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ABSTRACT

The paper studies the complementarity of the methods
from the field of traffic flow theory: methods of traffic flow in-
tersecting intensity and the method for the at-grade intersection
capacity analysis. Apart from checking mutual implications of
these methods, the proportionality of mutual influences is as-
sessed. Harmonized application of these methods acts effi-
ciently on the entire traffic network, and not only on the inter-
sections that are usually incorrectly represented as the only net-
work operators. Theoretical considerations are illustrated by a
practical example.
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1. INTRODUCTION

The theory of organizing and directing traffic flows
analyzes the organization of traffic flows on a network
with the aim of their reorganization in order to use
uniform load on the traffic network to positively affect
the quality and safety of traffic. Its application tends to
reduce the intensity of traffic flows intersecting, i.e.
achieve a situation of their ideal (minimal) number of
intersections. This theory can be applied to the major-
ity of traffic processes. The idea of this theory follows
all the postulates of good and safe road traffic opera-
tion.

The at-grade intersection capacity method deals
with the analysis of traffic organization at an intersec-
tion in order to achieve greater throughput and safety
of traffic. The at-grade intersection capacity is the
dominant method for the analysis and optimization of
urban traffic networks. The road network is, namely,
usually described by the application of the theory of
graphs, with intersections (graph nodes) representing
places that determine the network parameters (capac-
ity, travel speed/time, etc.) The roads between the in-

tersections (graph links) play a secondary role, with
usually predetermined static values of particular indi-
cators, which change only with the change in intersec-
tion (graph node) parameters. The traffic engineering
practice has also assigned a dominant role to the inter-
sections, neglecting the integrity of the traffic net-
work, i.e. forcing the intersections to assume the role
of the only variable in the traffic models.

The task of this paper is to study the mutual impli-
cations and to try to establish a relation between these
two methods, in order to make an integral consider-
ation of the traffic process in the entire traffic network
structure.

2. TRAFFIC FLOW INTERSECTING
INTENSITY

Three methods are mentioned for the measuring
of the intersecting intensity of the traffic flows ([3], p.
145):
1. method of minimal flow at the point of conflict:
ny
Iyr = Y min(p;, q;) (1.1)
i=1
2. method of the sum of traffic flows at the point of
conflict:

Iyr = p+q,9p,q>0 (1.2)
3. method of the root of the conflicting area:
ny
Iyr = XA/pi-ai (1.3)
i=1

Experts usually use the third method as the best in-
dicator.

An example of unnecessary intersecting is usually
presented as in Figure 1. Unnecessary intersecting of
two heavy traffic flows U and W occurs in two points
(Figure 1a). Figure 1b shows how reorganization of
the traffic flows can result in avoiding their unneces-
sary intersecting.
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Considering the situation in Figure 1a through the
theory of traffic flows and, without reducing the gen-
eralization, assuming two-way traffic, the traffic net-
work situation is obtained as presented in Figure 2.

Traffic flows ¢g; and g, from Figure la consist of
the following flows:
U={q9Rr34-9R44-9R13+

(2.1)
W ={qRri2-9R22-9R31}

The intersecting intensity of flows U and W ac-
cording to (1.3) for the case in Figure la is:

Iy = \/61121,2 “qR13 +\/61R3,1 "qR3,4

(2.2)

...........
-

{

a) unnecessary intersecting b) without intersecting

Figure 1 — Solution of unnecessary intersecting
Source: [3], p. 146
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Figure 2 - Traffic network

3. AT-GRADE INTERSECTION
CAPACITY

The traffic flow theory from the capacity aspect di-
vides the at-grade intersections into two basic groups:
(1) signalized intersections and (2) non-signalized in-
tersections, so that the capacity indicators have to be
found for both groups of intersections.

