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Abstract— The coordination of signalized intersections in

urban cities improves both traffic operations and environmental

aspects. Traffic signal coordination has a long history, where the

impact of offset on delays and emissions at signalized intersec-

tions has been investigated through simulations and a limited

number of experimental findings. Coordinating intersections

is often warranted by specific engineering requirements and

judgment. However, as a consequence, many intersections in

cities remain without coordination.

In this paper, we examine the potential benefits of coordi-

nating signalized intersections at scale. Unlike previous studies,

our analysis is based on aggregated anonymized probe data

analysis and does not need to explicitly model traffic-oriented

issues such as queue spillback and platoon dispersion. We follow

a quantitative approach by considering an intersection pair, i.e.

a system of two signalized intersections which can be spatially

coupled. We introduce a new method for coordinating those

signalized intersections. The method first evaluates the effect of

different offsets on vehicle travel times and fuel consumption (or

emissions). Then, it coordinates the two intersections by setting

a common cycle and finding the optimal offset that minimizes

fuel consumption and/or travel times. We present the analysis

for several case studies from real intersections at Jakarta, Rio de

Janeiro, Kolkata, and Haifa. Finally, we evaluated our method

by implementing it in a real experimental study at Jakarta.

We collaborated with the city to implement the optimal offset

determined by the proposed method, and we compared the

results before and after coordination.

I. INTRODUCTION

Coordinating signalized intersections in cities can enhance
traffic operations and resolve environmental issues. Coor-
dination of an intersection pair, i.e. two consecutive inter-
sections, is mainly designed by determining an offset. The
offset is a time difference between the timing signal plans,
usually between the start of green lights at both intersections.
Previous works show the effect of offset design on the traffic
performance, as delays and capacity, see e.g. [1].

Traffic coordination of signalized intersections has a long
history [2]–[10]. The literature includes various methods for
coordination, which are usually classified into progression
methods and direct performance methods. Progression meth-
ods are based on bandwidth maximization, i.e. coordinating
green durations to maximize number of vehicles that can
move efficiently through a set of signals. On the other hand,
direct performance methods are based on analytical models
which estimate vehicle delays and/or number of stops for a
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given signal setting. These models are used as prediction to
find the optimal signal decisions, e.g. offsets, green durations,
cycle time, and others. It should be noted that progression
methods are simple methods but limited for some cases
and traffic scenarios; while direct performance methods are
computationally more complex, and sensitive to the accuracy
of the models, their calibrated parameters, and uncertainty.

As traffic becomes more congested in urban areas, both
methods are less suitable to design and implement at a
city scale, with large number of signalized intersections
and different competing directions. Moreover, coordinating
intersections is often justified based on certain requirements,
operational needs, and engineering judgment. However, as
a consequence of these challenges, many intersections in
cities remain without coordination. In fact, according to the
Federal Highway Administration (FHWA), about 75% of all
signalized intersections in the US are not coordinated [11].
The potential benefits of coordinating these intersections at
scale has not been evaluated. Finally, in previous studies, the
performance of coordinating intersections has been evaluated
using traffic simulations and several experimental results. In
most previous studies, the performance measure was travel
delays, while some other studies, see e.g. [12]–[17], consider
also vehicle emissions (or fuel consumption).

In this paper, we follow a quantitative control approach to
coordinate signalized intersections in the network. Instead of
considering multiple candidate intersections for coordination
simultaneously (e.g., several intersections of an arterial), we
consider the smallest system size which consists of intersec-
tion pair. The idea is to coordinate every two intersections,
with overlapping coverage to include the entire arterial or
network. Coordination of intersection pair is carried out by
coupling the two intersections with a common cycle length
and setting an optimal offset between them that optimizes a
performance measure.

