
Average crash reduction per site 4.5 3.5 0.9 

Off-System Control Schools—Speed-Induced Crashes 
Crashes (B/A) 32/17 21/10 11/7 

Average crash reduction per site 0.2 0.1 0.04 

3.2. Before-and-After Study with Emprical Bayes (EB) Method 

The primary objective of the data analysis was to estimate CMFs for ASE in school 
zones using two established methodologies recommended by the HSM: the EB before-
and-after method and the comparison group method. 

Based on the roadway classification at each selected school zone and crash type, ap-
plicable crash prediction models were selected from the HSM Volume 02, and each model 
was calibrated to actual site conditions. In this model calibration process, the model equa-
tions or the Safety Performance Functions were adjusted using CMFs provided in Table 
5, depending on the facility type. 

Table 5. Factors considered in the HSM model calibration. 

Road Classification Adjustment Factors 

Rural two-way two-lane 
roads 

Lane width, shoulder type and width, horizontal curves, Hori-
zontal curves—superelevation, grades, driveway density, cen-
terline rumble strips, passing lanes, two-way left-turning lanes, 
roadside design, lighting, ASE 

Rural divided multilane 
highways 

Lane width, shoulder type and width, median width, lighting, 
ASE 

Rural undivided mul-
tilane highways 

Lane width, shoulder type and width, side slope, lighting, ASE 

Urban and suburban ar-
terials 

On-street parking, roadside fixed objects, median width, light-
ing, ASE 

Using the calibrated models, the predicted average crash frequency was calculated 
for the selected sites as follows: 

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠 × (𝐶𝐶𝐶𝐶𝐶𝐶1𝑥𝑥 × 𝐶𝐶𝐶𝐶𝐶𝐶2𝑥𝑥 × … … .× 𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛) × 𝐶𝐶𝑥𝑥 (1) 

Nspf refers to the predicted average crash frequency derived from the applicable 
model with base conditions, CMF1x to CMFnx refer to the CMFs used to calibrate the mod-
els for the actual site conditions as described in Table 5, and Cx is the calibration factor, 
which is specific to road conditions in GA. Currently, no well-established calibration fac-
tors have been derived for GA for the considered road categories; hence, Cx = 1 was con-
sidered. 
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EB Method 

The EB method combines predicted crash frequency from models with observed 
crash frequency at a particular site, yielding more accurate estimates. Expected crash fre-
quency was estimated as follows: 

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,B = 𝑤𝑤𝑖𝑖,𝐵𝐵 × 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + (1 − 𝑤𝑤𝑖𝑖,𝐵𝐵) × 𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝐵𝐵 (2) 

wi,B is the weighted adjustment factor determined for the before period at each school 
location, and it was derived as follows: 

𝑤𝑤𝑖𝑖,𝐵𝐵 =
1

1 + 𝑘𝑘 ∑ 𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 
𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

 (3) 

k is the overdispersion parameter of the applied model. This weighted adjustment 
factor determines how much weight is given to the observed crash count versus the pre-
dicted crash count from the corresponding model at each location, reducing the effects of 
random fluctuations in crash counts, correcting for regression to the mean, and producing 
more reliable and unbiased estimates. 

After calculating expected crash frequencies for both before-and-after periods, the 
adjusted odds ratio (OR), which is equivalent to the CMF, was calculated as follows: 

𝑂𝑂𝑂𝑂 = 𝑂𝑂𝑂𝑂′

1+
𝑉𝑉𝑉𝑉𝑉𝑉� ∑ 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �

 �∑ 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �
2

  
(4) 

where 

𝑉𝑉𝑉𝑉𝑉𝑉�∑ 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 � = ∑ �𝑟𝑟𝑖𝑖2 × 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐵𝐵 × (1 − 𝑤𝑤𝑖𝑖,𝐵𝐵)�𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   (5) 

3.3. Before-and-After Study with Comparison Group Method 

The comparison group method estimated adjustment factors for each treated school 
i and control site j as follows: 

𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑗𝑗,𝐵𝐵 =
𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇,𝐵𝐵

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝐶𝐶,𝐵𝐵
×
𝑌𝑌𝐵𝐵𝐵𝐵
𝑌𝑌𝐵𝐵𝐵𝐵

 (6) 

𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑗𝑗,𝐴𝐴 =
𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇,𝐴𝐴

𝑁𝑁𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝐶𝐶,𝐴𝐴
×
𝑌𝑌𝐴𝐴𝐴𝐴
𝑌𝑌𝐴𝐴𝐴𝐴

 (7) 

where YBT, YBC, YAT, and YAC refer to the number of years in the before-and-after durations 
of the corresponding treated and control school. In the study, similar before-and-after pe-
riods were used at a particular treated location and the corresponding control location; 
hence, YBT/YBC and YAT/YAC were equal to 1. 

