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Glossary

ADAS Advanced Driver Assistance Systems are complex

systems to help the driver during specific maneu-

vers, or during normal driving.

Laser scanner Laser scanner is an optical sensor based

on LIDAR (Light Detection And Ranging) technol-

ogy that measures the distance of targets measuring

the time delay between transmission of a pulse and

detection of the reflected signal.

NIR Near InfraRed (0.75–1.4 mm) is the wavelength

closest to visible that is often used in image processing

for night vision, together with specific illuminators.

Definition of the Subject and Its Importance

This paper presents an application of a pedestrian

detection system aimed at localizing potentially

dangerous situations in specific urban scenarios. The

approach used in this work differs from the ones

implemented in traditional pedestrian detection sys-

tems, which are designed to localize all pedestrians in

the area in front of the vehicle. Conversely this

approach searches for pedestrians in critical areas only.

The great advantages of such an approach are that

pedestrian recognition is performed on limited image

areas – therefore boosting its time-wise performance –

and no assessment on the danger level is finally

required before providing the result to either the driver

or an onboard computer for automatic maneuvers.

A further advantage is the drastic reduction of false

alarms, making this system robust enough to control

nonreversible safety systems.

Introduction

This paper presents an innovative approach to the

detection of pedestrians, explicitly designed to work

in a particularly challenging urban scenario, which

represents a particularly critical environment for tradi-

tional pedestrian detection approaches. The aim of the

system is to trigger reversible and nonreversible driving

assistance system.

This work was developed by VisLab at Parma

University and funded by MANDO Corporation,

Korea.

Why Are ADAS Related to Sustainability?

In his book May Contain Nuts [1] John O’Farrell

depicts a mother terrified by modern world’s dangers.

In order to show how dangerous the road where vehi-

cles are running can be, she builds a puppet, and throws

it onto the road, letting it come out between two

parked cars.

The description of that particular “experiment”

intended to highlight two points, among others: first

of all, the (motivated) worries people have about the

road environment, especially when dealing with

children, which cannot correctly evaluate risks; the

second observation is that road safety relies, in some

cases, on a very strong hypothesis, that is, everyone is

following road traffic laws. Of course, this should nor-

mally be the case, but an important point is to under-

stand whether there are margins, in order to recover for

74 Active Pedestrian Protection System, Scenario-Driven Search Method for

M. Ehsani et al. (eds.), Transportation Technologies for Sustainability, DOI 10.1007/978-1-4614-5844-9,
# Springer Science+Business Media New York 2013

Originally published in

Robert A. Meyers (ed.) Encyclopedia of Sustainability Science and Technology, # 2012, DOI 10.1007/978-1-4419-0851-3



other road users’ illegal behaviors. This applies mainly

to drivers, since they are the strong road users. When

a car hits a pedestrian, even if this is due to a pedestrian

fault, the driver could, in principle, take actions that

may avoid or, at least, mitigate the collision conse-

quences. This is, then, the difference. It is difficult, if

not impossible, for a pedestrian to take actions that can

recover from a driver’s fault; on the contrary, it is often

possible for a driver to cope with pedestrians’ faults.

Road dangers are caused by several factors. At the

very beginning, vehicles were slow, and few of them

were running on roads – traffic also was an unknown

problem! Then, the number of vehicles dramatically

increased, but not enough care was dedicated to the

protection of pedestrians and bicycles mobility, either

because of economic factors, or because the problem

itself is really difficult to face.

Whatever the reason, traffic and related pedestrian

injuries have now become an important issue that has

been on the agenda of several governments and public

institutions for many years. The reasons for this change

can be found, again, in economic factors – every injury

brings a high social cost – but, also, human society

underwent substantial changes during the last few

decades. After more than a century of economic and

technical growth, the capability of mankind to deeply

influence the environment had become so high, and the

available technology so powerful, that it became clear it

is mandatory to keep them under control. In other

words, it became clear that growth could not continue

without limits, but rather, it had to face a new issue: the

capacity to endure, that is, sustainability.

Sustainability is a complex and wide concept, which

includes the capability of reducing as much as possible

the negative impact on the environment that the use of

almost every new technology involves. Therefore sus-

tainability deeply deals also with all transportation

systems, because they pollute, they can be dangerous,

they impact on people’s everyday life, and, above all,

they are essential.

Several studies on countermeasures aimed at reduc-

ing traffic injuries have been undertaken. Car manu-

facturers deeply increased the safety levels available

inside cars. Back to the 1970s, objects like the steering

wheel or the pedals, or, more generally, every part of

a car’s interior, could cause severe injuries in case of

accidents, because they could hit the driver or

passengers in an uncontrolled way. Car manufacturers

then invested a considerable amount of money to

reduce fatalities, and studied the problem. Nowadays,

the steering wheel itself is not only able to avoid dan-

gers in case of accidents, but also contains a safety

system, the airbag, that sensibly reduces the conse-

quences of a car accident.

Unfortunately, increasing road safety in the case of

accidents involving pedestrians is sensibly more diffi-

cult. The EuroNCAP institution is involved in

a number of projects related to this field (see www.

euroncap.com for an overview). Some of them aim at

mitigating the consequences for a pedestrian being hit

by a vehicle, for instance by modifying the shape of the

car front, a sort of outer passive safety system. Similar

ideas are under development since decades. Some pat-

ents regarding systems capable of mitigating collisions

with a pedestrian date back to the beginning of the

1980s [2].

Following the idea of mitigating the impact energy,

external airbags were also proposed. Several patents

were submitted by the end of the 1990s [3, 4]. Such

airbags should inflate in case the car hits a pedestrian,

but still the problem of the collision sensor is open and

hard to solve. Such sensors should detect collisions that

are relatively soft, since the mass of a pedestrian is

sensibly lower than that of a vehicle. Moreover, the

sensor is required to be extremely fast and precise,

because each false positive leads to the need of expen-

sive service for restoring the external airbag system.

Together with passive safety systems, active systems

were studied and developed in the last years. Since

active safety systems should predict an imminent col-

lision, they need sophisticated sensors and collision

detection systems. The task of preventing accidents

from happening is extremely difficult, because it

requires that the safety system understands the road

scene at a high level, detecting potentially dangerous

conditions. Such an understanding can be provided

only by a computer system connected to sensors. The

need for safety systems has therefore caused computer

science to deeply enter into the automotive world,

a process that had started with the very first electronic

active safety systems, like ABS, few decades before.

Car manufacturers, together with public institu-

tions, are still investing a huge amount of money in

the study and development of such active systems.
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Several research groups are addressing the high number

of problems that are related to road safety. Yet a system

capable of a complete understanding of a generic road

scene is not available, but technology is evolving rap-

idly, and now several systems exist that can analyze cars’

or pedestrians’ behavior over time, thus getting a high-

level understanding of the road scene, even if limited to

some aspects.

In order to achieve brilliant results, highly effective

sensors should be used; possible selections include

radars, laser scanners, cameras, or a combination of

them. The number of solutions proposed so far is really

huge, and substantial differences can be found in

a number of design choices. This is clear even by just

having a look at the various prototype vehicles that

have been developed. Some of them are full of sensors,

mounted in a fashion that is not realistic for an off-the-

shelf car. Such vehicles are useful for experimenting

with new solutions, understanding their possible

advantages over more well-known system designs,

without the effort of caring too much about the feasi-

bility of the solution itself. On the other hand, vehicles

designed with a high level of integration are vital to

design systems that can be really installed onto a vehicle

in the future. It often happens, in fact, that restrictions

even on the hardware placement affect software algo-

rithms dedicated to road scene understanding.

An example of the coexistence of these two kinds of

design philosophy was clearly visible during the

DARPA Urban Challenge [5], a competition for

unmanned vehicles. Each vehicle had to complete

a series of tasks, each one consisting in reaching

a destination point driving inside an urban environ-

ment, dealing with traffic and intersections, and

also the other unmanned vehicles. Even if, in principle,

no limitations were imposed on system design and

number and type of sensors, vehicles that attended

the race can be divided into the two categories

described above.

