International Journal of Traffic and Transportation Engineering 2012, 1(4): 52-59
DOI: 10.5923/;.ijtte.20120104.01

A Fuzzy Approach to Reduce Delays at Signalized Road
Intersections

0] . . * 0 .
Maria Nadia Postorino"’, Mario Versaci’

'"Department of Computer Science, M athematics, Electronics and Transp orts, M editerranea University of Reggio Calabria, Reggio Calabria
89122, Ttaly
“Department of M echanical Engineering and M aterials, M editerranea University of Reggio Calabria, Reggio Calabria 89122, Italy

Abstract In this paper a fuzzy approach is proposed to reduce delay at isolated intersections by using as indicator the
intersection saturation degree. The proposed system combines fixed -duration cycle and fuzzy calculus to reduce the overall
delay without giving too much penalty to some traffic streams. To obtain the intended goal, the green times are modified
according to the measured traffic flow values and by using a fuzzy procedure. Measured traffic flows are considered as fuzzy
quantities because of their uncertainty and/or imprecision. A test example is analysed to show the benefits of the fuzzy
controlled intersection with respect to a crispy controlled one. The results show that the use of the fuzzy procedure reduces

the total and average delay at the intersection by modifying the phase duration according to sampled traffic flows.
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1. Introduction

Nowadays, many modern cities suffer from congestion
problems due to the high percentage of vehicle use mainly
for commuting trips. According to some studies (Dargay,
2001; Banister, 2008; Stanley et al., 2011) the tendency to
vehicle use will not decrease in the next future.

In road networks - often represented by using a graph
approach (Dubois etal, 1979) - drivers select paths - made by
a sequence of roads and intersections — so as to arrive from a
departure location to an arrival location. Both roads and in-
tersections can handle a maximum (generally different)
number of vehicles in the reference time period. Very briefly,
when the number of vehicles (traffic flow) in the reference
time period is greater than the maximum allowed, then the
travel time increases and congestion arises (Yang and Yagar,
1995; Carey and Ge, 2003). Traffic congestion is a critical
problem as it means lost time, lost worker productivity,
missed opportunities, delivery delays and increased costs
among the more relevant. From a wider perspective, con-
gestion also means poorlife quality, environ mental problems
(as atmospheric pollution) and unsustainable mobility.

There is evidence that the expansion of road infrastruc-
tures not only does not solve the congestion problems, but
paradoxically makes them worse.

An alternative solution is the management of the exiting
transportation systems so as to improve mobility while
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keeping safe and flowing traffic conditions that ultimately
can lead to reduce the use of vehicles or at least avoid critical
congestion conditions. Some useful actions to achieve that
goal are the enhancement of the public transport, the im-
plementation of route guidance systems and the improve-
ment of traffic signals.

Here the focus is on traffic signals, particularly the man-
agement of traffic lights so as to reduce congestion and then
delay, but also environmental impacts, at the intersections.
Traffic lights regulate an intersection so as to avoid potential
conflicts among vehicles and assure safer traffic conditions.
However, traffic signals generate delay as drivers idle, ac-
celerate and decelerate near the intersection depending on
the light. Delays at the intersection generates queues, par-
ticularly when it tends to increase greatly due to the high
number of incoming vehicles. The queue length is an indi-
cator of the traffic lights efficiency and a rough measure of
the environmental impacts, as the greater the queue length
the greater the decelerate-idle-accelerate manoeuvres and
during these stages the vehicle emission rates are higher
compared to a condition of flowing vehicle motion (Pandian
et al,, 2009). There are several studies in the literature dis-
cussing the relationship among vehicular emissions and
traffic lights characteristics, mainly in terms of delay man-
agement (Hunt et al. 1982; Hallmark et al. 2000; Unalet al.,
2003; Liet al. 2004a).

Some authors studied how to optimise traffic signals to
reduce delay and queue length by using fuzzy control (Niit-
tymaki 2001), gray theory-based methods (Li et al., 2004b),
control expert systems (Wen, 2008), neuro-cognitive ap-
proaches (Chong et al. 2009).

