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ABSTRACT

Pre-Collision Systems (PCS) for
avoidance/mitigation of pedestrian crashes have
begun to be equipped on certain high-end passenger
vehicles. At present, there is no common evaluation
standard to evaluate and compare the performances
of different PCS for pedestrian collision avoidance.
The Transportation Active Safety Institute (TASI) at
Indiana University-Purdue University-Indianapolis
has been studying the establishment of such an
evaluation standard with the support from Toyota
Motor Corporation. To create a test environment for
conducting PCS tests with pedestrians, common
relative motion patterns of pedestrians and vehicles
before crashes were identified. These motion patterns
further define the requirements of the test equipment
for PCS testing. The mannequin manipulation
equipment was designed to provide sufficient motion
range so that the mannequin motion can replicate
pedestrian walking and running at the representative
speeds. Various mannequin manipulation structures
were considered and evaluated to ensure the safety
and portability of the equipment and to minimize
PCS sensing interference. Due to the potentially short
intersection time period between the mannequin and
vehicle in most test scenarios, the motions of the
vehicle and the mannequin need to be precisely
coordinated by a computer and must be based on
sensor triggers. The final PCS test equipment design
consists of a central computer, a mannequin with
moving limbs, a crane system that can move the
mannequin across or along the road, and infrared
based start/stop sensors. Accurate data recording and
the synchronization of mannequin motion and vehicle
motion are based on the atomic clock in the Global
Positioning System (GPS). This paper describes the
design and development of the equipment for

coordinating the relative motion of the mannequin
and the test vehicle.

1. INTRODUCTION

Pre-Collision Systems (PCS) for pedestrian crash
avoidance have been equipped on some high-end
passenger vehicles. There are many studies on PCS
pedestrian safety [1-4]. However, there is not a
common evaluation standard to evaluate and compare
the performances of PCS for pedestrian collision
avoidance. The Transportation Active Safety
Institute (TASI) at Indiana University-Purdue
University-Indianapolis has been studying the
establishment of such a standard with the support
from Toyota Motor Corporation. One task
surrounding the development of such a standard is
the creation a set of test equipment for PCS
pedestrian evaluation.

To create test equipment for conducting the PCS test
with pedestrians, the possible types of relative motion
between vehicles and pedestrians were identified.
Then the representative motion speeds of vehicles
and pedestrians were estimated. This information was
used to generate the work space specifications of the
mannequin manipulation equipment for vehicle
testing. The wirelessly controlled mannequin
manipulation equipment was designed to coordinate
the operations of all system components for
executing the PCS evaluation scenarios.

This paper is organized as follows: section 2
describes and analyzes the feasible test scenarios and
speed ranges of the vehicle and the mannequin. Base
on the result of section 2, section 3 gives an overall
design of the mechanical structure of the system.
Section 4 describes the computer network and control
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structure of the whole test system. Section 5
demonstrates the experiment results. Section 6
concludes the paper.

2. EQUIPMENT REQUIREMENTS

To develop the equipment for PCS pedestrian
collision avoidance evaluation, the most important
task is to determine test scenarios which provide the
specifications of the equipment. There are 12 types of
common relative motion patterns between vehicles
and pedestrians that can lead to crashes (see Table 1).
For each type of relative motion patterns s, there is a
set of tests to evaluate how PCS warning/braking are
activated. The PCS performance is determined not
only by how well it warns/brakes when there are
imminent crashes but also how well it does not
warn/brake when there are not imminent crashes (e.g.,
a pedestrian walks towards the street and stops at the
curbside). Therefore, for each type of
vehicle/pedestrian relative motion, there is also a set
of tests to check if PCS does not activate when it
should not activate. So there are a total of 24 types of
test scenarios (see Table 1). Non-bold entries of
Table 1 describe the motion directions of the
mannequin.

