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Signalized Intersections
Examples of di↵erent types

(a) Isolated signalized intersection (b) Paired Signalized Intersections

(c) Arterial (d) Network
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Signal coordination for arterials
Signal coordination for arterials



Fixed-Time Tra�c Signal Optimization Methods for

Arterials

• Progression Methods (to coordinate green times so that vehicles
may move e�ciently through the set of signals)

• Bandwidth based
• Intuitively appealing
• Simple and E↵ective

• Direct Performance Methods
• Minimize delays and stops
• Require detailed data
• Computationally demanding
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What is Bandwidth?

Portion of a signal cycle that provides continuous tra�c movement along
an arterial street

Lecture on Signal Coordination for Arterials 3 / 26



Video example…



The Time-Space Diagram and Ideal O↵sets
24.1 BASIC PRINCIPLES OF SIGNAL COORDINATION 685 
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Figure 24.1: Illustrative Vehicle Trajectory on a Time-Space Diagram 

down the street. It reaches the second intersection at 
some time ,t = t2. Depending on the indication of that 
signal, it either continues or stops. 

The difference between the two green initiation 
times (i.e., the difference between the time when the up- 
stream intersection turns green and the downstream in- 
tersection turns green), is referred to as the signal oflsset, 
or simply the uflsset. In Figure 24.1, the offset is defined 
as t 2  minus tl. Offset is usually expressed as a positive 
number between zero and the cycle length. This defini- 
tion is used throughout this and other chapters in this 
text. 

There are other definitions of offset used in prac- 
tice. For instance, offset is sometimes defined relative to 
one reference upstream signal, and sometimes it is de- 
fined relative to a standard zero. Some signal hardware 
uses “offset’ defined in terms of red initiation, rather 
than green; other hardware uses the end of green as the 
reference po’int. Some hardware uses offset in seconds; 

other hardware uses offset as a percentage of the cycle 
length. 

The “ideal offset” is defined as exactly the. offset 
such that, as the first vehicle of a platoon just arrives at 
the downstream signal, the downstream signal turns 
green. It is usually assumed that the platoon was moving 
as it went through the upstream intersection. If so, the 
ideal offset is given by: 

tideal = “/S (24-1) 

where: tideal = ideal offset, s 
L = distance between signalized intersec- 

S = average speed, f th  
tions, ft 

If the vehicle were stopped and had to accelerate 
after some initial start-up delay, the ideal offset could 
be represented by Equation 24-1 plus the start-up time 
at the first intersection (which would usually add 2 to 4 

• time space diagram for two intersections: green (blank); red (solid).
• o↵set: the di↵erence between the time when the upstream
intersection turns green t1 and the downstream intersection turns
green t2, i.e. t2 � t1.
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• ideal o↵set: as the first vehicle of a platoon just arrives at the
downstream signal, the downstream signal turns green, i.e.

tideal =
L

S

where
• L - distance between signalized intersections
• S - average speed

• bandwidth: the amount of green time that can be used by a
continuously moving platoon of vehicles through a series of
intersections.

• in the figure, the bandwidth is the entire green time at both
intersections, because the green times at both intersections are the
same.
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E↵ect of o↵set on stops and delay686 CHAPTER 24 SIGNAL COORDINATION FOR ARTERIALS AND NETWORKS 

seconds). In general, the start-up time would be includ- 
ed only at thefirst of a series of signals to be coordi- 
nated, and often not at all. Usually, this will reflect the 
ideal offset desired for maximum bandwidth, mini- 
mum delay, and minimum stops. Even if the vehicle is 
stopped at the first intersection, it will be moving 
through most of the system. 

Figure 24.1 also illustrates the concept of bandwidth. 
Bandwidth is the amount of green time that can be used by 
a continuously moving platoon of vehicles through a se- 
ries of intersections. In Figure 24.1 , the bandwidth is the 
entire green time at both intersections, because several key 
conditions exist: 

* The green times at both intersections are the 

* The ideal offset is illustrated. 
* There are only two intersections. 

same. 

In most cases, the bandwidth will be less, perhaps sig- 
nificantly so, than the full green time. 

Figure 24.2 illustrates the effect of offset on stops 
and delay for a platoon of vehicles leaving one inter- 
section and passing through another. In this example, a 
25-s offset is ideal, as it produces the minimum delay 
and the minimum number of stops. The effect of allow- 
ing a poor offset to exist is clearly indicated: delay can 
climb to 30 s per vehicle and the stops to 10 per cycle. 
Note that the penalty for deviating from the ideal offset 
is usually not equal in positive and negative deviations. 
An offset of (25 + IO) = 35 s causes much more 
harm than an offset of (25 - 10) = 15 s, although 
both are 10 s from the ideal offset. Figure 24.2 is illus- 
trative, as each situation would have similar but differ- 
ent characteristics. 

