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ABSTRACT

The complex and densely populated large urban network forces the transportation
networks to deal with a variety of problems, including traffic congestion. Some
strategy that can help to optimize traffic flow and reduce traffic congestion is through
traffic management systems by monitoring the traffic conditions. The Network
Fundamental Diagram (NFD) is a tool that traffic engineers can use to monitor traffic
conditions and manage urban traffic networks because it provides a visual
representation of the underlying network dynamics. In estimating NFD, identifying
influential links (with measurements points i.e. detectors) is a very important part,
which has been a key issue in preserving as much information as possible. To select a
subset of links that can accurately represent the behaviour of the entire network, a
principal component analysis (PCA) is adopted. PCA can be used to remove the
variables (links) that contribute minimal information and retained just the variables
that contribute the most. The experimental flow-occupancy dataset from 58 inductive
loop detectors at urban city was tested and compared with an experiment of four
selection approaches. The findings revealed that the PCA-based strategy of
Experiment 2 gave result which was more favourable than the results obtained by
other experiments. It was able to preserve the shape of the full measurements NFD,
retain the information needed (network capacity and critical occupancy within
allowable limit) as well as proven to have lowest total Root Mean Square Error
(RMSE) value, in comparison with other experiments.
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1. Introduction

In the era of globalization, surely every person has a vehicle to facilitate their movement.
Moreover, with the increase of these vehicles, the current traffic networks have to deal with many
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issues that arise considering the increasing number of vehicles on the road, causing traffic
congestion and excessive delays that may cause increased in travel time, fuel consumption [21], air
pollution [5] while also decreased road safety [8] and above all, result in economic losses. For
example, in Malaysia, it is reported that Klang Valley employees spend an average 44 hours a
month in their vehicles as a result of traffic jams. The productivity loss, on the road is expected to
be RM 308 in a month if the wage is RM 7 per hour [6]. During peak hours, KL drivers individually
experienced about 159 hours per year, lost to traffic jam [12]. While that time could be better
spent doing other beneficial things such as reading books, road users also paid RM 1023 on petrol
for these peak hour trips. Reducing traffic congestion is a complex problem but it is an urgency to
consider. Among of the strategy is through traffic management systems; by implementing traffic
monitoring which can help to optimize traffic flow and reduce congestion.

In order to address this issue, the Network Fundamental Diagram (NFD) which has been
introduced by [4] is a useful tool that offers managing traffic at the urban networks, describing and
developing the network-level strategies and mitigating the urban traffic congestion. It has been
shown to be useful in metropolitan networks as a perimeter control [11], regional route guidance
[3], demand management [23], calculate travel times [15], and control of city- scale ride-sourcing
systems [19]. Moreover, this concept being used by [2] to purpose control rule that maximizes the
network outflow. By using this promising tool, the traffic networks can be monitored hence
improve the network mobility. Figure 1 illustrates a graphical representation of NFD in a
transportation network which shows the relation- ship between traffic flow (measured in vehicles
per unit time) at the vertical axis and occupancy or density (measured in vehicles per unit length) at
the horizontal axis. The NFD exhibits traffic states into four stages, A, B C and D. At A (initial stage),
traffic volume is relatively low, and traffic is flowing freely without much interference. In this stage,
traffic density is low, and vehicles are able to maintain a high-speed close to the maximum speed
limit for the road. As traffic density increases, flow begins to reach its maximum capacity, resulting
in congested flow. In this B stage, the flow rate decreases while density increases, causing reduced
speeds and slower travel times. Noting that the capacity flow in urban road networks may be seen
over a range of vehicle counts, a horizontal line is used to illustrate it [1]. The breakdown stage is
reached when the speed drops below a critical threshold. At stage C, traffic density continues to
increase, and speed drops even further. The congested stage is reached when the density reaches a
critical value where traffic flow is no longer stable and breakdowns are frequent. In this stage,
traffic queues become longer and more widespread, and drivers may experience stop-and-go traffic.
Final stage D, traffic density has reached the maximum possible value, and speed is zero or close to
zero. Vehicles are stuck in a gridlock, unable to move due to the high density and lack of available
space to manoeuvre. Understanding these four stages of NFD is essential for predicting and
managing traffic congestion. By monitoring traffic volume, density, and speed, transportation
planners and engineers can implement strategies to prevent or alleviate congestion, such as
improving public transportation, optimizing signal timing, or introducing variable speed limits.
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Fig. 1. Fundamental Diagram for Urban Road Networks [1]

