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Abstract — While depending on various factors such as alignment of roads, location of and distance to central attractions, affordability
of personal vehicle ownership, and social choices, pedestrian transportation mode often constitutes a significant portion of urban
transportation demand. Accessibility to mass transportation systems, which are considered the most cost-effective mode of transportation,
also necessitates walking. Therefore, performance of walking facilities is critical in achieving the goal of livable cities. On the other hand,
some road sides with pedestrian traffic are often subject to a number of problems. Mostly being encountered in developing countries,
these problems can be broadly classified as; absence of sidewalks along urban arterials or collectors, sidewalks with insufficient width
for pedestrian traffic demand, and poor serviceability due to illegal fixed obstacles or unfixed encroachments. Furthermore, the comfort
level and sense of safety are affected significantly. Investigation of these situations require research with use of advanced technology
which is seemingly limited in those countries. Laser range scanners offer an affordable and yet robust data collection method for analyzing
complex traffic scenes with undesired interactions. This paper presents a method as an alternative to conventional data collection methods
for traffic analysis, and suggests that it can be adapted to investigate micro-interactions and conflicts around locations of aforementioned
sidewalk problems.
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1. Introduction

Scientific research studies on different aspects of pedestrian movements and mobility are numerous. Characteristics
of pedestrian flow, methods of pedestrian data collection, pedestrian behavior and factors of their choices, performance of
sidewalks as transportation infrastructure, modeling of pedestrian movements with different approaches, criteria for
evaluating sidewalk environment, physical problems on sidewalks, undesired interactions and conflicts between pedestrian
traffic and vehicular traffic, pedestrian level of service, simulation of pedestrian movements, and use of new technologies in
pedestrian research are some main categories of studies conducted by researchers from various disciplines.

Vuchic [1] pointed out that personal cars are becoming excessively used in modern city life and this habit turns into
addiction. He emphasized that the level of comfort and safety a pedestrian or bicyclist feels is a significant indicator of
livability in an urban area. Oral [2] reported that pedestrian transportation (walking) constitutes 30~35% of total daily
transportation demand in the city of 1zmir, Turkey. Therefore, the performance and appropriate design of walking facilities
are critically important.

The “walk score” walkability index method, which has also given its name to a firm, is an evaluation approach based
on the distance of a point (such as the address of a house) to the nearest public attractions for business, shopping,
entertainment, education, health, etc. However, this method does not take into account the physical conditions along
sidewalks to those attraction points [3-4].

Protection and sustainability of human health is another major issue that tightly relates walking. Increase in car
ownership and free commuting transport provided by employers makes walking a key activity for a healthier and longer life.
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The concept of “active living”, which can be described as “a way of life that integrates physical activity into everyday
routines, such as walking for transportation” [3], arises against the global problem of decline in mode share of walking [5].

Mostly observed in cities of developing countries, on the other hand, walking discomfort and traffic safety risks due
to deficiencies in sidewalk design and applications stand out as a barrier for pedestrians despite an adopted tendency to walk
in these communities. Inappropriate physical conditions or absence of sidewalks along some major urban roads force
pedestrians to experience conflicts with the parallel-moving vehicular traffic. In the context of pedestrian-vehicle conflicts,
many studies have focused on situations where pedestrians cross vehicular road, such as crossings at intersections, midblock
crossings, and other crossing movements outside of designated (legal) crossings [6-18]. Very few studies have investigated
the interactions between adjacent pedestrian traffic and vehicular traffic which both move parallel to each other along a road,
lacking a quantitative approach with high precision.

