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Abstract

A unique database provided information on pedestrian accidents, intersection geometry and estimates of pedestrian and vehicle
flows for the years 1983-1986 for approximately 300 signalized intersections in Hamilton, Ont,, Canada. Pedestrian safety at
semi-protected schemes, where left-turning vehicles face no opposing traffic but have potential conflicts with pedestrians, were
compared with pedestrian safety at normal non-channelized signalized approaches, where right-turning vehicles have potentiai
conflicts with pedes{rians. Four different ways of estimating hourly flows for left- and right-turning vehicles were explored. Hourly
flows were estimated for periods of 15 min, hours, two periods a day {(a.1n. and p.m.) and the ‘daily’ period (7 h), Parameter
estimates were somewhat affected by the time period used for flow estimation. However, parameter estimates secem to be affected
far more by the traffic pattern (left- or right-turning traffic), even though approaches were selected such that the situation for left-
and right-turning turning traffic was similar (ne opposing traffic, no advanced green or other separate phases and no
channelization). Left-turning vehicles caused higher risks for pedestrians than right-turning vehicles. At low vehicular flows right
turns and semu-protected Ieft turns seemed to be equally safe for pedestrians. When risks for pedestrians were calculated as the
expected number of reported pedestrian accidents per pedestrian, risk decreased with increasing pedestrian flows and increased
with increasing vehicle flow, As risk decreases with increasing pedestrian flows, promwoting walking will have a positive effect on
pedesirian risk at signalized intersections. © 2002 Elsevier Science Ltd. Al righis reserved,
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1. Background and purpose 2. The data

The scope of this study was twofold: (a} to explore
how safety for pedestrians at conflict with left- and
right-turning vehicles is influenced by pedestrian and
vehicle flows and (b) to explore how the models are
influenced by the choice of different time period for
estimating pedestrians and vehicle flows.

The same data base was also used o analyze how
typical schemes for accommodating left-turning vehicles
mfuence safety for pedestrians (Quaye et al., 1993).

*Tel: + 358-9-4361; fax: + 358-9-464174,
E-mail address: lars ledengivit i (L. Leden).

The data gathering part of the project was started by
Almuina (1989). His work focused on pedestrian acci-
dents and left-turning vehicles at signalized imtersec-
tions. As part of his work he prepared an Accident
Database and an Intersection Geometry Database for
the approximately 300 signalized intersections in the
Regional Municipality of Hamilton--Wentworth (Re-
gion) in south central Ontario, The majority of the
mtersections are jocated in the city of Hamilton in a
typical North American grid network with many one-
way streets,

To enhance the chances of success of finding a ‘pure’
relation between pedestrian accidents and pedestrian
and vehicle flows, a set of signalized approaches similar
in most respects except for traffic flows and accident
history were selected. For accidents involving righi-
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Fig. 1. Pair of flow estimates for the daily model lor pedestrians and confliciing lefi-turning vehicles.
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Fig. 2. Pair of flow estimates for the daily model for pedestrians and conflicting right-turning vehicles.

turning vehicles, data were collected for approaches
which were not channelized, L.e. where there was no
extra island to exclude right-turning traffic from signail
control and allow them to yicld to pedestrians. Alto-
gether 749 approaches met the criterta for righi-turning
traffic.

For accidents involving lefi-furning vehicles, the
criteria for selecting approaches were: no opposing
iraffic (so-called semi-protected scheme) and no ad-
vanced green or other separate phase for left-turning
traffic.

Lack of opposing traffic in the approach could be
due either to the missing leg in a three-way intersection,
or to one-way traffic in the opposite approach leading
away from the approach. Altogether 126 approaches
met the criteria for left-turning traffic.

The decision as to which approaches fulfilled the
criteria was based on information provided in the Inter-
section geometry database and in the microfiches of the

intersection layouts. Information about advanced green
or other separate phases for left-turning traffic was
obtained by interviewing the engineer in charge of the
city of Hamiiton {Hart Sclomon).