24.2 Signal Progression 
on One-way Streets 

Signal progression on a one-way street is relatively 
simple. For the purpose of this section, it will be as- 
sumed that a cycle length has been chosen and that the 
green allocation at each signal has been previously 
determined. 

Offset (s) 
(a) Stops 

Offset (s) 
(b) Delay 

600 vph in two lanes 
all through traffic 
free speed 24 mph 
5050 split 
60 s cycle length 

600-ft block 

Figure 24.2: Illustration of the Effects of Offset on 
Stops and Delay 

24.2.1 Determining Ideal Offsets 

Consider the one-way arterial shown in Figure 24.3, 
with the link lengths indicated. Assuming no vehicles 
are queued at the signals, the ideal offsets can be deter- 
mined if the platoon speed is known. For the purpose of 
illustration, a desired platoon speed of 60 ft/s will be 
used. The cycle length is 60 s, and the effective green 
time at each intersection is 50% of the cycle length, or 
30 s. Ideal offsets are computed using Equation 24-1, 
and are listed in Table 24.1. 

Note that neither the cycle length nor the splits 
enter into the computation of ideal offsets. In order to 

• a 25-s o↵set is ideal, as it
produces the minimum delay
and the minimum number of
stops.

• Note that the penalty for
deviating from the ideal o↵set
is usually not equal in positive
and negative deviations.
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Signal Progression for One-Way Streets

• it is assumed that a cycle length has been chosen and that the green
allocation at each signal has been previously determined.

• Consider a one-way arterial with the link lengths indicated.
24.2 SIGNAL PROGRESSION ON ONE- WAY STREETS 687 

I Figure 24.3: Case Study in Progression on a One-Way Street 

Table 24.1: Ideal Offsets for Case Study 
Signal ( Relative to Signal 1 Ideal Offset 

see the pattern that results, the time-space diagram 
should be constructed according to the following 
rules: 

1. The vertical should be scaled so as to accom- 
modate the dimensions of the arterial, and the 
horizontal so as to accommodate at least three 
to four cycle lengths. 

2. The beginning intersection (Number 1, in this 
case) should be scaled first, usually with main 
street green (MSG) initiation at t = 0, followed 
by periods of green and red (yellow may be 
shown for precision). See Point 1 in Figure 24.4. 

3. The main street green (or other offset position, 
if MSG is not used) of the next downstream 
signal should be located next, relative to t = 0 

• Assuming no vehicles are queued at the signals, the ideal o↵sets can
be determined if the platoon speed is known (60 ft/s). The cycle
length is 60s, and the e↵ective green time at each intersection is 30s.
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• if a vehicle (or platoon) were to travel at 60 fps...

688 CHAPTER 24 SIGNAL COORDINATION FOR ARTERIALS AND NETWORKS 

and at the proper distance from the first inter- 
section. With this point located (Point 2 in 
Figure 24.4), fill in the periods of effective 
green and red for this signal. 

4. Repeat the procedure for all other intersections, 
worhng one at a time. Thus, for Signal 3, the 
offset is located at point 3,20 s later than Point 2, 
and so on. 

Figure 24.4 has some interesting features that can 
be explored with the aid of Figure 24.5. 

First, if a vehicle (or platoon) were to travel at 60 
fps, it would arrive at each of the signals just as they turn 
green; this is indicated by the solid trajectory lines in 
Figure 24.5. The solid trajectory line also represents the 
speed of the "green wave" visible to a stationary observ- 
er at Signal 1, looking downstream. The signals turn 
green in order, corresponding to the planned speed of the 
platoon, and give the visual effect of a wave of green 
opening before the driver. Third, note that there is a 
"window" of green in Figure 24.5, with its end indicated 

Equal bandwidths of 30 seconds 
provided under ideal progression 

by the dotted trajectory line; this is also the trajectory of 
the last vehicle that could travel through the progression 
without stopping at 60 ft/s. This "window" is the band- 
width, as defined earlier. Again, in this case it equals the 
green time because all signals have the same green time 
and have ideal offsets. 

24.2.2 Potential Problems 

Consider what would happen if the actual speed of vehi- 
cle platoons in the case study was 50 ft/s, instead of the 
60 ft/s anticipated. The green wave would still progress 
at 60 ft/s, but the platoon arrivals would lag behind it. 
The effect of this on bandwidth is enormous, as shown 
in Figure 24.6. Only a small window now exists for a 

I Test vehicle at 50 fps passes through all 
signals without stopping. Bandwidth is reduced 
to a very small value. 

i Time (s) Time (s) I 
Figure 24.5: Vehicle Trajectory and "Green Wave" in a 
Progressed Movement 

Figure 24.6: The Effect o f  a 50-ft/s Platoon Speed on 
Progression • Recall: bandwidth equals the green time because all signals have the

same green time and have ideal o↵sets.
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• if a vehicle (or platoon) were to travel at 50 fps...