Here a fuzzy approach is adopted to reduce delay by using
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as indicator the saturation degree at an isolated intersection.
The starting point of the proposed approach is the use of
measured traffic flows at a prefixed distance fromthe inter-
section to modify the phase length so as to reduce delay.
Measured traffic flows are considered fuzzy quantities be-
cause oftheir uncertainty and/orimprecision. In other words,
the real flow passing through the intersection could be dif-
ferent from the measured one at the detection point (e.g.,
because of a stop or a slowdown). Furthermore, the fuzzy
sets representing traffic flows partially overlap and become
as narrower as the flow values increase.

It is worthwhile to note that by modifying the phase length
some vehicles can take advantages and some others disad-
vantages. The proposed system combines fixed-duration
cycle and fuzzy calculus to reduce the overall delay without
giving too much penalty to some traffic streams. The pro-
posed solution can be identified as an Intelligent Transport
System (ITS), as it employs information and communication
technologies and integrate them to obtain a more efficient
transport service and reduce transport negative impacts.

The remainder of this paper is organized as follows. Sec-
tion 2 defines the problem and identifies the relevant vari-
ables that can simulate an intersection. Section 3 shows a
brief overview of fuzzy logic essential mathematics. In Sec-
tions 4 and 5 the proposed approach and an evaluation ex-
ample are described respectively. Finally, some conclusions
are drawn in section 6.

2. Definitions and Intersection Modeling

Traffic lights control the road traffic by means of different
coloured lights telling drivers to go slower, stop or go ahead.
An intersection with traffic lights is defined signalized in-
tersection. An intersection is also characterized by some
main factors such as: a) converging/diverging road lanes,
their width and slope; b) parking slots or bus stops near to it;
¢) pedestrian crossings.

Movements
|
Mowvement
_ Movernent
Stream i c:)l
‘ | D| Stream j
Approach k

Figure 1. A typical urban intersection

For a given intersection, the approach k is defined as the
setoflanes belonging to the same road and converging at the
intersection that receive the same signal during the reference
time period 7 (Figure 1). Drivers coming from the same

approach that cross the intersection and have a common exit
represent a movement. Two movements are compatible if
they do not cross at any point and do not converge, otherwise
they are incompatible. One of the most important roles of a
signalized intersection is to control the approaches in order
to avoid incompatible movements, or conflicts, that exist
because an intersection is an area shared among multiple
traffic streams. A traffic stream - or simply stream - is a set
of movements crossing an approach that are always given
right-of-way simultaneously. Within a stream, the several
movements cannot be distinguished.

For an approach k, during the reference time period T the
red, green and amber light signals alternate and control the
movements such as:

-during the red light time (r;) the vehicles cannot cross the
intersection;

- during the green light time (gy) the vehicles can cross the
intersection;

- during the amber light time (a;) the vehicles are alerted
that the red signal is coming.

The sumofred, green and amber light times represents the
cycle time C: C =r; + gy + ay.

For a given intersection, specified combinations of
movements receive right-of-way simultaneously. A phase is
the portion of the cycle time that is allocated to one of these
sets of movements. Then, each phase j represents a distinct
time period within the cycle during which the signals remain
unchanged for some approaches. If V; is the time slice of

phase j, then:
C= Zj V./'

Fora given stream ofthe approach &, the incoming flow (gy)
is the number of vehicles (cars, buses, motorcycles) arriving
at the approach £ during the reference time period 7. The
maximum flow of the approach k , s, is defined as the
maximum number of vehicles that can cross the intersection
during the reference time period under the hypotheses of: i)
unoccupied intersection; i) green signal; iii) continuous
queue. Let NV, be the number of vehicles that, under the pre-
vious hypotheses, cross the intersection during the green and
amber time intervals.

It can be useful to refer to the “effective green”, gey, and
the “effective red”, rey, ratherthan the actual green g and red
7, ([15]). They are defined such as: during ge; the incoming
flow ¢, is constant and equal to s;.; during re; any vehicle
leaves the intersection. They are computed as:

ger =N,/ si

rep = C- gey.

