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Exiting flow from urban freeway off-ramps coupled with limited capacity and traffic weav-
ing at the downstream intersections creates major bottlenecks in urban road network. This
paper presents an integrated design model for non-traditional lane assignment and signal
optimization at the off-ramp, its downstream intersection, and their connecting segment
with the objective to mitigate or eliminate traffic weaving and to maximize the section’s
overall capacity. A mixed-integer non-linear program model is formulated to capture
real-world operational constraints regarding the non-traditional lane assignment, special
phasing treatment and signal timing. The mathematical model is linearized and solved
by the standard branch-and-bound technique. Extensive numerical analysis and case study
results validate the effectiveness of the proposed integrated model and demonstrate its
promising application at locations where the upstream freeway off-ramp is located at
the middle of the road cross section and the space between the stop line and off-ramp is
limited.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Traffic on urban freeway off-ramps often experiences difficulty in exiting due to its competition with traffic from surface
streets. Using Fig. 1 as an example, when the space between the off-ramp and the downstream intersection is limited, queue
at the downstream intersection during the red phase may easily prevent the off-ramp exiting traffic from merging into their
target approach lanes. The resulting queue on the off-ramp then generates a spillover onto the mainstream of the urban free-
ways, resulting in freeway mobility loss and traffic safety problems (Cassidy et al., 2002; Cheu et al., 1998; Daganzo et al.,
1999; Jin et al., 2002; Newell, 1999). On the other hand, poor utilization of the downstream intersection capacity may occur
due to the fact that insufficient weaving space between freeway and surface street traffic induces extra delays and prevents
vehicles from reaching the downstream stop line during the green time (TRB, 2010). Due to the aforementioned problems,
off-ramps, the downstream signalized intersections, and their connecting segments often constitute the major bottlenecks in
the urban road network.

To mitigate traffic congestion at those bottlenecks, transportation researchers have been investigating and implementing
a variety of strategies. In review of literature, these strategies mainly fall into the following two categories: demand or access
management strategies and traffic management strategies (Munoz and Daganzo, 2002; Rudjanakanoknad, 2012;
Spiliopoulou et al., 2014).
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(a) Aerial view (b) View from the intersection     (c) View from the end of the off-ramp

Fig. 1. Example of the complex operation condition in real world (Jiangsu Rd. and Yanan Rd. in Shanghai, China).
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Demand or access management strategies improve the performance of the off-ramp areas by denying access to the pre-
ferred off-ramp once the off-ramp queue has emerged onto the freeway, or by guiding traffic to upstream ramps by variable
message signs (Daganzo et al., 2002). The system optimum dynamic traffic assignment is studied at a network level (Muñoza
and Laval, 2006). Since it may represent a high penalty for detoured vehicles, especially when the nearby off-ramps are far
away, application of such strategies may be limited only to the special events such as those associated with large sporting
events and emergency conditions such as evacuation (Liu et al., 2011, 2013). In addition, traffic demand of the freeway could
also be reduced by pricing (Shen and Zhang, 2009). Although there are equity issues, it may be considered on major bottle-
necks in big cities. Moreover, the road pricing strategies could be flexibly combined with other management methods (Sheu
and Yang, 2008; Zhong et al., 2014).

Traffic demand diversion strategies in surface streets have also been adopted to reduce off-ramp traffic demand by
detouring a certain fraction of the side road flow through underutilized and nearby parallel roads (Günther et al., 2012).
There are two alternatives: detouring the flow on the side road to the local network and detouring the flow on the cross
street to the local network. The former could eliminate the weaving movement upstream of the intersection, while the latter
could reduce the degree of saturation of the intersection. However, these strategies would certainly cause extra driving dis-
tances and may shift traffic congestion to somewhere else in the network.

Different from demand or access management strategies, traffic management strategies mitigate off-ramp and adjacent
intersection congestion by enhancing their capacities or utilization of capacities. For examples, reassigning lane usage at the
freeway diverge gore area is used to mitigate the congestion caused by the insufficiency of the off-ramp capacity (Daganzo
et al., 2002; Hagen et al., 2006).