Despite the high number of developed systems, as

noted above, they are all exploiting, with few excep-

tions, the same types of sensor: radars, laser scanners,

and cameras. Cameras can be further divided into three

categories, depending on which part of the electromag-

netic spectrum they are sensing: visible light, near

infrared, or far infrared. They can be considered three

different kinds of sensors since the data they provide

have completely different characteristics, and usually

undergo different processing.

Thanks to the high number of research groups

working on road safety systems, a huge amount of

algorithms has been developed for analyzing all kinds

of data provided by the sensors described above. Also,

due to the fact that those sensors are characterized by

different and somehow complementary features, they

are often used together. This led to the need for sensor

fusion techniques, that is, techniques that, by

exploiting measurements provided by more than one

sensor, derive a single measurement. Such final result is

more reliable than that provided by each sensor, as

sensor fusion techniques know the feature of each

sensor, and their reliability intervals.

As it has been described so far, computer vision

applied to the automotive field is a really hot topic,

and systems are being developed that successfully

achieve a high and rather precise level of road scene

understanding. However, beside system development,

possible applications should be taken into consider-

ation. The introduction of active safety systems based

on such complex equipments into off-the-shelf vehicles

is advancing at a rate that is sensibly slower compared

with the advances in technology gained by research

groups operating worldwide. Beside people acceptance

of such systems, and legal issues, the requirements of

the automotive world are extremely difficult to be met.

If a system is capable of interfering with commands

issued by a human driver, its acceptable fault rate will

be extremely low, if not at no fault level. It is straight-

forward, on the other hand, that such a reliability level

is really hard to be achieved, when dealing with such

complex environment. The scenario is definitely

challenging.

To understand how this kind of technology could

develop, consider that still for a long time systems will

not be able to reliably tackle the whole problem.

Instead, some systems are already on the market, as

equipment of luxury cars, which reliably perform sim-

ple and noninvasive tasks. As an example, some already

available systems are meant to detect possible conflicts

with overtaking vehicles when a lane change maneuver

is undertaken by the driver. In this case the system

issues a warning, like an acoustic signal. Some sporadic

false positives do not have a strong impact; however,

the driver will tend to ignore the system hints if failure
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rate is not extremely low. This kind of systems, that is,

whose failure is not dangerous, but rather may be

annoying, seems to be the next step on the roadmap

of the introduction of active vision systems into the

automotive world.

Given the previous considerations about the need

to reduce accidents and the overview on future active

safety systems, it is now worth analyzing into more

detail which are the road scenarios causing a high

number of fatalities or injuries. Several papers and

reports exist on this topic; moreover, specific studies

addressed the problem of accidents involving children

[6]. This last problem is particularly alarming, since it

involves people of very young age, whose perception of

danger and understanding of road traffic rules is rather

low due to their very young age. The danger comes

from the fact that young children turn out to be often

living in environments that are designed for adults.

However, in the last decades modern societies started

to invest in the safety of new generations, which is

directly related to the sustainability of the societies

themselves.

Describing the causes of pedestrian fatalities is, of

course, an extremely complex task, and it also leads to

subjective conclusions. For instance, the effect of car

speed is debated. It seems to be a key factor in some

studies, like [7]. On the other hand, in other studies

related to children [6] it is stated that “higher vehicular

speeds [. . .] were not associated with child pedestrian

injury indicating that residential streets that had vehi-

cles travelling at higher speeds were not at increased

risk in the absence of other environmental risk factors.”

Both studies point out that a main cause of accidents is

the sudden appearance of the pedestrian in the road

scene, as it often happens when a pedestrian comes

onto the street between two parked cars. This scenario

is quite common, especially in residential areas, where,

despite the low speed limits, a high number of pedes-

trian injuries happen. In most cases, the driver did not

see the pedestrian before the accident occurred.

Investigating on main accident causes leads to a set

of countermeasures that can be undertaken. In [7],

three main actions are reported: “speed control, sepa-

ration of pedestrians from vehicles, and measures that

increase the visibility and conspicuity of pedestrians.”

These involve road infrastructure, including some

important details like the way cars are parked. The

implementation of diagonal parking improves the

visibility of pedestrians going toward the street, because

it makes them walk in a diagonal direction, which is

more easily seen from a driver’s perspective. This

last example points out that protecting pedestrians

does not necessarily mean the need for huge and

expensive actions, but rather, that in some cases

simple and well-thought expedients can be extremely

effective.

Besides the modification of road infrastructure,

improvement of pedestrian visibility can also be

achieved by the active safety systems that were men-

tioned above. They seem to be the ultimate solution to

the problem, because they are the only countermeasure

to one of the major issues of the human drivers, that is,

the tendency to get distracted, especially after driving

for a long time. The activity of driving would require,

in principle, a high and constant level of attention

that a human driver can hardly provide. In particular,

a driver usually cares about issues he is expecting,

like a traffic light, but handles with much more diffi-

culty a totally unexpected event, like a child darting

into the street. For this kind of events, only the quick

response of an active safety system can represent the

final solution.

Innovation of This Method

Instead of searching for pedestrians in a large area in

front of the vehicle making no assumption on the

external environment, the system presented in this

work focuses on a specific urban scenario in which

not only the detection of a pedestrian is of basic impor-

tance, but the danger of the situation can be clearly

assessed as well.

In fact, in an advanced driving assistance system,

a correct detection must be followed by the estimation

of its position with respect to the vehicle and the

environment.

As an example, a pedestrian detection system

able to correctly localize all pedestrians present in the

scene provides a huge amount of information that still

needs to be filtered in order to be useful to either the

driver or the onboard computer in charge of automatic

maneuvers.

A possible filter may be implemented by fusing

information coming from other systems, such as lane
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detection or other situation analysis engines, and CAN

data. A pedestrian exactly in front of the vehicle may or

may not be considered dangerous depending on the

surrounding environment, as shown in Fig. 1.

This work is based on a totally different approach.

Instead of detecting all possible candidates and assess

their danger level, the system first analyzes the scenario,

and then searches for possible pedestrians in specific

positions for that particular scenario. This approach is

called scenario-driven search or SDS. In this way, all

detected pedestrians represent possible threats and no

further filtering is needed (apart from a validation and

a possible final tracking step).

The scenarios that are considered here refer to the

most common urban situations in which the presence of

a pedestrian causes a serious problem that could be

mitigated by an early detection. In particular, when vehi-

cles are moving on an urban road, the most common

threat that a pedestrian may pose – therefore requiring

a successful detection – is road crossing. Stopped vehicles

on the road or on the road edges may occlude visibility,

thus making the detection of the pedestrian more

complex and requiring a real-time reaction.

The application of the SDS approach to this specific

scenario is based on the localization of stopped vehicles

followed by the search for pedestrians in their close

proximity or in the areas partly hidden by them.

Stopped vehicles, whose edges trigger the search for

pedestrians, may be parked cars on the road edge,

vehicles temporarily stopped on the road, or vehicles

queued in a line in front of a traffic light, zebra crossing,

or simply jammed cars.

The first row of Fig. 2 shows some examples of

situations in which the visibility of a crossing pedes-

trian is partly or completely occluded by stopped vehi-

cles. The second row of Fig. 2 highlights, for each

situation, the areas on which the system will perform

a check for the presence of a possible pedestrian.

In other words, the approach is to focus on the

detection of pedestrians appearing from behind

a b

c

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 1

When a pedestrian is localized but no reference with respect to the environment is provided like in (a), the detector is not

able to assess the danger level. When environmental information are available, the very same pedestrian may become

a threat (b), or may be in a safe position (c)
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occluding obstacles; pedestrians that are clearly visible in

the frontal area of the vehicle need also to be detected.

This function is also available on other systems [8, 9].

The idea of focusing on a specific scene or scenario

(referring to a dynamic or a static environment, respec-

tively) is not new to pedestrian detection systems. In

2002, Franke and Heinrich [10] developed a module

able to detect balls (which are usually a strong signature

of the presence of a child).

Another example of very specific systems is the one

developed by Curio et al. [11] which was based on the

visual localization of the specific moving pattern of

human legs.