However, there is no solid way to produce NFD. Some common factors that significantly
influence the curve and shape of NFD is the location of the loop detectors in transport networks. If
detectors (sensors) are placed at strategic locations (not only focus at central of business district
where areas with heavy congestion) along the road network, they can capture real-time average
traffic data, which can be used to dynamically adjust traffic signal timing and manage congestion.
This can help to reduce delays and improve the overall flow of traffic, resulting in a good
approximation of fundamental diagram. The placement of detectors can also influence the accuracy
of traffic flow measurements, which can impact the shape of the NFD. For example, if detectors are
placed too close together, they may not accurately capture the flow of whole traffic, resulting in a
bad approximation of NFD. Hence, the first motivation in this study is to determine the strategic
location of detectors for reliable NFD estimation as a basis input for the Intelligent Transportation
Systems (ITS). The quality of traffic data collected by detectors has a direct influence on the
reliability of NFD performance.

Moreover, starting in year 2013, [11] was the first who proposed a subset NFD concept, a
simplified version of the full NFD that is estimated from a subset of links equipped with detectors in
whole networks, i.e. using a sub-amount of information. The urban network in Greece was used for
the investigation in their study. Based on the study, the results showed that subset NFDs, which are
created using significantly fewer measurements than for a complete NFD, have a critical range of
traffic states that is nearly comparable to its equivalent in the whole NFD. The results also shown
that using appropriately smaller measurement amounts produces nearly identical NFD
approximation results as the original. Hence the second motivation of this paper is to figure out (by
selecting or discarding), the links to place the detector, in order to estimate the subset NFD. It is
believed with subset NFD, a simpler model than the full NFD, which means that it requires fewer
variables and calculations is easier and quicker to use for simple traffic engineering tasks. The
subset NFD also offers a more feasible option since detailed data on traffic flow may not always be
available. Furthermore, it is usually less expensive to monitor a small subset of links than to
monitor the entire links in network. For transportation authorities with limited resources who want
to utilize a more focused and specific approach to traffic monitoring, this will be very helpful.

The quantity and locations of the NFD subset have only been the subject of a few studies.
Another related studies of traffic sensor location problem (TSLP) can be located in [17]. In 2015, [16]
conducted a study where the aim of the study was to evaluate the information needed for a
potential application of a control system in the urban area. This study expanded the [11] work and
the information from ZuriTraffic links was used to investigate into the correlation between network
coverage (i.e., the percentage of streets monitored) and the macroscopic fundamental diagram’s
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accuracy. The results demonstrated that regardless of the strategy of selecting links, 25 percent is a
minimum network coverage. In a recent study, [24] developed a mathematical model to optimize
the fixed measurement points (i.e., loop detector locations) and sampling of probe vehicle
trajectories while taking into account the limited budget, heterogeneity, and asymmetry in Origin-
Demand (OD) matrices in real-world networks. They aimed to reduce the estimation error between
the ground-truth MFD and the MFD obtained from the scarce resources. Nevertheless, this model
also needs the ground-truth MFD as an input, which is unavailable in real-world networks.
Furthermore, [10,13] studied about the development of operational or sparse-measurement NFD
by selecting fewer sensors and the associated measurement by using information theoretic
approach. The results demonstrated that the obtained Sparse-Measurement diagrams from the
chosen models successfully preserve the shape and key characteristics of a complete measurement
diagram. In recent study, [20] estimating MFD using flow and density measurements from critical
link which are suggested by Principal Component Analysis (PCA). According to the results obtained,
applying PCA helps to find the key traffic features and identify the critical links that are connected
to these critical links. It is supported by [9] to further research subset NFD as its accuracy
estimation is the foundation of accuracy in further NFDs’ applications and network-level traffic
models. Inspired by [20], this research employed a PCA-based approach to selectively choose
sensors for constructing subset NFDs. This theoretically reduces costs as it requires fewer
measurement resources.

2. Methodology

In this section, the data used for this study, PCA and some comparative studies and estimation
of the subset NFD based of selected links will be discussed.

