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Abstract: In order to evaluate the service level of roundabouts
intuitively, a new delay model of signalized roundabouts is
established. According to traffic flow characteristics in the
signalized roundabout, vehicle delays on roundabouts are
divided into two parts: entrance delay and circulating lane
delay. Entrance delay is calculated by the delay model in
HCM2010. Circulating lane delay is studied by analyzing
conflict behavior in signalized roundabouts, and the delay
models of traffic flows turning in different directions are
established based on the motorcade analysis method. Finally,
the simulation software Vissim, calibrated with field data, is
used to verify the model. The simulation results show that the
average relative error of the model is 10. 1%, meeting the
accuracy requirements. Therefore, the delay model properly
reflects the operation efficiency of a roundabout, and can thus
provide a scientific basis for the design of control schemes.
Key words: roundabout; signal control; delay; motorcade
analysis method
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oundabouts play an important role in cities’ trans-
R portation development. However, with the increase
in road traffic demand, the efficiency of roundabouts is
decreasing. In order to improve the traffic situation on
roundabouts, signal controls may be adopted to make full
use of the roundabout’s resources in time and space. The
signal control method can alleviate congestion on a round-
about under certain conditions, and delay analyses of
roundabouts help to evaluate the control schemes and im-
prove upon them.

According to the form of control used, the time re-
source allocation methods of roundabouts can mainly be
divided into three types: 1) Signal controls for entering
vehicles only, 2) Signal controls for entering vehicles and
circulating vehicles in the roundabout and 3) Coordinated
control of the roundabout and the adjacent intersections.
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The first control method is derived from the routine inter-
section. Bapat'" introduced the signal control to London
roundabouts. Wang et al. ™ compared the performance
of roundabouts with different demands and with or with-
out signals. Dong!" analyzed the control method for
roundabouts, and used time and space optimization in the
timing. The main results of the second type of control
method are as follows. Yang et al. " proposed the control
method of left-turn vehicles with two stops and a corre-
sponding timing optimization method. Yang et al.'”
pointed out the possibility that traffic flow in opposing di-
rections might not be released at the same time. Maher"”
used a cross-entropy method to solve the signal optimiza-
tion problem for roundabouts. Ma et al.'® adopted a
comprehensive optimization method to solve the timing
parameters. For the third set of control methods, Hall-
mark et al. ™ designed corresponding simulation scenes
for different types of traffic. Liu'"’
flow on each branch of the roundabout through coordina-
tion control of upstream signal-controlled intersections.
Based on the above analyses, the following conclusions
can be drawn: The first method only performs signal con-
trol for entering vehicles. It cannot completely eliminate

separated the traffic

traffic conflicts. The second method can reduce the con-
flicts within the roundabout to a certain extent. However,
the multi-signal method can easily cause problems for the
drivers. The third kind of control method requires the de-
velopment of specific schemes for specific environments,
so its applicability is not good. However, in domestic en-
gineering practice, a large number of roundabouts are still
following the routine intersection approach, with signal
controls for entering vehicles only.

Research on the delay at roundabouts is as follows.
Troutbeck et al. "' analyzed the headway characteristics
in stable flow and established a delay model for non-sig-
nalized roundabouts. Qu et al. '™ used the probability
theory to analyze the effect of mixed traffic flow on the
delay at roundabouts. Flannery et al. '™ developed mod-
els for vehicle delay and queue length. IStoka Otkovi¢ et
al. """ compared the efficiency at signalized and non-
signalized roundabouts and signalized intersections.
Chang et al. " studied the effect of traffic flow, flow
rate and other factors on the average delay. Gandhi et
al. "™ applied empirical regression models and developed
models of roundabout delay. Most existing delay models
have been established for non-signalized roundabouts.
However, the conflict characteristics, both at the entrance
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to and within signalized roundabouts, are significantly
different to those of non-signalized roundabouts. Thus,
delay models for non-signalized roundabouts do not apply
to signalized roundabouts and it is necessary to establish
delay models for signal-controlled roundabouts.

Based on this background information, the delay at a
roundabout is divided into the entrance delay and the circu-
lating lane delay, according to the operating characteristics
of the traffic at a signal-controlled roundabout'”™”. For the
two types of delay, the calculation method of HCM2010 *"
and the motorcade analysis method'™' are applied to estab-
lish the delay model. In this way, a complete delay mod-
el of a signalized roundabout is determined. Finally, the
parameters for the simulation software are calibrated ac-
cording to survey data and the delay model is validated.