Previous works, e.g. [1], [18], have focused on two
closely signalized intersections, where different strategies
and methodologies for analyzing the operation of such sys-
tems were established. E.g. the operational analysis of the
diamond intersections under certain settings (three and four
phases, fixed and actuated timing plans) were examined and
evaluated by a performance index of capacity and/or delays.
Analytical models that provide insights into the potential
impediments to the traffic flow at upper stream intersection,
e.g. queue spillback from downstream intersection, were pro-
posed by [1], [19], [20], and many others. One can conclude
from previous works on paired signalized intersections that:
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(i) queue interaction effects may develop even when both
intersections operate below capacity, and (ii) a timing plan
strategy which minimizes delays but does not treat queue
interaction is a weak strategy.

The main contributions of the current paper are sum-
marized as follows. We examine the potential benefits of
coordinating signalized intersections at scale. Our analysis
is based on aggregated anonymized probe data analysis and
does not need to explicitly model traffic-oriented issues such
as queue spillback and platoon dispersion. We follow a
decentralized approach by considering intersection pair, i.e. a
system of two signalized intersections which can be spatially
coupled, but operate with different cycle lengths. Then, we
introduce a new method for coordinating those signalized in-
tersections. The method first evaluates the effect of different
offsets on vehicle travel times and fuel consumption. Then, it
coordinates the two intersections by setting a common cycle
and finding the optimal offset that minimizes travel times
and/or fuel consumption. We present the analysis for several
case studies from real intersections at Jakarta, Rio de Janeiro,
Kolkata, and Haifa. Finally, we evaluated our method by
implementing it in a real experimental study at Jakarta. We
collaborated with the city to implement the optimal offset
determined by the proposed method, and we compared the
results before and after coordination.

II. COORDINATION METHOD FOR SIGNALIZED
INTERSECTION PAIRS

In this section, we introduce a new traffic signal coordina-
tion method based on anonymized probe data. The method
is capable of evaluating signal timing plans with different
offsets.

A. Problem definition

Let us define a system of signalized intersection pair (SIP)
as two signalized intersections which are spatially coupled,
as schematically shown in Fig. 1. Two traffic movements
are distinguished in SIP: movements that pass through both
intersections (e.g. movements 1 and 2), and movements that
pass through only one intersection (e.g. movement 3). The
movements that are affected by the offset between the two
intersections are those that pass through both intersections.
The other movements are not affected by the offset change.
The first intersection that a given movement passes through
is called Upstream Intersection (USI), while the second
intersection is called Downstream Intersection (DSI).

The problem is defined as follows. Consider a system
of SIP with similar cycle lengths, i.e. close cycle values
with a maximum difference of 10%. Then, based only on
aggregated anonymized probe data analysis, coordinate the
SIP by setting both intersections to a common cycle, and
determine the optimal offset that minimizes travel times
and/or fuel consumption (or emissions).

B. Method

1) Main steps of the method: Since the difference in
cycle lengths of SIP is relatively small, we will assume that

USI DSIMovement 2

Movement 1

Movement 3

Inter-signal section

Fig. 1. Schematic signalized intersection pair.

the individual timing plan changes (green durations) will be
negligible when setting a common cycle (one among the two
cycles), and we will focus on determining the optimal offset.

The main idea is the following. For each vehicle that
passed consecutively through both intersections in one par-
ticular direction, we store a data point containing:

(i) The crossing time of the first intersection (USI),
denoted by tcross, i.e. the time when the vehicle
crossed the (estimated) stop-line.

(ii) The entering time into the second intersection
(DSI), denoted by tenter, i.e. the time when the
vehicle joined the queue (or crossed if it did not
stop) at the second intersection.

(iii) Various metrics we wish to optimize, such as travel
time, fuel consumption, and whether it has stopped.

From the crossing and entering times of the vehicle, we are
able to compute the offset. Given these data points, we can
investigate our metrics as a function of the offset to find the
optimal offset, predict its impact, and assess the sensitivity
of our choice.

2) Fuel consumption estimation at signalized intersections

using anonymized probe data: The actual trajectories of
vehicles traveling through the intersections are extracted.
Based on these trajectories, one can estimate the average
travel times and fuel consumption. Estimating the average
travel time is straightforward.