The city of Hamulton provided stream counts of
vehicles and pedestrians for 15-min periods for 1983-
1986. Typically there was one or two counts per year at
each intersection. Counts were conducted from 7 to 10
a.an. and from 2 to 6 p.m. Monday—Friday and re-
ported in 15-min periods. From these counts hourly
flows were estimated for each 15-min period for all
Mondays—Fridays during the study period (Quaye et
al.,, 1993). These estimates were used as a basis for
calculating average hourly flows for 13-min, hourly,
a.m./p.m. and daily periods of 7 h. Fig. 1 shows pairs
of estimates for the daily model of pedestrian flows and
conflicting left-turning vehicles {on the cross-walk). Fig.
2 shows pairs of estimates of pedestrian flows and
conflicting right-turning vehicles,
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As the available accident data were for 1977—1986,
flow estimates had to be extrapolated for the years
1977-1982 to correspond to the accident data. How-
ever, as these extrapolated estimates did not appear
refiable, only the analysis of data from 1983 to 1986 is
described here, To correspond to the available traffic
count information, accidents should occur between 7
and 10 a.m. and between 2 and 6 p.m. Monday-Fri-
day, and involve left-turning or right-turning vehicles
and a pedestrian, Thus 63 accidents from 1977 10 1982
and 66 accidents from 1983 to 1986 remained for the
analysis. As noted above, the analysis was restricted to
data from 1983 to 1986, leaving a total of 66 accidents,
27 of them between left-turning vehicles and pedestri-
ans and 39 between right-turning vehicles and
pedestrians,

3. Method

For models with left-turning vehicles, accidents be-
tween pedestrians on the conflicting cross-walk and
left-turning vehicles were related to corresponding vehi-
cle and pedestrian flows, For models with right-turning
vehicles, accidents between pedestrians on the conflict-
ing cross-walk and right-turning vehicles were also re-
lated o corresponding vehicle and pedestrian flows.

I. Average daily flow for each year, daily model;

2. Average hourly flows during a.m. and p.m. periods
for each year, 1.e. 7-10 a.m. and 2-6 p.m. for 1983,
1984 etc., am./p.m. model,

3. Average hourly flows for each hour and year, ie.
78, 1983, 8-6, 1983, etc., hourly model and

4. Average hourly flows for each 15-min period and
year, Le. 7-7:15, 1983, 7:15-7:30, 1983, etc., 15-min

model.

1-258 E 7 vehicle flow
per hour

pedesirian flow
par hour

Fig. 3 Pedestrian risks estimated as police-reporied accidents per
hupdred thousand pedestrians for various pedestrian and vehicle
flows.

Estimates of average hourly flows were used for a
minimum period of 15 min. Flow fluctuates between
and within each cycle of a traffic signal system. Flows
are systematically higher at the start of the green pe-
riod. However, the time of the accident related to the
start of the green period was not known, therefore it
was not possible to study how this influences the safety
of a pedestrian,

On the basis of exploratory analysis, one can suggest
functional forms for expressicns that fit the observa-
tions. Experience gained from previous work (Hauer et
al., 1989) suggested that it could be reasonable to usec
the following form of the model:

X;= boFVFY b e, = E{m) +e (D)

where for each case i, x, is the observed number of
accidents per unit of time; E{m} is the estimated num-
ber of accidents per unit of time for an ‘average’
intersection with flow F; and F,; F| is the vehicle flow
per hour (right-turning or left-turning); F, is the pedes-
trian flow per hour and e; is the ‘error’ variable, the
residual,

To reduce the effect of random variation the ex-
ploratory data analysis was done combining (adding)
data for left- and right-turning traffic and calculating
pedestrian risks as police reported accidents per hun-
dred thousand pedestrians for various pedestrian and
vehicle flows. Fig. 3 suggests that risks are high for
pedestrian flows below 235 pedestrians per hour, unless
vehicle flows are below 75 vehicles per hour.