The size of the mannequin workspace is determined
by two factors. The first factor is the pedestrian
motion speed and duration for all specified test
scenarios. Literature suggested that the average
pedestrian running speed is about 4.3m/s. Assuming
that the mannequin needs to move at least 4.5
seconds during a PCS test along the road to give PCS
sufficient time to detect the mannequin, the travel
distance of the mannequin needs to be 19.35 meters
long. However, travel speed of 4.3m across the road
is too high for the PCS to respond to the imminent

crash. First, the width of one lane road on highways
is 3.7 m wide and many local streets are narrower. So
it takes less than one second for the mannequin to
cross the road. Second, most PCS systems take at
least one second to recognize an imminent crash, to
make the warning/braking decision and to command
the brake system to engage the brake. Third, the
PCS should not warn/brake if the pedestrian is not in
the lane that the vehicle is moving. Therefore, the
maximum cross road speed of the pedestrian is
selected as 2.5m/s. Based on this selection, the width
of the workspace of the mannequin motion device is
calculated as 2.5x4.5 =11.25 m.

The second factor affecting the dimensions of the
work space is the interference of the equipment to
PCS radar signals. Considering two state of the art
automotive radars used on the current PCS systems,
the range of the vehicle radar elevations is 4.3°and
4.5°respectively. The range of the vehicle radar
azimuth angles are 28° and 23°, respectively. The
azimuth resolutions are £2°and + 1°, respectively.
Assuming that the pedestrian detection range of the
radar and video systems in the test vehicle is less than
40 m, when the vehicle is moving at 45 mph (72
km/h or 20 m/s), the pedestrian detected at 40 m
away gives the vehicle 2 seconds to respond. The
height of objects that the vehicle radar cannot detect
at 40 mis 40m x tan(4.5°) + 0.5 = 3.64 m (= 12 ft.). If
the equipment can be kept above 3.64 m, the radar
will not see the equipment within 2 sec. By the same
calculation based on the azimuth resolution, the PCS
radar should be able to tell that any object at 1.4
meter away from the road side is not an imminent
crash threat. With the height of 3.64 m and width of
11.25 m, the RCS interference from the mannequin
motion structure will not affect PCS’s decision on
warning/braking.

Table 1. Types of test scenarios

Vehicle motion types
Straight Left turn Right turn
Crosses the road Cross from Cross from Cross from Cross from Cross from Cross from
(PCS Activation) | left to right right to left left to right right to left left to right right to left
Along the Away from Towards the Away from Towards the | Away from Towards the
road(PCS the vehicle vehicle the vehicle vehicle the vehicle vehicle
Ptec_ie- Activation)
strian
motion Crosses the road Move from Move from Move from Move from Move from Move from
types (PCS non- left to right on | right to left on left to right on | right to left left to right right to left on
Activation) curbside curbside curbside on curbside on curbside curbside
Along the road Away from Towards the Away from Towards the | Away from Towards the
(PCS non- the vehicle on | vehicle on the vehicle on | vehicle on the vehicle vehicle on
Activation) curbside curbside curbside curbside on curbside curbside
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3. THE MECHANICAL STRUCTURE
3.1. The Selection of Mechanical Structures

Various mannequin motion devices were considered
(see Figure 1), which include self-driven robot, jib
crane, 2D bridge crane, 2D motion sled, on-ground
track guided sled, and 1D gantry crane.

Motor
driven
wheels

Mannequin

(a) Robot

(b) Jib crane

(c) 2D bridge crane (d) Sled

(e) 1-D gantry crane (1 = supporting beam, 2 =
suspension beam)

Figure 1. Various mechanical structures considered
for the manipulation of the mannequin motion.

The self-driven robot (Figure 1(a)) has many
advantages, such as it has no work space size
limitation, can produce 2-dimensional mannequin
motion, and is very portable. However, it is not
selected due to its following limitations, (1) the
motion path may not be accurate due to road surface
conditions, (2) the robot base needs to be at least 3
inches tall since the minimum motor diameter needs
to be at least 2 inches for the torque needed for the
robot motion, which may cause PCS false activation,
(3) it can be damaged by the test vehicle and may
damage the test vehicle if being run over by the test
vehicle.