2.1 Traffic Detector Data

The traffic data used for analysis purposes are collected using loop detectors at 58 locations
around the urban road network of the Chania, Greece, as illustrated in Figure 2. Real data of flow
and occupancy are stored every 90-sec signalization cycle and aggregated at time intervals of 1.5-
minute duration. The dataset includes measurements of data on Friday spanning 24 hours. The
occupancies of lane were aggregated to 6-min all-lane and averaging, and flow were aggregated to
6-min all-lane and summing.

Fig. 2. Schematic map of Chania, Greece
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2.2 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a helpful tool in data processing and dimensional
reduction technique [22] founded by [18] and [7]. It serves a simple and non-parametric method
that is used to reduce the dimensionality and extract relevant information from confusing data sets
[22]. PCA works in reducing number of variables in data set by maintaining the important
information. By using the PCA, the data set can be reduced while retaining as much of the dataset’s
information as possible, to a smaller set of uncorrelated variables [20]. Basically, in PCA, there are
several steps that need to be considered as depicted in Figure 3.

Fig. 3. General Steps in PCA [14]

PCA aims to convert the initial variables into a small number of linear combinations, referred to
as principal components (PCs). PCA reduces the dimensions of a dataset with d variables by
projecting it onto a subspace with k dimensions, ensuring that the maximum variance of the
original data is preserved (where k < d). In order to study the impact of original variables on each PC,
loading matrix needs to be calculated. Specifically, the loading matrix indicates the correlation
between each original variable and each PC. In this work, it is attempted to identify if variable (links)
from first PC with high and low loading values signifies an importance in networks, means produced
a good subset NFD. For that, important links was chosen based on first PC, either to have high
loading values or low loading values. Detail explanation can be found on next section.
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2.3 Construction of Subset NFD

Few experiments were conducted with k links (out of 58 links) chosen. The idea is to determine
which most informative k links that can be represent average traffic condition from whole network.
The k = 14 links was used in this study to indicate a low percentage of data used, but still manage to
preserve the true information of all links. Experiment 1 and 2 were based on PCA approach, to
detect the representative links. In the initial stages of the work, both experiments utilized the first
principal component, as it was deemed to account for the greatest variance in comparison to the
other principal components. In Experiment 1, links with first 14 highest loading value were selected.
In contrast, links from the first 14 with the lowest loading values were chosen in Experiment 2. The
purpose was to investigate how two extreme groups (min and max) in loading value affected the
NFD estimation.

Two alternative detector selection strategies are taken into consideration to evaluate the
efficacy of the PCA results. Experiment 3 was conducted based on random link selection and
Experiment 4 was conducted based on geographical location of city centre in the network, referred
as "Radius Strategy". Here, it is intended to determine whether sensors placed in particular
network nodes aid in improving NFD approximation. Figure 4 shows the network is divided into five
equal-sized areas (A, B, C, D, and E) with the same number of sensors for a fair comparison by using
the same procedure [13] used, and region B was utilized in this work.

Fig. 4. The partition of region for Chania Urban Road Network [13]

Table 1 describes the details of all four experiments.

Table 1
Experiments conducted to construct subset NFDs
Experiment 1 Experiment 2 Experiment 3 Experiment 4
The flow data
was used, and
14 variables
(links) with the
top 14 highest
loading values
from first PC
were selected.

The flow data
was used, and
14 variables
(links) with
the top 14
lowest loading
values from
first PC were

Randomly pick
14 links from
the network in
Figure 2.

The links were
chosen from the
region B from
the network
partitioned by
the previous
study [13].
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selected
After identifying the respective links for each experiment, the measurements associated with

the links, including flow and occupancy, were collected. Subsequently, the subset NFD was
constructed based on this collected data. To perform validation measures, two approaches were
used. First is to compute the Root Mean Squared Error, RMSE adapted from [20] for each
experiment to assess the goodness of fit and to validate if the outcome able to minimize the
estimation error between subset NFD and full NFD. Three different measures were used to assess
the precision of the estimated NFDs and quantify how close the subset NFD were to the actual NFD.
RMSE for network average flow and network average occupancy for T time intervals were
calculated as follows:

���� � = �=1
� ���−��

2
�

�
(1)

���� � = �=1
� ���−��

2
�

�
(2)

where ��� and �� represent the true and estimated average network occupancy in time interval t,
respectively, and ��� and �� represent the true and estimated average network flow in time interval
t, respectively. The RMSE which capture both flow and occupancy is calculated as follows:

��������� = ���� � + ���� � (3)

The second assessment involves observing the subset NFD to assess its ability to offer a
satisfactory approximation of NFD while preserving the shape and essential characteristics (critical
flow and occupancy, dispersion) of the complete NFD.