The usual approach to the analysis is by multiple
regression. To estimate parameters the functions in Eq.
(1) were transformed with logarithmic values. The
model, expressed in traditional form, can then be
written:

yi=lnx=by+bInF +b,InF,+e,=m+e (2)

Coefficients were estimated using the Generalized
Linear Interactive Modeling {(GLIM) software package
(Aitkin et al., 1986) with which it is possible to choose
an appropriate error distribution. In order to make the
right choice it is necessary to understand the conceptual
framework, which is discussed below.

Let the safety of a specific intersection be denoted m,.
Imagine a population of intersections that all have the
same fraffic flows. In this imaginary population, the m,s
would still vary from intersection to intersection be-
cause, aithough flows are identical, they involve differ-
ent drivers in different cities, and so forth. Thus one
can speak of the expected value or mean of the ms
(E{m}) in this imaginary population of intersections
with identical traffic flows. This mean of the ms is what
describes the safety of a representative or an ‘average’
intersection for this imaginary population of intersec-
tions with a specific traffic flow. Similarly, one can
speak of the variance of the ms.



460 L. Leden / Accident Analysis and Prevention 34 (2002) 457464

A model was fitted to accident data, E{m} as a
function of traffic flow. This describes the m for some
‘average’ or representative intersection and how it
varies with traffic flow. However, the data used for
estimation were not for average intersections, Each
accident count was for one specific intersection from
the imaginary population of intersections with the same
flows. It follows that the accident count must be consid-
ered as a Poisson random variable originating from a
site with E{m,} as its expected value and that this m, in
turn, i8 one of a distribution of ms characterized by
E{m} and Var{m}.

Thus, the distribution of accident counts around the
E{m} is one family of ‘compound Poisson distribu-
tions.” In the special case where the distribution of ms
in these imaginary populations can be described by a
gamma probability density function, the distribution of
accident counts around the Ef{m} must be taken as a
negative binomial, or in other words the error distribu-
tion e; 1$ a negative binomial {e.g. Leden, 1993).

The variance of accident counts s is given by
Var{m} + E{m} or

Var{m} = 5% —x (3)

Note that the relationships are not affected by trans-
formation to a logarithmic scale according to Eq. (2).
in principle, these relationships can be used to estimate
Var{m} for different subsets of the data with almost
the same value of E{m}. (Vir{y,} can be estimated as
Tel/n.) As there was not enough data for this, results
from work already done were used (Hauer et al
{1991)). Hauer and Persaud (1987) found that there is
often a relationship between E{m} and Var{m} and
that it can uvsually be adequately represented by:

Var{m} = (E{mWk {4)

where k is the first parameter of the negative binomial
distribution.

This means that the same relationship is valid for
subsets of data as for data for the whole Gamma
distribution. From Eq. (4) we get for the whole
distribution:

Var{m} = kA% = k*(32k) = (E{m Yk

Hauer et al. (1991) confirmed the validity of this
empirical finding for many groups of their database
using Eq. {3).

Two methods can be used to estimate k: the method
of moments and the maximum likelihcod method. The
latter was used. However, some examples calculated by
both methods indicate that the two methods give simi-
lar results,

Maycock and Maher (1988) and Maher (1989) sug-
gest the method of moments to estimate k. As in Eq.
{2}, e, is the residual (p,— m,), then

Ef{e®y =m, +mik

and an estimate of & is given by:
k=i (e* ~ ) (5)

Hauer et al. (1991) describe the maximum likelthood
method of estimating k. The iterative process of est-
mating Var{m} begins by estimating provisicnal model
parameters on the assumption that Vir{m} =10 or from
some other starting guess. Once we had provisional
parameter estimates, a value of &k that maximizes the
Iikelihood (L) of the data was estimated as follows: As
shown above, the accident counts can be assumed to be
distributed as a negative binomial; the parameter a for
the negative binomial model can be expressed as a
function of &k and E{m;} using E{m;} =bfa and
Var{m,} = bja’ = (E{m;}*/k. Thus the probability of
an accident count x; for case number i can be written:

plx)y=lala+ DY [kk+ 1. (k+ x — 1)/x1]
x [(a+1)"]=

[ie/E{m Y Ttk + 1)...0k + x,— 1)]