The jib crane (Figure 1(b)) can produce true 2-D
mannequin motion but it is a large structure and
requires a permanent installation at the test site. Also
due to the concerns in the operation of a large jib
crane, the jib crane is not selected for mannequin
manipulation.

The 2D bridge crane (Figure 1(c)) also provides true
2D mannequin motion. It is stable with four standing
poles and the track length can be extended along the
road. However, it is not selected since the speeds of
the commercially available gantry cranes are lower
than 2.5 m/s and it needs to be permanently installed
on the test site.

Sled (Figure 1(d)) approach for the mannequin
motion manipulation was seriously considered due to
its low radar interference, large workspace, and
simplicity of the driving system. It can be driven by
ropes or guiding track on the ground. When using
rope to drive the sled, the operation of the sled and
test vehicle is a concern since the rope can be tangled
by the wheel of the vehicle. Since we do not own a
test site, installing a mannequin guiding track below
road surface is not an option to us.

We selected the 1D gantry crane system (Figure 1(e))
for the mannequin motion manipulation. This
structure consists of several gantry cranes and a
suspension I-beam hanging on multiple gantry cranes.
The suspension I-beam can be extended as long as
needed for pedestrian walking along the road
scenarios by adding more gantry cranes. When
testing pedestrian across road scenarios, the
suspension I-beam can be pushed to one end of the
gantry cranes and the mannequin can be moved along
one gantry crane. When testing pedestrian moving
along the road scenarios, the suspension I-beam can
be moved to the middle of the gantry cranes and the
mannequin can be moved along the suspension beam.
This structure has several advantages: (1) the track
length crossing the road can be over 11 meters and
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the track length along the road can be extended as
long as needed, (2) the mannequin can be moved
crossing the road on the supporting I-beam and be
moved along the road in suspending I-beam, (3) its
overall weight is low and can be assembled and
disassembled on the test site easily by 3-4 people.
One drawback of this structure is that it cannot
provide true 2-D mannequin motion. Since there is
not sufficient data in crash databases to specify
curved motion of pedestrians on the road,
mechanical structure that supports one dimensional
motion for crossing the road (with specified angle)
and along the road is sufficient for the PCS
evaluation.

3.2 Trolley and Harness

Once the 1-D gantry structure is selected, the rest of
the mannequin motion manipulation system can be
designed. The motion of the mannequin is controlled
by a motor driven trolley (Figure 2) which runs on
the 1-beams of the crane structure. The connection of
the trolley and the mannequin is through a harness
(shown in Figure 3) which is attached to the bottom
of the trolley. The harness consists of six main
components, two lengthway support beams, two
crossway support beams, two trolley connection
beams, eight auto-lock fishing reels, sixteen guiding
hooks and four strengthening steel plates. It has a
dimension of 1825x2400mm, and weight of 10kg.
Eight fishing lines are used to hang the mannequin.
With the auto-lock fishing reels and guiding hooks,
the height of the mannequin from ground can be
adjusted. The harness is designed to reduce the swing

and rotation of the mannequin caused by limb motion.

DC brushless
motor

[Driving wheel} [ Side guide roller }

Sensor support

Top cover
Follower

Battery
protection
bracket

2(a)

Servo controller and
control board

2(b)

Figure 2. The mechanical design of the trolley.

Lengthway support beams Crossway support beams
Auto-lock fishing reels .
Strengthening steel plates

KZ

Guiding hooks

Trolley connection beams

Figure 3. The structure of the harness.

4. COMPUTER CONTROLED SYSTEM
OPERAION

4.1. Overview

To support the test of PCS for pedestrian crash
scenarios, the operation of all system components
need to be coordinated. The motion of the test
vehicle, the motion of the trolley, and the motion of
mannequin limbs need to be synchronized. The
recordings of the test vehicle motion data and
mannequin motion data also need to be synchronized.
The system consists of a main control computer, two
infrared based start and stop sensors, a trolley and a
limb moving mannequin. Since the distances between
different components are from several meters to
hundreds of meters, all components operate on
battery power and communicate wirelessly (see
Figure 4). The mannequin can be driven by the
trolley across the road or along the road.
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Figure 4. The overall design of the PCS evaluation system.