3. Results and Discussions

The traffic conditions are varying by day, Figure 5 shows the shape of full NFD for the Friday
data set based on 58 links, the full measurements.

Fig. 5. Full-measurement NFDs for Friday
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Table 2 shows the capacity of maximum flow and the occupancy values for Friday. As can be
seen the maximum flow is around 500 veh/h/lane, while the corresponding critical occupancy
values are between 20 - 25%.

Table 2
Capacity flow and critical occupancy for Friday
Day Capacity flow

(veh/h/lane)
Range of critical
occupancy (%)

Friday 500 20 - 25

A scree plot is commonly used in summarizing the finding of a PCs analysis in order to decide
how many PCs should be retained. Based on the screen plot in Figure 6, it shows the first
component explained 50% of the total variance. Furthermore, the most noticeable change in slope
in the scree plot occurs at component 4, which is the "elbow" of the scree plot.

Fig. 6. Scree plot for Friday Flow

The summaries of the obtained result for all experiments were shown in Table 3. It can be seen
on Table 3, PCA- based approach which are Experiment 1 and 2 managed to preserve the
occupancy as the full NFD since the value lies within acceptable range of 20 - 25 %. Meanwhile,
occupancy value of experiment 3 and 4 which are referring to blind and radius strategy,
respectively fall outside the desired characteristic value. However, only experiment 2 was able to
sustain the flow capacity of 490 vehicles per hour per lane, staying within acceptable value of flow
(450 to 550 vehicles per hour per lane), which is +/- 10% from 500 vehicles per hour per lane of full
NFD. Furthermore, experiment 2 also produces the lowest ��������� of 79, in comparison to all
experiments. This suggested experiment 2 contain more information and able to minimize the
estimation error between subset NFD and full NFD. This also means experiment 1 and 3 contains
less information due to high ��������� . The results of Experiment 4, radius strategy exhibits fair
��������� with the full NFD. After all, it can be concluded that the adopted PCA-based strategy
using flow data set ensures the accuracy of the information for various network coverage levels.
Specifically, using only the first PC provide fair amount of variable reduction (link selection). To our
surprise, first PC with low loading value gave a good approximation, instead of PC with high loading
value. This finding contradicts with results from [20] as they claimed top k highest loading value
from multiple PCs will provide good approximation. The limitation of our study maybe due to the
usage of only the first PC. Considering a higher number of PCs maybe can lead to a better
approximation. Another reason may be due to the nature of data used in this study where the data
was collected from loop detector instead of using probe vehicle data.
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Table 3
Summary of all experiments involved
No Parameter Full

NFD
Experiment 1 (PCA) Experiment 2 (PCA) Experiment 3

(Blind Strategy)
Experiment 4
(Radius B)

1 Loading Value - Highest Lowest - -
2 Selected Links 58

links
{1, 5, 6, 16, 17, 19,
20, 26, 39, 41, 43, 46,
49, 54}

{2, 4, 8, 10, 14, 22,
23, 24, 30, 37, 44, 52,
57, 58}

{2, 3, 7, 8, 13,
14, 23,
27, 30, 37, 38,
40, 48,
52}

{8, 9, 10, 13, 14,
19, 22, 24, 25, 26,
27, 28, 44, 45}

3 Critical
Occupancy (%)

20-
25

24 25 20 30

4 Flow Capacity
(veh/h/lane)

450-
550

630 490 250 570

5 ���� � - 3.28 4.40 6.81 11.91
6 ���� � - 117.78 75.11 180.15 68.27
7 ��������� - 121.04 79.51 186.96 80.18

Figure 7 shows the subset NFD for the four experiments conducted. It can be seen that the
Figure 7(b) provide a good approximation among all, although has wide scatter. Experiment 2 able
to preserve the shape and characteristics of full NFD. Experiment 1 and 3 in Figure 7(a) and (c)
provide higher and lower approximation, respectively where it is observed in large ��������� value.
On the other hand, Figure 7(d) displays a significantly greater scatter with a wide dispersion of
points. This highlights the fact that installing sensors in the busiest area of the network does not
guarantee a good approximation of the NFD.

