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A B S T R A C T

The aim of this paper is to update the most recent published evidence on road safety estimates of recent red light
camera (RLC) and speed/red light camera studies (SRLC).

A literature search was carried out on RLC studies in the period 2013–2017 which, after screening, identified
18 recent studies on red light cameras (RLCs) and speed/red light cameras (SRLCs). The methodology and results
of these studies were further examined and summary safety estimates were derived and compared to earlier
meta-analysis summary estimates.

The primary conclusion is that the new safety estimates from this paper show a 12% decrease of total crashes
and confirm the general tendency of RLCs to reduce right angle crashes while at the same time increasing rear-
end crashes. However, comparing the developments over time, the review reveals that safety estimates tend to
increase with time (the safety effects of the most recent studies are the greatest). Also safety estimates suggest
more positive effects with SRLCs than with RLCs. Most of recent studies indicate that spillover effects are present
and can be quite substantial.

1. Introduction

Red light running is a worldwide road safety problem and is asso-
ciated with very serious, high injury crashes. In the USA alone 811
people were killed in crashes that involved red light running in 2016
and a further 137,000 persons were estimated to have been injured
(IIHS, 2018a, 2018b). In London, UK, 19% of all crashes occur at signal-
controlled intersections, and to address red light running related- safety
problems, red light cameras were installed at 300 of these intersections
(Kennedy and Sexton, 2009). In the city of Christchurch, New Zealand,
red light running accounted for 35% of all injury crashes at signalised
intersections (Koorey et al., 2017).

In a Dutch study using crash and exposure data at 50 km/h signa-
lised intersections, it was estimated that red light running by road users
(drivers, cyclists or pedestrians) was associated with an increased crash
risk of 10 to 15 times higher than when complying to red lights (Aarts
et al., 2016).

Studies into red light violation rates show that the rate per 1000
vehicles varies between 1.3 and 5.3 in the USA and Australia (Attawi,
2014). Similar European figures are not available. Although this paper
focuses on red light cameras which are intended to influence red light
running by car drivers, the red light running problem is not restricted to

car drivers. For cyclists and pedestrians, high rates of red light running
have been observed in different large-size cities worldwide (cyclists: Pai
and Jou, 2014; Richardson and Caulfield, 2015; pedestrians: Dommes
et al., 2015; Rosenbloom, 2009).

Red light cameras (RLCs) are one of several possible counter-
measures against red light violations. Other measures include improved
signal timings, transverse rumble strips, advance warning signing
(McGee et al., 2003). In terms of behavioural effects, RLCs have de-
monstrated to have a strong and immediate effect on red light running
behaviour. Studies on the effects of RLCs on red light running indicate
that the installation of RLCs reduces red light running (Chin & Hague,
2012; Chai et al., 2015; McCartt and Hu, 2013; Polders et al., 2015a,b),
whereas the removal of RLCs increases red light running (Porter et al.,
2013). In several simulation and observational studies indications were
found as to the extent that red light running violations led to increased
traffic conflict situations (Chai et al., 2015; Polders et al., 2015a,b; Chin
and Haque, 2012).

Recently two meta-analyses have been carried out to assess the ef-
fectiveness of RLCs in term of crash reduction. The first was conducted
by Høye (2013) and is an update of work done by Erke (2009) and the
second a meta-analysis by Perkins et al. (2017). The Høye analysis re-
vealed that the placement of RLCs caused a non-significant increase of
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6% for all crashes, a non-significant decrease of 13% for injury crashes,
a significant decrease of 33% for right-angle injury crashes and a sig-
nificant increase of 39% for rear-end crashes.

For total crash numbers, the Perkins et al. meta-analysis indicates
somewhat more favourable safety estimates than Høye (all crashes:
−2% (NS) versus +6% (NS); right angle crashes −24% (Sign.) vs.
−13% (NS); rear-end crashes: +19% (Sign.) versus +39% (Sign.); red
light running crashes: −47% (NS) vs. -7% (NS)). Injury crashes esti-
mates were not comparable since Høye excluded fatal crashes and
Perkins included them.

These two meta-analyses cast some doubt on the extent to which red
light cameras are effective in improving overall safety. Although RLCs
have been found to reduce right angle crashes, they have at the same
time been found to increase rear-end crashes. Also, the meta-analyses
are far from conclusive about the evidence on spillover effect of RLCs.
Spillover effects have been defined as the effects of RLCs on behaviour
and safety at non-camera equipped intersections in the same area
(Retting et al., 2003; Shin and Washington, 2007). Høye (2013) re-
ported weak overall evidence for spillover effects and Perkins et al.
(2017) conclude that results on spillover are inconsistent.

This paper aims to update the evidence on the safety effectiveness of
RLCs by reviewing 18 recent RLC studies which were not included in
earlier meta-analyses by Erke (2009) and Høye (2013), and of which 6
were included in Perkins et al. (2017). It focuses on answering the
following questions:

• How do (summary) safety estimates of recent studies compare to
earlier summary estimates?

