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� A stereo-vision and GPS for traffic conflict investigation is presented for detecting conflicts between vehicle-pedestrian.

� An urban bus was equipped with a prototype of the system.

� A risk index is proposed to classify collision probability and severity using data collected by the system.
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The traffic conflict technique (TCT) was developed as “surrogate measure of road safety” to

identify near-crash events by using measures of the spatial and temporal proximity of road

users. Traditionally applications of TCT focus on a specific site by the way of manually or

automated supervision. Nowadays the development of in-vehicle (IV) technologies pro-

vides new opportunities for monitoring driver behavior and interaction with other road

users directly into the traffic stream. In the paper a stereo vision and GPS system for traffic

conflict investigation is presented for detecting conflicts between vehicle and pedestrian.

The system is able to acquire geo-referenced sequences of stereo frames that are used to

provide real time information related to conflict occurrence and severity. As case study, an

urban bus was equipped with a prototype of the system and a trial in the city of Catania

(Italy) was carried out analyzing conflicts with pedestrian crossing in front of the bus.

Experimental results pointed out the potentialities of the system for collection of data that

can be used to get suitable traffic conflict measures. Specifically, a risk index of the conflict

between pedestrians and vehicles is proposed to classify collision probability and severity

using data collected by the system. This information may be used to develop in-vehicle

warning systems and urban network risk assessment.
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1. Introduction

Improvement in road safety knowledge is associated with a

better understanding of the link between road features and

road users and their dynamic interactions observed directly

on the road in the short time prior a collision. Nevertheless,

given the variability and complexity of road users behaviors

and performance, as well as the random and rare nature of

crashes, challenges still remain in quantifying these re-

lationships basing only on crash data.

In this framework, the traffic conflict technique (TCT) is a

promising methodology of field observations to quantitatively

describe the interactions between road users involved in a

critical event for safety, not only in the occurrence of a crash,

and the use of geo-referenced stereo sequences and tracking

procedure constitutes an innovative tool in TCT applications.

For this reason, in the context of a national research program

on a new concept urban bus, a geo-referenced stereo system

was developed to identify and analyze traffic conflicts be-

tween vehicle and pedestrians crossing in front of the bus.

Such a system can support bus driver task in the event of a

potential collision by the activation of real time warnings.

Moreover, the conflict data can be stored for naturalistic

studies of driver behavior during critical events (conflicts, near

crashes, collisions). In urban area crash interactions between

bus and pedestrian is one of the main sources of accidents

involving a bus and cause of concerns for the transport

agencies due to the high cost and social impact. Therefore, the

market penetration of such equipment offers the interest of

looking to a vehicle segment characterized by high invest-

ment cost and managed by a limited number of operators.

The field of application (i.e., intelligent transport system

(ITS) for bus safety), the methodology (i.e., traffic conflict

technique) and the novel equipment (i.e., stereo system with

GPS) are presented in this paper together with a pilot imple-

mentation on the bus-pedestrian interaction to evaluate the

effectiveness and potential use of the proposed system.
2. ITS for bus safety

European statistics shows that bus crashes account for only

1% of total road fatalities, but bus represents only the 0.35% of

the overall motorized vehicles (ERF, 2010). Because of the low

percentage of crashes involving buses and the assumption

that public transport improves road safety by reducing the

number of vehicles on the streets, public interest in bus

safety is not as evident as for other types of vehicles (e.g.,

passenger cars, trucks, powered two wheels). Nevertheless,

the introduction of new technologies, that can be easily and

widely diffused in the bus market makes safety

improvements challenging and of interest for the transport

agencies as revealed by a pool among the operators (Cafiso

et al., 2013a,b).

It is generally assumed that new technologies can support

safety improvements. In particular, a great deal of attention

has been paid to the effects of driver assistance systems on

driver performance (Lin et al., 2008). However, challenges still

remain in quantifying the effectiveness of these systems in
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terms of their impact on reliability, profitability, and safety

(TRB, 2011). At the present time, despite the great interest

showed by operators to equip new and old bus fleets, little

information based on their effective operation under real

traffic condition is available in order to relate their working

parameters to unsafe events and to perform qualitative and

quantitative warnings for the driver (Cafiso et al., 2013a,b).