At the surface street side, off-ramp congestion is mostly caused by traffic weaving or insufficient capacity of the down-
stream intersections (Denney et al., 2009; Lu et al., 2010; Tian et al., 2007). A number of models have been proposed to opti-
mize the signal timing of the downstream intersection. In these models, queue detectors are installed at the upstream end of
the off-ramp to prevent queue spillback onto the freeway. However, if the objective only focuses on managing traffic oper-
ation from the perspective of optimizing freeway traffic flow, the normal signal operations on the surface street will be dis-
rupted significantly (Tian et al., 2002). In view of such deficiencies, integrated signal control models and strategies have been
developed with the objective to minimize the total delay for off-ramps and their connected surface streets (Li et al., 2009;
Lim et al., 2011; Mirchandani and Head, 2001; Tian andWu, 2012; Yang et al., 2014). These signal timing strategies are useful
to relieve congestion due to the fluctuation of freeway traffic and stochastic arrival pattern at the off-ramp. However, when
the downstream intersection is oversaturated due to high traffic demand, lane markings of the intersection should be reor-
ganized to further improve the intersection capacity (Hagen et al., 2006). To this regard, researchers have found that the use
of dual right-turn lanes may facilitate weaving for right-turning vehicles from the off-ramp and increase the capacity of the
intersection in proximity to off-ramps which are characterized by higher turning volumes (Chen et al., 2014; Yi et al., 2012).
However, in most of previous studies optimizing intersection channelization to reduce traffic weaving between freeway and
surface street is neglected and reorganization of the weaving segment between the intersection and off-ramp has not been
considered. Additionally, very limited efforts have been made for integrated geometric layout and signal timing optimization
for the off-ramp and its proximity surface street section.

In this paper, we develop an integrated design model for non-traditional lane assignment and signal optimization at the
off-ramp, its downstream intersection, and their connecting segment with the objective to mitigate or eliminate traffic
weaving and to maximize the section’s overall capacity. Please note there are several types of ramp-street connection
designs, such as the off-ramp connecting with a surface street, directly connecting with the intersection, and connecting with
a local arterial with multiple adjacent intersections (Yang et al., 2015). The method proposed in this paper is mainly used on
the condition that the off-ramp is connected with a surface street with an intersection at the downstream.