There are many software applications that can estimate
fuel consumption or vehicle emissions in urban roads. Some
of these software applications are based on microscopic and
macroscopic traffic flow models, see e.g. [21]–[24]. In this
paper, a proxy model of the National Renewable Energy
Laboratory’s Fast Simulation (NREL FASTsim) model [25]
is utilized. The NREL FASTsim is a microscopic vehicle
dynamic model that can be used to estimate fuel consumption
from vehicle trajectories (speed values per time). This model
and other like it have been well-established and calibrated
for high accuracy.

3) Determining the offset: First, from the crossing and
entering times of the vehicle (tcross and tenter), we are able
to compute when each intersection plan has started, i.e. the
crossing plan start at USI, denoted by t1, and the entering
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Fig. 2. Offset effect SIP at Av. Pereira Reis in Rio de Janeiro. Purple “x” markers: vehicles traveling in free-flow conditions; grey “x” markers: vehicles
that stopped once between the DSI and USI intersections; and pink “x” markers: vehicles that stopped more than once (i.e. experienced split failures).
Red curve presents the moving average of the metric. Travel time and excessive fuel improvements are relative to the corresponding total average of the
metrics (shown in the horizontal dashed lines).

plan start at DSI, denoted by t2, as follows

t1 = tbps,USI + b tcross � tbps,USI

cUSI
c · cUSI , (1)

t2 = tbps,DSI + b tenter � tbps,DSI

cDSI
c · cDSI , (2)

where tbps,USI and tbps,DSI are respectively the base plan
starts, i.e. the time when the traffic signal at USI and DSI
start; cUSI and cDSI are respectively the cycles of USI and
DSI; and b c is the floor operator.

Second, subtracting those times gives the “effective off-
set” which the vehicle experienced, which means that for
first order approximation (neglecting the effect of the cycle
change), if the offset of the signal plans was equal to the
effective offset, this vehicle should have experienced the
same “coordination timing”.

Third, for each sample, let t1, t2 be the relevant plan start
times of SIP, and let c be the new cycle time that we want the
new plans to operate with (in practice we take it to be one
of the existing cycles). A naive guess offset corresponding
to this sample is the remainder of (t2� t1) divided by c, i.e.
(t2�t1) mod c. However, as the original plans are periodic
the beginnings of the plans are arbitrary (this corresponds to
which phase starts the plan), choosing a different point of
time as the start of the plans may change t1 to t1 ± c1. As
c should be close to c1, this changes the offset by c � c1
which should be small.

To counter this issue, we try all different plan beginnings
and see if the optimal offset is stable. Thus, we will need
that the dependence of the offset on our metrics will not be
sensitive to changes of order |c1 � c2|.

Furthermore, in practice, in many cases, the green starts
of the major traffic with optimal coordination are close (as
their difference is roughly the free-flow time which is usually
smaller than the cycle time). In this case and when one of the
cycles is equal to the new cycle, the offset “shift” will depend
on whether the start of the plan will be between the two green
starts, which will have a relatively small probability which
makes our calculation even more stable to this ambiguity.

4) An example of the method’s output: Let us present from
Rio de Janeiro an example of the method’s output for a real

case study. We consider one movement (direction) in a SIP
at Av. Pereira Reis, as shown in Fig. 2(a). The movement is
shown in red arrows while passing the USI and blue arrows
while passing the DSI. The results of the method are shown
in Fig. 2(b), where

(i) We depict scatter plots of two metrics, travel time
(left) and excessive fuel consumption1 (right), as a
function of the offset;

(ii) We replicate the data twice for two cycles, so it will
be easier to visualize the results, the offset effect is
periodic modulo the cycle time;

(iii) We color each data point according to the following
color scheme: vehicles traveling in free-flow con-
ditions are shown in purple “x” markers, vehicles
that stopped once between the DSI and USI inter-
sections (i.e. in the inter-signal section) are shown
in grey “x” markers, and vehicles that stopped more
than once (i.e. experienced split failures) are shown
in pink “x” markers;

(iv) We plot a red curve that presents the moving
average of the metric over a window of 10 seconds;

(v) We draw a horizontal dashed line to represent the
total average of the metric; a vertical dashed line
to represent the optimal offset, which minimizes
the corresponding moving average; and a vertical
dashed line to represent the common cycle time.