It is known [7] that parked vehicles, blocking the

visibility of pedestrians, are one of the main causes of

accidents. Agran et al. [6] show that the number of

parked vehicles along a street is the strongest risk factor

for pedestrian injuries occurring in residential areas.

Although in these areas parking spaces should be

arranged diagonally, there are situations, as shown in

Fig. 2, in which vehicles stop temporarily on the road

and their position cannot be predetermined and

carefully controlled as in the case of parking lots.

Although some of the situations of Fig. 2 refer to

specific urban areas (i.e., zebra crossings and bus

stops) that could be specifically enhanced by intelligent

infrastructures aimed at warning oncoming vehicles,

other situations can happen in any part of the road

network, making the installation of specific warning

infrastructures impractical.

The main characteristics required by a system like

this are:

● To detect pedestrians quickly, given the short sens-

ing range and the particularly high risk of a collision

with a pedestrian suddenly appearing behind an

obstacle

● To detect pedestrians as soon as they appear, there-

fore even when they are still partly occluded

● To limit the search to specific areas, determined by

a quick preprocessing

Figure 3 shows the coverage of different sensing

technologies (laser and vision) in a specific scenario

considered in this work.

a b c d

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 2

Situations considered in this work (first row) and areas of interest considered for the detection of a possible pedestrian

(second row). (a) A crossing pedestrian is hidden by a parked vehicle. (b) A pedestrian is crossing the road behind a stopped

bus. (c) A pedestrian is appearing between two parked vehicles. (d) A pedestrian is crossing the road between two vehicles

stopped on the other side of the road
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The fusion of a laser scanner and vision can provide

a quick and robust detection in case of suddenly

appearing pedestrians. The laser scanner provides

a list of areas in which a pedestrian may appear, while

the camera is able to detect the pedestrian even when

he/she is not yet visible to the laser scanner.

A remarkable improvement of road safety can be

obtained thanks to the use of both reversible and

nonreversible driving assistance systems. Three levels

of intervention are defined:

● Once the pedestrian is detected with a sufficiently

high confidence level, a warning is sent to the driver.

● Should the driver not react promptly to the warning,

the system would issue a second level of warning by

blowing the vehicle’s horn. This second warning is

still considered a reversible system, although it is

much more invasive than the former. The aim of

this loud warning is to attract the attention of both

the pedestrian itself and – once again – the driver.

● In case the danger level is not reduced thanks to

a prompt reaction of the driver (or the pedestrian),

the intelligent vehicle will jump into the third level

and trigger a nonreversible system. In this case it is

automatic braking.

This being a nonreversible and very invasive system,

its triggering must be preceded by an extremely careful

analysis of the danger level and requires the complete

processing to be thoroughly tested with respect to false

detections. In the case of nonreversible systems, the

number of false positives is even more important than

the number of correct detections.

In the literature [12] many different pedestrian

detection systems have been surveyed, and a large num-

ber of test methods for pedestrian detection systems

have been proposed, which are based on single frame

analysis, temporal analysis of continuous video

streams, or event based.

Their performance is still far from the ideal system;

this is the reason why the approach proposed in this

paper is regarded as an alternative to conventional

systems. Pedestrians are searched in situations of clear

danger by limiting the search to specific areas. Besides

being quicker than other systems, this method aims

also at reducing the number of false detections to zero.

The system presented in this work has been devel-

oped and tested by VisLab in Parma on a Hyundai

Grandeur prototype vehicle; Mando is using an exact

replica of this system in Korea (see Fig. 4) to double

testing time.

State of the Art

As long-time pursued advanced driver assistance

systems (ADAS) and active safety vehicles (ASV) such

as lane departure warning (LDW), blind spot

detection (BSD), adaptive cruise control (ACC),

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 3

A pedestrian partially hidden by parked cars may not be detected by a laser scanner positioned in the front bumper but

can be detected using vision, even if partially occluded
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precrash safety (PCS), and collision warning/avoidance

(CW/CA) become commercialized [13–15], interest of

research groups and transportation authorities moves

to newly emerging technologies or candidate projects

such as intersection accident prevention [16], intelli-

gent parking assist system [17], and active pedestrian

protection system (APPS). Particularly, APPS attracts

a great interest because it is directly related with

a vulnerable road user who holds a significant portion

of traffic accident fatalities. The success of ACC, PCS,

and CW/CA does not guarantee the success of APPS

because the pedestrian is relatively small and their

appearance is various and continuously changing.

However, they are expected to provide abundant ele-

mentary technologies and economic backgrounds. In

particular, progress of electronics and sensors, such as

high performance embedded processor, monolithic

microware-integrated circuit (MMIC)-based compact

radar, multilayer scanning laser radar, and high

dynamic range CMOS (HDRC) camera, are regarded

as the enabling technologies for APPS.

Recently, Gandhi and Trivedi provided a great sur-

vey of pedestrian protection systems [12]. They classi-

fied pedestrian protection approaches into four

categories: infrastructure design enhancement, passive

safety system involving vehicle design, active safety

system based on pedestrian detection, and collision

prediction. The pedestrian protection system designed

to be installed on board can be divided into passive and

active approaches according to whether the operation

time is before or after vehicle–pedestrian collision.

If a system is designed to prevent the collision or

mitigate its damage, it is categorized as an active

approach. Contrarily, if a system is designed to mini-

mize the pedestrian’s damage after the collision, it is

categorized as a passive approach. The collision predic-

tion could be differentiated from the active safety sys-

tem in the point that the sensing devices are installed

on infrastructure rather than on board.

Infrastructure enhancement to reduce pedestrian-

related accidents is supposed to be the most traditional

approach. The approach can be divided into three

categories of countermeasures: speed control, pedes-

trian vehicle separation, and measures to increase vis-

ibility and conspicuity of the pedestrian [12].

The first and second could be easily understood by

investigating traffic calming which is a kind of move-

ment or concept [18]. Definitions of traffic calming

vary, but they all share the goal of reducing vehicle

speeds, improving safety, and enhancing the quality of

life. Traffic-calmingmeasures can be separated into two

groups based on the main impact intended. Volume

control measures are primarily used to address cut-

through traffic problems by blocking certain move-

ments, thereby diverting traffic to streets better able

to handle it. Volume control measures also include

divertive or restrictive measures such as full closures,

half closures, diagonal diverters, and median barriers.

Speed control measures are primarily used to address

speeding problems by changing vertical alignment,

changing horizontal alignment, or narrowing the road-

way. Vertical deflection includes speed humps, speed

a b

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 4

The Hyundai Grandeur test vehicle equipped in Parma, Italy (a), and the replica in Seoul, Korea (b)
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tables, raised crosswalks, raised intersections, and tex-

tured pavements. Horizontal deflection includes traffic

circles, roundabouts, chicanes, and realigned intersec-

tions. Horizontal narrowing includes neckdown,

center-island narrowing, and chokers. US DoT

(Department of Transportation) FHWA (Federal High-

way Administration) reports [19, 20] show that well-

designed and implemented traffic-calming techniques

can have a number of beneficial impacts for bicyclists

and pedestrians. The reduced vehicle speeds associated

with such projects can reduce both the severity and

incidence of motor vehicle/bicycle/pedestrian crashes

and can make bicyclists and pedestrians feel more

comfortable in traffic.

Pedestrian visibility can be increased by improving

roadway lighting since a majority of pedestrian fatali-

ties occur at nighttime. Since parked vehicles block the

vision of drivers as well as pedestrians, removing on-

street parking and implementing diagonal parking in

residential streets would help in reducing accidents

especially involving children [12].

According to the analysis of vehicle impact zones in

pedestrian–vehicle collisions, vehicle front is responsi-

ble for most pedestrian injuries: 71.1% according to US

national highway traffic safety administration

(NHTSA) data. Almost 80% of the fatalities occur

when the pedestrian is struck by vehicle front, whereas

most of the remaining fatalities occur when the pedes-

trian is hurled to the street [21]. Accident analysis also

proved the importance of head injury [22, 23].

Although upper and lower extremities, as well as

head, are the most frequently injured body regions in

passenger car-to-pedestrian accidents, 62% of the

pedestrian fatalities were caused by head injuries.