For the approach k of a signalized intersection, the delay
tdday,x can be computed as ([15]):

C ge 0.55
tdelay,k = _(1 - : )2 +
2 C o 84 |sg | ()
“Cclg C

Eq. (1) is not defined when g, C = s; gey, but generally for
qr C 2 s; gey the expression is modified by using the Doherty



Maria Nadia Postorino et al.: A Fuzzy Approach to Reduce Delays at Signalized Road Intersections 54

formula:
C  ge ., |19855 220
tdelay,k = _(1_ ) - (1)
2 c B 8 (s &)2
e e

The total and average delay for the intersection i are re-

spectively:
D, = Zthdelay,k

kei

Z qk Zdelay,k

_ kei
tdeluy(i) -

9k

Finally, at a first attempt the performances of a given in-
tersection can be measured by the saturation degree of its

own approaches, x4, such as:
_qC
X, =——
S, 8¢
The condition to be verified so as to guarantee an ac-
ceptable delay is x; <1 (under-saturation condition). In fact,
in this case q; C < s; ge; , in other words the number of ve-
hicles that cross the intersection during the cycle time in a
reference time period 7 is less than the maximum allowed
during the green effective time length in the same reference
time unit. Generally, the travel time depends on the traffic
flows moving along the roads. Particularly, travel time in-
creases as traffic flow increases according to a non linear
function and as fast as the traffic flow approaches the road
capacity. Similarly, for a given cycle time and phase duration
the delay at the intersection increases as traffic flow in-
creases (see eq. (1) and its representation in Figure 2). Then,
condition (2) rapidly approaches 1 if traffic flows come near

to road/intersection capacities.
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Figure 2. Link travel time/link traffic flow relationship for congested
transport networks A typical urban intersection (sx=1, C=120 sec, gex =60
sec)

Note that some other indicators could be used to measure
the intersection performances, mainly delay indicators (e.g.,
total delay or delay per peak traveller), but most of them in
any case require the under-saturation condition. Furthermore,
there is a relationship between the (finite) capacity of the
intersection and the delay (measured for example as user’s

delay, average delay), particularly the delay increases
quickly as the factor ¢;C approaches s; ger. Then, x; values
less than 1, particularly largely less than 1, also mean a re-
duced delay.

Fixed-phase traffic lights are the most common systems
used in many towns. Here the duration of each phase and the
overall cycle length are constant in the reference time period.
During the rush hours the incoming flow can be very high for
some approaches, the relationship g, C < s; ge; is no more
verified and the overall delay at the intersection increases
dramatically. To avoid such situations, an opportunity is to
make adjustments in real time to the signal timing in order to
minimize delay. To this aim, devices are required to detect
vehicles approaching the intersection as well as advanced
controllers to suitably modify the phase length.

Such actuated control can also be defined “de-
mand-responsive” as phase durations are set on the basis of
traffic flows (demand) registered by detectors. Generally this
kind of control is obtained by extending the length of the
green interval for a particular phase when the number of
approaching vehicles can lead to a x; value close to 1.

In the next sections, a fuzzy approach is described to re-
duce the delay for a single intersection, i.e. an intersection
that can be considered far enough from other ones and then
will have the most appropriate signal timings just for it.

3. Fuzzy Number Approach: An
Overview

The main reasons fortreating a problem by means of fuzzy
logic can be resumed as follows([16,17]):

1) the available information about the problem is impre-
cise and insufficient;

2) the tolerance for imprecision can be exploited to en-
hance tractability, robustness and low cost solution of the
problem.

Far from setting severe limitations to the application field
of fuzzy logic approaches, these statements explain why
such techniques are useful for solving real world problems in
which: 1) data are affected by various sources of inaccura-
cies and uncertainties, non-linearity, structural lack of data; 2)
solutions are based on subjective expert knowledge; 3) in-
terpretation and accurate solutions are often too expensive
for coping either with real time application, computational
requirements or budgetary constraints.