1 Delay Model for Signalized Roundabouts

The operating behavior at a roundabout is different
from that at a normal intersection. At a roundabout, vehi-
cles travel in a counter-clockwise direction, and exit at
different points around a central island. In China, the
roundabouts are often located on main roads with multiple
lanes, and the traffic flow is very heavy. With the in-
crease in traffic demand, the capacity of non-signalized
roundabouts can no longer meet that demand. So in many
traffic management cases, setting up signal controls is
used to ease the traffic congestion at roundabouts.

1.1 Analysis of the characteristics of traffic flow in
signalized roundabouts

Signalized roundabouts can reduce the frequency and
severity of conflicts compared with non-signalized round-

The red time

The early green time

abouts. In order to eliminate the conflict, suitable signal
plans are necessary due to roundabouts’ geometrical prop-
erties. The method of single-branch release can avoid ve-
hicle conflict at roundabouts, but greatly reduces efficien-
cy, so it is seldom used. Multi-branch release at the same
Moreover, the conflicted
flow at a roundabout is determined by the signal control
scheme. With a different release order, the traffic flow
conflict will be different.

In a signalized roundabout, conflicts will exist when
two or more branches of the traffic flow enter the round-

time causes some conflicts.

about at the same time. In order to achieve a clearer anal-
ysis of vehicle operation and conflict in a roundabout,
this paper sets up a specific traffic environment as fol-
lows: In a roundabout with four branches and three circu-
lating lanes, the signal control scheme is a two-phase
control. It is assumed that, in this roundabout, right-
turning vehicles drive in the outside lane, and have no
conflict with other traffic. Then, vehicle operation within
the signal control of the roundabout is divided into three
stages: the red time, the early green time and the later
green time. As shown in Fig. 1, the traffic flows in Bran-
ches 2 and 4 are released simultaneously in the green time.
In the following, we explain the definition of each time
period, using Branch 2 as an example. The red time is the
time period during which the red lights at Branches 2 and 4
are turned on and the vehicles are prohibited from passing.
The early green time is the time period during which the
green light is turned on, up until the point at which the
traffic flow from Branch 2 conflicts with the flow from
Branch 4. The later green time is the time from the begin-
ning of the conflict to the end of the green light phase.

g\ Section 2

The later green time

Fig.1 Diagram of vehicle operation at the signalized roundabout

As shown in Fig. 1, Section 1 and Section 2 are the
conflict sections in the case where Branches 2 and 4 are
released at the same time. In the red time, all vehicles
are waiting at the stop line, and the delay is called the en-
trance delay. In the early green time, the right-turning
vehicles and straight flow of Branch 2 go through Section
1 with no conflict, thus having no delay. However, the
left-turning vehicles will conflict with the traffic from
Branch 4 in Section 2. In the later green time, as a result
of left-turning vehicles from Branch 4 having reached
Section 1, vehicles going through Section 1 are delayed
(‘except those turning right). Delay within the roundabout
during the green time is called circulating lane delay.

Therefore, the vehicle delay in the signalized roundabout
mainly consists of two parts: 1) The entrance delay, a
fixed delay caused by the signal control; 2) The circulat-
ing lane delay caused by the interaction between traffic
flows in the circulating lane.

1.2 Entrance delay

The entrance delay at the roundabout is the same as at
the common signalized intersection. It is affected by the
signal cycle, the green ratio, the saturation flow rate of
the incoming road and the volume on the incoming road.
Therefore, the entrance delay of the signalized round-
about is calculated using the formula in HCM2010. The
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average delay at the entrance to the roundabout can thus
be written as

o.sc[(1 —%)2]

1 —min{X, 1}

d=

. +9007[ (X~ 1) +, /(X ~1)° +‘Z{]
c

(1)
where X is the saturation of the lane group; C is the sig-
nal cycle, s; c is the traffic capacity of the lane group; g
is the effective green time of the lane group, s; T is the

duration time of analysis, s.
1.3 Circulating lane delay

Section 1.1 shows that the circulating lane delay occurs
during the green time, and different turning movements
cause different conflicts in different time periods. There-
fore, the analysis of the circulating lane delay will be dis-
cussed separately with respect to the early and later green
time.