The results show that the travel time is almost constant for
vehicles traveling in free-flow conditions, see the low scatter
in purple “x” markers; while the travel time is linear as a
function of the offset for stopping vehicles, as it includes
the waiting time at the queue. On the other hand, the results
show that the fuel consumption depends on the offset even
for vehicles traveling in free-flow conditions, as queuing
vehicles in the downstream might affect them, e.g. slowing
down and then accelerating again. For stopping vehicles, the
fuel consumption includes two terms: accelerating from fully
stop conditions, and waiting in the queue.

1The additional fuel used in comparison to the fuel consumption during
free-flow cruising conditions.
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Fig. 3. Case study 1 (Jakarta) – Offset effect on performance metrics: (a) SIP at Jl. Kebon Sirih road; and offset effect on (b) average travel times, and
(c) excessive fuel. Purple “x” markers: vehicles traveling in free-flow conditions; grey “x” markers: vehicles that stopped once between the DSI and USI
intersections; and pink “x” markers: vehicles that stopped more than once (i.e. experienced split failures). Red curve presents the moving average of the
metric. Travel time and excessive fuel improvements are relative to the corresponding total average of the metrics (shown in the horizontal dashed lines).

III. REAL CASE STUDIES ANALYSIS

We have conducted several real-world case studies to
investigate various issues related to SIP utilizing the new
method: (i) offset effect on performance metrics, (ii) com-
petition among movements, and (iii) distance between inter-
sections.

A. Case study 1 – Offset effect on performance metrics

In this case study, we examine the effect of the offset
on the performance metrics - average travel times and
excessive fuel. A SIP at Jl. Kebon Sirih road in Jakarta is
considered, see Fig. 3(a). The analyzed movement travels
from intersection A to intersection B. The cycle time of
intersection A is 166 [sec] and intersection B is 170 [sec]. The
distance between the intersections is approximately 200 [m].

The estimation results of average travel times and exces-
sive fuel for the analyzed movement by the proposed method
are shown in Fig. 3(b) and (c), respectively. The results are
shown for two cycles, where the “x” markers in the figure
present the results for individual vehicles, while the red curve
is a moving average of the points. It can be observed that
the average movement travel time and fuel consumption vary
in a range of offsets. Choosing an appropriate offset may
decrease the movement travel time and fuel consumption. For
example, as shown in Fig. 3(b), by changing the offset from
100 to 10 [sec] the travel time of the movement decreases
by 50%. Similarly, the fuel consumption of the analyzed
movement decreases as the curves of the travel time and fuel

consumption have same trend in this case study. It means
that for offsets where the average travel time of a movement
is high, the fuel consumption will be also high. Hence, the
optimal offset is in range of 10 [sec] to 16 [sec], as all have
similar minimum metric values. In the figure, the optimal
offset of 10 [sec] is shown.

B. Case study 2 – Metric competition among movements

In case study 2, SIP at Av. Pereira Reis in Rio de Janeiro
is considered. The results of average travel time and fuel
consumption versus offset are shown for six movement
pairs in Fig. 4, where in each row the movement pair
appears in Fig. 4(a), shown in red arrows while passing
the USI and blue arrows while passing the DSI. Recall,
the average time and fuel consumption results in Fig. 4(b)
are shown for two cycles, where the purple “x” markers
present vehicles traveling in free-flow conditions, the grey
“x” markers present stopping vehicles, the pink “x” markers
present stopping vehicles with split failures; while the red
curve presents a moving average of the metric.