The following describes the main steps of the fuzzy pro-
cedure. A fuzzy set 4 on a set universal X is defined by
membership functions such that g, : X —[0,1] . The sup-
port of 4, supp(A), is the closure of the set {x € X|y(x) > 0}
and for each a€[0,1] the a—cut of 4 is defined by
{x € X | u(x) =0} ([19]). A Fuzzy Number (FN) represented
by A= (m,n,r,t) -where m, n, r, t are left point, right point,
left spread, right spread respectively - is anormalized convex
fuzzy subset on the real line R if:

-Supp(A) is a closed and bounded interval,
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- M, is an upper semi-continuous function;
-m—-r<n<r<r+t,
- the membership function has the following form:

f(x) xe[m—r,m]
-y, (x)= 1 x €[m,n]
2(x) x e[n,n+t]

where f{x) and g(x) are the monotonic increasing and de-
creasing functions respectively. Specifically, an LR-type
fuzzy number (LR — Left and Right) is obtained from FN if
the shape functions f{x) and g(x) are approximated respec-

tively by:
L(m_xj and R(x_”]
r t

Particularly, 4 is trapezoidal in shape if m<n and trian-
gular if m=n. The o —cut of 4 is an interval number de-

noted by [4], = [AL (), A" (0!):| which is explicitly
shown for an LR-type fuzzy number
[ 4" (@), 4" (@) | =] a—dL(a).b+dR (@) |

for all a [0, 1]. Arithmetic operations in the FN domain
are defined as follows([18]):

()Addition: [m,n]+[r,t]=[m+r,n+t];

(ii)Subtraction: [m,n]—[r,t]=[m—t,n—r];

(ii)Multiplication:

[m,n]x[r,t] =[min(mr,mt,nr,nt), max(mr,mt,nr,nt)] ;

(iv)Division:

[m,n]+[r,t] :[m,n]x{l,l} .
tr

4. The Proposed Fuzzy Procedure

To obtain the intended goal (i.e. reduce the delay for a
single intersection), the green times are modified according
to the traffic flow values and by using a fuzzy procedure.
Briefly, the traffic flows ¢q;, q», ..., g ..., ¢, sampled for each
approach k are transformed in fuzzy sets partially overlap-
ping. Then, starting from the current green times gy the
saturation degree (2) is computed. If the under-saturation
condition is verified the current green times remain un-
changed, otherwise the new values gz are obtained by im-
posing x; <1 and verifying the corresponding delay. This
kind of procedure is intended to increase the difference be-
tween the travel time that would have occurred in the ab-
sence of the intersection control and the travel time that re-
sults because of the intersection control.

The system works in real time but the new values gy are
applied by checking the phase compatibility. In other words,
given two approaches & and / with opposite signal timings
and a new green value ggy, if the current signal for the ap-
proach k is green or yellow the new green is applied imme-
diately. If the current signal for the approach / is yellow the
new green gy is applied to the approach k at the end of the
approach / yellow phase. As tested, this does not signifi-
cantly affect the performances of the proposed procedure.

Moreover, the traffic flows ¢, g2, ..., gk ..., g, are recorded
at prefixed time intervals. If the values recorded at the time ¢
differ fromthoserecorded at the time #-/ less than a pre-fixed
& the current gg; values remain unchanged. The value £ can
be as small as desired.

More in details, the proposed procedure can be described
by six main steps:

Ditraffic flow sampling;

2)data pre-processing;

3)data fuzzification;

4)initialization of gy for each approach;

S)under-saturation condition testing;

6)update of g for each approach.

STEP 1: Traffic flow sampling

The sampled traffic flows ¢, g5, ..., gk ..., ¢, are obtained
by using traffic flow detectors located at a suitable distance
from the intersection. The values ¢;, g5, ..., g% ..., g, are
considered as fuzzy numbers and the reading will be asso-
ciated to a “confidence” interval that measures our trust
about the number. In this framework, the emergence of
mu ltip le solutions, related to non-uniqueness, can be treated
in a natural way.