3.1 Signalized intersection capacity

Operative analysis of a signalized intersection re-
garding capacity is done in accordance with the High-

way Capacity Manual (HCM) method. The basic con-
dition regarding capacity at signalized intersections is:

8i _4i
i= 0= Vi 3)
where:

g, — effective green for i-th group of lanes [s],

C - cycle length [s],

q; — volume [veh/h, veh/s],

S; — saturation flow [veh/h, veh/s];

The analysis with the congested flow value as an in-
variant value usually leads to error in the range of =(4
to 6)%. In urban networks that are mostly close to the
at-capacity status, this error affects substantially the fi-
nal solution. Since the majority of the theories neglect
this influence, in this paper the congested flow will
also be considered as a constant value.

Whereas the capacity is a quantitative indicator of
the status, the degree of saturation is a qualitative (rel-
ative) indicator, which also represents an evidence of
lack of uniformity (3):

_4i_ 4 _ )i

xi_ai Ai

8i |

C

Average delay is taken as a measure of quality
(level of service). In practical solutions of urban net-
works in case of short cycles under the “at capacity” or
better conditions, the level of saturation and the aver-
age delay represent complementary values, although
generally they are not correlated.

The analysis of the saturation degrees of all the
traffic flows at signalized intersections is not necessary.
The critical degree of saturation of a signalized inter-
section X¢ represents the value which describes the ca-
pacity of the entire intersection and is defined by:

a Cc C
Xc iglyl (C—L) Y C—L )
where:

Y — sum of the critical flow ratios,

L - total lost time in the cycle [s].

Each phase is characterized by the critical flow ra-
tio (traffic flow with the highest value of y;) and if this
flow, according to (3), receives sufficient green phase,
all other flows in this phase will have sufficient capac-
ity. A set of critical movements (/) is a set of move-
ments with the maximum flow ratio. The ratio of the
critical degree of saturation of a signalized intersec-
tion with the critical flow ratios is defined by the fol-
lowing relation (for proof see [10]):

Xe=le (W)@, ):(yi=4;), Vi€l (6)

The critical degree of saturation of a signalized in-
tersection is smaller than one if and only if the signal
timing plan is such that no critical flow is saturated. Ex-
pression (6) shows that maintaining of value X < 1.00

4
S;
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ensures capacity for all the traffic flows at a signalized
intersection, i.e. that minimization of value X ensures
the largest reserve of the intersection capacity.

3.2 Capacity of the non-signalized intersection

The method of determining the capacity of a non-
-signalized intersection is based on determining the
relations of the priority and secondary flows —ranks of
movement. Right-of-way movements are ranked as 1,
and all the rest are of lower ranks depending on the
right of way (Figure 3). Models that have been scien-
tifically based and confirmed in practice are based on
the time intervals which describe the process at the in-
tersection. The equation for the calculation of poten-
tial capacity according to model HBS and HCM 1994
for non-signalized intersection is:

_ded [, i
_ 3600 3600\ %" 2

=, 7
0 Dil tf,i ( )
where:
0, ;— potential capacity of a vehicle in rank 2 or
lower in the i-th group of lanes [veh/h],
q.., — conflicting traffic flow for movement i [veh/h],
t, ; — critical gap; average interval in the main flow
that allows entry into the intersection for i-th
flow [s],
t; ; — average follow-up time for minor movement
in i-th flow [s].

Jmﬂo o
5e—— S5«—
1 2~ 4%
—2 —2
X3 789 23 7
£ e
Rank 1: 2,3,5,6 Rank 1:2,3,5
Rank 2: 1,4,9,12 Rank 2: 4,9
Rank 3: 8,11 Rank 3: 7
Rank 4: 7,10

Figure 3 — Traffic flows at non-signalized intersection

HCM 2000 changed the model of potential capac-
ity in relation to HCM 1994 and HBS. In small con-
flicting flows there is no difference, and in large con-
flicting flows the difference is about 6%.