• What do estimates of spillover from recent studies indicate about the
strength or consistency of this effect?

• How do safety estimates in recent studies depend on intersection
characteristics?

2. Method

A literature study was done to obtain recent RLC studies and after
review pooled estimates of safety effects were generated.

As part of the SafetyCube reviewing process on road safety measures
(Aigner-Breuss et al., 2017), the literature on RLCs was searched for in
the international database Scopus on 16 December 2016 to identify
studies that appeared after Høye (2013) and which included estimates
of crash reduction. In view of this, the literature was searched over the
period 2012–2016 (Goldenbeld, 2017). The literature review and sub-
sequent coding of basic study features and results was part of the
European road safety project SafetyCube (Filtness et al., 2016). The
search for RLC studies used the following combination of key words:
TITLE-ABS-KEY ("red light camera" AND (safety OR crash OR accident))
AND PUBYEAR > 2011. SafetyCube used a two stage process to select
papers, firstly the abstracts, and reference lists of 30 hits were screened
for potential relevance, and 13 crash studies were retained for detailed
review. This was completed in 2016 and the studies were coded and
integrated into the SafetyCube Decision Support System (DSS). For the
purpose of this paper, the SafetyCube search was updated in February
2018. The updated search resulted in the identification of 8 additional
studies, 6 of which were published in 2017. This meant that a total of
21 recent studies published between 2013 and 2017 were selected to be
included in this review of RLC safety effects. None of these studies were
included in the Høye meta-analysis (2013) and 6 had been included in
the Perkins et al. review (2017).

In order to obtain pooled estimates of safety effects of recent studies,
a limited meta-analysis was deployed using a JASP open source statis-
tics program. Percentage changes in crashes were expressed as odds
ratios. A random effects model was applied to log odds ratios and
corresponding confidence intervals. Log odds results were recalculated
to odds ratios in order to facilitate understanding.

Only studies with similar camera enforcement strategies (red light

camera or speed/red light camera), with similar methodology in terms
of deriving the estimates (Empirical Bayes) and with similar crash type
outcomes were included. Furthermore the studies had to be methodo-
logically sound and include the correct statistical information to facil-
itate analysis. Based on this 3 studies were excluded from the meta-
analysis (summary estimates), Wong (2014) because of confounding
camera operations with changes in signal timings and deficient en-
forcement procedures, Vanlaar et al. (2014) because of inconsistent
results, and Lee et al. (2016) because of insufficient reported informa-
tion and also possible implementation issues. Care was taken to identify
studies with possible overlap (interdependence) in data. Several studies
were identified that contained possible overlap: for Florida: Ahmed and
Abdel-Aty (2015) and Wang et al. (2015); for Chicago: Mahmassani
et al. (2017) and Lord and Geedipally (2014); for Texas, Ko et al. (2012,
and 2017). In cases with possible overlap only one study was chosen
(the more comprehensive one).

3. Results

3.1. Study characteristics

Table 1 describes the main characteristics of the 18 recent studies
reporting on RLC safety effects. This summary compares the studies and
shows the analysis method, types of crashes being studied, whether
they control for regression-to-the mean and whether estimates are de-
rived for spillover effects. None of the 18 recent studies were included
in an earlier Erke (2009) or Høye (2013) meta-analysis, and 6 (AECOM,
2014; Ahmed and Abdel-Aty, 2015; Llau et al., 2015; Ko et al., 2013;
Pulugurtha and Otturu, 2014) were included in the Perkins et al. review
(2014).

The main methodology for estimating the safety effects of red light
cameras was a before-after Empirical Bayes (EB) method with a re-
ference (or control) group, with 14 of 18 the selected studies using this
method. The actual number of crashes after the implementation of a
measure are compared to the number of crashes that would be expected
in the absence of treatment, based on the number of crashes prior to
implementing the measure and correcting for various static and dy-
namic site characteristics that are associated with crash occurrence
(Hauer, 1997). There is evidence that the regression-to-the mean effects
can be quite substantial in road safety research and that the EB method
is a very effective tool for accounting for this effect (Persaud and Lyon,
2007).

3.2. Estimates of crash effects

3.2.1. General safety effects following the introduction of RLC
The overall crash effects reported by the 18 selected studies is