688 CHAPTER 24 SIGNAL COORDINATION FOR ARTERIALS AND NETWORKS 
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i Time (s) Time (s) I 
Figure 24.5: Vehicle Trajectory and "Green Wave" in a 
Progressed Movement 

Figure 24.6: The Effect o f  a 50-ft/s Platoon Speed on 
Progression • Bandwidth is reduced: only a small window now exists for a platoon

of vehicles to continuously flow through all 6 signals without
stopping. Lecture on Signal Coordination for Arterials 11 / 26



• if a vehicle (or platoon) were to travel at 70 fps...

689 24.3 BANDWIDTH CONCEPTS 

A 

Test vehicle at 70 fps  arrives at signals too 
soon and experiences slight delay. Bandwidth is 
decreased as shown. 

platoon of vehicles to continuously flow through all six 
signals without stopping. 

24.3 Bandwidth Concepts 
_ _  - 

Figure 24.7 shows the effect of the vehicle travel- 
ing faster than anticipated, 70 ft/s in this illustration. In 
this case, the vehicles arrive a little too early and are de- 
layed; some stops will have to be made to allow the 
“green wave” to catch up to the platoon. 

In this case, the effect on bandwidth is not as se- 
vere as in Figure 24.6. In this case, the bandwidth im- 
pact of underestimating the platoon speed (60 ft/s 
instead of 70 ft/s) is not as severe as the consequences 
of overestimating the platoon speed (60 ft/s instead of 
50 ft/s). 

Bandwidth is defined as the time difference between the 
first vehicle that can pass through the entire system 
without stopping and the last vehicle that can pass 
through without stopping, measured in seconds. 

The bandwidth concept is very popular in traffic 
engineering practice because the windows of green are 
easy visual images for both working professionals and 
public presentations. The most significant shortcoming 
of designing offset plans to maximize bandwidths is 
that internal queues are often overlooked in the band- 
width approach. There are computer-based maximum 
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Bandwidth E�ciency

• the e�ciency of a bandwidth is defined as the ratio of the bandwidth
to the cycle length, i.e.

EFFBW =
BW

C
· 100

where EFFBW = bandwidth e�ciency [%], BW = bandwidth [s],
C = cycle length [s].

• a bandwidth e�ciency of 40% to 55% is considered good.
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690 CHAPTER 24 SIGNAL COORDINATION FOR ARTERIALS AND NETWORKS - 

bandwidth solutions that go beyond the historical for- 
mulations, such as PASSER [Z]. 

24.3.1 Bandwidth Efficiency 

The efficiency of a bandwidth is defined as the ratio of the 
bandwidth to the cycle length, expressed as a percentage: 

(24-2) 

where: E F F B ~  = bandwidth efficiency, % 
BW = bandwidth, s 

C = cycle length, s 

A bandwidth efficiency of 40% to 55% is considered 
good. The bandwidth is limited by the minimum green 
in the direction of interest. 

Figure 24.8 illustrates the bandwidths for one sig- 
nal-timing plan. The northbound efficiency can be esti- 
mated as (17/60) * 100% = 28.3%. The southbound 

bandwidth is obviously terrible-there is no bandwidth 
through the defined system. The northbound efficiency 
is only 28.3%. This system is badly in need of retiming, 
at least on the basis of the bandwidth objective. Just 
looking at the time-space diagram, one might imagine 
sliding the pattern at Signal 4 to the right and the pattern 
at Signal 1 to the left, allowing some coordination for 
the southbound vehicles. 

24.3.2 Bandwidth Capacity 

In terms of vehicles that can be put through the system 
of Figure 24.8 without stopping, the northbound band- 
width can carry 17/2.0 = 8.5 vehicles per lane per 
cycle in a nonstop path through the defined system, as- 
suming that the saturation headway is 2.0 s/veh. Thus 
the northbound direction can handle 8.5 vehlcycle * 
1 cycle/60 s * 3,600 s/hr = 5 10 veh/h/ln very efficient- 
ly if they are organized into eight-vehicle platoons 
when they travel through this system. 

_ _  Distance Northbound 

0 i'r 60 120 
Time (s) 

Figure 24.8: Bandwidths on a Time-Space Diagram 

• the northbound e�ciency can be estimated as
(17/60) ⇤ 100% = 28.3%.

• the southbound bandwidth is obviously terrible (possible
improvement ?)
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Bandwidth Capacity

• the number of vehicles that can pass through a defined series of
signals without stopping, i.e.

