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Abstract

Being widely adopted by the transportation and planning practitioners, the fundamental
diagram (FD) is the primary tool used to relate the key macroscopic traffic variables of speed,
flow, and density. We empirically analyze the relation between vehicular space-mean speeds
and flows given different signal settings and postulate a parsimonious parametric function
form of the traditional FD where its function parameters are explicitly modeled as a function
of the signal plan factors. We validate the proposed formulation using data from signalized
urban road segments in Salt Lake City, Utah, USA. The proposed formulation builds our
understanding of how changes to signal settings impact the FDs, and more generally the
congestion patterns, of signalized urban segments.

Keywords: data-driven traffic control, fundamental diagram, macroscopic modeling, signal-
controlled urban roads, traffic flow theory

1 Introduction

Fundamental diagrams (FDs) are recognized to be an important tool in the design and op-
erations of segments (i.e. roadways) with uninterrupted traffic, such as highways. Since
Greenshields’ seminal work on freeway FDs [Gre35; Kiih08], there have been various efforts
in the research community to expand it to urban roads with interrupted traffic [Bro08] and
to elucidate certain functional forms for both highways and urban settings [Hal92; Wull;
Dak18]. Recent work by [Li22] addresses this challenge by deriving a parametric form for
FDs that are associated with urban signalized road segments. As an indispensable part of
the urban transportation infrastructure, traffic lights are arguably one of the most critical
factors that are related to urban congestion. The work of [Li22] showed that knowledge
of the signal setting can help explain the shape of the FD of segments that are upstream

of the signalized segment. However, the parameters of the FD of the signalized segment
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are estimated numerically through field data. They lack interpretability, and hence do not
provide a physical explanation into what aspects of traffic supply govern the shape of the
FD. This paper addresses this challenge. It considers signalized urban segments. It extends
the work of [Li22] by formulating the parameters as explicit functions of the signal settings.
As a result, this work relates the build-up and dissipation of congestion to prevailing signal
settings.

The major contributions of this paper are as follows: (1) the formulation provides insights
into the interplay of traffic signal control and urban congestion formation and propagation;
and (2) the formulation facilitates the scalability of the urban FD by reducing the reliance
on segment-specific speed and flow data.

2 Methodology

We first briefly review the urban FD work of [Li22], that the proposed methodology in this

paper extends. Then, we present the proposed formulation.

2.1 Urban FD for Signalized Segments

Inspired by the commonly used FDs for segments with uninterrupted traffic of [May67], a
parsimonious parametric function is postulated for the FDs of urban signalized segments.
The formulation relates vehicular space-mean speeds and flows:

ay
U:vmax<1_(q>) : (1)
Gcap

where the space-mean speed is denoted by v, the speed limit is denoted by v;,,,., the mean

flow per lane is denoted by ¢, and the flow capacity (per lane) is denoted by ¢,,. The pa-
rameters « and [ are the parameters that are numerically estimated and lack a physical in-
terpretation. This paper proposes a formulation of these two parameters that is interpretable
and is directly related to the signal settings.

Equation (1) takes a similar functional form as that of [May67]. However, it relates speed
and flow, while [May67] relates speed and density. A discussion on the limitations and open
questions related to the FD of Equation (1) is given in [Li22].

2.2 Signal-parametrized FD

In this paper, we consider actuated signal settings. Fixed-time signal settings can be viewed
as an instance of actuated signal settings. Hence, the proposed approach holds for fixed-
time signal settings. Our goal is to define a formulation that depends on average (over time)
signal setting parameters, such as cycle length, green or red phase duration, or green split.

In this paper, we propose a formulation that only relies on knowledge of the (average) green
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split, denoted g, which is the average ratio of the green phase duration to the cycle length.
Hereafter all signal plan parameters are time-averaged.

The proposed formulation assumes both 3 and the ratio £ to be linear functions of the

[0}

ay
v:vmax(l—(q>> : (2a)
Gcap

green split g, i.e.

B =0+ brg, (2b)
B 6,4 050, (20)
(6%

where the new model parameters are 6, 61, 62, and 6s.