The expected average crash frequencies for the before-and-after periods were esti-
mated as follows: 

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶,𝐵𝐵 = ∑𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶,𝐵𝐵 × 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑗𝑗,𝐵𝐵  (8) 

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶,𝐴𝐴 = ∑𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝐶𝐶,𝐴𝐴 × 𝐴𝐴𝐴𝐴𝐴𝐴𝑖𝑖,𝑗𝑗,𝐴𝐴  (9) 

After calculating the expected average crash frequency at each control school for both 
before-and-after periods using the adjustment factors, the total control group expected 
average crash frequency in the before period, and the expected average crash frequency 
if the treatment was not in place were calculated as follows: 

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶,𝐵𝐵,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ∑ 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐶𝐶,𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠   (10) 

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑇𝑇,𝐴𝐴 = ∑𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑇𝑇,𝐵𝐵 × 𝑟𝑟𝑖𝑖𝑖𝑖  (11) 

where ric is the ratio of the total expected crash frequencies at the control schools in the 
after period to those in the before period. The site-level OR was estimated as follows: 
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𝑂𝑂𝑂𝑂𝑖𝑖 =
𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑇𝑇,𝐴𝐴

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑇𝑇,𝐴𝐴
 (12) 

The overall OR or the CMF was calculated as follows, where R is the weighted aver-
age log OR for all treated sites n: 

𝑂𝑂𝑂𝑂 = 𝑒𝑒𝑒𝑒𝑒𝑒𝑅𝑅 (13) 

Statistical significance (SS) of the estimated CMFs was evaluated using the z-score as 
suggested by the HSM as follows: 

If, � Safety Effectiveness
SE(Safety Effectiveness)

� ≥ 1.7 (significant 90% CI), or ≥ 2.0 (significant 95% CI) (14) 

In the study, the EB method provides the advantage of improving the reliability of 
estimates by combining observed crash counts with predictions from calibrated models, 
thereby reducing the influence of random crash variability and regression-to-the-mean 
bias. However, in this study, the EB method was applied only to treated locations, thereby 
limiting its ability to explicitly account for concurrent changes at control sites over time. 
In contrast, the comparison group method incorporates both treated and control locations, 
enabling explicit control for external factors such as traffic trends, policy changes, and 
temporal variability that may influence crash outcomes. Therefore, the comparison group 
method helps to isolate the ASE treatment effect more effectively. Nevertheless, the com-
parison group method is sensitive to the quality of the selected control sites and assumes 
that they adequately represent the underlying trend in the absence of treatment at treated 
locations. Accordingly, the study uses both methods to provide complementary insights: 
the EB method improves the stability of estimates at individual sites, while the compari-
son group method better accounts for overall time-related and contextual changes. 

4. Results and Discussion 
4.1. CMFs: Before-and-After Study with EB Method 

Table 6 reports CMFs calculated for all crashes and for speed-induced crashes, along 
with their severity levels. In the study, speed-induced crashes were defined as crashes in 
which speeding was a contributing factor in the police crash report, including exceeding 
the posted speed limit, driving too fast for existing conditions, or speeding identified as a 
contributory cause by the investigating officer. At on-system treated and control locations, 
speed-induced crashes accounted for 2.8 percent and 1.5 percent of total crashes during 
the before period, and 3 percent and 1.7 percent during the after period, respectively. At 
off-system treated and control locations, speed-induced crashes were 3.7 percent and 2.5 
percent of total crashes during the before period, and 3.3 percent and 2 percent during the 
after period, respectively. 

There was no clear pattern observed in the estimates across different schools or crash 
types. Except for the CMF estimated for fatal and injury crashes at off-system schools, 
other CMF estimates were statistically significant at the 90 or 95 percent confidence level. 
In general, all estimated CMFs implied a decline in total and speed-induced crashes fol-
lowing the implementation of ASE. 

Table 6. CMFs estimated with the EB method. 

School Category Estimate Total Crashes  PDO  Fatal & Injury  
All Crashes 

On-System 

Crash Modification 
Factor (CMF) 

0.95  0.96  0.98  

Variance 0.002 0.004 0.009 
Statistical Signifi-

cance (SS) >2.0 >2.0 >2.0 
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Off-System 
 CMF 0.90 0.90 0.93 

Variance 0.002 0.003 0.009 
SS >2.0 >1.7 <1.7 

Speed-Induced Crashes 

On-System 
CMF 0.34  0.26  0.29  

Variance 0.007 0.007 0.01 
SS >2.0 >2.0 >2.0 

Off-System 
CMF 0.27 0.23  0.17  

Variance 0.004 0.005 0.004 
SS >2.0 >2.0 >2.0 

4.2. CMFs: Before-and-After Study with Comparison Group Method 

Table 7 reports CMFs estimated for all crashes and speed-induced crashes, and their 
severity levels, using the comparison group method. All CMFs were below 1.0, indicating 
a decline in crashes following the implementation of ASE. Except for fatal and injury 
crashes, the calculated CMFs for all crashes were statistically significant at the 95 percent 
or 90 percent confidence levels. The CMFs related to speed-induced crashes were compar-
atively low, indicating the safety benefits of ASE. However, speed-induced crash fre-
quency was somewhat lower than the overall observed crash frequency. Thus, the calcu-
lated CMFs may be less dependable than the CMFs estimated for all crashes. 