In the early green time, the traffic flow of Branch 2 rea-
ches Section 1 first, and then the left-turning vehicles of
Branch 4 arrive at Section 1 after time 7. In the early
green time, vehicles from Branch 2 are released with a sat-
urated flow rate. If the saturated headway is defined as ¢,
then the number of vehicles from Branch 1 going through
Section 1 is Q. As shown in Fig.2, the part of the traffic
flow has no conflicts with other vehicles, so their delay in
Section 1 is zero. Q% is the number of left-turning vehicles
within the total number Q.. The part of the traffic flow
from Branch 2 will come into conflict with the traffic from
Branch 4 in Section 2, resulting in delays.

T
Qr=—m (2)
Iy
R
T=" (3)
v
>>>>>> >Right turns of Branch 4
— —Straight flow of Branch 4

——Left turns of Branch 4

Section 2

------ » Right turns of Branch 2
— —» Straight flow of Branch 2
in early green time
— Left turns of Branch 2

in early green time

Fig.2  Schematic view of Branch 2 traffic operations in the
early green time

where m is the number of lanes; R is the radius of the

roundabout, m; v is the average speed of vehicles on the
roundabout, m/s.

In the later green time, the traffic flows from Branches
2 and 4 come into conflict. In order to describe this sim-
ply, the traffic flow from Branch 2 going straight on or
turning left is called Traffic A (Q; is not included in this
part), and the left-turning vehicles from Branch 4 are
called Traffic B in the following, as shown in Fig. 3.
Traffic A and B interact and produce delays in the later
green time. The motorcade analysis method is used to an-
alyze the average delay for Traffic A and B. The motor-
cade here is generalized. It can be a motorcade with the
same or different time headways, and can also be a single
car (in this case the length of the motorcade will be 1).

----- > Right turns of Branch 4
— —Straight flow of Branch 4
—Left turns of Branch 4

Branch 2

Section 1

— —Straight flow of Branch 2
in later green time
—Left turns of Branch 2
in later green time

------ > Right turns of Branch 2
— — Straight flow of Branch 2

in early green time
—Left turns of Branch 2

in early green time

Fig.3 Schematic view of Traffic A and B in early green time

Assume that the arrival rates of Traffic A and B are ¢,
and g, and the number of of Traffic A released by the
saturated flow rate is Ng,.
traffic that arrives in the period of time when Traffic B
has passed and Traffic A is released at the saturated flow
rate. This can be expressed as

Ngy =T, Oy = (T +Ts) g, 4

where N, is the number of vehicles which traffic A re-
leased with a saturated flow rate when the motorcade pas-
sed alternately, pcu; T, is the release time for Traffic A
at the saturated flow rate, s; Q,, is the saturation flow
rate of Traffic A per lane, pcu/s; T} is the transmit time

Thus, Ny, is the amount of

of Traffic B; and g, is the arrival rate of Traffic A, pcu/
s. Then,

Tyq
Ty, =——"— (5)
SA QSA - 1A
In the same way, we obtain
T.q
T. =278 (6)
5 O — 45

After the saturated release, the traffic flow will be re-
leased in a free flow form until there is an available gap
for another traffic flow. The probability'>
can pass through the gap when the traffic is released in

that n vehicles
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free flow can be expressed as ” -
P Now = Xmp(n) = Y ne (1 —e™)" = L
n =0 =0 e
p(n) = [Ip(H, <t)p(H, >1) (] (8)
i=1
where p(n) is the probability of one traffic flow releasing In the same way,
n vehicles in free flow at one time; p(H, <t,) is the = 1
- ) . . N.. = 2 np(n) =— -1 9)
probability of the headway of the i-th vehicle being less uB ~ e i

than the critical gap ., fori=1,2, ..., n; ¢_is the critical
gap, s; p(H,,, >t,) is the probability of the (i +1)-th
vehicle’s headway being greater than the critical gap ¢,.

As shown in Eq. (7), the headway distribution model
of conflict flow is needed for calculating the probability of
n vehicles being driven off when released in free flow. In
this paper, Traffic A and B can be considered to be sever-
al small density flows. Therefore, it can be assumed that
Traffic A and B follow the negative exponential distribu-
tion. In order to make a more persuasive argument, data
was collected on the flow in order that the headway distri-
bution of Traffic A and B could be tested.