CBW =
3600 ·BW · L

C · h

where CBW = bandwidth capacity [veh/h], BW = bandwidth [s], L
= number of through lanes in the indicated direction, C = cycle
length [s], h = saturation headway [s]

• In the example, the northbound bandwidth can carry 17/2.0 = 8.5
vehicles per lane per cycle, with saturation headway is 2.0 s/veh,
thus the northbound direction can handle 8.5veh/cycle * 1cycle/60 s
* 3,600s/hr = 510veh/h/ln.
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The E↵ect of Queued Vehicles at Signals

To adjust for the queued vehicles, the ideal o↵set is adjusted as follows:

tadj =
L

S
� (Qh+ l1)

where

• tadj = adjusted ideal o↵set [s]

• L = distance between signals [ft]

• S = average speed [ft/s]

• Q = number of vehicles queued per lane [veh]

• h = discharge headway of queued vehicles [s/veh]

• e = start-up lost time [s]
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without queue adjustment
24.4 THlE EFFECT OF QUEUED VEHICLES AT SIGNALS 

- 
69 1 

If the per lane demand volume is less than 510 
vphpl and if the flows are well organized (and if there is 
no internal queue development), the system will operate 
well in thle northbound direction, even though better 
timing plans might be obtained. 

In general terms, the number of vehicles that can 
pass through a defined series of signals without stopping 
is called the bandwidth capacity. The illustrated compu- 
tation can be described by the following equation: 

3,600*BW*L 
c B W =  C * h  (24-3) 

where: cBW = bandwidth capacity, vehh 
BIV = bandwidth, s 

L = number of through lanes in the indicat- 

tS = cycle length, s 
h = saturation headway, s 

ed direction 

Equation 24-3 does not contain any factors to ac- 
count for nonuniform lane utilization and is intended 
only to indjcate some limit beyond which the offset plan 
will degrade, certainly resulting in stopping and internal 
queuing. It should also be noted that bandwidth capacity 
is not the same as lane group capacity. Where the band- 
width is less than the full green time, there is additional 
lane group capacity outside of the bandwidth. 

I 24.4 The Effect of Queued Vehicles 
at Signals 

To this point, it has been assumed that there is no queue 
standing at the downstream intersection when the pla- 
toon from the upstream signal arrives. This is generally 
not a reasonable assumption. Vehicles that enter the traf- 
fic stream between platoons will progress to the down- 
stream signal, which will often be “red.” They form a 
queue that partially blocks the progress of the arriving 
platoon. These vehicles may include stragglers from the 
last platoon, vehicles that turned into the block from 
unsignalized intersections or driveways, or vehicles that 
came out of parking lots or parking spots. The ideal off- 
set must be adjusted to allow for these vehicles, so as to 
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Figure 24.9: The Effect of Queued Vehicles at a Signal 

avoid unnecessary stops. The situation without such an 
adjustment is depicted in Figure 24.9, where it can be 
seen that the arriving platoon is delayed behind the 
queued vehicles as the queued vehicles begin to acceler- 
ate through the intersection. 

To adjust for the queued vehicles, the ideal offset 
is adjusted as follows: 

(24-4) 

where: t a d j  = adjusted ideal offset, s 
L = distance between signals, ft 
S = average speed, ft/s 
Q = number of vehicles queued per lane, veh 
h = discharge headway of queued vehicles, 

slveh 
e, = start-up lost time, s 

The lost time is counted only at the first down- 
stream intersection, at most. If the vehicle(s) from the 
preceding intersection were themselves stationary, their 
start-up causes a shift that automatically takes care of 
the start-up at subsequent intersections. 

Offsets can be adjusted to allow for queue clear- 
ance before the arrival of a platoon from the upstream 
intersection. Figure 24.10 shows the situation for use of 
the modified ideal offset equation. 

with queue adjustment
692 CHAPTER 24 SIGNAL COORDINATION FOR ARTERIALS AND NETWORKS 

Link Link Offset (s) 

Signal 1 += 2 
Signal 2 -+ 3 
Signal 3 -+ 4 
Signal 4 --+ 5 
Signal 5 - 6 

(1,200/60) - (4 + 2) = 14 
(1,200/60) - (4) = 16 
(1,200/60) - (4) = 16 

(600/60) - (4) = 6 
(1,800/60) - (4) = 26 

m 

Speed of Progression (ftls) 
1,200/14 = 85.7 
1,200/16 = 75 
1,200/16 = 75 

600/6 = 100 
1,800/26 = 69.2 

I I I 
I I 
I I 
I I 
I I 
I 1 
I I 
I I 
I I 
I I 
I 
I 
I 1 

/ I Average speed = 50 ft/s 

I I t 

0 20 40 60 
Time (s) 

Figure 24.10: Adjustment in Offset to Accommodate Queued Vehicles 

Figure 24.1 1 shows the time-space diagram for the 
case study of Figure 24.5, given queues of two vehicles 
per lane in all links. Note that the arriving vehicle pla- 
toon has smooth flow, and the lead vehicle has 60 ft/s 
travel speed. The visual image of the “green wave,” 
however, is much faster, due to the need to clear the 
queues in advance of the arriving platoon. 