CMFs estimated using the comparison group method were comparatively reliable 
because this method isolated the effects of ASE by controlling for potential external fac-
tors, if any. In summary, the CMFs presented in Table 8, derived from the comparison 
group method, are suggested to use in future applications. Although studies used differ-
ent measures to assess the effectiveness of ASE programs, the findings of this study gen-
erally align with those from similar studies presented in Section 2 of this manuscript, 
which indicate a range from no impact to a 73 percent reduction in crashes attributable to 
ASE. Additionally, the HSM suggests a 5 percent reduction in total crashes due to ASE 
[39]. 

Table 7. CMFs estimated with the comparison group method. 

School Category Estimate Total Crashes PDO Fatal & Injury  
All Crashes 

On-System 
CMF 0.90 0.90 0.97 

SS >2.0 >1.7 <1.7 

Off-System 
CMF 0.91 0.90 0.99 

SS >2.0 >2.0 <1.7 
Speed-Induced Crashes 

On-System 
CMF 0.65 0.67 0.18 

SS <1.7 <1.7 >2.0 

Off-System 
CMF 0.46 0.73 0.62 

SS >2.0 <1.7 <1.7 

Table 8. Recommended CMFs for future applications. 

Category On-System Off-System 
CMFs for all crashes 0.90 0.91 

CMFs for speed-induced total crashes 0.65 0.46 

The estimated CMFs demonstrate the safety effectiveness of ASE in reducing crashes 
in school zones, and these findings provide evidence-based policy and operational impli-
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cations for its deployment. From an implementation perspective, these findings support 
continued and context-sensitive use of ASE, particularly in locations with documented 
speeding issues and vulnerable road users. This crash-based evaluation is further 
strengthened by the previously published driver perception study conducted as part of 
the same broader research program [15], which indicated generally favorable public atti-
tudes towards ASE. When considered together, the safety performance results and behav-
ioral insights provide a more comprehensive evidence base for decision-makers, support-
ing both the effectiveness and public acceptability of ASE as a speed management strategy 
in school environments. 

Additionally, a few limitations exist in the methodology of this study that should be 
recognized to properly interpret the conclusions and inform future research. The HSM 
recommends using at least 3 years of data to obtain more reliable estimates of changes in 
safety performance. However, most camera programs were implemented during the 
2018–2023 period, including the pandemic, resulting in before-and-after durations of less 
than 3 years at some selected schools. It was intended to analyze pedestrian-involved 
crashes separately; however, developing CMFs was not feasible due to the limited number 
of such crashes. Only five pedestrian-involved crashes were recorded across all on-system 
schools, three before and two after, while off-system schools experienced 10 and 9 pedes-
trian-involved crashes during the before-and-after periods. These samples were insuffi-
cient to support statistically reliable CMF estimation, partly because of the relatively short 
observation periods. As longer before-and-after periods become available over time, fu-
ture research may be able to evaluate pedestrian-involved crashes more robustly. Addi-
tionally, the model calibration process requires a calibration factor to account for local 
conditions, and GA currently lacks an established calibration factor for the relevant facil-
ity types. Although these limitations do not undermine the validity of the study, they are 
important for contextualizing the results and identifying directions for future research. 

5. Conclusions 
The study quantitatively evaluated the impact of ASE in school zones by empirically 

estimating CMFs using established EB and comparison group methodologies. School 
zones are considered critical locations because they carry child pedestrians, bikers, and 
school bus passengers, elevating safety concerns, where even a minor safety improvement 
can yield substantial public health benefits. The findings indicate that ASE is associated 
with measurable reductions in crash occurrence, although the magnitude varies across 
schools and crash types, reflecting differences in site characteristics, exposure, and imple-
mentation conditions. These findings provide robust empirical evidence supporting ASE 
as an effective speed management and safety countermeasure in school environments. 

Beyond statistical significance, the estimated CMFs provide a transferable, policy-
relevant measure of safety performance that can support evidence-based decision-making 
for enforcement prioritization and resource allocation. However, the transferability of 
these findings to other jurisdictions may be influenced by local implementation, opera-
tional practices, and roadway context; hence, adaptation should be undertaken carefully. 
From a policy and implementation perspective, targeted deployment strategies are rec-
ommended over uniform application, particularly prioritizing locations with documented 
speed non-compliance or higher crash risk, while ensuring efficient allocation of limited 
safety resources. 

Furthermore, the results highlight the importance of clearly communicating quanti-
fied safety benefits to stakeholders to improve transparency and support for ASE pro-
grams. The CMFs developed in this study provide an objective basis for such communi-
cation, enabling agencies to justify enforcement strategies using measurable safety out-
comes. Finally, continuous monitoring and periodic reevaluation of ASE performance are 
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essential, as changes in traffic conditions, compliance behavior, and school activity pat-
terns may influence long-term effectiveness. Ongoing CMF-based evaluation can there-
fore support adaptive safety management and ensure sustained improvements in school 
zone safety over time. 
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