Pedestrian head suffers both a direct impact with stiff

vehicle structures and a large degree of rotational accel-

erations [24]. In particular, stiff structure of windshield

including A-pillar should not be overlooked. An anal-

ysis of all vehicle parts which caused head injuries

shows that impact on the windshield causes 44.3% of

head injuries. Impact on the windshield causes twice as

often head injuries as at the bonnet, and three times

often for severe head injuries. Head impact on the

A-pillar causes severe injuries in 82% of the cases.

Other vehicle partsmostly cause only slight injuries [24].

Therefore, passive safety measures are being devel-

oped by installing energy-absorbing devices in the

vehicle front structures, on which pedestrian head

hits, such as hood (bonnet), windshield lower part,

and A-pillar. A passive pedestrian protection system

includes an impact-reducing front structure, active

bumper, active hood (hood lifting, active bonnet),

and pedestrian airbag. Active bumper is designed to

provide the appropriate stiffness to cushion the impact

while at the same time providing support of all parts of

the limb to limit knee joint lateral bending [25]. Cush-

ioning method of active bumper includes foam energy

absorber, molded plastic energy absorbers, air-filled

energy absorbers, flexible plastic beam, bumper

deploying, crush cans, outside additional structure,

foam-encapsulated metal, and steel energy absorber

[25]. Active hood system detects vehicle–pedestrian

collision using bumper-installed pedestrian crash sen-

sor and acceleration sensor, and then two actuators lift

the rear part of the bonnet approximately 100 mm

within 60–70 ms after the leg-to-bumper impact [26].

Pedestrian protection airbag deploys an airbag through

a gap between windshield lower part and bonnet lifted

by the active hood system [27]. The airbag is deployed

in U-character shape and covers the windshield lower

part and A-pillar lower part. When up-lifting bonnet and

airbag are used simultaneously, the impact absorbing

effect is significantly larger than when only one measure

is used. It is because vehicle front regions critical to

pedestrian head impact cannot be effectively covered

with only one measure [24]. Intelligent Vehicle Safety

System (IVSS) seems to be a good example: Active

bumper, active hood, and pedestrian protection airbag

is developed simultaneously and they are expected to

operate as a suite of tools [27]. Autoliv also developed

and provided active hood and pedestrian protection

airbag as a pedestrian protection tool chain [28, 29].

Such a development of passive safety measure

is supposed to have been significantly influenced

and encouraged by the reinforced requirement of

pedestrian–vehicle collision. The European Enhanced

Vehicle Safety Committee (EEVC) Working Group

(WG) 10 and WG 17 have developed test procedures

to assess the level of pedestrian protection for vehicle

fronts. Based on the EEVCWG 17 report, legal require-

ments have been derived. The European directive

(2003/102/EC) consists of head impact, upper leg

impact, and lower leg impact. The requirement was

scheduled to be enforced in two phases, that is, 2005
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and 2010 [30]. The EU test levels are 1,000 head-injury

criteria (HIC) for 2/3 of the hood surface and 2,000

HIC for the remaining 1/3. HIC is an internationally

accepted acceleration-based measurement for violence

against the head. HIC values under 1,000 imply that the

risk of life-threatening injury is 15% or less. However,

the curve rises sharply; at 2,000 HIC, the fatality risk is

almost 90% [28].

Active safety systems are based on pedestrian detec-

tion and collision avoidance measures. Considerable

research is being conducted by various groups for

designing pedestrian detection systems. Such systems

can employ various types of sensors and computer

vision algorithms in order to detect pedestrians and

predict the possibility of collisions. The output of the

systems can be used to generate appropriate warnings

for the driver or to perform autonomous braking or

maneuvering in case of imminent collision [12]. Natu-

rally, if impending collision could not be avoided, the

fact can be sent to the passive pedestrian protection

measures and precrash safety system to help their prep-

arations. Even when the autonomous braking cannot

prevent collision, it can mitigate the pedestrian’s dam-

age. The reduction of collision speed leads to

a reduction of the induced head accelerations and

results in a shift of the relevant head impact regions

away from stiff windshield lower parts. The core tech-

nology of active pedestrian protection system is pedes-

trian detection because the active braking function is

already implemented by several active safety systems

such as PCS, CW/CA, and full-range ACC [13, 14].

Pedestrian detection can be divided into five cate-

gories according to the used sensors: thermal infrared

camera-based, visible camera-based including near

infrared camera, millimeter wave radar-based, com-

munication-based, and sensor fusion-based. Even

though scanning laser radar is frequently used by

pedestrian detection system, it is not considered in

a separate category because it is not used as

a standalone sensor but as a participator in sensor

fusion with visible camera.

Thermal infrared camera-based is specialized for

nighttime pedestrian detection, for example, night

vision, and is based on the point that the human

body temperature is higher than ambient temperature.

Although it can easily detect pedestrians even in dark

illumination conditions, it loses the advantage in

daytime and its cost is comparatively high for all grades

of vehicle.

David Gernóimo et al. provide a great survey

of visible camera-based pedestrian detection [31].

They propose a general architecture of a visible

camera-based pedestrian detection system consisting

of six phases: preprocessing, foreground segmentation,

object classification, verification, tracking, and appli-

cation. Preprocessing, foreground segmentation, and

appearance-based object classification are very similar

to vehicle detection case [32]. Foreground segmenta-

tion for candidate generation can be performed using

knowledge-based, stereo-based or motion-based

methods. Appearance-based object classification uses

generally proven learning algorithms such as support

vector machine (SVM), AdaBoost, and neural net-

works. Characteristic approaches are contour tree-

based template matching devised by D. Gavrila and

part detection-based to cope with the pedestrian’s con-

tinuously changing contour and appearance. What

kind of feature and classifier is the best for pedestrian

detection is a problem under fierce discussion. To

answer the question, Mohamed Hussein et al. com-

pared performances of two promising features, that is,

histograms of oriented gradients (HOG) and region

covariance (COV), while the total system was

implemented by a rejection cascade of boosted feature

regions [33]. Markus Enzweiler and Dariu M. Gavrila

compared four state-of-the-art pedestrian detection

systems: wavelet-based AdaBoost cascade, linear SVM

with HOG, neural network (NN) with local receptive

field (LRF), and hierarchical shape matching combined

with texture-based NN/LRF classification [34].

Prof. Hermann Rohling’s team of Hamburg

University of Technology developed distinctive pedes-

trian detection systems using only automotive millime-

ter wave radar [35, 36]. They discovered a fact that

radar echo signals from a walking pedestrian contain

characteristic information that differs from other back-

scattering objects like cars and trucks. Automotive

radar sensor can measure not only target range with

high resolution but also velocity with an accuracy of

a few centimeters per second. When the location and

velocity of target are measured, the pedestrian has

a narrow location range and a wide velocity range

because of its moving arms and legs while the vehicle

and pillar have a narrow velocity range with a wide and
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a narrow location range, respectively. Furthermore, the

tracked velocity of pedestrian shows regular oscillation

with a certain low frequency, which is a strong indica-

tor and a signal feature to distinguish between pedes-

trian and car. Using features extracted from radar

signal, the pedestrian can be classified from moving

vehicle and stationary objects.

Communication-based pedestrian detection is the

newest approach. It is derived from the idea that radio-

based communication does not need line of sight and

could solve hidden pedestrian problems. Although the

feasibility of mobile communications such as global

system for mobile communication (GSM) and univer-

sal mobile telecommunications system (UMTS) was

studies, they have many disadvantages. Every node

should have a precise global positioning system (GPS)

and peer-to-peer communication should be added to

meet latency requirement [37]. EU project WATCH-

OVER and German project AMULETT investigate the

possibility of short-range communication for pedes-

trian protection [38, 39]. In this approach, vehicles

transmit interrogations and transponders embedded

into vulnerable user’s accessories such as school bag,

bicycle, and motor bicycle return identification mes-

sages. With the multi-antenna system, the vehicles can

recognize the directions and distances of the transpon-

ders. Furthermore, the identification message can pro-

vide a user’s information such as agility, age, and

moving pattern. Candidate short communication tech-

nologies include IEEE 802.15.4 (Zig-Bee), radio fre-

quency identification (RFID), and IEEE 802.15.3a

ultra wide band (UWB) radio. Even if this last

approach is very interesting, it is based on the strong

assumption that all road users have transponders: at

present this is unrealistic.