shown in Table 2. Looking at effects on total crash numbers, favourable
safety estimates are found in three Canadian studies (Abdulsalam et al.,
2016; AECOM, 2014; Contini and El-Basyouny, 2016) ranging from
eight to twentyfive percent reduction of crashes. The USA studies show
more varied safety estimates, with favourable safety estimates ranging
from thirteen to thirtyfour percent crash reduction in three studies
(Maina et al., 2016; Schattler et al., 2017) and unfavourable estimates
ranging from one to seventeen percent increase in crashes in three other
studies (Claros et al., 2017; Pulugurtha & Otturu, 2014; Wong, 2014). A
study in South Korea shows a large negatieve effect with a fifty-one
percent increase in crashes (Lee et al., 2016). The USA-based studies in
general confirm that RLCs reduce right angle crashes but at the same
time increase rear-end crashes and other types of crashes, complicating
the estimate of the net safety effect (Ahmed and Abdel-Aty, 2015;
Claros et al., 2016; Lord and Geedipally, 2014; Pulugurtha and Otturu,
2014; Wong, 2014). One European study (De Pauw et al., 2014) and
two Canadian studies (AECOM, 2014; Abdulsalam et al., 2016) also
confirmed this pattern: a significant increase in rear-end crashes com-
bined with significant decrease in severe side crashes (De Pauw et al.,
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2014). In contrast, one Canadian study found that speed/red light
cameras even tended to reduce rear-end crashes (Contini and El-
Basyouny, 2016).

One American study indicated relatively unfavourable safety results
of RLCs (Pulugurtha and Otturu, 2014). In exploring their unfavourable
safety results, Pulugurtha & Otturu found that RLC enforcement pro-
grams were especially not effective in reducing crashes at signalised
intersections with high traffic volumes (≥ 40.000 vehicles/day), high
annual numbers of rear-end crashes (≥ 20) or high annual numbers of
sideswipe crashes (≥ 5).

The study by Hu and Cicchino (2017) uses fatal crashes as the main
outcome which is the best outcome indicator for road safety. The study
included roughly four times as many cities with RLC programs as an
earlier study by Hu et al. (2011) and it used a better method that ac-
counted for trends in fatal crash rates and unemployment rates over
time within cities. The study found that the fatal crash rate at signalized
intersections was significantly reduced by 14.2% in cities with active
cameras programs compared to the rate that would have been expected
without cameras. The lower crash rates for RLC-equipped intersections
in this study - when applied to all 57 cities, as well as to 22 cities that
started and ended camera programs - translated into 1296 lives saved

during the years the cameras were operational (IIHS, 2017). Econom-
ically, this would translate in a reduction of associated lifetime com-
prehensive costs (economic and quality-of-life valuations) of about 11,8
billion dollars in the same period (based on applying cost estimates of
Blincoe et al., 2015 to the estimated fatality reduction).

Three Canadian studies (Abdulsalam et al., 2016; AECOM, 2014;
Contini and El-Basyouny, 2016) tend to show somewhat larger crash
reductions for comparable crash categories (injury, right angle, rear-
end) than found in the USA studies (Ahmed and Abdel-Aty, 2015;
Claros et al., 2016; Lord and Geedipally, 2014; Pulugurtha and Otturu,
2014). An obvious explanatory factor could be that the Canadian stu-
dies are concerned with combined speed/red light cameras (SRLCs) that
target both speeding and red light violations whereas the USA studies
are concerned with cameras that detect only red light violations. Other
factors could also play a role.

3.2.2. Safety effects after deactivation of red light cameras
Not only are there studies reporting the effect of installing RLCs,

there are a number of studies that have focused on effects following the
removal/decommissioning of RLCs. In several USA cities or jurisdic-
tions RLC programs have been stopped for legal, political, or financial

Table 2
Red light camera effect estimates in studies appearing after Høye, 2013 meta-analysis (all estimates statistically significant at p < 0.05 unless reported as non-
significant (NS).

First author, year, location Total crashes Fatal crashes Right angle (side) crashes Rear-end crashes RLR-related crashes

All Injury All Injury All Injury All Injury Fatal

USA studies
Ahmed, 2015 Florida Target A. – – – −24,1%a −25,8%b +325% +408%b – – –

All A. – – – −15,7%a −13,4%b +174% +234%b – – –
Claros,2017, Missouri +1,6%

NS
−7,4%b

NS
– −11,6%

NS
−14,5%
NS

+16,5% −10,9%
NS

– – –

Hu, 2017, USA – −14,2%b −14,2% – – – – – – −21,3%
Ko, 2013, Texas – – – – – – – −20% – –
Ko, 2017, Texas – – – – – – – −37% – –
Llau, 2015, Florida 1 yr. – −19,1% – −3,2%a – +40,2% – – −24,3% –

2 yr. – −12,2%
NS

– +13,6%a – +50,7% – – −17,2% –

Lord, 2014, Chicago – +5%
NS

– – −15%a +22% – – –

Mahmassani, 2017, Chicago – −16% – – −32%a +14%
NS

– –

Pulugurtha, 2014, Charlotte +1,5%NS – – – – – – – – –
Wang, 2015, Florida −12,8% −34,8%c – – – – – – – –
Wong, 2014, Los Angeles +17% +22% – +24%b – +34% – −12% NS – –
Maina, 2016, Virginia Beach −15,4% – – – – – – – – –
Schattler et al., 2017, Chicago −34,4% – – −66,9%d – – – – – –
Outside USA
Abdulsalam, 2016, Canada −16% −8% −72% −39% – +42% – – – –
AECOM, 2014, Canada −8,4% −32,4%c – −37,7% – +7,7% – – – –
Contini, 2016, Canada −25,5% – – −33,4% – −107% – – – –
De Pauw, 2014, Belgium – −14%c – −24%c – +44% – – –
Lee, 2016, South Korea +50,8% +52,5% +2%

NS
+31,1% +33,1% – – – – –

aangle and turning (Ahmed angle and left turn); b including fatal; c severe; d red light running related.
A. = approaches; NS= not significant at p < 0.5.