In order to calculate the practical capacity from the
potential capacity one has to see whether there are
queues in priority movements that would reduce the
potential capacity of the secondary flow. For rank 2
movements there is equality between the potential and
practical capacity (Qm). For all other movements in
rank 3 and lower, the occurrence of the queue in con-

flicting flows of higher rank reduces the capacity. The
probability that there is a queue in a particular flow is:

i 8.1)

po;i=1-
0, Qm,i

where:
Dy, i — probability of queue in the considered flow,
q; — volume,
0,. ; — practical capacity.
The calculated probabilities are used to determine
the factor of impedance f; which affects the potential
capacity:

j
fi =Hpo,j =H(l_ 0, ]
j j m, ]
so that the practical capacity for the third rank move-
ments is calculated as follows:

Qm,i = fi 'Qp,i’ i €{7,810,11} 9)
This is a very simplified presentation of the
method of calculating the capacity at a non-signalized
intersection. It is illustrative enough for the needs of
this paper since it shows the main factors of the capac-
ity of the non-signalized intersection:
— volume and structure of the conflicting traffic flow,
— traffic flow structure which affects the intervals.

(8.2)

The capacity of the non-signalized intersection
consists of the sum of the traffic flows in the main flow
(rank 1) and capacity of other movements in rank 2
and lower.

For the method of calculating the capacity of the
roundabouts formally equation (7) can be taken
where potential capacity of the approaches is equal to
the practical capacity. The capacity of the roundabout
is equal to the sum of approach capacities.

4. OPTIMIZATION FROM THE ASPECT
OF TRAFFIC FLOW CHANGES

The traffic flows are organized optimally when the
number of their intersecting is minimal in relation to the
ideal model of traffic flows in the network, i.e. when in-
tersections, diverging and merging of flows are reduced to
the actual minimum ([3], p. 147). Traffic network TN
which contains 7 intersections is optimally solved
(TNopi(Iyp)) if the traffic flows are organized through
Topt intersections (whose number can be equal, larger
or smaller in relation to the existing number) so that
the total intensity of intersecting is minimal:

Topt
TN o (Iyg )= min X, Iyp(R;), Ry €TN o

i=1 (10)
Topt r

2Iyr(R)< DIy (R ), R; ETN Ry ETN
i=l k=
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From the aspect of capacity, the optimal solution
of the traffic network is in achieving maximal capacity
of the intersection:

Topt
TNop (Q)= max X Q(R;), R; € Ry
= (11)
opl
EQ(R )= SO(R), R €Ny, Ry ETN
=1 k=1

4.1 Optimization of traffic flow intersecting
intensity

Apart from the trivial solution (the existing net-
work is optimally solved), minimizing of the intensity
of traffic flow intersections changes the structure of
the traffic network and the very traffic process: vol-
umes of some traffic flows are changed, some flows
are eliminated and/or new are created:
>0 — flow at intersection R; for j—th

phase or movement is increased
0 — traffic flow does not change

— flow at intersection R; for j—th
(=ai0) ‘

Ay = phase or movement is reduced
o — j—th flow ( phase | movement) at
4ij intersection R; is eliminated,
ta — j—th flow ( phase | movement) at
4ij intersection R; is added,

(12)
Applying (1.3), the general solution has the follow-
ing form:

r n; ropt m

min X, [Tlg; = 2| [1(g; +4A;) (13)
=1\ j=1 i=1| j=1

and the non-equation is valid:

Topt Miopt

2 H(Qz] +Az]) 2 quj (14)
j i=1\ j=1

which yields:

ropt lopt

2 2A;=0 (15)

i=1 j=1

i.e. such plan of intersection in the network is found
and the distribution of traffic flows that, as a total,
have minimal intensity of intersections.
Optimizing (1.1) and (1.2) the general solution has
the form:
I
min Emin{qij;j= 1,..,ni}=
=1
Opt
—E{qu+Alj,] 1,..,m;}
=l

(16.1)

ro Topt 1;
min ) Yq;; = > D(qi +A;) (16.2)
i=1j=1 i=1j=1

In both cases (15) is valid.