Setup

This section describes the setup, starting from the per-

ception technologies, going through the sensor suite and

actuators, and concluding with the processing system.

Being designed to address an urban scenario in

which the prototype vehicle is running close to stopped

vehicles, a limitation on vehicle speed and detection

range can be accepted. Low-to-medium vehicle speeds

up to 50 km/h and a detection range of about 40 m can

be considered as a safe choice.

One of the constraints of this problem is the detec-

tion of stopped vehicles and other standing obstacles to

be detected; a laser-based solution sufficiently fit this

requirement robustly enough supplying both distance

measurement and shape classification. The speed infor-

mation is commonly missing in laser data. However,

some laser scanners, like the one selected for this appli-

cation, can provide interlaced data. For these devices,

a number of interlaced scans, taken at different times,

are grouped together in a single, high-resolution scan.

Obstacles speed can be estimated by analyzing these

interlaced data together with vehicle inertial informa-

tion. Using obstacle speed a classification between

standing and moving obstacles is straightforward.

Vision, is the key technology to detect pedestrians

even if they are partially occluded. Since distance mea-

surements are already available from the laser and no

further 3D reconstruction is required, a single NIR

camera satisfies the requirements for both daylight

and night scenario.

The camera selected for this system is an AVT

Guppy F-036B. Its sensor of 752�480 pixels has

a wide aspect ratio which is beneficial for automotive

applications since relevant information is often

contained in lateral area. The sensitivity covers both

the visible and the NIR spectra. During the night,

object detection is improved combining the high

response in the NIR domain using and specific illumi-

nation. Additional headlamps are mounted in front of

the vehicle. A NIR LED headlight with 25� of aperture
is mounted in front of the radiator, while the headlamp

blocks customized by SL can illuminate in the visible

domain, using a bifunctional lamp (low-beams and

high-beams), and in the NIR domain using additional

specific lamp.

The laser scanner is a SICK LMS 211–30206. This

laser has a horizontal scanning angle of 100� with

angular resolution selectable from a minimum of

0.25�; the detection range goes up to 80 m; a fog

correction feature is also available.

All these characteristics well fit the application

requirements, as a lot of commercially available lasers.

But this one also features interlacing. Selecting 1� of

resolution and a phase-gap of 0.25�, four subsequent
rotations are included in the same scan. Four rotations

are performed in 53.28 ms, thus every rotation takes

13.32 ms. This time is comparable with that of the
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events occurring in a driving scenario. This means the

scans deformed mainly depending on the vehicle

movement. This effect becomes more evident using

the interlacing feature.

Since the camera and the laser scanner are not

synchronized, there is a continuously variable time

shift between the two captured sample streams; how-

ever the displacement due to the non-synchronization

is considered negligible due to ratio between the vehicle

speed, which is low, and the processing rate, which is

high.

The laser scanner and NIR headlamps are inte-

grated in the front bumper, as shown in Fig. 5. The

NIR camera is placed inside the driving cabin near the

rearview mirror as shown in Fig. 6.

An industrial grade Mini-ITX PC running an

Intel Core 2 Duo–based CPU is fixed in the boot.

The camera is connected through a FireWire

A controller integrated on the motherboard, while

an external RS422 to USB adapter is used to con-

nect laser. Inertial data produced by off-the-shelf

sensors are gathered through the CAN bus using

a USB adapter.

On the actuator side, the braking system installed

on the test vehicle was replaced with Mando’s MGH-40

ESC plus. The braking strength can be controlled

by sending appropriate CAN messages to this ECU. In

this unit is also available a deceleration control inter-

face (DCI) used for high-level functions, such as

adaptive cruise control (ACC) and precrash safety

(PCS). The DCI may receive multiple deceleration

commands. The desired deceleration is selected

depending on priorities and vehicle status. A feed-

forward controller uses the deceleration output as

control signal in a feedback loop to physically

operate on wheel brake pressures. The braking strength

can be controlled in the range [0, 1.0] g with

a resolution of 0.01 g, a stable error lower than 0.05 g,

and response time of 0.3 s. Deceleration is controlled by

the DCI in cooperation with other active control

system Electronic Brake Distribution (EBD), Anti-lock

Brake System (ABS), and Electronic Stability Control

(ESC).

The horn has been modified to receive a control

signal from both the manual command and a USB I/O

board (see Fig. 7a) connected to the processing unit

and detected as a serial port.

A new 100 Hz yaw rate sensor, manufactured by

Siemens VDO and Mando, is connected through

the processing system via CAN bus. This sensor

provides yaw rate with an accuracy of 0.0625�/s
and also lateral acceleration. Figure 7b shows the

sensor.

Focus of Attention

Two methods for laser data classifications are devel-

oped to improve algorithm robustness. Pulses are first

clustered into straight lines for both methods; then the

first one classifies obstacles only considering the last

scan, while the second one verifies the obstacle position

and speed using subsequent scans.

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 5

A detail of the front bumper showing the laser scanner

integration and the headlights

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 6

How the camera is installed inside the cabin
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Significant shifts between subsequent laser scanner

measurements affect the measured obstacle shape as

a distortion, and cause clustering or classification

problems.

Vehicle movement in terms of rotation and trans-

lation is measured using the ESP CAN box. Having this

information available, each pulse in the scan can be

corrected removing the shape distortion.

Translation is corrected using vehicle speed, while

using the steering wheel angle to compute the yaw rate

allows to completely specify the rotation correction

matrix.

Yaw rate can be computed as follows:

Yawrate ¼ Vfr þ Vf lð Þ tw cos dð Þ=

where Vfr and Vfl are front right and front left wheels

speeds, respectively, d indicates the wheel angle, and tw
is the vehicle front track.

The additional yaw rate sensor installed on the

vehicle is used to measure directly this value, since

indirect computation is highly affected by noise.

Figure 8 shows raw and corrected laser data refer-

ring to nonmoving obstacles. The four laser rotations

that create a scan are clearly visible before the correc-

tion, while the obstacle appears as a single line after the

correction.

After data correction, moving obstacles captured

from interlaced scans are characterized by four parallel

lines, as shown in Fig. 9. Obstacle classification is

performed relying on this information.

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 7

(a) The USB I/O board used to control the horn, and (b) the special yaw rate sensor

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 8

Laser data: (a) without correction and (b) with correction
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Pulses belonging to the same rotation are connected

together as a first step forming chains of segments or

cluster. Points which are not joinable to any chain of

the same rotation are checked for merging with points

of other rotations considering proximity only. Points

not connected to other points or close to the limit of

the laser scanner range (about 80 m) are permanently

discarded.

After clustering, moving obstacles are classified by

identifying four different and parallel clusters, while

standing obstacles are detected when the clusters are

overlapped.

Up to this step, chains of segments are created by

joining pulses without any additional information.

When adjacent segments have approximately the

same orientation, they are merged into a longer seg-

ment, preserving the obstacle shape, but reducing the

amount of information supplied by the sensor. Straight

lines connecting the chain start and end points are

obtained merging a chain of adjacent segments.

The distances between a line and all its internal

points are computed and, if the maximum between

these distances is larger than a threshold, the line is

split into two separate lines.

These steps are iterated while the maximum dis-

tance is larger than a threshold. The result is that each

chain is therefore finally segmented into a polyline.

Figure 10 shows a moving vehicle: The rear bumper

is framed as four parallel lines, while its side – parallel

to the vehicle movement direction – is marked by

a single line.

After data correction, points clustering and seg-

ment merging, each obstacle detected in the laser scan-

ner field of view, is identified by four lines, one for each

laser rotation that composes the whole high-resolution

scan. Static and moving obstacles can be located and

classified in a robust way using the following observa-

tion. A static object has four lines that are overlapped

on a single shape, while a moving obstacle has the lines

parallel but not overlapped. Figure 11 shows the

algorithm steps.

Although this process is very simple and effective,

when vehicle pitch is significant, false negatives are

possible.