The idea of an integrated design is not new. Lam et al. (1997) combines the design of lane markings and signal timings and
pointed out its potential benefits in improving intersection performance. To optimize these design variables in a unified
framework, the lane-based optimization method was developed (Wong and Wong, 2002, 2003b). The modelling method
defines all key design variables on a lane-basis. This makes it easier to express the set of constraints as linear equations, thus
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ensuring the feasibility of the solution algorithm for the optimization model. These years, the lane-based modelling method
continues to develop and expands the application scope. At the intersection level, Wong andWong (2003a) firstly developed
some lane-based models to optimize the lane markings of the approaches and the signal timings simultaneously in a unified
framework. According to the difference in the optimization objective, they can be divided into three sub-models: capacity
maximization, cycle length minimization, and delay minimizing. Wong et al. (2006) extended this method to deal with
the problem that the traffic demand varies in various periods, e.g. the morning peak, off peak and evening peak periods.
It is assumed that numbers of approach and exit lanes in different arms are fixed in these models. To remedy this deficiency,
Wong and Heydecker (2011) further included the lane arrangement between the approach and exit into the original lane-
based optimization model to achieve better intersection capacity. The lane-based modelling method also helped to improve
the operational efficiency of some unconventional intersections, in which some new modelling problem should be solved. E.
g., Zhao et al. (2013) presented an innovative intersection design which is known as the exit lanes for left-turn (EFL) inter-
section design. A lane-based optimization model for EFL control was formulated to simultaneously optimize the lane assign-
ment of the intersection, the length of the mixed-usage-area, and the timing of both the main signal and the pre-signal. Yan
et al. (2014) established a lane-based optimization model for the tandem sorting strategy to coordinate the pre-signals on all
arms and the intersection signal, in which all through, left- and right-turning movements on all arms were explicitly taken
into consideration. Ma et al. (2014) developed a lane-based model for the exclusive bus lanes design at isolated intersections
with the consideration of two traffic modes, passenger cars and buses. The optimization of lane markings, exclusive bus
lanes, and passive bus priority signal settings for isolated intersections have been combined in a unified framework. Person
capacity maximization has been adopted as a criterion for the integrated optimization model. Zhao et al. (2014a) proposed a
lane-based optimizationmodel for the median U-turn intersection and formulated a multi objective mixed-integer nonlinear
programming problem to optimize the intersection design types, the layout of the intersection, and the signal timings simul-
taneously. Sun et al. (2015) proposed a simplified continuous flow intersection (called CFI-Lite) design, which uses the exist-
ing upstream intersection, instead of newly constructed sub-intersection, to allocate left-turn traffic to displaced left-turn
lane. The research also formulates a lane-based optimization model to seek for Pareto capacity improvements. Lee et al.
(2015) developed a method for the real-time estimation of lane-based queue lengths. He et al. (2016) established a lane-
based optimization model for grade separation at signalized intersections, in which the grade-separated lanes (e.g. tunnels),
lane markings, and signal timing settings are integrated. Moreover, the lane-based modelling method also extended to the
arterial and network level, researchers analyzed the interaction of the signalized intersections, and combined lane channel-
ization, signal settings, network routing decisions, reversible lane settings, turning restrictions, etc. (Cantarella et al., 2006;
Mahalel and David, 2014; Zhao et al., 2014b).

All of the aforementioned methods take the constraints that the allocation of the left-turn, through, and right-turn lanes
should be ordered from left to right (under the condition that vehicles drive on the right side of the road) to eliminate poten-
tial internal-cross conflicts within an arm, see Fig. 2 for an example. In this paper, this traditional channelization restriction
was relaxed. Some special lane assignment schemes (SLA) are proposed to mitigate or eliminate traffic weaving (see Fig. 3 for
an example of non-traditional layout of left-turn and through lanes with eliminated weaving between off-ramp left-turn and
the surface street through movement). To ensure the operational safety, special signal phases at the downstream intersec-
tion should be designed accordingly, which may cause negative effect on the operation efficiency of the intersection, since
some well-designed phase plan, such as the dual-ring phases, could not be used. It becomes a very complex interaction and
one needs to address the trade-off.

This paper aims to discuss the following critical operation issues: (1) how to optimize the design of SLA integrated with
the signal timing of the intersection? and (2) what is the performance and application domain of SLA in comparison with the
conventional design? The impact of the off-ramp on the downstream intersection saturation flow rates will be quantified and
special signal phasing schemes will be developed and coordinated with the non-traditional lane assignment in a unified opti-
mization framework. The performance of the integrated design model will be evaluated using extensive numerical tests and
case studies. Conditions for best application of the proposed model will also be examined via sensitivity analyses.
Fig. 2. A traditional lane assignment example.



Fig. 3. A non-traditional lane assignment example.
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The rest of this paper is organized as follows. The non-traditional lane assignment and special signal control concept are
illustrated in Section 2. Section 3 presents the mixed-integer-linear-program optimization model for integrated lane assign-
ment and signal design. Section 4 performs extensive numerical and simulation analyses to validate the effectiveness of the
proposed model and to identify its best application domain. Conclusions and recommendations are given at the end of the
paper.

2. The operational concept

The basic idea of the non-traditional lane assignment strategy is to allow internal conflicts among lanes within an
approach, which include six typical types, as illustrated in Table 1.