The “green wave,” or the progression speed as it is 

the platoon, more of the green time is used by queued 
vehicles and less is available to the moving platoon. 

The preceding discussion assumes that the queue 
is known at each signal. In fact, this is not an easy num- 
ber to know. However, if we know that there is a queue 
and know its approximate size, the link offset can be set 
better than by pretending that no queue exists. 

Consider the sources of the queued vehicles: - 

more properly called, is traveling at varying speeds as it 
moves down the arterial. The “green wave” will appear 
to move ahead of the platoon, clearing queued vehicles 
in advance of it. The progression speed can be comput- 
ed for each link as shown in Table 24.2. 

It should be noted, however, that the bandwidth 
and, therefore, the bandwidth capacity is now much 
smaller. Thus, by clearing out the queue in advance of 

0 Vehicles turning in from upstream side streets 
during their green (which is main-street red). 
Vehicles leaving parking garages or spaces. 
Stragglers from previous platoons. 

There can be great cycle-to-cycle variation in the 
actual queue size, although the average queue size may 
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it is assumed that the queue is known at each signal... queue estimation
is a di�cult and expensive task.

• Vehicles turning in from upstream side streets during their green.

• Vehicles leaving parking garages or spaces.

• Stragglers from previous platoons.

still better than not assuming queues.
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Signal Progression for Two-Way Streets

24.5 SIGINAL PROGRESSION FOR TWO-WAY STREETS AND NETWORKS 697 

Figure 24.16: Decomposing a Network Into Non-Inter- 
locking Arterial Segments 

and PARAMICS [6], to name a few, are used for net- 
work simu:lation. 

24.5.3 IFinding Compromise Solutions 

The engineer usually wishes to design for maximum 
bandwidth in one direction, subject to some relation be- 
tween bandwidths in the two directions. Sometimes, one 
direction is completely ignored. Much more commonly, 
the bandwidths in the two directions are designed to be 
in the same: ratio as the flows in the two directions. 

There are computer programs that do the compu- 
tations for maximum bandwidth that are commonly 
used by traffic engineers as mentioned earlier. Thus, it 
is not worthwhile to present an elaborate manual tech- 
nique herein. However, to get a feel for the basic tech- 
nique and trade-offs, a small "by-hand" example will 
be shown. 

Refer to Figure 24.17, which shows four signals 
and decent progression in both directions. For purposes 
of illustration, assume it is given that a signal with 50:50 
split must Ibe located midway between Intersections 2 
and 3. Figure 24.15 shows the possible effect of insert- 
ing the new signal into the system. It would appear that 
there is no way to include this signal without destroying 
one or the other bandwidth, or cutting both in half. 
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Figure 24.17: Case Study: Four Intersections with 
3 ~ 0 d  Two-way Progression I 

To solve this problem, the engineer must move 
the offsets around until a more satisfactory timing 
plan develops. A change in cycle length may even be 
required. 

Note that the northbound vehicle takes 3,600/60 
= 60 s to travel from Intersection 4 to Intersection 2, 
or-given C = 60 s-one cycle length. If the cycle 
length had been C = 120 s, the vehicle would have ar- 
rived at Intersection 2 at C/2, or one-half the cycle 
length. If we try the 120-s cycle length, a solution pres- 
ents itself. 

Figure 24.19 shows one solution to the problem, 
for C = 120 s, which has a 40-s bandwidth in both di- 
rections for an efficiency of 33%. The 40-s bandwidth 
can handle (40/2.0) = 20 vehicles per lane per cycle. 
Thus, if the demand volume is greater than 3,600(40) 
(2)/(2.0 X 120) = 1,200 vehh, it will not be possible 
to process the vehicles nonstop through the system. 

As indicated in the original information (see 
Figure 24.17), the northbound demand is 1,500 veh/h. 
Thus there will be some difficulty in the form of excess 
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Figure 24.18: Case Study: The Effect of Inserting a 
New Signal into the System 
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vehicles in the platoon. They can enter the system but 
cannot pass Signal 2 nonstop. They will be "chopped 
off" the end of the platoon and will be queued vehi- 
cles in the next cycle. They will be released in the 
early part of the cycle and arrive at Signal 1 at the be- 
ginning of red. Figure 24.20 illustrates this, showing 
that these vehicles then disturb the next northbound 
through platoon. 