Based on present experiences (Shankar et al., 2008), great

emphasis is given to inside vehicle measurements

monitoring driver performance and vehicle dynamics (e.g.,

braking, steering, pedal use, safety belt use, eye tracking,

lane departures, lane position, hours of service, driver

fatigue, driver alertness, turn signal use, and GPS

coordinates). Video records are usually used to qualitatively

analyze the outside vehicle environment (e.g., weather and

light conditions, presence of other road users and conflicting

vehicles). Less to no quantitative outside vehicle measures is

usually acquired (e.g., distance of the opponent vehicles,

obstacles or vulnerable road users). Due to the complexity in

the correlation between the recordable data and the collision

event, surrogate measures of safety provided by traffic

conflict technique can be used to overcome this problem.
3. Surrogate measures of safety: traffic
conflict techniques

The Heinrich Triangle theory (Heinrich, 1932) was founded on

the casual relationship that no-injury accidents preceded

minor injuries. The second basic idea of the Heinrich

Triangle is that because near-accident events occur more

frequently than accidents, their occurrence rate can be more

reliably observed. Another advantage of this approach, with

respect to traditional crash analyses, is its proactive

evaluation (i.e., it is possible to identify the safety

deficiencies prior to accident occurrences and to adopt

preventive countermeasures).

The TCT is founded on the Heinrich Triangle theory,

assuming that the appropriate traffic conflict (TC) factors can

be defined as measures of near-crash events. A TC is defined

as an observable situation in which two or more road users

approach each other in space and time to such an extent that

there is risk of collision if theirmovements remain unchanged

(Hanowski et al., 2000; Hyden, 1987). Traffic conflict measures,

such as time to collision (TTC), address the first condition of

surrogate measures, namely the common factors that are

shared with safety (Hayward, 1972). The shortest TTC

illustrates the idea that events closer to the base of the

triangle precede the events nearer to the top.

However, the limitations of the TCmeasures are due to the

often unproven relationship between the surrogate events

and the crash occurrence. Many researchers have broached

this thorny subject, suggesting that validity problems were at

least partially due to the quality and coverage of the accident

data (Chin and Quek, 1997; Zheng et al., 2014) and reporting

the need for validation in relation to the diagnostic qualities

of the TCT (Hyden, 1987). Thus, other authors (Migletz et al.,

1985) indicated that TC studies can produce estimates of

crash occurrences that are as good as those based on crash

data but require a significantly shorter period for data
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Fig. 1 e Parameters and their trends in computations. (a) Distances involved in a TTC computation. (b)Temporal trend of the

quantities involved in the event and conflict area.
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collection. From this point of view, the reliability of conflict

measures can be improved by the use of objectively defined

measures, for example, through processes involving video

analyses (Songchitruksa and Tarko, 2006). Video-automated

conflict analysis has been advocated as a new safety

analysis paradigm that empowers the drawbacks of survey-

based and observer-based traffic conflict analysis

determining great benefits on safety management

(Ettehadieh et al., 2015; Saunier and Sayed, 2014).

In this framework, the target of the paper is to present a

novel application of an in-vehicle stereo system that can be

used to improve collection of data and development of traffic

conflict measures.
3.1. Pedestrian crosswalk risk index

During a traffic conflict, when the opponent road user is a

pedestrian crossing the street, to take into consideration both

the chance of occurrence and the severity of a potential

collision, a risk index (Cafiso et al., 2011) can be computed. Due

to the dynamic evolution of the conflict, at each instant i of the

conflict phase (TTZduration), vehicle speed, position and

distance from the conflict point have to be monitored

(Fig. 1(a)) and time to collision of the vehicle TTCv has be

compared with its stopping time (Ts) to evaluate the actual

possibility to avoid the collision (Fig. 1(b)).

The TTC of the vehicle is obtained from the following

equation, by considering as reference system the Cartesian

one of the stereo vision equipment installed in the vehicle

(Fig. 1(a)).

TTCvðiÞ ¼ DvðziÞ=VvðiÞ (1)

where TTCv(i) is the vehicle time to reach the conflict area at

instant i, Dv(zi) is the distance between the vehicle and the

conflict area along the Z axis at instant i, Vv(i) is the vehicle

speed at the instant i.