Fig. 4 shows that the distributions of Traffic A and B
are similar to the negative exponential distribution, with
Ri =0.87, Rlz3 =0.85. For Traffic A, all of the products
of the number n multiplied by the probability of n vehi-
cles passing when released freely at one time are accumu-
lated. This gives the mathematical expectation of the
number of vehicles of Traffic A released as free flow
while the motorcade passes one at a time. The above
description can be expressed as
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Fig.4 Headway distribution of Traffic A and B. (a) Traffic A;
(b) Traffic B

The distribution of the headway in free flow is between
a minimum of 0 and the critical gap #,. Assuming that the
average headways in free flow for Traffic A and B are H,
and H;, then according to the gap acceptance theory, we
have

g oL L€ (10)
A gy 1-e
H, = L L.e - (11)
B_qB 1 — e 9
1
Tyy =H,Ny, :HA(efq,\r\ _]) (12)
1
TUB:HBNUB:HB(equt<_1) (13)

The number of crossing vehicles and their transit time
in saturated and free flow were calculated above, so the
number of vehicles and running time of Traffic A and B
are as

NA:NSA+NUA (14)
Ny =Ng + Ny (15)
T, 1
Ty=Ty+ T = 5 sﬂ_IAq +HA(e—q,\u‘1) (16)
SA A
T 1
TB:TSB+TUB:Q A?Bq +HB(67M—1) (17)
SB B

The saturated traffic flow suffers more from traffic fric-
tion than free flow does, and this will cause delays in
conflict areas. Based on the delay formula for the equilib-
rium phase™, for Traffic A, the cycle time is C =T, +
T,, the red time is R =T, and for Traffic B the red time
is R=T,. Thus, Traffic B and A’s respective average de-
lays, in Section 1, are as

bo_ Qs T, (18)
? _Z(QSB _qB)(TA + TB)
D, 0Ty (19)

T2(Qgy —q) (T, +Ty)

Since Sections 1 and 2 are symmetrical, D, and D, can
be seen as the total delay for the whole roundabout. That
is to say, D, is the delay to Traffic A in Section 1, and
D, is the delay to left-turning vehicles from Traffic A in
Section 2.

1.4 Modeling delay

Combining the above analysis, the average delay at the
entrance to a signal-controlled roundabout is d, from Eq.
(1). The delay to right-turning flow Q, is O inside the
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roundabout, and the delay to straight and left-turning
flow inside the roundabout should be introduced at differ-
ent stages.
of vehicles turning right,
left can be calculated.

In the early green time, the number of vehicles Q, re-
leased from Branch 2 includes two parts: straight-on vehi-
cles O} and left-turning vehicles Q%. The average delays

for those two groups of vehicles are d and (d + Dy), re-

If the directional rate is known, the numbers

going straight on and turning

spectively, as shown in Fig. 6.

Branch | I A - Right turns of Branch 4
: — - Straight flow of Branch 4
i 2
Sect(l)oLn: 44D, — Left turns of Branch 4
Branch 2 s Q)= +D, = Right turns of Branch 2

T —  Straight flow of Branch 2
in early green time

Q—-: =Branch4 7 eft turns of Branch 2

- ﬁo \=d in early green time
=d

~ Straight flow of Branch 2
| Branch 3

in later green time
— Left turns of Branch 2
The early green time

in later green time

Fig.6 Schematic diagram of the combined vehicle delays in
the early green time

In the later green time, Traffic A also consists of two
parts: straight flow Q) and left-turning flow Q. The av-
erage delays to the two parts of the flow are (d + D,) and

(d+D, +Dy), as shown in Fig.7.

Branch 1

--=Right turns of Branch 4
- -»Straight flow of Branch 4
*—Left turns of Branch 4

----- ~Right turns of Branch 2
— -Straight flow of Branch 2
in early green time
—Left turns of Branch 2
in early green time
— ~Straight flow of Branch 2
in later green time
—Left turns of Branch 2
in later green time

_ = 2=Branch 4
DQ})y=dD,

DQ)=d ﬂQ“i
Branch 3

The later green time

Fig.7 Schematic diagram of the combined vehicle delay in the
later green time

In conclusion, the average delay across all vehicles en-
tering from Branch 2 is
D

D=—"1=
N

0.d +[01d + Q0 (d +D,)] +[01(d +D;) +Q,(d + D, +Dy)]

Or +0r +0,4
(20)

where D, is the total delay; N is the number of vehicles.
2 Model Verification

In the actual survey data, the change in traffic flow is

small and insufficient for analyzing delays under different
traffic situations. Therefore, actual survey data and simu-
lations were combined. Actual data was used to calibrate
the parameters of the model and the simulation software.
Then, many experiments were carried out.