The main control computer is the core of the system.
It coordinates the timed operation of all components
in the system and interfaces with the operator. It also
plans the motion timing of the mannequin and the
trolley, coordinates data recording for the motion
data of both the test vehicle and mannequin. The
main control computer communicates with all other
component devices through a Zighee wireless
communication network. Two long range infrared
sensors (IR) are used to trigger the motion of the
trolley and the mannequin based on the detection of
the arriving test vehicle. One IR sensor detects the
arrival of the test vehicle at a particular location and
notifies the central computer wirelessly through a
Zigbee network. The central computer then sends
wireless messages to the trolley and the mannequin to
start their pre-planned motion. The timing is
calculated so that the vehicle and the mannequin
meet at a predefined location. The other IR sensor
detects the test vehicle at a distance of about 0.5
second to collision with the mannequin and notifies
the mannequin wirelessly to cut off the power of all
mannequin joint motors and the trolley in order to
prevent motor damage due to overload during the
crash. During the test, the trolley sends its GPS time
stamped position and speed information to the main
control computer periodically. The main control
computer stores the time-stamped trolley position
data and relays the data to the data recording
computer inside the test vehicle. The data recording
computer inside the test vehicle stores the combined
the time stamped trolley motion data, the differential
GPS measured vehicle motion data, and the time

stamped various warning/braking signals for further
analysis.

4.2. The Trolley Design

Due to the long span of the I-beams on the gantry
cranes, the high trolley motion speed, and accuracy
requirement, it is difficult to drive the trolley by a
stationary motor through a chain or a rope. Therefore,
a remote controlled and battery operated trolley is
designed. The trolley contains two motors, motor
servo drivers, an embedded microcontroller, a GPS
timer, a Zigbee wireless communication module,
limit sensors, and batteries. The connection block
diagram of all components is shown in Figure 5.

N

Zigbee module
XBee-PRO

IR position limit sensors

RS232

PIC microcontroller

CANopen|

dsPIC33FJ128MC802

GPS >

(Timer record)
6.5V Battermionitor i Control singal
Two 24V/4.5A w
wo 24V/4. » Power management ¢
battery

Figure 5. Control system of the trolley.
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The embedded microcontroller communicates with
the main control computer to get commands to
control the motion of motors. The communication
between the microcontroller and the main control
computer is realized using a Zighee module. The
motor servo controller receives the motion
commands from the embedded microcontroller and
drives the motor using a PID controller. The
communication protocol between the embedded
microcontroller and the motor servo driver is
CANopen protocol. To increase the load capacity
and to reduce complexity of mechanical structure, we
developed a direct drive system with two independent

motors. Two 250 watts DC brushless motors are used.

The motors are powered by two 24 Volt/4Ah NiMH
rechargeable batteries. Each motor is controlled by a
servo motor controller.

To ensure that two motors work synchronously, the
motors are configured in such a way that one motor
works in “Master Encoder Mode” and the other
works in position or velocity mode. In this
configuration, both motors follow the same reference
input produced by a single external position encoder.
The position encoder of the motors is also used to
find the location of the trolley on the beam. To
prevent accumulative position errors caused by wheel
slip, the trolley controller recalibrates the location of
the trolley after each round trip run using an infrared
position sensor. The infrared sensor is also used as a
safety limit sensor to indicate if the trolley is moving
out of working range of the I-beam. A picture of the
trolley prototype is shown in Figure 6.

Figure 6. Trolley prototype.

Due to the communication delay, it takes many
milliseconds for the trolley position data to be sent to
the main control computer for data recording. To
ensure that the communication time delay does not
cause data inaccuracy, the trolley position and speed
data are time stamped by the embedded
microcontroller before sending to the main control
computer. The embedded microcontroller relies on a
GPS timer module to provide the accurate wall clock

time. The embedded microcontroller also supports
self-diagnostic functions by reporting the heart beats
and battery status to the main control computer
periodically.