The vehicle stopping time is calculated as

TsðiÞ ¼ Tr þ VvðiÞ=ab (2)
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where Ts(i) is the vehicle stopping time at instant i, Tr is the

reaction time of the driver, ab is the braking deceleration.

In the present application, a reaction time Tr ¼ 2.0 s and a

deceleration rate ab¼ 5.4m/s2were chosen as case study. Both

these values were assumed taking into consideration the ex-

pected behavior of the bus driver with a mean reaction time

and a low deceleration rate due to the care for the passengers

inside the bus. In the practical applications these values can

be varied to increase the system sensibility (e.g., higher reac-

tion time and lower breaking deceleration).

These TTC of the pedestrian are calculated to check

whether a pedestrian can arrive and remain into the conflict

area in time to collide with a vehicle

TTCINpðiÞ ¼ ½DxðiÞ �Wv=2�
�
Vp (3)

TTCLEApðiÞ ¼ TTCINpðiÞ þWv

�
Vp (4)

where TTCINp(i) is the pedestrian time to reach the conflict

area at instant i, TTCLEAp(i) is the pedestrian time to leave the

conflict area at instant i, Dx(i) ¼ Dv(xi) e Dp(xi) is the gap be-

tween the vehicle and the pedestrian along the x axis at

instant i,Wv is the width of the conflict area assumed equal to

vehicle width, Vp is the average crossing speed of the

pedestrian.

It is possible to consider the following conflict circum-

stances, which determine the conflict occurrence and

severity:

A) TTCv(i) > Ts(i): vehicle may stop before reaching the

conflict area.

B) TTCINp(i) < TTCv(i) < TTCLEAp(i): potential collision be-

tween vehicle and pedestrian if their movements

remain unchanged (traffic conflict);

C) TTCv(i) < TTCINp(i): vehicle will cross the area of conflict

before the pedestrian goes in (no traffic conflict);

D) TTCv(i) > TTCLEAp(i): vehicle will cross the area of con-

flict after the pedestrian leaves it (no traffic conflict).

In the perspective of an application for a warning assistant

system to the bus driver, three grades of warning are defined
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Table 1 e Grade of chance of collision (CC class).

PC TTCv < TTCINp TTCINp � TTCv

� TTCLEAp

TTCv > TTCLEAp

TTCv � Ts

TTCv < Ts
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in Table 1 basing on the simultaneous combination of event

(A) (potential severity) with one of events B (traffic conflict),

C and D (chance of traffic conflict). The events

corresponding to the first and last columns (circumstances C

and D) aren't traffic conflicts by definition, but they are

classified equally with low and medium severity, because

any change in the speed of bus and/or of pedestrian could

lead to a conflict in next seconds. Therefore, in the view of a

warning system, this situation needs to be monitored due to

the presence of the pedestrian in front of the Bus, even if it

is not a TC at present.

Within the high CC class with both TTCv < Ts and actual

traffic conflict (concurrent conflict circumstances A and B),

increasing the gap DT(i) between TTCv and

Ts(DT(i) ¼ Ts(i) � TTCv(i)) an increase of the probability of

collisionmay be expected (i.e. the vehicle can't stop). The time

variability of DT(i) is showed in Fig. 1(b) during the conflict

phase highlighted as shadow area.

IfDT(i) is ameasure of collision probability, in the event of a

collision the severity of the consequences for pedestrian in-

creases proportionally to the square value of vehicle speed

V2
vðiÞ (Ros�en et al., 2011).

Therefore, with DT(i) and V2
vðiÞ, it is possible to compute the

risk of the conflict as product of collision probability and

severity, at each time of the conflict phase

RIðiÞ ¼ DTðiÞV2
vðiÞ (5)
Fig. 2 e Proposal system on urban bu
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where RI(i) is the risk index at time i, DT(i) ¼ Ts(i) � TTCv(i) is

the gap between the stopping time and the time to collision.