) et (RIE im ) 4+ 1774

The likelthood function I, describes the probability of
having the actual outcome of accident counts xy,...,
X;...x,. If evenis are independent this probabilily can
be calculated as 7Ip(x;). To facilitate caiculation, in L is
calculated instead of L, thus:

ln L=1In/{p(x,)
= k[T In (k/E fm; )]
FEAN ) n (kDb o (ke x— 1)
o x4 Ky In{l 4 kJE {m,}) + constant! (6)

Since estimates for £{mr,} were provided, it was easy
to find the value of & which maximizes In L (and L) by
caiculating in L for different values of k. This value of
i was then used to calculate Var{m} from Eq. (4). The
provisional error siructure was revised, and model
parameters were estimated anew. The process converges
in two or three Herations.

As the number of accidents was small, the estimates
of k& were very uncertain, and in some cases it was not
even possible to calculate an estimate of & which maxi-
mizes the likelihood. However, the estimates of the
model parameters were not very sensitive to changes in
k.

Four different ways of estimating hourly pedestrian
and conflicting vehicle flows on each cross-walk were
explored.

! Not dependent on k.
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Table 1
Parameters {or estimating expected number of police-reported acci-
den{s per day between lefi-turning vehicles and pedestrians

Flow period b:, E1 B, £
i. Pay 262 %107 .19 0.331 1z
2. a.m.jfp.m. 2x485% 1078 1.37 0.346 *
3. Hour Tx1.82% 1078 1.32 0.338 0.4
4. 15 min 28 %38 <1077 1.35 0.368 *

* Insufficient data to estimate k.

Table 2
Parameters for estimating expected number of police-reported acci-
dents per day hetween right-turning vehicles and pedestrians

Flow period by B, E, 3
1. Day 419 %1077 0.864 0.475 *
3. aam/pam, 219107 6.519 0.570 *®
4. Hour Tx408x10-% G913 0.514 *
5. 15 min 28x2.43x 1073 0.864 0.321 *

* Insufficient data to estimate &,
4. Results

In all the models estimated, the traffic flows were
expressed as vehicles or pedestrians per hour, The
dependent variable in each model was based on the
number of police-reported accidents occurring in the
corresponding time periods® (e.g. for the daily model
the number of police-reported accidents per day during
study hours 7-10 am. and 2-6 p.m. was used, etc.).
The parameter estimates obtained after fitting the eight
models using Eq. (7) and the Generalized Linear Inter-
active Modeling (GLIM) software package are given in
Tables 1 and 2.

Efm} = by Fi Fin (7)

where m is the expected number of accidents per unit of
time 4t a certain intersection with an hourly right- or
left-turning vehicular flow F, and hourly pedesirian
flow £, If{m} is the estimated number of accidents per
unit of time at a certain interseciion and by, b, and b,
are parameters to be estimated.

In Fig. 4, the expected number of police-reported
pedestrian accidents per day is estimated for a pedes-
trian tlow F, of 30 pedestrians per hour for various
vehicle fiows. Due to the small number of accidents the
standard deviation, estimated by the formula £ {m}/&Y
2, is relatively great. However it is likely that the
expected number of pedestrian accidents per day
(E{m}) is higher for left-turning than for right-turning
vehicles (for the specified pedestrian flow).

* EBach flow estimate correspends to 5 x 52 periods {one for each
weekday of & vear).

It should be noted that the estimate from the daily
model pertains to information aggregated over two
a.m. or p.m, periods, 7 h of the day (specifically: 7-10
am, and 2-6 p.m.), or 28 15-<min periods. Ideally, one
would expect that multiplying the 15-min estimate of
E{m} by 28, the hourly estimate by seven or the
am./pam. estimate by two should yield the daily
estimate,

In Figs. 4-7, the curves labeled 1 give the estimates
of E{m} based on the daily model, for various values
of left- or right-turning vehicular flow F;, while curves
2, 3 and 4 arc daily estimates obtained from the a.m./
p.m., hourly and [5-min models, respectively, for the
same traffic flow combinations.