2.1 Parameter setting

2.1.1 Parameters of the model

From Section 1. 2, testing the above model requires
knowledge of the signal timings. The scheme of signaling
was based on the traffic volume of each entrance to the
roundabout. There are no particularly current findings re-
garding the signal timing of roundabouts in the existing
research. Therefore, this paper uses the classic signal cy-
cle method (Webster formula). Meanwhile, according to
Section 1.3, the parameters needed for calculating the ve-
hicle delays are the saturation flow rate,
and other parameters. The parameters were determined by
combining specific experimental environments with the
existing research results. The parameters were set as fol-
lows: 1) Assuming that in each branch, the proportions
of vehicles turning left, going straight on and turning
right were fixed, at a ratio of 3:4:3. The total flow of
each branch was changed at each test, and the change in-

the critical gap

terval was 100. 2) The critical gap was set to be 5 s. 3)
The saturated time headway was set to be 2.25 s.
2.1.2 Simulation parameters

The experimental environment was built using the traf-
fic simulation software VISSIM4. 3. In order to improve
the accuracy of the experiments,
was calibrated by the actual data. The survey date was
used in the simulation software calibration so as to make
the experimental environment as close to reality as possi-
ble.

the simulation software

2.2 Comparative verification

The roundabout used as the experimental background
has a large radius and multiple lanes. There is no need to
set a signal control when the volume is small. Therefore,
in designing the experiments, the single entering flows
began at 1 600 pcu/h. The signal control scheme in the
model is a two-phase control scheme. In the scheme, two
opposing traffic flows are released at the same time.
Based on the above conditions, the experiment requires
that the volumes of the two-way traffic are similar. That
is, the volumes of Branches 2 and 4 are similar,
those of Branches 1 and 3 are similar. We performed the
following experiments to analyze the average delay to ve-
hicles from Branch 2. The first step was to determine the

and

flow of Branches 1 and 3,
flow of Branches 2 and 4. Finally, experiments were con-
ducted in groups.

The signal control scheme for the roundabout was
based on different flow conditions. We calculated the ve-

and then the changes in the
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hicle delay at the entrance road, according to Eq. (1),

and the results are shown in Tab. 1.

Tab.1 The average delay to vehicles at the entrance roads of the roundabout

Flow on Branches Flow on Branches

Experiment No.

Green time of Branches

Signal cycle C/s Delay d/s

land3/(pcu-h~') 2and4/(pcu-h-') 2 and 4/
1 1 600 1 800 35 79 14.63
2 1 600 1 900 40 85 15.09
3 1 600 2 000 44 92 15.66
4 1 600 2 100 50 100 16.37
5 1 600 2 200 57 110 17.25
6 1700 1 800 38 85 16.09
7 1700 1 900 42 92 16.70
8 1 700 2 000 48 100 17.64
9 1 700 2 100 54 110 18.41
10 1700 2 200 62 123 19.61
11 1 800 1 800 40 92 17.78
12 1 800 1 900 45 100 18.59
13 1 800 2 000 52 110 19.61
14 1 800 2 100 60 123 20.89
15 1 800 2 200 69 138 22.53
16 1 900 1 700 38 92 18.90
17 1 900 1 800 43 100 19.76
18 1 900 1 900 49 110 20. 84
19 1 900 2 000 57 123 22.21
20 1 900 2 100 66 138 23.96
21 2 000 1700 41 100 20.98
22 2 000 1 800 47 110 22.12
23 2 000 1 900 54 123 23.57
24 2 000 2 000 63 138 25.44
25 2 000 2 100 75 158 27.89
26 2 100 1700 44 110 23.44
27 2 100 1 800 51 123 24.98
28 2 100 1 900 60 138 26.96
29 2 100 2 000 71 158 29.56
30 2 100 2 100 86 184 33.10

In the delay model, the duration of the later green time
and the number of vehicles passing through can be ob-
tained according to the timing scheme of different traffic
flows, and the arrival rates of Traffic A and B can be cal-
culated. We calculated the values of D, and D; according
to Eqs. (18) and (19) and the experimental parameters
given above. We combined the proportions of vehicles
turning left, going straight on and turning right and ap-
plied the delay model given in Section 1. 3. Thus, we

Tab.2 The average delay to

can calculate the average delay to vehicles on the round-
about. The results are shown in Tab. 2.