Table 3
Estimated safety effect after deactivation of RLC programs.

Study, year, location Method Total crashes RLR-related crashes

All Fatal All Fatal Injury

USA studies (first author, year)
Hu, 2017, 14 cities analysis (which ended RLC programs in 2010-2014) Poisson regression modelling – +16,1% – +30,1% –
Hu, 2017, 19 cities analysis (which ended RLC programs 2006-2014) Poisson regression modelling – +8,4% – +17,9% –
Ko, 2017, after deactivation (RLR crashes) Before- after EB – – +20% – +10%a

Pulugurtha, North Carolina, Charlotte, 2014, after termination cameras Before-after EB −37,5% – – – –

aincluding fatal.
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reasons (Pulugurtha and Otturu, 2014; Hu and Cicchino, 2017; Ko
et al., 2017). These results are summarised in Table 3.

A 2014 study in 14 large USA cities (> 200.000 pop.) which had
terminated their RLC program, Hu and Cicchino (2017) found that the
annual rate of fatal RLR crashes after the cameras were turned off was
30.1% higher than what would have been expected had cameras not
been turned off (statistically significant effect). The annual rate of all
fatal crashes at signalised intersections in the cities where cameras were
turned off was 16.1% higher than what would have been expected with
cameras on (statistically significant effect). In a similar analysis by Hu &
Cicchino in 19 cities (14 studies that turned off cameras 2010–2014; 5
that turned off cameras in 2005–2008), the annual rates of fatal RLR
crashes and all fatal crashes at signalised intersections after cameras
were turned off were respectively 17.9% and 8.4% higher than would
have been expected had cameras been on (both results not significant).

Ko et al. (2017) estimated that RLC deactivation led to a statistically
significant increase of 23% in all right-angle RLR crashes. They further
estimated that deactivating the RLC systems would increase all RLR
crash types by 20% (also significant). However, the effect on serious
injury crashes was markedly less. The safety effect of deactivation was
estimated to increase all fatal/injury RLR crashes by 10% (although not
statistically significant). The average safety effect of the RLC deacti-
vation on right-angle fatal/injury crashes indicated an increase of 13%
(also not significant).

Contrary to the above results which suggest that RLC deactivation
increases crashes, Pulugurtha and Otturu (2014) reported that total
crashes were reduced after the termination of RLC operations in North
Carolina. However, it should be pointed out that this study includes
many locations where RLCs were placed at intersections with high
proportions of rear-end crashes, conditions not suited to RLC place-
ment.

3.2.3. Pooled summary estimates
The results for the selected studies were used to derive pooled safety

effectiveness estimates. Pooled estimates were generated with JASP
meta-analysis where effect estimates where entered as log odds ratios.
Since red light cameras (RLCs) and speed/red light cameras (SRLCs) are
considered different safety treatments, their safety effects were calcu-
lated and reported separately.

The estimates were calculated for studies with similar camera types
(either RLC or SRLC), similar effect estimates and similar safety out-
comes and compared to the results of earlier meta-analyses by Erke
(2009); Høye (2013) and Perkins et al. (2017) (Table 4).

In Table 4 statistical significance is indicated by the confidence in-
tervals, with intervals including zero-value indicating a non-significant
tendency. The pooled estimates calculated for the most recent studies
reviewed in this paper reveal that RLCs tend to reduce total crashes by
12%, total right angle crashes by 24%, and tend to increase rear-end
crashes by 32%. The recent estimate for all crashes (−12%) is far dif-
ferent and more favourable from those of earlier reviews by Erke
(+15%), Høye (+6%) and Perkins et al. (−2% estimate). In terms of
all rear-end crashes all meta-analyses show significant increases with
effects ranging from +19 to +43% with pooled estimates from the
most recent studies showing a 32% increase. Looking at injury crashes,
RLCs tend to reduce right angle injury crashes by 29% and tend to in-
crease rear-end injury crashes by 14%. The latest effect estimates for
right angle injury crashes, rear-end crashes, and rear-end injury crashes
are similar to those of Høye (2013). The recent effect estimates for right
angle crashes, both injury and all crashes, are similar to those of Perkins
et al. (2017).