Because, the seriousness of the risk also depends on the

extension of the time duration (TTZ) and both DT(i) and Vv(i)

vary during the conflict phase, the overall RI value for the

entire conflict is given by the following formula

RItot ¼
X

i2TTZduration

RIðiÞ ¼
X

i2TTZduration

DTðiÞV2
vðiÞ (6)

where TTZduration is defined as the time interval from the

beginning to the end of the high CC class (i.e., phases A and B)

(Fig. 1(b)).
4. Stereo system

In computer vision, stereoscopy is a technique used to

reproduce the appearance of three-dimensionality from im-

ages similarly to what the human visual system does (Read,

2015). When looking at a scene, the human visual system

“fuses” the two images, acquired separately by the two eyes,

into stimulus which are useful to reconstruct and perceive

the depth of the observed scene. Thus, by broadcasting two

separate views for the left and right eye, 3D can be

perceived. In practice, however, it is more desirable to send

only one camera view together with side information. This

information can be represented by a matrix of the same size

of the image, usually called depth-map. Benefit of this

format is the ability to synthesize novel views and that

depth-maps are highly compressible due to their

characteristics. In practice, depth-maps are stored as gray

scale images that show distance instead of texture. This

means that an object located close to the camera turns out

bright while a faraway located object looks darker and vice

versa.

The biggest problem in stereoscopy is to find the corre-

spondences between points belonging to the stereo images

which are needed to compute the depth of the related 3D

points (Llorca et al., 2010). Stereo vision technique is not the

focus of this paper and vision issues related to the

application were analyzed by the authors in previous papers
s during the experiment phase.

eo vision system for identification of traffic conflicts between
gineering (English Edition) (2017), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.jtte.2016.05.007
http://dx.doi.org/10.1016/j.jtte.2016.05.007


Table 2 e Datasheet of the EVS hardware used in
experiment.

G3 embedded vision system specifications

Power 11 W typ.: 12vdc or PoE CLASS III

Imagers Aptina MT9V022 color, up to 60 fps,

752x480 pixels

Lens 83� horizontal FOV

Stereo baseline 33 cm

CPU Freescale powerPC 8347 @400 MHz

Memory 256 mbytes

Operating system Linux 2.6 kernel

Fig. 4 e Five frames of a pedestrian generating a conflict

tracked by the system.
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(Battiato et al., 2013). For interest readers can find more

information in Scharstein and Szeliski (2002). In the same

way, readers could find interesting information on the use of

stereo vision for obstacle detection in Labayrade et al. (2005)

and in Perrollaz et al. (2010).

For this pilot application, the TYZX DeepSea G3 Embedded

Vision System (EVS) (Labayrade et al., 2005) was employed to

acquire stereo images and to obtain the depth-map related

to the scene in front of the vehicle. For the case study, this

piece of hardware was positioned in front windshield of the

bus as depicted in Fig. 2.

The EVS implements a census-based stereo algorithm

(Woodfill et al., 2006). As the input pixels enter the EVS, the

census transform is computed at each pixel based on the

local neighborhood, resulting in a stream of census bit

vectors. At every pixel a hamming distance is used to

compare the census vectors around the pixel of one view

(i.e., left image) to those at 52 locations in the other view

(e.g., right image). These 52 comparisons are performed

simultaneously making the stereoscopic system very fast at

subpixels precision. The EVS processor converts the pixels

disparity map to metric distance measurements using the

stereo camera's calibration parameters and the depth units

specified by the user. In our setting, a stereo cameras with a

baseline of 0.33 m and an 83� HFOV lens have been used.

This configuration allows the overall system to work with

distance in a range between 2.5 m and 50 m with enough

precision (i.e., in the range between ±0.01 and ±1.00 m

respectively). All the specifications of the EVS used for the

experiments are reported in Table 2.
Fig. 3 e Left sensor image and
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Fig. 3 shows a depth-map computed from the source stereo

images (in the figure only the left one is shown). The depth of

each point is coded by using gray scale colors from far points

(i.e., black) to closer one. White color means that for those

points the system couldn't find stereo correspondences

useful to infer the depth information. Once the initial frame

of the traffic conflict is detected, the obstacle that may have

generated the conflict is identified as the closest point to the

vehicle in the field of view. The target point is then

automatically tracked in the successive frames in order to

obtain measurements covering the entire traffic conflict

event.