Considering the internal conflicts between traffic movements due to non-traditional lane assignment, special signal
phases at the downstream intersection should be designed. Without loss of generality, assuming that the off-ramp is located
at the west leg of the intersection, then the phasing sequence corresponding to each of the six conflicting movement types
can be represented with the precedence graphs (Head et al., 2007) in Fig. 4 (only the East-West direction is shown, the South-
North direction could use the dual-ring signal phase), in which the solid arcs indicate the activity (duration of green of a
movement), the nodes indicate the end of the prior-activity and start of the back closely activity (start of green), and the
dot arcs represent precedence relationships with time constraints.

3. The integrated design model

Grounded operational concept in Section 2, an optimization model integrating the selection of non-traditional lane
assignment strategies, setting of lane markings, and signal optimization is developed.
Table 1
Six typical non-traditional lane assignment design types.

No. Design type Description Illustration

1 LT-TH conflict Left-turn lanes are located at the right side of through lanes

2 TH-RT conflict Through lanes are located at the right side of right-turn lanes

3 LT-TH + LT-RT
conflict

Left-turn lanes are located at the right side of through and right-turn lanes

4 LT-TH + TH-RT
conflict

Part of through lanes are located at the left side of left-turn lanes and others are located at the right side of
right-turn lanes

5 LT-RT + TH-RT
conflict

Right-turn lanes are located at the left side of left-turn and through lanes

6 LT-TH-RT
conflict

Part of through lanes are located at the left side of left -turn lanes, other through lanes are located at the right
side of right-turn lanes, and left-turn lanes are located at the right side of right-turn lanes



(a) Type 1: LT-TH conflict (b) Type 2: TH-RT conflict

(c) Type 3: LT-TH+ LT-RT conflict      (d) Type 4: LT-TH+TH-RT conflict

(e) Type 5: LT-RT+TH+RT conflict          (f) Type 6: LT-TH-RT conflict

Fig. 4. Representation of signal phasing with precedence graphs for six non-traditional lane assignment design types Note: yiw is the start of green for
movement w on leg i for normal movements; ysiw , y

s1
iw , y

s2
iw are start of green for movement w on leg i for conflicting movements; kiw is the green time ratio for

movement w on leg i for normal movements; ksiw , k
s1
iw , k

s2
iw is the green time ratio for movement w on leg i for conflicting movements; i is the index of legs,

i ¼ 1 for east leg, i ¼ 2 for south leg, i ¼ 3 for west leg, and i ¼ 4 for north leg;w is turning movements,w ¼ 1 for left-turn,w ¼ 2 for through movement, and
w ¼ 3 for right-turn.
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3.1. Notations

To facilitate the model presentation, notations used hereafter are summarized in Table 2. They are divided into three cat-
egories: parameters (model inputs), decision variables (model outputs), and auxiliary variables. Fig. 5 illustrates the layout of
key geometric parameters.

3.2. Objective function

The proposed model aims to maximize the reserve capacity of the analysis section including the off-ramp downstream
intersection and their connecting segment. Adopting the commonly used assumption that the turn proportions would
remain constant (Gallivan and Heydecker, 1988), maximizing the reserve capacity is equivalent to maximizing the common
flow multiplier. A value of l < 1 indicates that the analysis section is overloaded by 100ð1� lÞ percent, and a value of l > 1
indicates a reserve capacity of 100ðl� 1Þ percent.
max l ð1Þ



Table 2
Notation of key model parameters and variables.

Sets and parameters
L Set of legs
i 2 L Index of legs, i ¼ 1 for east leg, i ¼ 2 for south leg, i ¼ 3 for west leg, and i ¼ 4 for north leg, as illustrated in Fig. 5
S Set of sections in a leg
r 2 S Index of section in a leg, r ¼ 1 for approach, r ¼ 2 for road segment including the off-ramp and surface street
T Set of turning movements
w 2 T Index of turning movements, w ¼ 1 for left-turn, w ¼ 2 for through movement, and w ¼ 3 for right-turn, as illustrated in Fig. 5
k Index of lanes, numbering from the left most lane, as illustrated in Fig. 5
QI