We compared the value of the average delay from the
model with the simulation result, and then analyzed the
error, as shown in Tab. 3.

Comparing the value of average delay calculated by the
model with the results of the simulation, the maximum
relative error was 17. 1% ,
was 1.5% , and the average relative error was 10.1% .

the minimum relative error

vehicles on the roundabout

Experiment D, /s Dy/s Average || Experiment D./s Dy/s Average || Experiment D./s Dy/s Average
No. delay/s No. delay/s No. delay/s
1 7.77 8.32 18.23 11 8.57 8.76 22.31 21 8.20 7.52 25.17
2 9.00 10.16 20.02 12 9.96 10.75 24.65 22 9.42 9.22 27.73
3 10.56 12.52 22.27 13 11.76 13.32 27.62 23 10.98 11.37 30.94
4 12.69 15.62 25.17 14 14.17 16.75 31.47 24 13.02 14.19 35.07
5 15.58 19.84 29.03 15 17.54 21.50 36.68 25 15.79 17.98 40.56
6 8.17 8.54 20.14 16 7.83 7.35 22.62 26 8.57 7.70 28.14
7 9.47 10.45 22.18 17 8.99 8.98 24.81 27 9.86 9.46 31.18
8 11.16 12.91 24.74 18 10.46 11.06 27.53 28 11.51 11.70 35.05
9 13.41 16.17 28.07 19 12.38 13.75 31.00 29 13.68 14. 64 40.10
10 16.53 20.65 32.52 20 14.96 17.35 35.55 30 16. 65 18. 64 46.93
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Tab.3 Comparison of average delay-calculated values and simulation values

Experiment Calculated Simulation Relative Experiment Calculated Simulation Relative
No. value value error/ % No. value value error/ %
1 18.23 17.72 2.9 16 22.62 25.08 9.8
2 20.02 21.92 8.7 17 24.81 21.41 15.9
3 22.27 26.83 17.0 18 27.53 25.16 9.4
4 25.17 28.80 12.6 19 31.00 32.47 4.5
5 29.03 34.17 15.0 20 35.55 40.84 13.0
6 20.14 19.05 5.7 21 25.17 22.07 14.0
7 22.18 22.70 2.3 22 27.73 24.06 15.2
8 24.74 25.73 3.8 23 30.94 27.99 10.5
9 28.07 30.43 7.8 24 35.07 35.60 1.5
10 32.52 39.21 17.1 25 40.56 46.43 12.6
11 22.31 19.34 15.4 26 28.14 25.37 10.9
12 24.65 23.78 3.7 27 31.18 26.80 16.4
13 27.62 28.98 4.7 28 35.05 30.75 14.0
14 31.47 35.57 11.5 29 40.10 40.91 .0
15 36.68 43.71 16.1 30 46.93 51.85 .5

These results are within the acceptable range, so the mod-
el of the delay calculation exhibits reliability.

3 Conclusions

1) This paper analyzes the vehicle delay across the en-
tire process from entering the roundabout to leaving it,
for a specific signal control scheme. A detailed analysis
of the conflict process between the internal traffic in the
signal-controlled roundabout is given, and then this paper
focuses on the delay caused by this kind of conflict.

2) This paper establishes a delay model for the signal-
controlled roundabout, and the verification shows that the
error in the method proposed in this paper is 10. 1% ,
meeting the accuracy requirement.

3) The delay model for a signalized roundabout pro-
posed above can be used to evaluate the LOS based on the
delay value. At the same time, the effects of various con-
trol schemes can be compared using this method. Thus, it
can provide the basis for traffic management, and a refer-
ence for the design of roundabouts.

4) This paper takes one kind of control scheme as an
example and analyzes the internal conflict behavior in the
roundabout. Using the same principles, this method can
be applied to various control schemes. This paper mainly
analyzes the delay caused by conflict in the internal phase
of the signal-controlled roundabout, without considering
the interaction of traffic flow between phases. Therefore,
a more comprehensive analysis of delays in signal-con-
trolled roundabouts is planned for the future.
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