Note that Figure 24.20 illustrates the limitation of 
the bandwidth approach when internal queuing arises, 
disrupting the bandwidth. The figure also shows the 
southbound platoon pattern, suggesting that the demand 
of exactly 1,200 vehh might give rise to minor prob- 
lems of the same sort at Signals 3 and 4. 

If one were to continue a trial-and-error attempt at 
a good solution, it should be noted that: 

e If the green initiation at Intersection 1 comes 
earlier in order to help the main northbound pla- 
toon avoid the queued vehicles, the southbound 

platoon is released sooner and gets stopped or 
disrupted at Intersection 2. 

* Likewise, shifting the green at Intersection 2 
cannot help the northbound progression without 
harming the southbound progression. 
Shifting the green at Intersection 3 cannot help 
the southbound progression without harming the 
northbound progression. 
Some green can be taken from the side street and 
given to the main street. 
It is also possible that the engineer may decide 
to give the northbound platoon a more favor- 
able bandwidth because of its larger demand 
volume. 

This illustration showed insights that can be gained 
by simple inspection of a time-space diagram, using the 
concepts of bandwidth, eficiency, and an upper bound 
on demand volume that can be handled nonstop. 
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24.6 COMMON TYPES OF PROGRESSION 699 

Intersection 

Y 

- 
c = 120 s 

Time (s) 

Figure 24.20: Case Study: Effect on Platoons with 
Demand Volume 1,500 Veh/h 

24.6 Common Types of Progression 

24.6.1 Progression Terminology 

The sole purpose of this section is to introduce some 
common terminology: 

Simple progression 
Forward progression 
Flexible progression 
Reverse progression 

Simple progression is the name given to the pro- 
gression in which all signals are set so that a vehicle re- 
leased frorn the first intersection will arrive at all 
downstreani intersections just as the signals at those in- 
tersections initiate green. That is, each offset is the 
ideal offset, set by Equation 24-4 with zero queue. Of 
necessity, simple progressions are effective only on 

one-way streets or on two-way streets on which the re- 
verse flow is small or neglected. 

Because the simple progression results in a green 
wave that advances with the vehicles, it is often called a 
forward progression, taking its name from the visual 
image of the advance of the green down the street. 

It may happen that the simple progression is re- 
vised two or more times in a day so as to conform to the 
direction of the major flow or to the flow level (since the 
desired platoon speed can vary with traffic demand). In 
this case, the scheme may be referred to as aflexible 
progression. 

Under certain circumstances, the internal queues are 
sufficiently large that the ideal offset is negative; that is, 
the downstream signal must turn green before the up- 
stream signal to allow sufficient time for the queue to start 
moving before the arrival of the platoon. Figure 24.21 has 
link lengths of 600 ft, platoon speeds of 60 ft/s, and inter- 
nal queues averaging seven vehicles per lane at each inter- 
section. The visual image of such a pattern is of the green 
marching upstream toward the drivers in the platoon. 
Thus it is referred to as a reverse progression. Figure 
24.21 also illustrates one of the unfortunate realities of so 
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Figure 24.21: Illustration of a Reverse Progression 
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Variable Bandwidth
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E↵ect of Platoon Dispersion
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Traditional Strategies to improve bus 
priority at Signalized Intersections



Offset effects on the capacity of 
paired signalized intersections



Definition of PSIs
two closely signalized intersections with short distance 
between them as queue spillbacks and upstream 
intersection blockages occur. 

A B

Movement 1

Movement 2

Paired Signalized Intersections (PSIs) 



Examples of PSI 

Two closely intersections 

Staggered right-left intersections Staggered left-right intersections 

Diamond Interchange 



Movements at PSI

A B

Movement 1

Movement 2
USI DSI

Movement 3

• Some movements pass through the two intersections: USI - 
upstream intersection and DSI - downstream intersection

• Other movements pass through only one intersection



Goals

• To examine the traffic flow changes at two adjacent 
intersections. 

• To develop an analytical tool which can test the efficiency of 
the signal timings plan of PSI.

• The tool allows us to quantitatively compare different traffic 
light plans and select the most appropriate program.
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Movement 1 Movement 2

Movement 1 Movem
ent 2USI

DSI

DSI plan

USI plan
Time-space 
diagram

Discharge 
profiles

E

t3

CP

C

t2

tf

A B

tq

t1

t1
End of spillback, tq after start of the 
DSI green

t3
Time of spillback occurrence

t2
Any vehicle released after t2 will 
have to stop after the stop line, when 
t2 is tf seconds before the end of the 
DSI green light.