Fig. 4 reports a sequence of frames and the related depth-

maps which show the target tracked and analyzed step by

step by the system. Basing on the system specification and

on in field tests a maximum 3% error can be expected in the

estimation of position of the target (x, z coordinates) in front

of the bus (Woodfill et al., 2006).

For the application of stereo vision described in this paper,

image and depth informationmust be also geo-referenced. To

achieve this requirement, EVS was connected and synchro-

nized to a Bluetooth GPS receiver device placed on the

external roof of the bus. A GPS, with a sampling frequency of

10 Hz (MTK II, L1 frequency, 66 Channels, NMEA-0183) was
the computed depth-map.
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used to collect information on vehicle position and time.

During tests, GPS measures are copied directly from the data

string stored in accordance with NMEA protocol. The raw data

used in this study are.

� Vehicle's speed over ground. Accuracy is estimated in

0.1 m/s.

� Latitude (N) and longitude (E). Absolute position accuracy is

3.0 m (2D-RMS).

� Time is received as GPS time and recorded in the NMEA

data in UTC time. Time is accurate to about 50 ns.

Routines have been implemented to synchronize GPS in-

formation with every single frame acquired by the EVS as

described by Battiato et al. (2013). For a better understanding

of working logic and data processing a flow chart is reported

in Fig. 5.

The data treatment module computes the behavior of the

actors involved in the conflict, in terms of speed and distance

on the two axes components, according to the reference sys-

tem. Specifically, longitudinal and transversal distance of
Fig. 5 e Flow chart of the proposed tr
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target from the origin of the reference system defined by the

stereo cameras, are identified by the way of the depth-map,

vehicular speed and position of the reference system are

derived from GPS NMEA string.

All data are recorded in a spreadsheet and dependent

measures calculated to carry out the TC parameters as

described in the previous paragraph.

Fig. 5 shows stereo system and GPS are synchronized for

working together and respective data are merged to

compute the conflict indices. More specifically, GPS provides

speed and location of vehicle with a frequency of 10 Hz. The

accuracy specifications of the two systems are in agreement

because the main GPS precision is required in the estimation

of the speed as part of the risk computation. The smaller

accuracy in the positioning of the traffic conflicts is

compatible with the needs of map visualization and

overlapping of recursive events.

These data can be used both in real time to activate in

vehicle system for warning and driving assistance and in post

elaboration for naturalistic studies of driver behavior during

critical events (conflicts, near crashes, collisions).
affic conflict analysis procedure.
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Fig. 6 e TC analysis of unsafe events registered during the survey. (a) Conflict No. 1. (b) Conflict No. 2. (c) Conflict No. 3. (d)

Conflict No. 4. (e) Conflict No. 5. (f) Conflict No. 6.

J. Traffic Transp. Eng. (Engl. Ed.) 2017; x (x): 1e11 7
5. Case study

A pilot implementation has been performed on real traffic

condition in the city of Catania in Italy. The system has been

mounted on a urban bus and about 8 h of acquisition have

been carried out. Using the acquired data, TC analysis was

performed at pedestrian crosswalks, road intersections and in

a car following situations. The performance of the systemonly

in the occurrence of a pedestrian crossing in front of the bus is

presented. The computed measures are reported in Fig. 6 for

all the critical conflicts (RItot > 0) registered during the

survey (the conflict phase is inside the two dotted lines in

Fig. 6). RItot values can be considered for a comparison

evaluation of the traffic conflicts. Higher value of RItot means

an increase of both probability and severity of collision.

Among the nineteen events between bus and pedestrian

identified in the experiment, only six were classified in the

high CC class with RItot > 0 (Fig. 6), two of them showed the

highest RItot scores (No. 4 and 6). The system presented in

the paper demonstrates the potentialities for application in
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the field of road safety assessment and in vehicle driver

assistant system (DAS), as well.