STEP 2: Data pre-processing

1. Labelling

For a given phase, the approaches having the same signal
have been combined and labelled with a common code. The
same code has been associated to the corresponding traffic
flows. For single (not associated) phases, the code is unique
— for both the approach and its traffic flow.

2. Traffic flow combination

A single traffic flow value is associated to the combined
approaches. That value is equal to the maximum one among
the detected traffic flows belonging to combined approaches.
In fact, if one approach is well optimized in the worst con-
dition (maximum values), the approaches in less critical
conditions will operate still better. The traffic flows associ-
ated to the combined approaches are identified as ¢}, ¢ 7, ...,
Q% s G nee

STEP 3: Data fuzzification

The traffic flow g’ is not perfectly known — it is measured
at a fixed distance from the intersection, not when passing
through — and is treated as a fuzzy quantity. Then, such
values have to be transformed in fuzzy numbers. It is
worthwhile to note that each approach & is characterized by
its maximum flow s;. It is possible to identify the values ¢
as a function of s, and, similarly, the range R =q &max - 4 kmin
can be considered as a function of s;. Note that here the
values q & maxand g s, mi refer to the maximumand minimum
values recorded for the combined approaches. Finally, as the
traffic flows ¢, g5, ..., g ..., ¢, are recorded at prefixed time
intervals, the following condition is verified for two subse-
quent records:

(@)~ (g -D)|<e

Ifthis inequality is verified, there is no need to update the
green values gg.
1. As for g %, the range of its possible values is divided in
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smaller intervals partially overlapping. IfZ is the number of
overlapping intervals, there will be Z fuzzy quantities de-
fined over them. The flows ¢’ are represented by using the
procedure @ —cut at two levels (zero level and 1 level).
Then, the membership function for each flow ¢’ is trape-
zoidal and/or triangular. From the qualitative analysis of the
delay as a function of flow (Figure 2), it can be seen that flow
values belonging to the first half part of the definition range
do not affect significantly the delay, while the contrary
happens in the second half part of the definition range. Par-
ticularly, very little changes in the flow produce great varia-
tions in delay. As a consequence, only two fuzzy sets need to
characterize the weak dependence between flows and delay
in the first part of the range, while the second part requires
three sets to have a greater resolution. It is worthwhile to note
that the fuzzy sets at the lower and upper bounds of the
definition range have a trapezoidal shape because there the
flow is surely low or surely high (known behaviour) and then
it has a membership degree equal to 1 (Figure 3).

1.2

1 - J
0.8} |
o6 A B c D E J
0.4 1
0.2} .

o : : : :

0 20 40 60 80 100

Figure 3. Fuzzification of the associated traffic flows ¢ &

By assuming: R= q'k,max—q'k’mm , then the fuzzy sets
for each approach & can be defined as:
. q}{ q’k,min
ke membership value 0
qvk7min . q‘k,min +axR . q'k,min +ex R
1 1 0
QI'( q 'k,min q 'k,min + b X R
e membership value 0 1

q'k,min+CXR q'k,min+de

1 0
. q}c qvk,min+ CXR Q'k,min+ d XR
e membership value 0 1

q'k,min+de qlk,min+e><R
1 0

qk q'k,min—i_de‘q'k,min-i_exR.

e membership value 0 1
9 emnteXR q' it [XR
10
. ‘I;c qimint€XR g it [XR
e membership value 0 ' 1 .

q 'k,min + R q 'k,min + R
1 0
where a, b, ¢, d, e, fare suitable parameters that characterize
the overlapping of the range of the possible values (Figure 3).
Each fuzzy quantity is associated to a fuzzy membership
function £z, Zbeing a generic fuzzy number. When a traffic
flow is sampled, all the values of 1 (¢ %) are computed. The

fuzzy number Z whose membership value is max{,uz (qk )}

represents ¢ % in the following steps. Furthermore, it is cen-
tred on the crisp value g ; and its support is equal to that of Z
- then both the right and left spreads generally are asym-
metric (fuzzy sets “modified”).