4.2 Optimization of signalized intersection
capacity

For signalized intersections equation (5) repre-
sents a function of two variables:
— degree of critical load of the intersection: Y,
— signal timing plan described by values: C, L.
Regarding the reduction of intersecting intensity,
the model of traffic flow change is interesting, where
the model of optimizing the i-th signalized intersec-
tion has the following form:

n(q;+
min X ¢ (V)= |-
j=1 Sij

. Ci
Ci—L;

(17)

JEl¢,

under condition (15).

4.3 Optimization of non-signalized
intersection capacity

Equation (7) for the calculation of potential capac-
ity represents a function of three variables:
- conflicting traffic flow: g, ;,
- intervals in the main flow: ¢, ;,
— interval of the secondary flow vehicle entry: ¢; ;.

From the aspect of traffic flow change it is interest-
ing to consider the changes of the conflicting traffic
flow volume, whereas the intervals retain their con-
stant values. The error in calculating the capacity, if
the intervals are considered as invariant values, can be
as much as *11%. Since the theory of organization
and direction of traffic flows indirectly positively af-
fects the structure of flow, the positive influence of
change of interval will be neglected. The optimization
of the potential capacity from the aspect of change in
traffic flows is represented by the following model:

Wenitd)(, 17y

n; niopt i
: 3600 3600 8 9
max X0(pi= > | e \
j=l j=1| t
(18)

under condition (15).

5. IMPLICATION OF THE METHODS

Since the theory of organization and direction of
traffic flows best shows its efficiency in the existing
traffic network, the mutual influence of the methods
in conditions when they do not change will be ana-
lyzed:
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— intersections and their construction and geometri-
cal characteristics — the same traffic network struc-
ture is retained,

— cycle lengths at signalized intersections,

— priorities of movements at non-signalized intersec-
tions.

The change in network topology would require a
dominant role of other scientific and expert disciplines
(mainly civil engineering and architectonic). Since this
paper considers the problem from the aspect of traffic
and transport science, the proposed limitations are
logical and justified.

5.1 Influence of capacity on the intersecting
intensity

Obviously, the following implications do not hold
for the traffic network TN which has r intersections,
out of which ry are signalized and r,, non-signalized:

min EXC > mlnz nqu

(19.1)

(19.2)

The proofs are trivial. In the group of signalized in-
tersections the optimization of the signal change plan
is performed. In this way the capacity is improved
(minimizing the critical degree of saturation of a sig-
nalized intersection X¢) and there is no influence on
the traffic flows. This intervention may even increase
the intersecting since improved traffic conditions can
attract new vehicles. At non-signalized intersections it
is possible to change the right of way in order to adapt
to the actual traffic demand, thus increasing the po-
tential and practical capacity of intersections without
making any formal changes in the physical organiza-
tion of the traffic flows. The intersection reconstruc-
tion will reduce the intensity of intersecting of the traf-
fic flows, but this does not mean achieving the mini-
mum at the level of the network.

This proves the following statement:

Statement 1. The increase in the capacity at the
at-grade intersection group does not affect the in-
tensity of traffic flows intersecting.

5.2 Influence of the change in intersecting
intensity on the capacity

Using the optimization model (13) it should be
checked whether and how this change affects the ca-
pacity of the intersection. Traffic network TN has a to-
tal of r intersections out of which r are signalized and
r, are non-signalized. Not changing the structure of
the network the following solution is obtained:

min Iy (TN) = E H(‘b] +Al] )+ E n(qU +Alj )
=1\ j=l =1\ j=1
(20)
and here (15) holds.
It is analyzed what influence does (20) have on the
intersection capacity.