Polylines obtained so far can only be classified

thanks to their size and shape. Obstacles can be divided

in four categories:

● Possible pedestrian

● Road infrastructure

● L-shaped obstacle

● Generic obstacle

Obstacles with limited size are classified as pedes-

trians, while obstacles almost parallel to the vehicle and

with a large size are classified as road edges (guard-rails,

buildings, road infrastructures, etc.).

L-shaped obstacle patterns are detected using

a simple and fast method, based on line orientations.

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 9

After data correction a moving obstacle is still represented

by four different lines

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 10

Amoving vehicle and its motion direction: the four parallel

lines correspond to its rear bumper, while the single line

corresponds to its left side. Blue points are polylines start

points, cyan points are corner points, red points are

polylines end points, and violet points are generic line points
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All obstacles not yet classified are tagged as generic

obstacles; Fig. 12 shows an example.

Information about obstacle movement – already

estimated in the previous step – is also stored for

further usage.

The procedure described in the previous subsection

classifies all small obstacles as possible pedestrians.

However a number of false positives may indeed be

present under unfavorable conditions.

Parked vehicles and other fixed obstacles along the

road are used to identify critical areas in front of the

vehicle, to focus the detection in the immediate prox-

imity of these areas where pedestrians can suddenly

appear and become dangerous.

Ego-motion information is used to align and roto-

translate polylines provided by previous scans; a check

on the overlapping between polylines identified in

b

a

c

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 11

The steps of the algorithm: (a) data clustering,

(b) approximation using polylines, and (c) lines merging: all

the points are merged into a single line; in order to simplify

the following steps, small drifts are ignored

Unknown

Unknown

Road

LShape

LShape

LShape
Pedestrian

Pedestrian

Pedestrian

Pedestrian

Pedestrian

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 12

Obstacle classification: all possible classifications based on shape are represented in the image
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current and in previous frames is then performed to

assign a category to the object between: moving

obstacle, static obstacle, changing shape obstacle, and

new obstacle.

Moving obstacles have small spatial overlapping if

the time window is large.

If no correspondence is found between the current

polyline and those from the past, the object is classified

as a new obstacle.

The areas of interest in which vision will search for

pedestrians is determined using static obstacles;

obstacles whose shape is changing over time are also

of basic importance. They may contain a pedestrian in

a smaller region of their shape.

The centroid of each polyline is computed to track

obstacles over time. Centroids are used as representa-

tive points to simplify the computation. A description

of a more complex laser scanner data processing based

on comparison between each point of polylines can be

found in [40]. A different classification is also made

using distances between the centroid of the last and

previous scans.

Polylines are labeled using the information

contained in the distances between the current centroid

and all the past ones as follows:

● Fixed obstacle: if all distances are below a certain

threshold. This threshold, to detect, is increased

according to the distance of the obstacle (to com-

pensate for a decreasing accuracy) and the time gap

(to partly compensate for errors in ego-motion

reconstruction).

● Moving obstacle: if the distances grow over time.

● Unknown obstacle: this label is given if the object

can neither be labeled as fixed nor moving. This

may happen the first time an obstacle appears or

when the detection is not stable due to bad reflec-

tions of the lasers beam.

The three previous classification results are consid-

ered to compensate for laser data processing inaccu-

rate results. The polyline is classified with the most

frequent one.

Example results are shown in Fig. 13 with an esti-

mation of the object speed.

The following steps of the algorithm use the

processing results on the labeled polylines. This infor-

mation is used to sense the static (obstacles and

vehicles) position and moving (pedestrians and vehi-

cles) obstacles in the environment. When obstacles are

identified as static by the second classification stage,

they are used to define the environment structure.

Driving corridor is defined as the area that may be

reached by the vehicle in the near future. Fixed obsta-

cles are used to build the driving corridor, namely, as

shown in Fig. 14.

The driving corridor may have multiple paths or

branches, each with a minimum width larger than

the vehicle one; branches with a width narrower than

this threshold are discarded as closed. The corridor

does not necessarily correspond to the free space

in front of the vehicle, since it is built considering

fixed obstacles only, and may also include moving

obstacles.

This algorithm is focused on the detection of

suddenly appearing pedestrians; the detection is con-

centrated on areas hidden by a static obstacle or

between two static obstacles. These areas are usually

located along the corridor edges. Static obstacles are

used to build the corridor, and also to identify danger-

ous areas, that is, areas in which pedestrians may

appear. Dangerous areas are located behind the furthest

point of each static polyline as shown in Fig. 15.

Obstacles moving inside the corridor, or near its

edges, with a speed and a size typical of a pedestrian, are

tagged as possible pedestrians.

Vision Fusion

The regions of interest are 2D areas in world coordi-

nates; their corresponding areas in the image are then

located thanks to camera calibration and perspective

mapping.

Once the areas of attention are located, the search

for pedestrians is triggered in these areas. Specific

image windows are defined using a perspective map-

ping transformation, considering 90 cm as pedestrian

width and 180 cm as pedestrian height. These image

areas are resampled to a fixed size (24 � 48 pixels).

In order to reach good classification during both

day and night, two different systems are developed. The

idea is to use a simple and specific classifier for night-

time images, in which pedestrians’ shapes clearly

appear, and to use more complex classifiers (based on

cascade methods) for the day.
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The nighttime algorithm is based on the assump-

tion that, thanks to NIR illuminators, pedestrians and

other standing objects represent the brightest areas in

the image with the exception of light sources. There-

fore, after removing light sources, it is possible to detect

obstacles with a binarization process and classify them

according to their shape.

At the end of the preprocessing steps, a binarized

image is obtained. The standing objects (including

pedestrians) are remapped as white, while the back-

ground is remapped as black. As the NIR headlamps

illuminate more the legs of the pedestrian, these first

phases are operated separately for the upper and lower

part of the image.

After these operations, the procedure continues to

check for pedestrian trunks and legs by respectively

analyzing the upper and lower half of the image. First

of all open legs are searched for; if open legs are not

found, an algorithm that checks for closed legs is

applied, and, finally a trunk presence check is

performed.

The open legs search is based on striped

skeletonization. For each row of the image, the

white areas present are narrowed to a single point.

Fixed

Fixed

Fixed

Fixed
Fixed

Moving
V = 4.6 km/h

Moving
V = 5.5 km/h

Fixed Fixed

Fixed

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 13

Obstacle classification: all possible classifications based onmovement are shown. Note that moving polylines change their

position in world coordinates

90 Active Pedestrian Protection System, Scenario-Driven Search Method for



In such a way it is possible to remap legs as lines.

Obtained lines can be transformed to straight lines,

and the position of these lines can be finally studied

to identify legs.

Search for trunk and closed legs are very similar,

differing only in some details and thresholds. The cap-

tured images contain a very low level of detail and it is

often inadequate for a complex analysis. For this reason

a simple procedure is implemented that tries to make

the most of the few details that characterize the pedes-

trian. The algorithm searches for white areas and con-

siders their aspect ratio to confirm the presence of

trunk or closed legs.

At the end of the algorithm four rates are assigned,

which range from 0 to 1. The votes are:

● Vote of the trunk according to the correspondence

with a model and to dimension.

LShape
Fixed

LShape
Fixed

LShape
Fixed

LShape
Fixed

Pedestri
Fixed

Pedestrian
Fixed

Pedestrian
Moving
V = 4.6 km/h

Pedestrian
Moving
V = 5.5 km/h

Unknown
Fixed

LShape
Fixed

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 14

The pink zone represents the driving corridor. Obstacles moving inside the corridor, or near its edges, with a speed and

a size typical of a pedestrian, are tagged as possible pedestrians
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● Vote of the legs according to the correspondence

with a model and to dimension.

● Open legs rate which is obtained with the ratio

between feet position distance and maximum feet

distance.

● Pedestrian vote which is obtained making an aver-

age of the body and legs vote. The vote of the legs

has more weight if they are open because it is

a dominant characteristic of a pedestrian.

All these ratings will be analyzed at a later stage of

the application to properly determinate if the figure is

recognized as a pedestrian.

AdaBoost (a short for Adaptive Boosting) is

a machine-learning meta-algorithm. It is used to select

the combination of a weak classifier to obtain a precise

classification.