CP – Clear Period
The time duration (t1-t3) over 
the cycle when the USI is not 
blocked

Movement 1

Movement 2

Blocked Green Blocked Green

1.Effect of queue spillbacks at USI 





 

 

הלעמ תינכות

דרומ תינכות

USI discharge profile

td

DSI saturation flow is less 
than USI saturation flow

Sd < Su

2. Effect of DSI saturation 
flow

USI DSI

 !  " !  #

USI DSI

 !  " !  "

(a) Saturation flow at DSI is less than saturation flow at USI

(b) Saturation flow at USI drops to saturation flow at DSI

DSI plan

USI plan



System of Paired Signalized Intersection 

F

L

System of PSI
Inter-signal section

Left-turn bay capacity

Traffic Control
Timing plans

Traffic flow 
inputs

Traffic demands

Origin-Destination

Offset

Green splits

Cycle time

Phase order

Capacity



USI saturation flow

DSI saturation flow

Arrival flow

Utilized green

Capacity

Green duration

Utilizing green light

Unutilized 
green

Throughput equals zero 
– spillback exists

Different levels of 
discharged flow

Utilizing inter-signal distance

Offset



• Determining a suitable offset ? To which movement ?
• How the ”offset” can be utilized as decision tool to 

improve system performance ? When ? How much ?
• What is the relationship between the ”offset” and the 

other variables?
Which 
”offset” 
should I 
choose?

Offset



Steps of the model

Estimation of discharge profiles
as isolated intersections

Effect of DSI impediments

Effect of queue spillback at USI

Effect of queue spillback at DSI
left-turn bay

Input data: flows, timing plans,
and geometric parameters

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Capacity estimation from final
discharge profiles

Step 6:

Figure 3: Capacity estimation procedure by PICADA model.

2.2. Step 2 – Estimation of discharge profiles as isolated intersections

In this step, the discharge profiles for movements discharging from USI
are determined ignoring any effects or impediments of DSI on USI, i.e. the
PSI are treated as two isolated signalized intersections without any queue
interaction between them.

For USI’s movement which its capacity is estimated, it is assumed that
this movement flows at USI saturation flow for its entire effective green, i.e.
the discharge profile for upstream movement will be constant with saturation
flow rate su [veh/sec]. While the other movement i at USI will discharge
at USI saturation flow until the queue dissipates at tdiss,i [sec]. When the
effective green time is greater than tdiss,i, vehicles will discharge after time
tdiss,i to the end of the green at their arrival flow rate, qu,i [veh/sec]. If the
tdiss,i is larger than the effective green, then the queue cannot be dissipated
and the flow is assumed to continue at the saturation flow rate for the entire
effective green for that movement. Queue dissipation time tdiss,i is calculated
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• Timing plans at both intersections
• length of the inter-signal section 
• Left-turn bay capacity 
• Saturation flow values
• Offset
• Inflows (with OD)

Example

 

0 50 60 120 110 

60 120 0 80 

 תוכנית מעלה

 תוכנית מורד

 lF=2 מעלה

 2תנועה 

 1תנועה 
m 54=L 

 מורד

2=tF 

aגיאומרטית הצומת . 

bתוכניות רמזור . 

Inputs

Sensitivity analyses have been made to explore the e↵ects of variation
of di↵erent parameters and variables on the capacity of the movement, e.g.
varying the o↵set, the arrival rates for USI movements, the green duration
splits, the left-turn bay length at DSI, the left-turn percentage at DSI, and
the inter-signal section length.

3.1. Test 1 – O↵set e↵ect on movement capacity

The e↵ects of varying the o↵set on the movement capacity are examined
in this test. The schematic geometric design and the timing plans of USI and
DSI for Test 1 are shown in Fig. ??. The PSI characteristics are summarized
as follows: two upstream movements and single downstream movement, each
movement has a single e↵ective green period per cycle, USI and DSI satu-
ration flows are equal su = sd = 0.5 [veh/sec] (1800[veh/h]) (note that the
saturation flow value in heterogeneous tra�c at urban signalised intersec-
tion approaches can be estimated corresponding to the variability in vehicle
types, see e.g. ?), the queue jam density kj = 1/6 [veh/m], the saturation
flow density km = 1/18 [veh/m], and the inter-signal section length is L = 54
[m]. These values have been estimated from a real test site in an Israeli city.
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Comparison between USI discharge profiles:
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INBAR – analytical tool

(a) Geometric parameters

One phase at DSI, One lane at 
section between intersections. 

Two phases at DSI, Left!turn bay, One 
lane at section between intersections 

Two phases at DSI, Left!turn bay, Multiple 
lanes at section between intersections. 