4.3. The Mannequin Design

To make the mannequin move like a real human, the
mannequin with limb motion is designed. Motor
driven joints are installed at the hips, knees and
shoulders. Passive joints are installed at elbows
which are driven indirectly by the motion of the
upper arm.

The mannequin limb motion is realized by an
electrical system that consists of a set of six servo
motors, a motor controller, and an embedded
microcontroller with a Zigbee networking module. A
7.4 v, 4200 mAh NiMH battery is used to drive the
mannequin joints and the control system. The
embedded microcontroller board monitors the battery
charging levels and report to the main control
computer periodically through the Zigbee network.
Figure 7 is the connection diagram of the mannequin
electrical circuit.

A PC controls the mannequin operation by sending
mannequin motion commands to the embedded
microcontroller in the mannequin through wireless
Zigbee network. The embedded microcontroller
passes the command (with desired position, speed
and accelerations) to the motor controller which
generates the proper PWM signals to all six servo
motors according to the input commands.

Zigbee Network Board

Motor Control Board

Motors

Note: Power to the Muln dsNAV
and Battery Monotor is provided
through the Ietor Channels of
the Mini Maestro

Battery

Figure 7. Control system of the mannequin.
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Since PCS sensors detect pedestrians partially based
on their body sizes and gestures, mannequins not
only are built with heights and body sizes
representative of the pedestrian public, but also
should show major walking gestures. Many methods
were proposed for biped robot walking gait planning
based on mathematic planning method [5-8].
However, different from biped robots, mannequin’s
feet do not touch the ground, so that the mannequin
limb motion does not require walking stability. Based
on the published measured human gaiting data in the
field of biomechanics, the gait functions of the hip
and the knee in terms of speeds were generated in
[12]. Figure 8 shows points and the fitted curve of
one walking cycle at the speed of 1.2m/s. Figure 9
shows the stick frame of mannequin walking in one
cycle (the sample interval is 100ms).

40

~ L Hip points e
~ .
~ — *+— - Hipcurve e
20 ~N A Krniée points S
N
~ Knee cutve
ol ~ .

— -
-20

Angle(deg)

-40

-60

80 i i i
0 0.2 0.4 0.6 0.8 1
Time(s)

Figure 8. Angle points and fitted curve of
mannequin’s gait.

Y(m)

-04 -0.2 0 02 04 06 08 1 12 14 16
X(m)
Figure 9. Stick frame of mannequin’s one cycle
walking.

5. EXPERIMENT

According to the system design as described in
previous sections, a mannequin motion system
prototype has been implemented. Figure 10 shows
the demo of the successful coordinated motion of the

trolley, harness and mannequin at the speed of 1.2m/s.

Three pictures in the figure are the sequence of
instances in one mannequin motion. Figure 11 shows
the trolley’s actual position and speed and the

corresponding desired reference curves. It can be
seen that position following is very accurate but the
actual trolley speed has some fluctuations. This
fluctuation is caused by torsional moment generated
by mannequin motion.

Figure 10. The trolley and mannequin motion at the
speed of 1.2m/s.

Reference speed|
Actual speed

Speed(m/s)

I I L I I
0 1 2 3 4 5 6
Time(s)

o — Reference position
— = Actual position

Position(m)

! ! ! ! !
0 1 2 3 4 5 6
Time(s)

Figure 11. Speed and position following curves.
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6. CONCLUSION

Based on PCS pedestrian test scenario types and the
representative speeds of the vehicles and pedestrians,
the mannequin motion equipment is designed. The
equipment can cover the workspace of 11.4 m wide
across the road and unlimited length along the road.
It can be assembled and disassemble by 3-4 people
manually. It is operated using a distributed computer
control with the wireless Zighee communication
network. The vehicle and the mannequin motion data
are time stamped based on GPS clock and stored
synchronously. The whole system is battery operated.
A prototype system has been built. The preliminary
test was successful.
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