5.2.1 Signalized intersections

Not reducing the general characteristics of model
(17) only those flows are considered that represent
critical movements. A set of critical movements (I¢)
and a set of critical flow ratios (Y) at i-th intersection
are defined as:

gij
I¢, = {qij:S--z }’i]} (21.1)
)
qir _ 9y
—=<—, Vq;; &1 21.2
S Sij qit €1c ( )
Yi =AYt Yizs-os Vin } (22)

The optimization of the traffic flow intersecting in-
tensity will reduce the sum of critical flow ratios. Two
solutions are possible:

a) the set of critical movements is not changed

I¢, = I¢, (1yr)andthere arery; such intersections;

qij +Aij - bk
S

i Sik

Vg €1, Vg $1c,]='

=>Y; =Y (Iyr), i=1..,rgq (23.1)

b) the set of critical movements at ry, intersections

has changed. For a critical movement /, y; has

changed so that there is movement p for which:
¥p >y There are ry; such intersections:

1 +A;  diptA;
3‘]1‘1: qil il < p p
Sil Sip
=>Yi(lyp)=Y;—{yut+{yph (23.2)
In the former case the value of the sum of critical
degrees of saturation is:

4l EIC,»Qip $]Cl]:

i=1,...,r52

g+ 51 m Ay
Swin=$ 3 =Sy 3 @
i=j= Sif i=1 j=10j

In the latter case the sum of values Y has the value:
152 (mi—h qij +A;  Digp A

EY(IUI) 2 > L > S L=

=1\ j=1 Sij p=l °ip
Tso (1 l Tso |7 l A Pi lp
_E 2)’1]"‘2)’1]) +E S +ES (24.2)
i=1\ j=1 =1 i=1\ j=1 =1~ip
where:

[; — number of movements that exit from set Y,
p; — new movements that enter set Y;
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If for all the signalized intersections, and there are
rg of them, (15) holds, then due to (21.2) the following
also holds:

EEAU —0$ZY(IUI)<§:1Y

i=1j=1 =1

(25)

Proof: According to (24.1) in the group of intersec-
tions ry; the sum of critical degrees of load at intersec-
tions changes for the amount of

535

i=1j=1 Sij

In the group of intersections rsz the sum

n;—l;
it E Jip
j —1
changes according to (24.2) for
nli A P A
S 2

j=1 2 p=1SiP

Because of (15)
i=1j=1"§ =1 2§  p=1"ip
i.e. sums of critical degrees of load are reduced. B

If optimal volume of the intensity of traffic flows
intersecting is achieved in the group of signalized in-
tersections, the sum of critical flow ratios is reduced,
thus, according to (5), reducing also the critical degree
of saturation of a signalized intersection, i.e. the re-
serve of the capacity is increased — the capacity of the
signalized intersections is increased.

The question is whether this influence is propor-
tional, i.e. whether by reducing the intensity of traffic
flow intersecting the capacity of the signalized inter-
section is also proportionally increased. Only excep-
tionally is there a real solution of the equation:
min IUI(TNS) Xc(min IUI)

Iy (TNg) Xc (26)

Ati-th intersection it is necessary to solve the equa-
tion which has 4 -n; or 4-(n; — [; + p; ) unknowns (traf-
fic flow and its change, degree of critical saturation
and its change), and for the traffic network the system
of r equations whose number of unknowns depends on
the number of traffic flows considered in the network
has to be solved.

For the relation of the change in the intensity of
traffic flow intersecting and the critical degree of satu-
ration of a signalized intersection the following state-
ment can be claimed:

=<0,

Statement 2. If in a set of signalized intersections
the intensity of traffic flows intersecting is re-
duced, their capacity will increase. The value of
changes is not proportional.

5.2.2 Non-signalized intersections

The analysis of non-signalized intersections is
much more complex, since there is no unique indica-
tor for the entire intersection. Therefore, the change
in the intensity of traffic flow intersecting on move-
ment ranks 2 and lower is analyzed, considering the in-
tervals in the main and secondary flows as invariant
values. For the sake of simplicity of recording the fol-
lowing substitutions into model (7) will be introduced:

t .
=30 07 = - <0 @)
N 3600 |87 2

so that the expression for practical capacity (9) can be
written as:

Ty ek
0, =Ty eli’0i T -=2
m,j fiJ . ka

Optimization of the intensity of traffic flow inter-
secting will affect the capacity in the set of non-signal-
ized intersections in the following way:

EQ, (min Iy )= E ET et To

(28)

i=1j=1
qC,k AC, k ru ni A['TO ;
.H(l_Q =2 .Ee 0, 'QPJ .
k mk i=1j=1
Ack
11 (Po,k - (29)
k Qm,k

It should be checked whether Q,, ;(minly;) =
O, j- This is correct, because, due to (15) and (27):

(Aej 0Ty <0)= e 21

Ome

By optimizing the traffic flow intersecting intensity
at non-signalized intersections the following is ob-
tained, due to (14):

Ack
Ak =0= POk‘7>POk

, H(CIU +A1] )
min Iy (TN,,) 2”: j= <1 (30)
Iyf(TNy) 5 ;
[1a;
j=l

Regarding the relation of the change in the capac-
ity the result is as follows:

AT
e T, H Po
7 . r, n; g
L Qi(min Iyp) & L k(
2 22 [Trox
k

A ck
Qm,k

i=1 Qi i=1j=1

(D)

As in (26), only exceptionally is there a solution in
the set of real numbers for (30) and (31) so that for the
relation of the change in the intensity of traffic flow in-
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tersecting and the capacity of the non-signalized inter-
section the following holds:

Statement 3. Ifin a set of non-signalized intersec-
tions the intensity of traffic flows intersecting is re-
duced, their capacity will increase. The amount of
changes is not proportional.

5.2.3 Influence of intersecting intensity on the traf-
fic network

Since signalized and non-signalized intersections
have been analyzed separately, the question is
whether the reduction in the intensity of traffic flows
intersecting increases the capacity of the entire traffic
network at at-grade intersections. The following state-
ment has to be proven:

Statement 4. Traffic network TN(R, L) consists
of a set R which represents at-grade intersections
and a set L which represents links (traffic flows)
between the intersections. If the intensity of traffic
flows intersecting is reduced in the traffic network,
the capacity of the traffic network will be in-
creased. The amount of changes is not propor-
tional.

min Y, Iyr(R;)= > Qi(min Iy )= > 0;
= i1 i1
L Iyr(Ry) 5 Q;(min Iy )
Zlminlw(R,-)igl O;

Proof. If statements 2 and 3 are valid for the subsets of
signalized and non-signalized intersections, then this
statement has been proven. Otherwise, the following
has to be proven:

iQi(min IUI)"'iQi(min Iyr)z iQ;’ +iQi

i=1 i=1 i=1 i=1
ES‘,[(Qi(min Iyr)— 0+ i[(Qi(min Iyr)—0;)]=0
i=1 i=1

(i)
Since the assumption of the statement is the reduc-

tion in the intensity of traffic flows, strict inequality
holds

r nl ..
E E A <0 (ii)
i=1j=1

It is assumed that the reorganization of the traffic
flows has not resulted in the reduction of the intersect-
ing intensity in the subset of signalized intersections,
thus not having increased their capacity either:

r, n

> DA =0 D[0;(min Iy )-0;]<0
=1

i=1j=1

(iif)

In that case, due to (ii):

i EiAij <0= Eu:[Qi(miHIUI)—QPO
1

i=1j=1 i=

(iv)

If according to (iii) the capacity of signalized inter-
sections is not increased, due to (iv) the capacity of
non-signalized intersections will certainly increase, i.e.
the capacity of the network will generally increase and
(i) is proven. The case for non-signalized intersections
is proven in the analogue manner. B

6. CASE STUDY

An example of unnecessary traffic flow intersect-
ing can be found in the central part of the City of
Zagreb (Figure 4). Part of the traffic network is stud-
ied, which consists of six intersections (Table 1).