iw Volume of movement w on leg i at the intersection (veh/h)
Qs

iw Volume of movement w on leg i from surface street (veh/h), as illustrated in Fig. 5
Q f

iw Volume of movement w on leg i from freeway off-ramp (veh/h), as illustrated in Fig. 5
nir Number of lanes on leg i at section r
ne
iw The number of lanes at the corresponding receiving leg of movement w on leg i

nil Number of lanes from which a weaving maneuver may be made with one or no lane changes
li Distance between the stop line and freeway off-ramp ground point on leg i (m), as illustrated in Fig. 5
liw Length of the weaving segment (m), as illustrated in Fig. 5
psi2k A binary variable indicating whether the lane k on leg i at the road segment is from surface street (1-yes, 0-no), as illustrated in

Fig. 5
p f
i2k A binary variable indicating whether the lane k on leg i at the road segment is from freeway off-ramp (1-yes, 0-no), as illustrated

in Fig. 5
Cmin , Cmax Minimum and maximum cycle length (s)
I Clearance time for a pair of conflicting traffic movements (s)
soik Saturation flow rate on lane k on leg i (veh/h)
cf Capacity of a basic segment under ideal conditions, per lane (veh/h/ln)
hq Average space headway for queuing vehicles (m)
dmax Maximum acceptable degree of the saturation
M An arbitrarily large positive constant number

Decision variables
l Common flow multiplier of the intersection
qirkw Volume of movement w on leg i at section r using lane k (veh/h)
qiwð2k;1k0 Þ Volume of movement w from lane k at the road segment to lane k0 at the intersection on leg i (veh/h)
giwð2k;1k0 Þ A binary variable indicating whether the movement w from lane k at the road segment to lane k0 at the intersection is a weaving

movement
xirkw A binary variable indicating the permission of movement w on lane k on leg i at section r (1-permitted, 0-prohibited)
n Reciprocal of cycle length (1/s)
yiw Start of green for movement w on leg i for normal movements
ysiw , y

s1
iw , y

s2
iw Start of green for movement w on leg i for conflicting movements

kiw Green time ratio for movement w on leg i for normal movements
ksiw , k

s1
iw , k

s2
iw Green time ratio for movement w on leg i for conflicting movements

Auxiliary variables
cik Capacity of the lane k on leg i at the intersection (veh/h)
qu
iwð2k;1k0 Þ Weaving volume of movement w from lane k at the road segment to lane k0 at the intersection on leg i (veh/h)

ViR Weaving volume ratio
bip A binary variable indicating the selection of non-traditional lane assignment design type p on leg i (1-selected, 0-not selected)
diww0 A binary variable indicating the existence of internal conflicts between movementw and movementw0 on leg i (1-yes, 0-no), di12

for left-turn and through movement (LT-TH) conflict, di13 for left-turn and right-turn (LT-RT) conflict, di23 for through movement
and right-turn (TH + RT) conflict

dirk A binary variable indicating whether the lane k on leg i at section r is a special lane (1-yes, 0-no)
nu
i Number of lanes in the weaving segment on leg i

C Cycle length (s)
Yik Start of green on lane k on leg i at the intersection
Kik Green time ratio for lane k on leg i at the intersection
To
ik Portion of the green time ratio during which the vehicles discharge under saturation flow rate

Tu
ik Portion of the green time ratio during which the vehicles discharge as weaving flow

Tq
ik The time queue cleared

Tb1
ik Start time of blockage for the adjacent lane of lane k on leg i

Tb2
ik End time of blockage for the adjacent lane of lane k on leg i
ab1
ik1, a

b1
ik2, a

b2
ik1, a

b2
ik2 Loop integer variables to ensure that Tb1

ik and Tb2
ik will be within a fraction between Yik þKik � 1 and Yik þKik

suik Weaving flow rate on lane k on leg i (veh/h)
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3.3. Constraints

3.3.1. Lane assignment constraints
For lane assignment, the permission of movementw on each lane on each leg at the intersection and road segment, xirkw, is

the key decision variable and is dependent on the following modules (see Fig. 6): (1) selection of design types, bip; (2) iden-
tification of internal conflicts, diww0 ; (3) determination of lanes with non-traditional lane-use, dirk; and (4) other general layout
constraints.