Inter!signal length
LT bay length

Inter!signal length
LT bay length

Inter!signal length

East Intersection

West Intersection

LT bay length
Inter!signal lengthInter!signal length

LT bay length
Inter!signal length

(b) Traffic flows input

Cycle
Plan num.
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Test num.

USI move.
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USI move.
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New Test Previous Test Subsequent Test Calculation



Microsimulation
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Results
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1. Offset effect on movement capacity 

Conclusion 2: Each USI movement has a 
different offset in which a maximum 
capacity is obtained. 

Conclusion 1: Capacity varies in range of 
offsets. Choosing an appropriate offset 
may increase the movement capacity.

Sensitivity analyses have been made to explore the e↵ects of variation
of di↵erent parameters and variables on the capacity of the movement, e.g.
varying the o↵set, the arrival rates for USI movements, the green duration
splits, the left-turn bay length at DSI, the left-turn percentage at DSI, and
the inter-signal section length.

3.1. Test 1 – O↵set e↵ect on movement capacity

The e↵ects of varying the o↵set on the movement capacity are examined
in this test. The schematic geometric design and the timing plans of USI and
DSI for Test 1 are shown in Fig. ??. The PSI characteristics are summarized
as follows: two upstream movements and single downstream movement, each
movement has a single e↵ective green period per cycle, USI and DSI satu-
ration flows are equal su = sd = 0.5 [veh/sec] (1800[veh/h]) (note that the
saturation flow value in heterogeneous tra�c at urban signalised intersec-
tion approaches can be estimated corresponding to the variability in vehicle
types, see e.g. ?), the queue jam density kj = 1/6 [veh/m], the saturation
flow density km = 1/18 [veh/m], and the inter-signal section length is L = 54
[m]. These values have been estimated from a real test site in an Israeli city.
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Figure 7: Test 1 – PSI schematic geometric design and timing plans.

The capacities are calculated for movements 1 and 2 by INBAR and VISSIM
as shown in Fig. ??. From the figure, it can be observed that the movement
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2. Arrival rate effect on other movement capacity 

capacity of movement 1 vs. offset for two arrival rates of movement 2 
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of di↵erent parameters and variables on the capacity of the movement, e.g.
varying the o↵set, the arrival rates for USI movements, the green duration
splits, the left-turn bay length at DSI, the left-turn percentage at DSI, and
the inter-signal section length.

3.1. Test 1 – O↵set e↵ect on movement capacity

The e↵ects of varying the o↵set on the movement capacity are examined
in this test. The schematic geometric design and the timing plans of USI and
DSI for Test 1 are shown in Fig. ??. The PSI characteristics are summarized
as follows: two upstream movements and single downstream movement, each
movement has a single e↵ective green period per cycle, USI and DSI satu-
ration flows are equal su = sd = 0.5 [veh/sec] (1800[veh/h]) (note that the
saturation flow value in heterogeneous tra�c at urban signalised intersec-
tion approaches can be estimated corresponding to the variability in vehicle
types, see e.g. ?), the queue jam density kj = 1/6 [veh/m], the saturation
flow density km = 1/18 [veh/m], and the inter-signal section length is L = 54
[m]. These values have been estimated from a real test site in an Israeli city.
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Figure 7: Test 1 – PSI schematic geometric design and timing plans.

The capacities are calculated for movements 1 and 2 by INBAR and VISSIM
as shown in Fig. ??. From the figure, it can be observed that the movement
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the arrival rate for movement 2 affects the 
capacity of movement 1 only for certain 
offsets 0 − 65, while for other offsets 70 − 
120 there is no influence on the 
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Conclusion 3: Traffic demand affects 
the (other) movement capacity only 
for certain offsets.
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Quantitative approach (probe-data based) for coordination of PSI
REAL CASE STUDIES ANALYSIS 

(a) (b)

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. 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).
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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
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(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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Offset effect

• Purple “x” markers: vehicles traveling in free-flow conditions 
• grey “x” markers: vehicles that stopped once between the DSI 

and USI intersections 
• 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)

Av. Pereira Reis in 
Rio de Janeiro



Metric competition among movements 
Movement pair 1

Movement pair 2

Movement pair 3

Movement pair 4

Movement pair 5

Movement pair 6

(a) (b)

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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Fig. 5. Case study 2 (Rio de Janeiro) – Metric competition among movements: weighted (by flow) average travel time and excessive fuel for all six
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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
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de Jeneiro. Our results are in alignment with previous studies,
including transport engineering guidelines. E.g., according to
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will benefit from coordination. Interactions spaced one mile
or more may still benefit from coordination if there are flow-
oriented interactions (coupling) between them.
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by case study 1, as real implementation in Jakarta has been
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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
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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.
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can determine the optimal offset without the need of explicit
modeling of traffic-oriented issues such as queue spillback.
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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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