-4

Figure 4 — Intersecting of traffic flows:
Palmoti¢eva - Amruseva Streets

Signalized intersections are mutually connected
and synchronized. The current organization of traffic
leads to unnecessary intersecting of traffic flows at in-
tersections R1 and R2. They unnecessarily merge traf-
fic flows, whereas intersections R6 and R4 are very
lightly loaded. Since this refers to heavy traffic flows,
such a solution causes frequent congestions of the
Palmoticeva Street on the section between JuriSieva
and Pordiéeva Streets and of the AmruSeva Street be-
tween Petrinjska and Palmoticeva Streets. The R3 —
R4 - R5 — R6 quadrant of intersections accommo-
dates court institutions and institutions of the Ministry
of the Interior which require special security measures
so that reducing the congestion in this area is of inter-
est to all these institutions.

There are two possible solutions of managing the
traffic flow through Amruseva Street, presented in
Figure 5. The first solution is proposed by this paper
because:

— there are no changes in the organization of traffic
in the zone of Zrinjevac and Petrinjska Street,
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— there are least interventions in the traffic organiza-
tion,

— itis possible to reach Zrinjevac through Petrinjska
Street,

— there is more space for the increased queue in
Pordiceva Street: from R6 to R2.

Table 1 - Intersections in the zone of Palmoticeva
and Amruseva Streets

Total traffic at
Code | Intersection Type intersection
[veh/h]

Palmoticeva— || . ..

R1 Amruseva signalized 2790
Palmoti¢eva — | . .

R2 Dordiceva signalized 2910

R3 |AmruSeva- G lized 990
Petrinjska &
Pordiceva — . .

R4 Petrinjska non-signalized 190

RS An.lr.useva— non-signalized 1080
Zrinjevac-east

Re | Dordiceva— o Genalized 160
Zrinjevac-east

Figure 5 — Proposals for reducing intersecting intensity

In order to realize this solution it is necessary to in-
stall traffic lights at intersection R4, whereas traffic
light can be eliminated at intersection R3, i.e. the solu-
tion keeps the same number of signalized intersec-
tions. Although the traffic light at intersection R1 can
also be eliminated, the signalized pedestrian crossing
is retained.

The simulation and analysis of the traffic process
has been carried out by the Synchro software package.
Figure 6 presents the simulation of the current condi-
tion, and Figure 7 the simulation of the proposed solu-
tion. The figures illustrate how the solution affects the
increase in the capacity of the Palmoti¢eva and
AmruSeva Streets, not disturbing at the same time the
capacity of the rest of the network — the rest of the net-
work is “used” in a better way.
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Figure 7 — Simulation of the proposed solution

What remains is to use the presented models to an-
alyze the change in the traffic flow intersections inten-
sity and the intersection capacity. Intersections RS
and R6 need not be analyzed, since they practically do
not represent intersections but rather diverging points
of one traffic flow.

The change in the traffic flow intersecting intensity
according to the method of the root of conflicting area
(model 1.3) is presented in Table 2. Since the pro-
posed solution does not feature traffic flow conflict at
intersection R1, intersections R1 and R2 are consid-
ered as a unique traffic whole.
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Table 2 — Intersecting intensity according to conflicting area root model

CURRENT PROPOSAL Difference
Intersection
ql q2 I _UI ql q2 I UI 1 UI %
R1 1800 990 1335 1800 0 0 -546 -29%
R2 2790 120 579 1700 1100 1367
R3 920 70 254 100 110 105 -149 -59%
R4 70 120 92 1090 120 362 270 295%
Ponder. mean ** 825 712 -113 -14%
** - Pondered arithmetic mean is used: ponder of value is share of traffic at intersection in total network traffic
Table 3 - Value Xc and serviceability level
Intersection CURRENT PROPOSAL DIFFERENCE
X ¢ RU X ¢ RU X ¢ %
R1 0.80 B 0.59 A -0.21 -26%
R2 0.72 B 0.84 A 0.12 17%
R3 0.35 A
R4 A 0.40 A 0.05 14%
Pond. mean 0.68 0.65 -0.03 -5%
Table 4 — Network indicators
Indicators at the network level Current Proposal DIFFERENCE %
Total lost time [h] 148 24 -124 -84%
Average speed [km/h] 8 23 15 188%
Total travel time [h] 178 66 -112 -63%
Total travelled distance [km] 1497 1531 34 2%
Total consumed fuel [1] 705 282 -423 -60%
Economy of consumption [km/l] 212 5.42 33 156%
Emission of carbon compounds (CO) [kg] 13.10 5.24 -7.86 -60%
Emission of nitrogen compounds (NO) [kg] 2.53 1.01 -1.52 -60%

The intersecting intensity on the critical section of
intersection R1 - R2 decreased by 546 veh/h, i.e. 29%,
whereas on the studied section of the network this de-
crease is on the average 14%.