(a) Experiment 1 (b) Experiment 2
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(c) Experiment 3 (d) Experiment 4
Fig. 7. Fitted line for subset NFD of a smaller number of links for Friday according
to different experiments

Meanwhile, Figures 8 shows the location of the links chosen in the network, for each
Experiment 2. The highlighted links show where the sensors should remain.

Based on the findings of the four experiments, 14 links that were selected from the first PC with
the low loading value (Experiment 2) was successful in maintaining the general shape and
characteristics of the full-measurement diagram. To ensure experiment accuracy, a comparison of
results was conducted using validation measurements based on the RMSE value. Experiment 2
displays a good fit to the full NFD and maintains the critical occupancy between 20 and 25%. On the
other hand, the experiment based on high loading value showed poor approximation. Generally
loading values represent the correlation between the original variables and the principal
components, with higher loading values indicating a stronger relationship between the variable and
the component. However surprisingly for our study, variables (links) with low loading values were
more relevant and provide unique contribution to the analysis, especially in estimating subset NFD.
Meanwhile, it is evident that the blind and radius technique, provides a worse approximation. Both
approaches will become less successful in a more complicated traffic network.

Fig. 8. Link (sensor) selection of Experiment 2

4. Conclusions

Analyses were carried out using real loop detector data from CBD of Chania to estimate the
initial fundamental diagram (100% of links). Then PCA-based method was implemented to obtain
the subset fundamental diagram. The goal is to determine the level of accuracy retained from
subset NFD. The significance of this study is for identification of the ideal detector or sensor
placement in large scale networks. With reduced fundamental diagram, an allocation of adopting a
plan for monitoring and managing traffic congestion would be decreased.

According to the research conducted, a network essential diagram with little scatter exists for
Chania’s CBD. Further on, investigation takes place in finding ideal location of detector in the
network in order to find reduction of the number of links used. PCA strategy was used and few
experiments involved denoted by Experiment 1,2,3 and 4. In Experiment 1, links were selected
based on variable with highest loading value, from first principal component in Friday flow dataset.
In Experiment 2, links were chosen based on the variable in the flow dataset’s first principal
component with the lowest loading value. Then the PCA-based technique was compared with other
2 strategies namely blind and radius strategy, denoted by Experiment 3 and 4.
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It can be seen from the results during the analyses that the PCA strategy of Experiment 2 gave
result which was more favourable than the results obtained by other strategies or experiments. It
was able to:

i. preserve the shape of the full measurements NFD
ii. retain the network capacity and critical occupancy (lies within range) as well as
iii. proven to have lowest total RMSE value, in comparison with other experiments.

Using the findings of this analysis for 14 links, or roughly 23% of all links, the reduced NFD for
Chania was created, and it can be shown that it was able to preserve the shape of the full
measurements NFD. However, because fewer links were chosen, there was more scatter in the
diagram, as indicated by having high RMSE value. The other PCA-based strategies of experiment 1
where links were selected based on high loading value from flow dataset, coming from first
principal component, gave poor estimation which exhibit high RMSE along with unable to preserve
the shape of full measurement NFD.

The blind technique used in Experiment 3 was less preferable since it produces poor
approximations. Finally, Experiment 4 using the radius technique, which used links in the CBD’s
centre, produced results that were generally satisfactory despite having a widely scatter diagram.
Even so, the analyses were valuable since it helped to identify the areas of the urban network
where traffic congestion is occurring, which will be helpful for any future research.

However, this research limitation is due to dataset since it is using only Friday data set. It is
recommended for future research to test this adopted PCA-based strategy on an alternate day,
preferably during the weekend, as the variations in traffic conditions present an intriguing aspect to
explore. Also to consider using multiple number of PCs and select representative links which can
capture average network traffic conditions. The presented approach can also be applied to data
from other fields, such as meteorology or forestry, in order to find and choose a subset of variables
that can precisely capture the behaviour of the whole system.
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