Case study 2 demonstrates the effect of competing move-
ments on the performance metrics. Different optimal offsets
are gained for different movements. E.g., movement pairs
2 and 3 (same USI movement, but different destinations
at DSI) share similar trends in both metrics, with similar
optimal offset (68 � 76 [sec] for travel time, and 68 �
70 [sec] for fuel consumption). While movements 2 and 4
(different origins at USI, but same destination at DSI) have
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Movement pair 4

Movement pair 5

Movement pair 6
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Fig. 4. Case study 2 (Rio de Janeiro) – Metric competition among movements: (a) movements and (b) offset effect at Av. Pereira Reis. Purple “x” markers:
vehicles traveling in free-flow conditions; grey “x” markers: vehicles that stopped once between the DSI and USI intersections; and pink “x” markers:
vehicles that stopped more than once (i.e. experienced split failures). Red curve presents the moving average of the metric. Travel time and excessive fuel
improvements are relative to the corresponding total average of the metrics (shown in the horizontal dashed lines).
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Fig. 5. Case study 2 (Rio de Janeiro) – Metric competition among movements: weighted (by flow) average travel time and excessive fuel for all six
movement pairs.

reverse trends of metrics. It means that for offsets where the
metric values of movement 2 are high the metric values of
movement 4 are low, and vice versa. The optimal offset for
movement 2 is 68 [sec], while for movement 4 the optimal
offset is 8 [sec]. This shows the competition between the two
upstream movements on the metric values.

Hence, one needs to determine the optimal offset that can
maximize the weighted (by flow) average benefit for all six
movement pairs. The results of weighted average travel times
and fuel consumption are shown in Fig. 5. The optimal offset
for both metrics is 68� 69 [sec].

C. Case study 3 – Inter-signal distance effect on movement

metrics

Case study 3 examines how inter-signal distance affects
movement metrics. In case study 1, the distance between the
intersections was 200 [m], which is relatively small, guar-
anteeing interactions between intersections. In case study 3,
three SIP with similar distance (827�948 [m]) are considered
to examine the effect of relatively large distance, as shown in
Fig. 6. The average travel time and fuel consumption results
versus offset for three SIP in Haifa, Jakarta, and Rio de
Jeneiro are respectively shown in Fig. 6(a), (b), and (c).

The results obtained from real data show that coordinating
SIP with large inter-signal distance can still gain improve-
ments and benefits in travel times and excessive fuel. Clearly,
the level of improvements in traffic metrics varies among the
different cases: minor improvements of 3.98% and 4.28%
in travel times and excessive fuel (i.e. difference between
minimum and maximum values) are obtained in Haifa, see
Fig. 6(a), moderate improvements of 6.75% and 12.92%
in travel times and excessive fuel are obtained in Jakarta,
see Fig. 6(b), and significant improvements of 14.69% and
14.2% in travel times and excessive fuel are obtained in Rio
de Jeneiro. Our results are in alignment with previous studies,
including transport engineering guidelines. E.g., according to
HCM, intersections which typically spaced within half mile
(804.7 meters) of each other should be coordinated as they
will benefit from coordination. Interactions spaced one mile
or more may still benefit from coordination if there are flow-
oriented interactions (coupling) between them.

IV. REAL EXPERIMENTAL RESULTS

The proposed coordination method for SIP is examined
by case study 1, as real implementation in Jakarta has been

conducted in collaboration with the traffic control center by
comparing before and after results. The city implemented the
following change, recommended by the method presented in
this paper. Between 9:00 to 14:30, the cycle times of both
intersections (Jl. MH. Thamrin - Jl. Kebon Sirih) were set
to 170 [sec] (i.e. intersection B was increased from 166 to
170). The relative offset was adjusted to a close value of the
recommended offset. The predicted improvements in travel
time and excessive fuel were 5.6 [sec] and 1.8 [mL], as
shown in Fig. 3(b) and (c).

The recommendation was implemented on 29.3.2023. The
analysis is based on 31, 106 total crossings (a single vehicle
crossing a single intersection) of the affected movement
along the corridor during the affected hours, on 11 days
(2.8K crossings per day). We did not observe any meaningful
change in demand between the compared periods. Average
results of the coordinated movement are shown in Fig. 7.
The average is per vehicle per intersection. The average
travel time delay decreased by 34.8% from 14.6 seconds to
9.5 seconds, the fuel consumption decreased by 34.4% from
4.8 [mL] to 3.1 [mL], and the percentage of stops decreased
by 65% from 24.6% to 8.6%. It should be stressed that the
predicted improvements were 5.6 [sec] and 1.8 [mL], which
are very similar to the obtained improvement values after
implementation (5.1 [sec] and 1.7 [mL]). This highlights the
accuracy of the method. This implemented coordination at
Jakarta results in an expected yearly saving of 10, 886 engine
hours, and 30 tons of CO2.