These parameters are fitted for all signalized segments of a given city. This means that
all parameters of the proposed FD formulation can be readily estimated without the need to
collect extensive segment-specific data. In other words, compared to the previous formula-
tion, the parameters o and 3 no longer require segment-specific data to be estimated. This
makes the proposed formulation more scalable and more broadly applicable.

As our numerical validation experiments with Salt Lake City (Utah, USA) data indicate,
although the expression considers the time-average green spilt, it holds for actuated signals
where the green split can vary substantially over time. For fixed-time or pre-timed signal
settings, the average would represent an average over time-of-day-specific constant green
splits, since the green splits typically vary over the course of the day.

3 Results and Discussion

We validate the proposed formulation with the Salt Lake City (Utah, USA) data of actu-
ated signal controlled urban road segments. We present the data first, and then we present

representative results.

3.1 Data

We consider actuated signalized intersections. We focus on road segments that are adjacent
to the signalized intersections and correspond to the major traffic movement directions (i.e.
protected signal phases 2 & 6). The definition of major streets and detailed signal event data
is obtained from the Utah Department of Transportation (UDOT) Automated Traffic Signal
Performance Metrics (ATSPM) [Uta20]. Through the ATSPM portal, we have access to lane-
level vehicular count (i.e. volume or flow) data obtained at stop-bar detectors. We aggregate
counts at the hourly and the segment level. The flow values are segmented into intervals of
30 veh/hr-lane.

We use aggregated and anonymized space-mean speeds of either a given segment (all
traffic movements combined) or per traffic movement. We carry out an average analysis

over space and/or time, meaning that for actuated signals we focus on the average (over
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time) signal settings (namely cycle, green, and red time). All data, parameters, and variables
mentioned hereafter are assumed to be averages over time or over space.

We consider segments that have similar average cycle length values for 7am-8 pm of
weekdays (Mon. —Fri.). The cycle length values considered are +/—5s of 114s.

3.2 Analysis

Figure 1 considers a set of 10 segments that represent a wide range of signal settings. It
displays the FDs of these segments. Each segment is displayed in a different color. The
x-axis represents segment flows (in the unit of veh/lane-hour) and the y-axis displays the
corresponding speed normalized by the speed limit. These 10 segments are selected to
represent a wide range of the associated green split values, ranging from 0.3 (i.e. the green
phase is active 30 % of the cycle time) to 0.8 (i.e. the green phase is active 80 % of the cycle
time). For each segment, a dash-dotted curve, of the same color as the segment, represents
the corresponding signal-parametrized FD curve defined by Equations (2a)-(2c).
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Figure 1: Comparison of signal-parametrized FDs and real data.
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This plot indicates that the proposed formulation describes well how the FDs vary as a
function of the green split. As the green split increases, the FDs are shifted higher up. In other
words, for a given x value of flow the corresponding speed (i.e. y value) increases with the
green split. This is consistent with the intuition that an increased green split, corresponding
to an increased flow capacity, allows speeds to decay from their free-flowing values at higher
flow values. Compared to the work of [Li22], the proposed formulation adds interpretability
to the power coefficients of the FD. This is of practical relevance and can serve to estimate
the impact of signal setting changes on congestion patterns.

4 Conclusion and Discussion

We postulate a parsimonious parametric urban FD for signalized segments with power co-
efficients that are explicit functions of the green split of the underlying signal plan. The
formulation is validated using the Salt Lake City data. The experiments show that it is
possible to parameterize FD functional forms by the signal plans and the derived traffic
signal-parametrized FD closely approximates the ground truth.

The parameters of the proposed linear formulations (the 6 scalars) that define the power
coefficients of the FD have common values across segments. This makes the model less
reliant on segment-specific data. Hence, it is more scalable and can be more readily ap-
plied across segments. It is an open question whether the numerical values found for these
parameters hold across cities.

This is a part of the ongoing effort. The most recent learnings and formulations will be
presented at the conference. Some directions for further research include: (1) understanding
the impact of signal coordination (e.g. offsets) on the FDs; and (2) incorporating other
factors (e.g. left turning flows) into the FD formulation to further enhance our understanding
of what governs the shape of the FDs.
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