The analysis of capacity indicators at signalized
intersections is presented in Table 3. Since there is
change in the type of intersection between intersec-
tion R3 and R4 (signalized - non-signalized), these
two intersections are studied together. Also, the big
change in the load of western approach to intersec-
tion R2 conditions re-programming (change of
the green phase relation) within the current cycle
length.

The values are expected; significant reduction of
the degree of saturation at intersection R1 with in-
crease at R2. Regarding R3 and R4, since the values of
the degree of saturation are small, the difference is not
relevant.

The proposed reorganization of the traffic flows
will reduce the intersecting intensity in the network by
19% which will result in an increase in the level of ser-
vice and the intersection capacity at the critical section
of 5%. Such results can question the proposed change.
However, considering the effects on the entire net-
work shows the real results of this intervention. Table
4 confirms that the new traffic solution significantly
improves the traffic, economic and environmental ef-
fects, i.e. shows that it is incorrect to analyze and opti-
mize just the intersections as the only traffic network
operators.

The total costs of introducing the new regulation
amount to about 598,700 euro, and the annual loss due
to the new regulation is 423,500 euro. Annual savings
amount to 877,000 euro so that already during the sec-
ond year savings are achieved, and during the follow-
ing years the profits are double the losses.
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7. CONCLUSION

The method of traffic flows intersecting intensity
and the methods for the analysis of the capacity of
at-grade intersections are complementary methods
regarding improvement of the quality and safety of
road traffic. This paper has studied their interdepen-
dence through the generally accepted and commonly
used traffic models.

The change in the capacity of the at-grade intersec-
tion does not affect the traffic flows intersecting inten-
sity. In the opposite case the following implication has
been proven: the change in the traffic flow intersecting
intensity affects the intersection capacity. The changes
are not proportional.

The case study presents the application of the
method of reducing the traffic flows intersecting in-
tensity and its influence on the increase in the inter-
section capacity, mainly on the traffic network effi-
ciency. The case study shows how the implementation
of scientific and technical methods from the area of
traffic sciences can achieve, at low costs, fast and sig-
nificant results in the actual road traffic network.

The results of this paper confirm that, apart from
applying compositions of different methods in their
logical sequence, it is necessary to continuously study
the possibilities of individual and combined methods
and models in order to increase the efficiency of the
entire traffic process. The entire structure of the traf-
fic network should be studied, rather than only inter-
sections as its only operators.
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SAZETAK

KOMPLEMENTARNOST METODE PRESIJECANJA
PROMETNIH TOKOVA S METODAMA PROPUSNE
MOCI RASKRIZ]JA

U radu se ispituje komplementarnost metoda iz podrucja
teorije prometnog toka: metode intenziteta presijecanja pro-
metnih tokova i metoda za analizu propusne moci raskrizja u
razini. Uz provjeru medusobnih implikacija ocjenjuje se i pro-
porcionalnost medusobnih utjecaja. Uskladenom primjenom

ovih metoda ucinkovito se djeluje na cijelu prometnu mrezu, a
ne samo na raskriZja koja se najcescée pogresno predstavljaju
kao jedini operatori mreZe. Teoretska razmatranja ilustrirana
su prakticnim primjerom.

KLJUCNE RIJECI

teorija prometnog toka, teorija organiziranosti i usmjeravanja
prometnih tokova, intenzitet presijecanja prometnih tokova,
propusna moc raskriZja, optimizacija
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