Comparing the safety estimates among Erke, Høye, and Perkins, the
estimates for total crashes, injury crashes right angle crashes, and rear
end crashes tend to become more favourable with each more recent
review. The most recent estimates indicate a more favourable effect on
all crashes (−12%) than estimates from earlier reviews (+15% to
−2%), and a safety effect on right angles crashes that is identical to the

most recent Perkins (−24%) review and, again, more favourable than
the older reviews (−10%, −13%). Also, the current estimate on right
angle injury crashes (−29%) is close to those in two earlier reviews
(−29%; −33%), and more favourable than the oldest review (-6%). In
conclusion, there seems to be a tendency towards more favourable RLC
safety estimates when summary estimates include more recent studies.

The summary safety effects estimated for recent studies on SRLCs
are even more favourable than for RLCs. SRLCs tend to reduce total
crashes by 17%, injury crashes by 25%, right angle crashes by 37%, and
rear-end crashes by 2%. The Erke, Høye and Perkins et al. studies do not
distinguish between RLCs and SRLCs; so the effect estimates cannot be
compared.

3.2.4. Summary
Fig. 1 presents a schematic overview of the main results reported in

recent studies and the steps in deriving the revised road safety effects of
RLCs and SRLCs presented in this paper.

3.3. Spillover effects

Spillover effect is the effect of a RLC installation on crashes at non-
equipped signalised intersections in the surrounding area. Recent
American and Canadian studies (Ahmedand Abdel-Aty, 2015; AECOM,
2014; Mahmassani et al., 2017; Contini and El-Basyouny, 2016; Ko
et al., 2017; Jiang and Ouyang, 2017) suggest that the spillover effect
can be large and should be accounted for in effect studies.

In an analysis spanning 10 years, AECOM (2014) estimated a sig-
nificant spillover effect of 10,7% reduction in the total number of ex-
pected crashes at RLC intersections. However, the researchers could not
rule out the possibility that other safety-related interventions (such as
engineering improvements, safety campaigns etc.) may have con-
tributed to this crash reduction effect.

In Orange county, Florida, Ahmed and Abdel-Aty (2014) examined
the spillover effects on 50 adjacent non-RLC intersections. They found
that there was a statistically significant spillover effect for angle and
left-turn crashes (respectively −11% and -8% for all and for serious
injury crashes) and no effect to an insignificant effect on rear-end
crashes (−1% for all crashes and -8% for serious injury crashes). In
order to analyse the safety impact of the RLC programme, the re-
searchers also performed a spatial analysis of crashes. They found a
notable reduction in the density of right angle and left-turn crashes
throughout the county indicating spillover benefits.

In the Chicago city area, Mahmassani et al. (2017) found a 8% re-
duction in crashes at RLC installations without accounting for spillover
effect. Correcting for a maximum spillover effect the overall reduction
was estimated in the model to be 10% in the affected area. The esti-
mates for right angle and turn crashes indicated rather large spillover
reduction effects: the estimated decrease was 13% excluding any spil-
lover effect, and 32% including a maximum possible spillover effect,
and 19% including a corrected spillover effect. However, for rear-end
crashes the possible effect of spillover was minimal: the increase of rear-
end crashes was estimated to be 13% without the spillover effect, and
14% with either maximum or corrected spillover included.

In another study in the Chicago area, Jiang and Ouyang (2017)
concluded that the crashes at adjacent non RLC intersections were re-
duced significantly, with right angle crashes reduced by 31,7% and
rear-end crashes by 26,1%. The researchers attributed this reduction to
spill-over, but did not rule out the possibility of other influences
(changed traffic or weather conditions).

In a study on activation and deactivation of RLC at 48 intersections
in Houston, Ko et al. (2017) examined spillover effects at intersections
in the surrounding area. After deactivation of RLC, there were rather
surprisingly increases of RLR crashes of 28% for all crash types, 27% for
right-angle crashes, and 48% for rear-end crashes. Analysing fatal/in-
jury crashes at nearby non-treated intersections in the period following
deactivation of the RLC at treated intersections, the fatal/injury rear-
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Table 4
Summary effect estimates recent studies and meta-analyses by Høye (2013) and Perkins et al. (2017). 95% confidence intervals between parentheses.

Crash type Camera type Recent studies Erke, 2009 Høye, 2013 Perkins et al. 2017

2014-2017 Studies Studies Studies
1988-2007 1988-2011 1988-2015

Studies included Summary estimates Summary estimates Summary estimates Summary estimates

Total crashes RLC Claros et al., 2016
Lord 2014
Maina 2016
Schattler et al., 2017
Wang 2015

−12%
(−26;+3)

+15%
(−3;+38)

+6%
(−4; +17)

−2%
(-9;+7)
−1%
(-8;+6)a

SRLC AECOM, 2014
Contini 2016

−17%
(−33;+1)

– – –

Injury crashes RLC – – +13%
(−10;+43)
(fatal not included)

−12%
(−27; +5)
(fatal not included)

−20% (−32;-5)
−18% (−29;-5)a

(fatal included)