V. CONCLUSIONS AND FUTURE WORK

Signalized intersection pairs can have their own consider-
ation regarding operational characteristics that are different
from isolated intersections, e.g. SIP has a strong interaction
between downstream queue and traffic flow discharging
from upstream intersection. Hence, timing plans coordination
between upstream and downstream interactions can increase
the performances of SIP. However, choosing an appropriate
value of offset is not a trivial task due to several issues.
The current paper introduces a quantitative method which
can determine the optimal offset without the need of explicit
modeling of traffic-oriented issues such as queue spillback.
The introduced method was tested and validated by real
experimental results.
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(a)

(b)
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Fig. 6. Case study 3 (Haifa) – Inter-signal distance effect on movement metrics: (a) SIP at Hertzl St. with a distance of 945 meters between the
intersections; (b) SIP at Jl. Pejompongan Raya in Jakarta with a distance of 948 meters between the intersections; and (c) SIP at Av. Mal Rondon in Rio de
Janeiro with a distance of 827 meters between the intersections. Purple “x” markers: vehicles traveling in free-flow conditions; grey “x” markers: vehicles
that stopped once between the DSI and USI intersections; and pink “x” markers: vehicles that stopped more than once (i.e. experienced split failures).
Red curve presents the moving average of the metric. Travel time and excessive fuel improvements are relative to the corresponding total average of the
metrics (shown in the horizontal dashed lines).

Implemented change:
● Between 9:00 to 14:30, the cycle time of TL. Bandung 3 (Jl. MH. Thamrin -

Jl. Kebon Sirih) were increased from 166 to 170.
● The relative offset was adjusted to 25 seconds (15 seconds recommended).
● The recommendation was implemented on 29.3.2023

Results & impact:
● Analysis is based on 31,106 total crossings1 (a single vehicle crossing a single

intersection) of the affected movements along the corridor during the
affected hours, on 11 days (2.8K crossings per day).

● We did not observe any meaningful change in demand between the
compared periods.

Average results of the coordinated movements:
The average is per vehicle per intersection.

● Percentage of stops decreased by 65% from

24.6% to 8.6%.

● Delay time decreased by 34.8% from 14.6 seconds

to 9.5 seconds.

● Fuel consumption decreased by 34.4% from 4.8mL

to 1.7mL.

Expected yearly saving:
● 10,886 engine hours.
● 30 tons of CO2.

1 A crossing is a single vehicle crossing a single intersection. We count crossings for each intersection
separately. That means that if a vehicle travels north along the entire corridor, it will be counted 3 times
(once per intersection downstream of the change).

Fig. 7. Results and impacts of implemented coordination at Jakarta.
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The importance of offset has been demonstrated through
various analyses. The travel times and excessive fuel of USI
movements vary significantly in relation to offset values.
As the movements at USI compete among themselves for
performance metrics, the offset values allocate the given
metrics among the movements. For the same timing plans,
travel times or excessive fuel of a movement may be largely
decreased by simply changing the offset. A future research
would be to utilize this method to study the optimal phase
orders of coordinated intersections, as clearly some ar-
rangements are better than others and minimize competition
between movements. This can be carried out quantitatively.

In this paper, we followed a quantitative approach that
considers the smallest system size of intersection pair. This
approach can enable us to easily implement our solution
method at scale. The new method enables studying and
analyzing local properties of network intersection pairs, such
as showing that under certain conditions coordination may
still be effective across large distances or even when split
failures are present.

Current research efforts are dedicated to implement the
introduced method in this paper on arterials or networks,
where we can overlap several SIPs among other to cover all
the arterial or network. The potential benefits of coordinating
many intersections at scale will be evaluated for different
cities.
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