Using an appropriate training set it is possible to

compute the correct weight to be set to each classifier

and obtain a robust classification. AdaBoost is

a technique widely used for the classification of pedes-

trians [41]. Haar features are firstly chosen for the weak

classifier [42]. Different Haar features are selected for

each iteration, as suggested by Viola and Jones [43].

Haar features are very simple features that can be used,

together with a meta-algorithm similar to AdaBoost, to

classify a lot of objects. They consist of a very simple

pattern that can be moved and stretched on the image

to be compared to image integral, in order to obtain an

accurate classification.

As Haar features are very generic, the idea is to

develop other features, specific for pedestrians, in

order to reach a better classification using AdaBoost

again. These features are based on a typical pedestrian

shape and body parts aspect. To detect a pedestrian, the

algorithm provides a vote to each feature of the follow-

ing list:

● Open legs shape

● Left step legs, little mask

● Right step legs, little mask

● Left step legs, big mask

● Right step legs, big mask

● Head top, little mask

● Head top, big mask

● Head, with circle formula

● Pedestrian’s M function

● Horizontal border function

● Tree and pole search function

To increase the potential and the recognition per-

formance, an additional stage, called AdaBoost cascade,

is developed.

In this stage the votes from the classifier

implemented with Haar features, with ad hoc ones,

and nighttime classifier are merged and combined to

obtain an additional level of classification. The votes

provided by the previously described algorithms are

used as input to make a second kind of AdaBoost

classifier.

As the number of outputs from previous classifiers

is very low, and some tests pointed out that they cannot

be used to reach an efficient classification process by

their own, nonlinear combinations of these values are

added as input of AdaBoost algorithm.

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 15

Dangerous areas and possible pedestrians: red circles

represent dangerous areas, while blue boxes identify

possible pedestrians
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According to the classic voting approach, a final

hypothesis resulting formula is implemented: The

final vote is computed as the weighted sum of the

classifiers selected by the AdaBoost training stage.

Instead of using two classes only (pedestrians and

non-pedestrians) three classes are here used:

● Pedestrians

● Non-pedestrians

● Appearing pedestrians

Appearing pedestrians are pedestrians that are ini-

tially not completely visible, that is, partially occluded

by obstacles, so only a part of the pedestrian’s shape can

be framed – the upper or side part only.

AdaBoost was trained using image windows deter-

mined by the previous steps of the algorithm. Candi-

date selection is a complex and critical step for the

AdaBoost training process [16]. Both normal and

flipped samples are used in the training process. If

two or more images are very similar (i.e., the pixel-

wise difference is less than a threshold) only one of

them is used in the training process. Images framed in

Italy, the Netherlands (during tests before the IEEE

Intelligent Vehicle Symposium 2008 demonstration),

and Korea were used in the training process.

Once a pedestrian partly hidden by a vehicle is

detected – by the vision system only – the system

issues an internal alert. In this case no warning is pro-

vided to the driver because the danger level is not yet

determined.

When an alert is issued, the search continues in the

same zone and tracking is started. As soon as a tracked

pedestrian becomes visible also to the laser scanner, the

direction of its movement is considered. If a pedestrian

moving from the corridor’s edge to the corridor’s cen-

ter is detected, a warning is then issued to the driver.

Figure 16 shows an alert and its following warning.

It is of basic importance to note that the driver is

warned only when the pedestrian is completely visible,

like in other systems. However, the system presented in

this work is more reactive than others, since the track-

ing starts when the pedestrian is only partially visible by

one of the sensors. In an urban situation like this,

promptness is an important key to the success of the

system.

Figure 17 shows some results obtained in complex

conditions (bad weather condition, poor light condi-

tion) and a misclassification: a suddenly appearing

pedestrian detected as a normal pedestrian.

Automatic Braking

Previous works have introduced the Region of No

Escape (RONE [44]) as the area that will be anyway

occupied by the vehicle in the near future even if the

driver steers away or brakes.

Like traditional pedestrian detection systems,

pedestrians present in the RONE are here detected by

laser and vision fusion; the presence of a pedestrian in

the RONE triggers the automatic braking, as a Collision

a b

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 16

Two subsequent frames of a sequence: (a) the system detects the partly occluded pedestrian and issues an internal alert,

but no warning to the driver. (b) When a detection of a fully visible pedestrian follows the internal alert, a warning is

promptly sent to the driver
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Mitigation system (i.e., when the accident is

unavoidable).

The RONE is indeed important to detect an inevi-

table crash, but its size and shape are defined assuming

an optimal driver maneuver. Most drivers, anyway,

have (1) longer reaction times and (2) suboptimal

skills; therefore an extension of the RONE is mandatory

in order to act as a driving aid (avoid the crash) rather

than a collision mitigation system.

It has to be understood, though, that any extension

of the RONE will include areas in which the vehicle has

a high probability to move, but it is not 100% sure to be

a b

c d

e f

Active Pedestrian Protection System, Scenario-Driven Search Method for. Figure 17

Some suddenly appearing pedestrians correctly detected: (a) in an underground parking, (b) in the rain, (c) behind

a misaligned vehicle, (d) behind a wall, (e) at night; and (f) a suddenly appearing pedestrian detected as non-dangerous

pedestrian (false negative)
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occupied by the vehicle in the near future (e.g., in case

of a very skilled driver implementing an optimal avoid-

ance maneuver).

The system presented in this work defines the decel-

eration area as a suitable RONE extension designed for

the specific scenario addressed by this project. In fact,

pedestrians appearing from behind an obstacle might

induce a reaction time longer than the time required by

a driver to locate a clearly visible pedestrian. Therefore,

still assuming that the driver is not distracted and has

optimal driving skills, longer reaction times would

enlarge the RONE.

The deceleration area width is defined to be equal to

vehicle width and its length proportional to vehicle

speed, but anyway bounded to 40 m, while yaw is

considered constant for the trajectory computation.

Whenever a pedestrian appearing from behind an

obstacle crosses the road and enters in the deceleration

area, the system will activate the automatic braking,

even if a skilled driver might be capable of avoiding it.

This is why it is extremely important to be able to

issue a warning to the driver well in advance, and

provide sufficient time to perform a manual maneuver.

The driver has indeed a more subtle and deeper

perception of the pedestrian behavior and a manual

countermeasure might be more effective than an

automatic one.

In this section the concepts of driving corridor,

RONE, and deceleration area are introduced. It is

important to note the difference between these three

areas in front of the vehicle, which are used for different

purposes. As shown in Fig. 18, the driving corridor is

a jagged area edged by static obstacles present in front

of the vehicle and represents the area where the vehicle

can move.

The deceleration area is a smoother area that rep-

resents the positions where the vehicle should move

considering a fixed yaw rate.

The RONE represents the areawhere the vehicle will

move in the near future.

Results

During the development of an ADAS it is important to

consider different aspects for the results assessment: The

first aspect is the precision of results, while the second

one is the time that is needed to process the information;

this second aspect is very important because the whole

data processing must be operated real time.

To evaluate the obtained results the parts of the

system can be considered separately, in order to assess

the performance of each part and to plan following

developments.

The system can be divided into two parts, the first

one is the regions of interest localization, while the

second one is the search for pedestrians inside the

region of interest.

The first part is simpler, and the results are only

qualitatively evaluated. Regions of interest can be cor-

rectly detected with an appropriate precision up to

a distance of about 40 m. Unfortunately some errors

can occur due to strong vehicle pitch variation. If the

laser orientation varies too much, the framed shape

does not correspond to a significant representation of

the environment. This problem is solved using a pitch

rate sensor. If the pitch variation is too big, the whole

Active Pedestrian Protection System, Scenario-Driven

Search Method for. Figure 18

Driving corridor, RONE, and deceleration area: the pink

area represents the driving corridor, the red area

represents the RONE, and the green area represents the

deceleration area
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system is disabled, because the first part of the algo-

rithm is not able to get correct results. Anyway gener-

ally high pitching is time limited, therefore the system

is blinded for a short time interval.

Search for pedestrians inside regions of interest is

tested with three different test sets: one for daytime

scenes, one for nighttime scenes with poorly illumi-

nated environments, and one for nighttime scenes with

proper illumination.