SRLC AECOM, 2014
De Pauw 2014

−25%
(−41;−5)

– – –

Total right angle crashes RLC Ahmed and Abdel-Aty, 2015
Claros et al., 2016
Llau 2015
Schattler 2017

−24%
(−51;+17)

−10%
(−31;+19)

−13%
(−27; +3)

−24%
(−35; −10)

SRLC AECOM, 2014
Contini 2016

−37%
(−41; −33)

– – –

Right angle injury crashes RLC Ahmed 2015
Claros 2016
Mahmassani 2017

−29%
(−36; −21)

−6%
(−24;+16)

−33%
(−48; −12)

−29%
(−42; −14)

SRLC – – – – –
Total rear end crashes RLC Ahmed 2015

Claros 2016
Llau 2015

+32%
(+14;+53)

+43%
(+20;+70)

+39%
(+20; +60)

+19%
(+9;+31)

SRLC AECOM, 2014
Contini 2016

−2%
(−19;+18)

– – –

Rear-end injury crashes RLC Ahmed 2015
Claros 2016
Mahmassani 2017

+14%
(−11;+46)

+15%
(−2;+36)

+19%
(+3; +39)

−1%
(−20;+23)

SRLC – – – – –

aImputed CL= extra effects estimated by including studies with imputed confidence levels.

Fig. 1. Overview of steps in study selection, and summary estimates of studies.
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end crashes decreased by 44%. However, all-severity rear-end crashes
went up by 48% at the same intersections.

In a study on speed/red light cameras in Edmonton, Contini and El-
Basyouny (2016) looked at spillover from camera-equipped approaches
to non-camera equipped approaches at the same intersections. For
angle crashes they found evidence for spillover to non-camera ap-
proaches: a significant decrease in angle crashes at non-camera ap-
proaches (-80% non-signed approaches; −35% signed approaches). In
the same study, there was no evidence for spillover for other types of
crashes.

Two recent studies report inconclusive or weak evidence for spil-
lover. A study Wong (2014) finds inconclusive evidence for spillover.
However, the RLC program studied by Wong suffered from weak judi-
cial follow-up of red light sanctions. In a study in Winnipeg Canada,
Vanlaar et al. (2014) also found little evidence for spillover. The only
finding suggestive of spillover was that rear-end crashes tended to in-
crease at non-camera intersections (25% increase at p=0.051), an
example of a negative spillover. The analyses showed that other inter-
sections without cameras in Winnipeg did not experience a comparable
significant decrease in right-angle crashes, nor did they experience an
increase in rear-end crashes. However, in general the crash results of
this study were not consistent.

In conclusion, of 8 recent studies that report on spillover effects, 2
indicated inconclusive or weak evidence for spillover, and 6 indicate
significantly positive spillover effects (i.e. reductions in crashes at non-
camera equipped intersections or approaches after installing RLCs, or).

3.4. Intersection characteristics

The geometric and traffic characteristics of signalised intersections
may significantly impact on the efficacy of RLCs. This section provides
the results of studies that have reported specifically these impacts and
effects.

Pulugurtha and Otturu (2014) analysed RLC camera data from
thirty-two signalised intersections in the city of Charlotte, North Car-
olina. They estimated that the road safety benefits/crash reduction of
RLCs were higher if cameras were deployed at signalised intersections
with ADTs below 40,000 vehicles, with fewer than 20 rear-end crashes
per year or with fewer than 5 sideswipe crashes per year.

A relationship between RLC safety benefits and crash characteristics
of intersections is also suggested by Ko et al. (2013), (2017). In two
separate studies in Houston, Texas, Ko et al. found higher safety ben-
efits in the second study when compared to the first (37% vs. 20% re-
duction of RLR crashes). There were about 2 more RLR crashes per
10,000 vehicles per year at the intersections in Houston than the ones
used in Ko et al. (2013). As a result, according to the authors, the RLC
installation at the intersections with greater RLR crash rates led to more
safety benefits than might be expected from the earlier study.

In an analysis of SRLC at 50 intersections in Edmonton, Canada,
Contini and El-Basyouny (2016) found that three intersection char-
acteristics had an impact on the safety performance of speed/red light
cameras; namely the number of lanes, the presence of a separate right
turn lane and the speed limit. Intersections equipped with SRLC and a
speed limit of 50 or 60 km/h had larger crash reductions than those
with a speed limit of 70 km/h. SRLC- intersections with separate right
turn lanes had significant reductions in collisions, while intersections
without separate right turn lanes did not. The difference was largest for
right angle crashes which showed a 50% reduction in crashes at in-
tersections with separated right turn lanes. Intersections which did not
have separate right turn lanes showed a small non-significant increase.
However, the presence of a separate right turn lane was not positive for
rear-end crashes; the crash reductions were larger at intersections that
did not have right turn separation (26% vs 13%). Regarding the in-
tersection size, the study found that SRLC-intersections with 5–7 ap-
proach lanes had greater collisions reduction for almost all collision
types. Again the difference was greatest for right angle crashes which

showed a 54% decrease in crashes at large (4+ lanes) intersections
compared to a 28% decrease at smaller intersections (< 4 lanes).