If risks for pedestrians are calculated as the expected
number of reported pedestrian accidents per pedestrian,
i.e. BEq. (7) is divided by 7F, (daily pedestrian flow?), the
risks decrease with increasing pedestrian flow. Fig. 3
shows estimates for F, = 50 vehicles per hour and Fig.
6 for 500 vehicles per hour. For small vehicle flows
{F; = 50 vehicles per hour), risk differences vanish be-
tween left- and right-turning models.

If risks for pedestrians are calculated as the expected
number of reported pedestrian accidents per pedestrian,
the risks increase with increasing vehicle flow, as seen in
Fig. 7.

It is evident from Figs. 4-7 that estimates from the
four different models give similar results. Quaye et al.
(1993) conclude in their study concerning the effect of
semi-protected {where left-turning vehicles face no op-
posing traffic but conflict with pedestrians) versus per-
missive schemes (where left-turning vehicles have to
find suitable gaps in the opposing traffic) on the safety
of pedestrians that it is not statistically incorrect to use
any of the three models: 15-min, hourly or daily model,
to explore the safety of an intersection over a lime
period other than that used in its estimation.

5. Summary and discussion

A unique database provided pedestrian accidents and
estimates of pedestrian and vehicle flows for the years
19831986 for approximately 300 signalized intersec-
tions in Hamilton, Ont., Canada. Pedestrian safety at
semi-protected schemes, where left-turning vehicles face
no opposing traffic but have potential conflicts with
pedestrians, were compared with pedestrian safety af
normal non-channelized signalized approaches, where
right-turning vehicles have potential conflicts with
pedestrians.

Four different ways of estimating hourly flows for
left- and right-turning vehicles by fitting daily, a.m./

* Seven study hours per day.
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p.m., hourly and 15-min models to the data were
explored. Parameter estimates were affected by the time
period used for flow estimation. However, parameter
estimates seem to be affected much more by the traffic
pattern {left- or right-turning traffic), even though ap-
preaches were selected such that the situation for left-
and right-turning traffic was similar {(no opposing
traffic, no advanced green or other separate phases and
no channelization). At low vehicular flows, right turns
and semi-protected left turns tend to be equally safe for

L. Leden / Accident Analysis and Prevention 34 (2002) 457464

pedestrians, but right turns are safer for pedestrians
than semi-protected left turns (where left turaing vehi-
cles have to find suitable gaps in the opposing traffic at
high vehicular flows.

If risks for pedestrians are calculated as the expected
number of reported pedestrian accidents per pedestrian,
the risk decreases with increasing pedestrian flows. One
explanation could be increased driver alertness with
increasing pedestrian flow. As the risk decreases with
increasing pedestrian flows, promoting walking will
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have a positive effect on pedestrian risk at signalized
intersections. However, an increased pedestrian flow
might lead to more pedestrian accidents if promotion is
not accompanied by appropriate safety measures, such
as speed-reducing devices and increased surveillance of
red light running and walking.

Ekman (19963 found for 95 non-signalized intersec-
tions in Malmé and Lund in Sweden that the rate of
pedestrian conflicts per pedestrian was not influenced
by pedestrian flow. According to Ekman this could be
interpreted as follows: ““The individual pedestrian does

not seem to benefit from the presence of other pedestri-
ans. Another interpretation is that the vehicle drivers
do expect pedestrians (at least if the pedestrian flow
exceeds 30 pedestrians per hour).”” Ekman found that
the rate of bicycle conflicis per bicyclist decreases with
increasing bicycle flow and concluded that the level of
bicycle flow is much more important for bicycle risk
than the level of car exposure.

Ekman alse found (for the 95 non-signalized intersec-
tions) that if risks for pedestrians are calculated as the
expected number of reported pedestrian accidents or
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conflicts per pedesirian, the risk increases with in-
creased vehicle flow, L.e, the results are similar to those
in Fig. 7.
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