STEP 4: Initialization of gz for each approach

The initial values for the green times gg;, gg2, ..., gk ---»
g, are set. Note that the green times are equal for associated
flows.

STEP 5: Under-saturation condition testing

For each approach, the saturation degree is computed as:

q' C C : C ' '
X, = =k = I:qk ]a = [q; (0!), 61; (0!)] -

S 8m  Si8m S8k

c . c .
SkgEk SkgEk
with:
C
>0
Sk &gk

Here the membership functions are triangular-trapezoidal
shaped, so only cuts of levels 0 and 1 need([18]). Then, the
maximum value of the saturation degree among all the
computed values is considered:

C
max {x, } = max A
S8 ek
In fact, if the condition
C
max{xk} = max {41 <1 3)
Sk &k

is verified, it is still verified for all the other approaches. In
the previous inequality, both numbers are fuzzy. If the con-
dition (3) is verified, then the green times set at Step 4 remain
unchanged. On the contrary, starting from condition (3) they
are updated so that:
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9,C
e >
Sk
STEP 6: Update of gg; for each approach and defuzzifi-
cation
The value gg; for each approach is updated by using the
criteria of the saturation degree. Particularly, a x; value less
than 1 is set to guarantee under saturation conditions and the
new value gz is computed by:
q,C
e = 4
1 X g
Finally, the delay is computed for each approach k& by
using eq. (1), here reported for clarity:
2
Liciay.k = g 1- S
elay, 2 C

0.55

Sk@ &@_1
C \gq, C

Two delay values are computed by using eq. (1): the fixed
and activated delay. The fixed delay, #1444y, is Obtained by
eq. (1) with pre-fixed gg, i.e. without any traffic lights con-
trol. On the contrary, the activated delay, #,_geiay ., is that ob-
tained still by eq. (1) but with gz, obtained by eq. (4):

L, getayv.x — Laciay .k (g Jixed)
a
ta—delay,k = tdelay,k (gEk = S_)
k

If the following condition occuss: #4gdayk < trdelayt> then
the values gg; remain unchanged.

At this point, the new values gg; have been obtained and
the procedure repeats from Step 1 with these new values. The
iteration ends with defuzzification calculus, in other words
each fuzzy output is defuzzified by computing its centre of
gravity (Guldino-Pappo formula).

5. Evaluation Example

: PHASE DURATION
Chanass Nesd

Fuzzy
Elaboration

unie

DATA
COLLECTION

=_Srr9am i

Approach k

Figure 4. Test example: intersection type, flow detection, computation,
control

An evaluation example is here considered to test the
proposed procedure. The intersection is a typical, simple one
(Figure 4) with four one-way approaches (associated

approaches 1-3 and 2-4) and without turnings. The ap-
proaches have the same capacity, the cycle time is 60 sec and
the effective green is 30 sec for each approach. Table 1 de-
scribes the input parameters.

Table 1. Input parameters

Approaches
k=1 k=2 K=3 K=4
Sampled traffic flow
(veh/min) qr 60 65 30 35
Capacity (veh/min) Sy 100 100 100 100
Cycle time (sec) 60

Associated flows (veh/min) gx 60 65 60 65
Fixed (inttial) green time
(sec)

gm 30 30 30 30

First of all, the crisp procedure has been used. To clarify,
each crisp number is a single point while each fuzzy number
is a fuzzy set with different degree of closeness to a given
crisp number. In other words, the green times have been
modified according to the main steps described in section 4,
but without data fuzzification (step 3). The results are
summarized in table 2. Starting fromthe data in table 1, the
actual saturation degree with pre-fixed gz is 1.3. According
to steps Sand 6 (without fuzzification) the updated gg; values
should be computed by assuming under-saturation condi-
tions. Four different values have been considered for each
approach £ as reported in table 2 (desired saturation degree).
With the new gg; values the condition: #, ek < trddayk 18
verified for each approach k and then the delay obtained with
updated gg is in any case less than the delay with fixed gg;.