In the Chicago area, Mahmassani et al. (2017) studied the re-
lationship between intersection characteristics and safety benefits of
RLCs. The model results suggest that RLC installation was most effective
at intersections with high number of right angle and turn crashes per
AADT. Locations with long cycle lengths or high number of lanes were
more likely to show safety benefits. The model results suggest that it
even would be counterproductive to install cameras at locations that
have a history of high numbers of rear-end crashes. Also, locations with
high crossing traffic volumes, a 2 s all red period (instead of 1 s) or with
left turn bays were not recommended for camera installation since these
locations were already relatively safe and RLCs would have lower im-
pact.

4. Discussion

The results of recent RLC studies, published between 2013–2017,
most of which were not included in the meta-analyses by Høye (2013)
and Perkins et al. (2017), indicate that RLCs are associated with a 12%
decrease in crashes and they confirm the general trend that RLCs reduce
right angle crashes but simultaneously tend to increase rear-end cra-
shes. A pooled estimate of all the most recent studies reveals that RLCs
tend to reduce total right angle crashes by 24%, right angle injury
crashes by 29% and tend to increase rear-end crashes by 3% and rear-
end injury crashes by 14%. The reduction figures for right angle injury
crashes, rear-end crashes, and rear-end injury crashes are quite similar
to those of Høye (2013). The reduction estimate for right angle crashes
is similar to that of Perkins et al. (2017) and more favourable than those
by Erke (2009) or Høye (2013). The estimated safety effect for total
crashes, a reduction by 12%, tends to be more favourable than earlier
estimates by Erke, Høye or Perkins et al. The contrast in safety esti-
mates between our estimates - mostly covering accident data
2005–2015 - and the initial Erke review which mostly covered accident
data before 2005, is substantial.

The finding that RLC safety estimates in subsequent reviews tend to
become more favourable may be related to two sorts of factors: firstly
factors that are related to some variations across studies in terms of
methods or studied samples (e.g. included jurisdictions and differences
in intersection populations). However, part of the explanation may also
be that RLC programs in the past decade may have performed better
than in earlier decades. This seems plausible on account of two devel-
opments. First, the new generation of digital red light camera systems
in the last decade has higher capacity, reliability, and precision than the
old wet-film systems in previous decades improving the processing time
and the fast issuance of tickets (e.g. DoT New York City, 2009). Second,
the various experiences with the implementation of RLC camera sys-
tems has led to the identification of various strengths and weaknesses in
RLC camera programs (e.g. California State Auditor, 2002; Solomon
et al., 2014), and to the dissemination of further knowledge and of
guidelines (e.g. Eccles et al., 2012; McGee and Eccles, 2005; FHWA,
2005). In an optimistic vein, one could argue that the possible weak-
nesses of the first series of RLC programs may have been avoided in
latter RLC programs.

In this paper the effects of red light cameras (RLC) and speed/red
light cameras (SRLCs) have been separated since these are two clearly
different measures with the speed option likely to have a larger effect
because of the dual role for enforcement. The results confirm this
showing SRLCs to have more positive effects by reducing total crashes
by 17%, injury crashes by 25%, right angle crashes by 37%, and rear-
end crashes by 2%. Recent Canadian studies (Abdulsalam et al., 2016;
AECOM, 2014; Contini and El-Basyouny, 2016) into SRLC effects tend
to show somewhat larger safety benefits than the USA studies. Basi-
cally, the safety effects of SRLCs may be better than RLCs because
speeding itself may be a key factor in the red light running problem.
However, certainly other factors may also play a role. There have been
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some indications from the studied research that proper implementation
of RLC programs in USA can be difficult. Problems that may have
limited the impact include deficient prosecution of red light violations
(Wong, 2014), intersection layout, prevailing crash rates (Pulugurtha
and Otturu, 2014)) and improper settings of signal timing (Yang et al.,
2013).

Deriving a net safety effect from RLC deployment is complicated
since they generally have a positive impact on right angle crashes but a
negative impact on rear-end crashes. There is clear evidence that rear-
end crashes are associated with less severe injury than right-angle
crashes (Council et al., 2005; Tay and Rifaat, 2010; Polders et al.,
2015a,b; Ye et al., 2008). Even though RLCs may increase rear-end
crashes, the net safety effect is likely to be positive. For example, Shin
and Washington (2007) estimated that the RLCs at 14 intersections in
Scottsdale generated favourable crash benefits on all intersection ap-
proaches (836,000 USD) and on camera-equipped target approaches
(684,000 USD), despite an estimated significant increase of 41% in
rear-end crashes at those intersections.