Current study presents the first stage of a novel approach to determine losses and delays experienced by pedestrians
due to sidewalk problems which could primarily be classified as (1) absence of a sidewalk on the road used by pedestrians,
(2) insufficient width of a sidewalk causing some pedestrians to use pavement when sidewalk is occupied by and has to be
shared with another (group of) pedestrian(s), and (3) fixed or unfixed obstacles which narrow the effective width of sidewalk
(Fig. 1). The broader study aims to determine delays and other losses (comfort, level of service, safety, etc.) of pedestrians
exposed to these problems, by using sensitive laser measurements to compute various spatiotemporal variables. This paper
focuses on pedestrian movements on a sidewalk which is considered as compliant with standards (a control site). The data
from this site will be utilized in a future analysis as a basis for a comparison with the same pedestrian characteristics and
environment conditions observed in other sites with aforementioned sidewalk problems (experimental sites).
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Fig. 1: llustration of sites with and without sidewalk problems.

2. Methodology

The site evaluated in this paper is the sidewalk on Erdem Avenue across the Dokuzcesmeler Campus of Dokuz Eylul
University in Izmir, as presented in Fig. 2. It was planned to serve as the control site for the experimental sites with sidewalk
problems that will be investigated in a future study. Data collection at this site was performed one weekday every month
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within one year. Three SICK laser range measurement devices (LMS511) scanning a horizontal plane were utilized to record
a plan of pedestrian and vehicle movements, as well as other stationary or moving objects every 40 ms (25 Hz).

Fig. 2: The site of investigation and location of laser scanners (devices marked with an arrow).

The devices were located such that obstructions were minimized (Fig. 3). Two-dimensional point cloud scanned by
these devices were saved as polar coordinates on the site and transformed into Cartesian coordinates with further processing
in the office. Laser scanning was accompanied by video recordings covering the extents of the site being investigated.
Various pedestrian attributes such as (approximate) “age group”, “weight”, “load status (e.g. whether carrying a bag etc.)”,
“whether paid attention to measurement equipment” were extracted from these video records, then were associated with

spatiotemporal information obtained through the following procedure.

Vehicular road

CJ

Measured by
both devices

O

Measured by
one device only
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Fig. 3: Illustration of areas covered in a case of multiple laser measurement devices.
Following the conversion from polar to Cartesian coordinates, the data were in the form of a three-dimensional matrix,

as illustrated in Fig. 4. Devices were set to scan, in other words send a laser beam, every 0.25° within their respective scanning
planes, which yielded to 761 measurements in one time frame since they scan between -5° and +185° (Fig. 5).
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Fig. 4: Form of the matrix used in tracing pedestrians and vehicles.
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Fig. 5: Scanning range in m (feet)
(Source: Specifications of the product).

The data were undergone a background subtraction process to classify points as “moving” and “stationary”. This was
a necessary step to lessen processing load due to high number of points in every frame and to avoid potential noises while
tracing movement of users. The method of background subtraction was based on histograms giving the occurrence of unique
distance measurements at each angular step of laser scanners. Histogram of every angular step of each device were examined
through computation separately. Fig. 6 shows a traffic scene with pedestrians walking on a sidewalk and vehicles using the
adjacent road. Numbers on the picture correspond to those in Fig. 7 which shows the histogram of distance measurements
obtained in about thirty minutes from one of the laser beams crossing the road.
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Fig. 6: Moving objects (sidewalk and road users) along the cross-section of a road (another site).
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Fig. 7: (a) Histogram of measured distances and objects yielding those measurements.
(b) Detail of region A and mode value of distance measurements.

Considering the devices” margins of error at varying distances (Fig. 8) and by checking the spread of measurements
around the mode value at different angular steps (Fig. 7.b), a threshold was assigned to every angle. Using the threshold
value, points were classified as moving or stationary and exported into separate matrices. This procedure was repeated for
each of the three measurement device used at the site. The outputs were two different data tables one of which included laser
points of pedestrians, vehicles, and any other moving object in the traffic scene while the other included that of structures,
poles, bus stops, walls, trees, etc.
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Fig. 8: Measurement error margins of SICK LMS511 (Source: Specifications of the product).