Table 2. Crisp evaluation

Reference time period:

Imin Approaches
k=1 k=2 K=3 K=4
Actual saturation degree 13 13 13 1.3
Desired saturation degree 0.8 09 095 096
Fixed greentime 30 30 30 30
Fixed delay 19043 23834 42375 33232
Updated greentime 45 43.33 37.89 40.62
Activated delay 74340 74523 74340 74523

The condition: taddayk <tdelayk
is verified for each approach k

Total delay at the inter-
section
Average delay

7394354
29577

After that, the fuzzy procedure has been tested as de-
scribed particularly at steps 3 and 4. The sampled, associated
traffic flows (table 3) have been fuzzified and the fuzzifica-
tion mainly involves the fuzzy set labelled as “C” in fig. 3.
The overlapping parameters have been set as follows:
a=0.1666; b=0.5; ¢=0.333; d=0.625; ¢=0.75; {=0.875 to
guarantee a better resolution for traffic flow values close to
the capacity values - range of the fuzzy sets: R = q . max -
q kmin- Then the fuzzy sets representing the associated traffic
flows ¢ ’; are triangle-shaped as well as the saturation degree
because it is computed from fuzzy quantities. Both flows and
saturation degree require only centre and spread to be
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identified in the fuzzy universe of discourse. The maximum
saturation degree in fuzzy terms is centred on a value greater
than 1 (over-saturation current condition) thus requiring the
update of the green times in order to come to an un-
der-saturation state. As it can be seen in tables 2 and 3, the
total and average delays obtained with the fuzzy approach
are less than those obtained by using the crisp one, thus
proving the better adaptability of the fuzzy with respect to
the traditional crisp approach.

6. Discussion and Further Developments

Table 3. Fuzzy evaluation

Reference
time period: Approaches
Imin
k=1 k=2 K=3 K=4
Associated
traffic flows 60 65 60 65
Fuzzification  fuzzy set fuzzy set fuzzy set fuzzy
(fig. 3) “c “c” “c set “C”
Centredon Centredon Centredon Centred
60 65 60 on 65
“Modified” Left Left Left Left
fuzzy sets spread spread spread spread
for the asso- 11.25 625 11.25 6.25
ciated flows Right Right Right Right
spread spread spread spread
12.5 17.5 12.5 17.5
Centred
Centredon Centredon Centredon on 1.3
12 13 12 Left
Saturation Left Left Left spread
degree spread02  spread02  spread0.2 02
Right Right Right Right
spread02  spread02 spread0.2  spread
0.2
Pre-fixed gpx 30 30 30 30
Final gn 45 43.33 37.89 40.62
Maximum Centred on 1.3
saturation Lgﬁ spread 0.24
degree ngh.t §pread 1.11
defuzzified value: 1.3
Adivated ) 5) 23150 4072 3284
delay
7223 7.045 7.008 7.0012
The condition: taddayk <trdelayk
is verified for each approach k
Total delay
atthe inter- 705.15
section
Average 26118
delay

Passing through intersections when travelling from an
origin point to a destination point is one ofthe main causes of
traffic delay. In fact, the intersection in itself represents an
interruption of a flowing traffic because there drivers gen-
erally slow down to prevent collisions with other vehicles
passing through it at the same time. Fora given intersection

belonging to an origin/destination (o/d) path, the delay can
be defined as the difference between the time the vehicle
spends to move between the o/d pair and the time it would
have spent without the intersection.

Furthermore, the greater the traffic flow the greater the
delay at the intersection. The delay can be as more relevant
as many traffic streams interact among them. The example
described in section 4 has showed that the use of the fuzzy
procedure reduces the total and average delay at the inter-
section by modifying the phase duration according to sam-
pled traffic flows.

The described test case refers to the critical situations
(rush hours) with high saturation degree levels, when the
delay effects can be more relevant.

It is worthwhile to note that the experiment refers to a
short reference time period (1 minute), but the time saved is
more significant during the whole peak period. As discussed
in the introduction, the time saved at the intersection is not
only important for drivers in terms of easier mobility, but
also to reduce the environmental e ffects due to a greater fuel
consumption when waiting for passing through.