Of course an increase of rear-end crashes should not be simply ac-
cepted as a collateral damage of RLCs. The negative effects on rear-end
crashes should be avoided. Intersections with high rates of rear-end
crashes should not be selected for camera instalment. Furthermore,
rear-end crashes should be mitigated by introducing reductions in in-
tersection approach speed, making cameras highly conspicuous, posting
advance warning signs, and/or optimising signal phasing.

Many recent studies were unable to provide an estimate of the safety
effect of RLC on fatal and/or serious injuries. Often fatal or severe in-
jury crashes at intersections represent relatively low numbers and do
not provide enough statistical power for separate analysis. As an ex-
ception to this was the study by Hu and Cicchino (2017) which com-
bined data from several USA cities and has used fatal crashes as main
outcome. It is perhaps the most convincing recent demonstration that,
at least in large cities, RLC programs tend to have a strong overall net
safety effect, with an overall estimate of nearly 1300 lives saved in 79
cities during the period of red light camera enforcement. By providing
evidence that RLC programs both decreased fatal crashes after RL
programs were activated and increased fatal crashes after termination,
the study provides consistent evidence that the RLC-programme may
well be the main causative mechanism and not some unobserved other
factor.

For Europe, a favourable net safety effect is suggested by a recent
benefit-to-cost ratio of 3.7 for RLC suggesting that economic benefits
will be almost fourfold the costs within a span of 10 years of time
(Daniels et al., 2017).

5. Study limitations and future research needs

The present study has some limitations. First, although we paid
attention to earlier meta-analyses, earlier RLC studies (studies before
2013) were not separately studied or used in pooled effect estimates.
Second, due to study difference in crash definitions and effect estimates,
the results of only a limited number of recent studies could be ag-
gregated to obtain (meta-analytic) pooled summary estimates of safety
effects. Third, the pooled estimates were not corrected for possible
biases, such as publication bias.

High quality research into RLC or SRLC effectiveness can help to
improve camera operations and to support further public funding of this
measure. When a controlled randomised trial is not possible the
Empirical Bayes method is likely the best available method to study
effectiveness. Care should be taken that this method is soundly applied
(e.g. Persaud et al., 2007). One specific concern is that the EB method is
still vulnerable to bias from site selection when an entry criterion is
used and when the characteristics of the treatment and control groups
are dissimilar (Lord and Geedipally, 2014; Kuo and Lord, 2013; Lord
and Kuo, 2012). Another concern is that in American RLC studies the
development of local SPFs do not follow general AASHTO guidelines

(Claros et al., 2017), which require SPFs based on data from 100 to 200
intersections with similar geometry, operations, and safety-related
traits; the total group of intersections requires at least 300 crashes per
year and preferably more than 3 years of crash data. To our knowledge,
Claros et al. (2016) is the (only) USA study that has used calibrated SPF
from the Highway Safety Manual.

One aspect of study quality is whether studies control for spillover.
Although the Høye meta-analysis has not found strong spillover effects,
6 recent USA/Canada-studies indicate that spillover effects do occur
and can be substantial (AECOM, 2014; Ahmed and Abdel-Aty, 2015;
Contini and El-Basyouny, 2016; Ko et al., 2017; Mahmassani et al.,
2017; Jiang and Ouyang, 2017). More research is needed to exactly
determine the nature and size of spillover effects as the literature is not
yet conclusive.

Future studies into the safety effect of RLC should report the true
public health impacts by distinguishing injury types and specifying
fatalities and/or seriously injured. Where possible, future studies
should elaborate the complex interrelationships between intersection
characteristics (design, traffic volume, signal phasing), violation beha-
viours (red light running related to speeding, to smart phone use, pla-
tooning etc.), adjudication of violations, and crash development, so that
further (local) guidelines or advice for successful implementation can
be suggested. An example of such research is illustrated in a paper by
Mahmassani et al. (2017) where a detailed analysis enabled the de-
velopment of a comprehensive remedial strategy.

6. Final conclusions

• Recent summary estimates indicate that RLCs tend to reduce total
crashes by 12%, total right angle crashes by 24%, right angle injury
crashes by 29%, and tend to increase rear-end crashes by 32% and
rear-end injury crashes by 14%. These results confirm the tendency
of RLCs to reduce right angle crashes while at the same time in-
creasing rear-end crashes.

• Over time, the estimated safety results of RLCs have tended to be-
come more favourable. This evolution may have several causes,
some of which may be related to improved knowledge and routines
for red light camera systems management.

• The safety estimates of speed/red light camera studies tended to be
more favourable than those of red light camera studies. SRLCs tend
to reduce total crashes by 17%, injury crashes by 25%, right angle
crashes by 37%, and rear-end crashes by 2%.

• Although earlier meta-analyses have not found strong or consistent
support for spill-over effects, 6 of 8 recent USA/Canada-studies in-
dicated that spillover effect do occur and can be quite substantial.

• Further research is needed to understand why cameras in different
settings produce different results and on how the apparent increase
in rear-end crashes can be mitigated.
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