Figure 19 shows ROC curves for ad hoc features,

Haar features, and cascade method. The algorithms

based on Haar features reach more precise results

than algorithms based on ad hoc features, but it is

important to note that the cascade method, that merges

the two methods, can reach a good classification rate.

Results obtained on nighttime scenes with proper envi-

ronmental lighting are similar to the previous one.

Some tests also pointed out that the use of specific

nighttime algorithms produce worse results.

The nighttime search, based on skeletonization,

reaches good results without any further processing,

as shown in Fig. 20.

Even if these results are important to develop the

system, the final goal of the algorithm is not the detec-

tion of all pedestrians present in the scene, but the

detection of dangerous pedestrians only. It is not

important to detect a pedestrian normally walking on

the sidewalk, while it is mandatory to detect

a pedestrian that suddenly appears in front of the

vehicle; therefore the results must be assessed consid-

ering the dangerous situations only.

A set of sequences were considered for extensive

performance assessment, for a total driving time of

about 10 h in complex urban scenarios. A total of

236 km were driven during day and night, in different

weather conditions (sunny, cloudy, rain, fog). Various

scenarios were included: downtown, large and narrow

roads, underground car parks, highways, and rural

roads. During night tests, scenarios with and without

external illumination were acquired. During night

tests the NIR illuminators were always turned on. To

complete the test sets some specific situations were staged

(such as very dangerous pedestrian crossings), but

a number of dangerous scenarios were anyway framed

in normal driving.

In the tests, the following performance indexes were

considered:

(a) Number of pedestrians suddenly appearing in

front of the vehicle (that must generate warnings

to the driver)

(b) Number of pedestrians appeared in front of the

vehicle that have been successfully tracked and

which can be hit by the vehicle (that must trigger

the automatic brake)

(c) Number of fully visible pedestrians which can be

hit by the vehicle (that must trigger the automatic

brake)
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ROC curves for daytime classifier algorithm
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ROC curves for daytime classifier algorithm
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For each performance index the number of correct

detections, false positives, and false negatives were

computed.

Performance
index

Correct
detections

False
negatives

False
positives

A 24 11 1

B 5 0 0

C 8 0 0

Results of a 10-h drive (�236 km,�540,000 images)

A total of 24 suddenly appearing pedestrians were

correctly detected in the tests (case A). Only one false

positive is present.

Only 1 missed warning out of 11 is due to

a pedestrian miss-detection; the others are caused

by either alert misses or delayed detections, but in

these cases, even if the warning signal is not promptly

issued to the driver, the automatic brake would

have stopped the vehicle avoiding the crash if the

pedestrian would have been in a dangerous situation.

All pedestrians into the deceleration area are localized

(no false negatives): five fall into case B, while eight fall

into case C.

No false positives are present, thanks to the special

attention paid to develop this SDS approach.

Anyway it is important to note that, for safety

reasons – given that the tests were performed in real

traffic – the size of the deceleration area was increased

but, nevertheless, the system behaved very satisfactorily.

The limited number of dangerous events requiring the

intervention of the safety system is not surprising. During

normal driving dangerous situations are not frequent;

plus, some of them are staged in order to challenge the

system.

The analysis of the results obtained during the test

highlighted good results also in case of rain, when

pedestrian with umbrellas were detected as well. The

system is anyway not able to discriminate between

multiple pedestrians moving together or in situations

in which the laser scanner is not able to obtain a clear

picture, for example, when pedestrians hold bags or

other large objects; moreover suddenly appearing

pedestrians walking very slowly or pedestrians under

very critical lighting conditions can be missed.

A particular attention was paid to the processing

time. A system that it is not able to process the data real

time is useless for automotive applications.

The great benefit of the SDS method is the reduc-

tion of the regions of interest that must be considered

by the vision system. Some tests focused that the num-

ber of considered areas is almost half of the ones con-

sidered using a traditional system. As the image

processing is the most time-consuming part of the

algorithm, the system can reach a significant reduction

of global processing time.

Considering that the system is designed to work in

urban and rural street, where the vehicle speed must be

lower than 50 km/h, a processing frequency of 10 Hz

can be considered sufficient.

Frame processing time changes according to the

chosen method (nighttime method is quicker) and to

the number of regions of interest which are analyzed.

Anyway, the execution time on a good performing PC

is always lower than 70 ms/frame (about 14 Hz), con-

sidering the whole system.

Future Directions

An important concept in road safety aimed at avoiding

collisions with vulnerable road users was presented.

Instead of implementing a traditional pedestrian detec-

tion system followed by both a validation step and the

assessment of the danger level, it was proposed an

innovative approach. Whenever a specific environmen-

tal scenario is detected (i.e., stopped vehicles that may

hide pedestrians), the possible presence of pedestrians

is checked for in well-defined areas only, focusing on

a particularly critical environment, typical of urban

accidents.

Besides directly detecting dangerous situations,

it also boosts timing performance, since the computa-

tionally intensive part – vision-based pedestrian

recognition – is performed only on limited portions

of the image.

The system was developed to tackle a very specific

yet very common scenario, while it does not cover the

whole set of dangerous situations that may occur in an

urban environment.

The search for all the pedestrians present inside the

so-called driving corridor can generalize the system, yet

maintaining a scenario-driven approach, as the search
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is performed only in a corridor dynamically built using

laser scanner data.

As a conclusion, the proposed approach offers

the following advantages over traditional pedestrian

detection systems.

● The system looks for specific spots in the 3D scene

that might contain pedestrians (even partly

occluded ones); in these areas the search for pedes-

trians is performed by vision; vision is therefore

activated only in selected areas providing a lower

number of false detections and a faster processing.

● Once a partly occluded pedestrian is detected, an

internal alert is issued; when the pedestrian

becomes completely visible, the initial alert is

followed by a warning to the driver. Therefore the

system reacts very quickly to the sudden appearance

of a pedestrian, since tracking already started when

the pedestrian was partly occluded and visible only

to one of the sensors (vision).

This work was developed as a feasibility study

aimed at determining whether the deployment of

nonreversible systems might be a viable solution for

real implementations. Nonreversible systems have

always been considered extremely critical, since their

robustness and effectiveness has to reach 100% to allow

their integration on real vehicles. No sudden stops or

irreversible maneuvers have to be triggered by false

positives in the detection. Unfortunately, reaching

a correct interpretation of all scenes and scenarios is

as desirable as improbable and a lot of testing must be

performed to evaluate possible failures in the detection.
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24. Fröming R, Schindler V, Kühn M (2006) Requirement engineer-

ing for active safety pedestrian protection systems based on

98 Active Pedestrian Protection System, Scenario-Driven Search Method for

http://www.benzinsider.com/2008/06/distronic-plus-and-brake-assist-plus-reduce-rear-end-collisions-by-20/
http://www.benzinsider.com/2008/06/distronic-plus-and-brake-assist-plus-reduce-rear-end-collisions-by-20/
http://www.benzinsider.com/2008/06/distronic-plus-and-brake-assist-plus-reduce-rear-end-collisions-by-20/
http://www.themotorreport.com.au/29611/2010-toyota-prius-to-ship-with-advanced-safety-gear
http://www.themotorreport.com.au/29611/2010-toyota-prius-to-ship-with-advanced-safety-gear
http://www.autofocusasia.com/electrical_electronics/driver_assist_systems.htm
http://www.autofocusasia.com/electrical_electronics/driver_assist_systems.htm
http://www.autofocusasia.com/electrical_electronics/driver_assist_systems.htm
http://www.prevent-ip.org/en/prevent_subprojects/intersection_safety/intersafe/
http://www.prevent-ip.org/en/prevent_subprojects/intersection_safety/intersafe/
http://news.bbc.co.uk/2/hi/technology/3198619.stm
http://news.bbc.co.uk/2/hi/technology/3198619.stm
http://www.trafficcalming.org


accident research. In: Advanced microsystems for automotive

applications, New York, pp 79–106

25. Schuster PJ (2006) Current trends in bumper design for

pedestrian impact. SAE Paper No.: 2006-01-0464
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