While demand-responsive control is not new, the fuzzy
approach proposed here has showed very good performances
particularly with respect to the “crisp” one. The crisp ap-
proach here is intended to represent one of the possible, ex-
isting traffic lights control systems. In fact, most ofthemuse
sampled traffic flow to reduce delays without data trans-
formation. In other words, the sampled data are used in a
“crisp” way although in some cases a probability distribution
is employed to consider the uncertainty in detected data.

In addition, the proposed fuzzy calculus approach as a
sequence of arithmetical operations obviates the obstacle to
set fuzzy systems in which the “explosion of rules” could be
a real problem. Moreover, that sequence of arithmetical
calculi decreases the computational complexity of the pre-
sented procedure making it competitive with respect to more
sophisticated techniques. This is true especially when the
designed procedure is exploited in a production line to de-
ploy the system on a hardware device . Obviously, in this
case, the hardware device has to be checked and eventually
revised when small batch data are available in due form.

As tables 2 and 3 show, the fuzzification procedure gave
better results in terms of delay reduction with respect to the
crisp one. The improvement is about 4% in the reference
time period, but it is expected to be more relevant during one
hour or during rush hours for highly congested systems.

Furthermore, while the average delay between crisp and
fuzzy is rather similar, the total delay is different — and better
for the fuzzy case. In the considered test case the road net-
work was considered highly congested — in fact the satura-
tion degree is higher than 1 and the desired one is set less
than 1 but rather close to 1 because it is unrealistic to choose
low saturation degree in highly congested conditions. In
these cases the best indicators is the time saved by the set of
drivers (total delay) rather than that saved by the single
driver. Moreover, the delay reduction for a set of drivers also
means greater reduction of environmental e ffects.



59 International Journal of Traffic and Transportation Engineering 2012, 1(4): 52-59

One important aspect of the fuzzification procedure is the
choice of the fuzzy sets. Here a greater resolution has been
used for traffic flow values close to the capacity value. Ac-
cording to eq. (1), when the traffic flow values are close to
the capacity value, the increase in delay could be relevant
also for small variations of the flow values. The increase in
accuracy of the fuzzy representation of those values helped
to obtain a better control of the intersection delay. In fact, the
fuzzified flows are not represented by an isosceles triangle —
e.g., they are centred on 60, left spread 11.25, right spread
12.5 or centred on 65, left spread 6.25, right spread 17.5 —
and their fuzzy values are then decentralized. As depicted in
Figure 3, this resulting eccentricity allows a better repre-
sentation of these values and then a better adjustments of the
phase duration according to them.

In conclusion, the proposed fuzzy approach is very
promising to reduce delay at controlled intersections and
further improvements can be obtained by choosing some
other membership functions according to statistical consid-
erations and/or experts knowledge. In addition, tuning
neuro-fuzzy techniques or ellipsoidal fuzzy systems with
supervised learning can be used to obtain a refined partition
of'the range of the possible values.

Further developments are stillexpected starting fromthese
encouraging results. The first one concerns the simulation of
a more complex intersection with many movements, par-
ticularly turn right and/or left. The second expected ad-
vancement concerns the simulation of the intersection also
during off-peak periods. To clarify, significant delay arises
only during the rush hours, while during off-peak hours it
reduces to the minimum allowable to pass through the in-
tersection. Signalized intersections are mainly used to con-
trol traffic in order to increase safety rather than to reduce
delay, but during off-peak hours paradoxically they can in-
crease the delay. In fact, when the traffic flow is low the
probability to have concurrent crossings is low too. In this
condition, fixed phase duration at a given intersection
represents an inefficient system to control traffic flows be-
cause vehicles arriving at the intersection have to wait until
the green phase occurs even if any other vehicle is coming
from other approaches. Then, the time saved during off-peak
periods could be relevant for the single driver, while during
rush-hours is relevant for the traffic stream and mainly for
the community in terms of environmental effects and quality
oflife.
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