Since three laser devices were used, the above process resulted in three different sets of moving and stationary object
matrices. The next step was combining three separate matrices into one single matrix to be used as input for tracing users in
traffic. Relative positions and coordinates of measurement devices were found by overlaying their respective laser points in
AutoCAD. The one in the middle out of three devices was selected as the base device, then coordinates from other devices
were transformed and appended onto base device’s data table by creating common temporal bins as the timestamps. One
critical issue at this stage was efficient synchronization of timestamps for correct association of records. Computers attached
to each device during data collection had already been synchronized by means of an online tool with a sensitivity level of 10
ms or better. However, later in the laboratory it was found out that in some cases there were discrepancies across timestamps
of devices, between one another. A shift of even a few milliseconds while integrating data could affect the performance of

ICTE 105-5



tracking negatively. In order to overcome this problem, data from different devices were tentatively combined using color
codes and then monitored using Matlab’s visualization tool. By manual intervention to timestamps, all three matrices of
moving points were synchronized to a satisfactory level. Fig. 9 shows the laser image of a moving box (pulled with rope) in
an experiment conducted in the laboratory, where (a) shows wrong association and (b) is the result after calibration.
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Fig. 9: Calibration of timestamps during integration of multiple data sources.

After temporal association between different devices were checked and manual calibrations were made as necessary,
moving points from each device and stationary objects were combined into one matrix each, respectively. Then the matrix
of moving objects and that of the fixed objects were visualized for evaluation as seen in Fig. 10.
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Fig. 10: A traffic scene with a vehicle and multiple pedestrians after background subtraction.

In the final step of data processing stage, one section at both ends of the scanned region on the sidewalk were
determined, then timestamp and coordinates of pedestrians passing both sections with a steady walk were recorded while
those with undesired irregular movements and paths were excluded. The final output included location and time of
pedestrians which would allow computation of their average walking speeds within the desired interval, as well as other
attributes mentioned earlier.

3. Analysis and Results

A regression model was estimated using the data obtained from the method described above. Data from 8 months out
of 11 were used in this analysis. These months included 2 months representing each of the four seasons. Attributes from both
laser scans and video images were evaluated together. A total number of 1027 pedestrians were truncated down to 997 after
eliminating outliers, errors, missing variables, and other odd cases. Available variables included month of year (season), day
of week, hour of day, temperature, humidity, direction of pedestrian, gender, age group, weight, type of clothing, load status,
load type, walking pace, group walking, interaction with measurement equipment, and average speed within the desired
interval.

Table 1 shows descriptive statistics for selected variables which were found to be significant in the model.
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Table 1: Descriptive statistics of selected variables.

5 Number of Average Speed i Number of Average Speed

Variable ) Variable K

Pedestrians (m/s) Pedestrians (m/s)
Gender Load
Male 573 1.339 Heavy 25 1.197
Female 424 1.273 Moderate 165 1.315
Age Group Light 478 1.303
-15 13 1.117 None 329 1.330
15-25 747 1.338 Weight
25-40 117 1.300 Overweight 106 1.235
40+ 120 1.173 Normal 798 1.314
Temperature Slim 93 1.370
<20°C 591 1.314 Group Walking
20-25°C 164 1.313 1 person 545 1.363
25-30°C 108 1.304 2 persons 323 1.268
30+ °C 134 1.301 3 persons 100 1.235
Grand Total 997 1.311 4+ person 29 1.084

Grand Total 997 1.311

Speed was selected as the dependent variable of the model. After six iterations, the model was estimated as presented
in Table 2. The output of the analysis shows that people tend to walk faster when weather is colder. Results also approve the
expected case that males walk faster than females while speed increases when age is below 25 or the person is thin. Walking
as groups affect speed negatively, with speed decreasing as number in the group raises.

Table 2: Results of the regression estimation model.