Locations of identified conflicts and values of RItot can be

used to collect data on frequency and sites of traffic conflict

along the bus route. Sites where a traffic conflict was detected

can be reported in a map using GPS coordinates. Location and

risk value of traffic conflicts along the bus route highlight

proactively where a higher frequency and severity of potential

crashes is expected basing on the traffic conflict theory

(Heinrich, 1932; Hyden, 1987). Development of risk maps, by

establishing a routine monitoring system to identify safety

gaps in the road network, could be useful to implement safety

improvements targeting to specific risks where the needs and

potential crash reductions are the greatest (e.g., pedestrian

facilities, visibility of pedestrian and motorist, slowing speed

vehicle). In this way decision can be addressed using an a

priori approach which doesn't need a crash history.

For example, in the presented case study, limited at only

few runs of bus line 2e5 in the city of Catania (Fig. 7), results

pointed out conflicts between bus and pedestrian are

localized more in via Umberto rather than in Corso Italia.
eo vision system for identification of traffic conflicts between
gineering (English Edition) (2017), http://dx.doi.org/10.1016/

http://dx.doi.org/10.1016/j.jtte.2016.05.007
http://dx.doi.org/10.1016/j.jtte.2016.05.007


Fig. 7 e Map of traffic conflicts in bus line 2_5 City of Catania, with picture of Corso Italia (top) and via Umberto (down).
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These two streets, with reserved bus lane, are both in the

downtown and shopping district with similar pedestrian

flows, but only Corso Italia, despite is wider in the

carriageway, has crosswalks at signalized intersection.

In the DAS application of the system, continuous evalua-

tion of TTC during the bus ride can be used for real time

monitoring of interaction between the vehicle and other road

users (pedestrian crossing in front of the bus in the presented

case study). This information can be used to actuate an in-

vehicle warning signal to alert the bus driver. In the following

figures (Figs. 8 and 9) the warning activation is represented by

face icons (smile, indifferent, pout) for user friendly CC clas-

sification low, medium and high (Table 1).

In this field, it's pointed out the simple presence of a

pedestrian in front of the bus is not necessarily the cause of

alert (e.g., ID 30, 35, and 40 in Fig. 8), because actual bus

distance and speed should be adequate for avoiding the

collision. Other times, this event has to be signalized to the

driver because the collision is possible if the vehicle and
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pedestrian movements remain unchanged (e.g., ID 1, 6, and

11 in Fig. 9). These results are clear examples that in the

design of Activation Design Alert (ADA) the simple detection

of a target in front of the vehicle is not necessarily the cause

of warning to the driver.
6. Conclusions

The paper presents a novel application of in-vehicle stereo

vision and GPS system for detection and evaluation of traffic

conflicts. A case study with in field experiment, was useful to

show practical applicability of the system in bus-pedestrian

conflicts, but potential use can be extended to different traffic

conflicts in the field of vision of the system (e.g., rear end

collision) and road users (e.g., vehicle, motorcycle, bikes).

Indeed, the system is able to identify any spatial information

of objects in the video frame with the added value, when

compared to traditional radar equipment, to turn out in real
eo vision system for identification of traffic conflicts between
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Fig. 8 e Images from conflict No. 1 with alert real time analysis.
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time a depth-map where spatial data are provided together

with shape and color attributes of the object. These attributes,

not available with other systems, can be used to carry out

additional useful information for object recognition (e.g.,

pedestrian versus vehicle, red light versus green light lamps)

and tracking (e.g., object trajectory and speed). Collected data

can be used for naturalistic studies of drivers' and opponent

road user behaviors during critical events (conflicts, near

crashes, collisions). Moreover, recording and mapping the

traffic conflicts provides data for both identification of high
Please cite this article in press as: Cafiso, S., et al., In-vehicle ster
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risk location along the bus route and monitoring of bus driver

risk propensity and awareness.

Moreover, the hardware and software performance of the

system could be used in real time to activate in vehicle system

for warning and driving assistance. In view of these applica-

tions, results pointed out as raw data acquired by the system

(i.e., vehicle speed, distance and speed of the target) when

used to carry out suitable traffic conflict measures (e.g., TTC)

can improve the performance of the system by discriminating

between false alarm and actual critical events.
eo vision system for identification of traffic conflicts between
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Fig. 9 e Images from conflict No. 6 with alert.
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Future works and challenges are addressed to explore the

feasibility and practicality of automated detection of pedes-

trians approaching a bus (or any other equipped vehicle).
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