Dependent Variable: Walking Speed Coeffecients Std. Error p-value

(Constant) 1.162 0.021  0.0000

Temperature < 20°C 0.019 0.011 0.0934 R 0.528

Gender: Male 0.064 0.012  0.0000

Age group: 15-25 0.222 0.018  0.0000

Age group: 25-40 0.149 0.022 0.0000 RSquare 0.279

Weight: Slim 0.049 0.019 0.0108

Weight: Overweight -0.031 0.018 0.0946 Adjusted R

Load: Moderate -0.038 0.014  0.0059 Square 0.271

Load: Heavy -0.035 0.018 0.0484 4

Group walk!ng: 2 persons -0.107 0.012  0.0000 Std. Error of

Group walking: 3 persons -0.160 0.019  0.0000 . 0.169
. the Estimate

Group walking: 4 persons -0.332 0.033  0.0000

An unexpected result was about the effect of load status on walking speed. Based on the model it can be concluded
that moderate-level load yields a higher drop in the estimated speed than heavy load does. Descriptive statistics showing
relation of frequency and speed to load type (handbag, shopping sack, book/notebook in hand, backpack, etc.) were checked
to investigate the underlying reason. It was found that backpack was categorized under heavy load and pedestrians with a
backpack who seemed to be a high school or university student walked faster. This finding might also point to a relation
between tendency for active living [3] and using sports utility clothing.

One potential problem with this study was the risk of pedestrian distraction because of the ‘white boxes’, the
measurement equipment along the sidewalk, during data collection sessions. According to video records, only 11% of 997
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pedestrians in the analysis seemed to have noticed the existence of these devices. Unexpectedly, their speeds did not
demonstrate any drop, as shown in

Table 3. Thus, the effect of existence of devices were neglected.

Table 3: Relation between speed and distraction by laser device.

Interaction With Measurement Equipment Number of Pedestrians Average Speed (m/s)
Turned head and looked 114 1.333
Doesn't seem to have noticed 883 1.307
Grand Total 997 1.310

The average speed values obtained in this study complies with past findings available in the literature. For example,
Hughes [19] and Toshiyuki [20] provided a three-dimensional representation showing the cross-relations between
pedestrians’ walking speed, density of parallel-moving pedestrian flow, and density of pedestrian flow with crossing
movement. The experiment described in this paper focused on a sidewalk where no crossing flow is assumed and density of
parallel flow in both directions does not exceed 1 person/m2. Thus, according to the chart in
Fig. 11, an average walking speed of between 1.28-1.4 m/s (marked on the figure) would be expected to be observed in this
study, and it was achieved.

Moving Velocity
(m/sec)

Parallel

I.2- r 2 flow =

Crossing

X flow
Density of b

Parallel flow

Crossing
(person/mt) flow

Fig. 11: Three-dimensional plot of pedestrian speed as a function of flow density and crossing flow density.
(Adapted from Hughes [19], Toshiyuki [20], and Ando et al. [21].)

4. Conclusions and Discussion

With respect to precision, use of laser measurements in traffic studies have superiority over conventional data
collection methods such as use of stopwatches on a constant point or between two constant sections. Furthermore, utilization
of laser points offer the flexibility to extract timestamps and locations (coordinates) at any desired point within the measured
range, allowing the computation of variables such as speed, direction and density.

As indicated by Shao et al. [22], laser scanners offer some advantages including; direct measurement of distances and
recording positions in real dimension, high accuracy and stability due to being free of illumination, color, or texture effects,
speed and ease of data collection, possibility of covering a large area by integrating multiple scanners, ability to evaluate
crowded scenes due to low computation cost, and elimination of privacy issues. The only caveat with the method is the care
required and time consumed for successful classification of moving versus stationary objects and integration of data from
different devices.

This paper presented a study of pedestrian speeds precisely computed from range measurements in the unit of
centimeters and timestamps in milliseconds. In the next stage of this ongoing research study, authors plan to apply this
method to traffic scenarios at other sites demonstrating sidewalk problems defined in the Introduction section. The method
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promises to provide information about micro-reactions and -behaviors of pedestrians against various obstacles along a
corridor, with implications on pedestrian delay, level of service, traffic conflict technique (TCT), safety, and effects on
vehicular traffic. A follow up study may yield to inferences on possible effects of sidewalk problems on transportation mode
choice of people living in urban areas, such as discouraging from walking.
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