Fig. 6. Key components of lane assignment constraints.

Fig. 5. Schematic layout indicating the geometric parameters.
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(1) The variable used to select non-traditional lane assignment design type, bip, could be determined by judging the exis-
tence of the left-turn and through movement (LT-TH) conflict (di12), the left-turn and right-turn (LT-RT) conflict (di13),
and the through movement and right-turn (TH + RT) conflict (di23). E.g., as shown in constraint (2), the non-traditional
lane assignment design type 1 will be selected (bi1 ¼ 1) when only the LT-TH conflict exists (di12 ¼ 1, di13 ¼ di23 ¼ 0).
Other design types could be determined similarly by constraint (3)–(7).
bi1 ¼ di12ð1� di13Þð1� di23Þ; 8i 2 L ð2Þ

bi2 ¼ ð1� di12Þð1� di13Þdi23; 8i 2 L ð3Þ

bi3 ¼ di12di13ð1� di23Þ; 8i 2 L ð4Þ

bi4 ¼ di12ð1� di13Þdi23; 8i 2 L ð5Þ

bi5 ¼ ð1� di12Þdi13di23; 8i 2 L ð6Þ

bi6 ¼ di12di13di23; 8i 2 L ð7Þ
(2) Identification of the internal conflicts between movement w and movement w0 among lanes within an approach (di12,
di13, and di23) could be fulfilled by constraints (8). If any movementw0 (w0 > w) is permitted on lane k0 (k0 < k), the itemPni1

k¼2

Pk�1
k0¼1

xi1kwþxi1k0w0
2

j k
will be no less than 1. Then, it indicates that the internal conflicts between movement w and

movement w0 exist (diww0 ¼ 1). Otherwise, if no movement w0 (w0 > w) is permitted on lane k0 (k0 < k), the itemPni1
k¼2

Pk�1
k0¼1

xi1kwþxi1k0w0
2

j k
will be equal to 0. Then, it indicates that the internal conflicts between movement w and move-

mentw0 does not exist (diww0 ¼ 0). For example, when the left-turn is permitted on lane k and the throughmovement is

permitted on the left side of lane k (lane k0) on leg i at the approach, we have xi1k1þxi1k02
2

j k
¼ 1. If any two lanes satisfied
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the above situation, according to constraint (8), we have M P di12 P 1
M; so di12 ¼ 1. It indicates that the LT-TH conflict

exists on leg i. Otherwise, if none of the two lanes satisfied the above situation, according to constraint (8), we have
0 P di12 P 0; so di12 ¼ 0. It indicates that the LT-TH conflict does not exist on leg i. Similarly, the existence of the LT-RT
conflict and the TH + RT conflict could also be identified according to constraint (8).
M
Xni1
k¼2

Xk�1

k0¼1

xi1kw þ xi1k0w0

2

j k
P diww0 P

1
M

Xni1
k¼2

Xk�1

k0¼1

xi1kw þ xi1k0w0

2

j k
; 8i 2 L; w 2 T ð8Þ
(3) For any traffic lane, constraint (9) could be used to identify whether the lane is a special traffic lane. If anymovementw0

(w0 > w) is permitted on lane k0 (k0 < k) or any movement w0 (w0 < w) is permitted on lane k0 (k0 > k), the itemP
w2T

Pwþ2
w0¼wþ1

Pk�1
k0¼1

xi1kwþxi1k0w0
2

j k
þ
Pw�1

w0¼w�2

Pni1
k0¼kþ1

xi1kwþxi1k0w0
2

j k� �
will be no less than 1. Then, it indicates that the lane k

is a special traffic lane (di1k ¼ 1). Otherwise, if no movement w0 (w0 > w) is permitted on lane k0 (k0 < k) and no move-

mentw0 (w0 < w) is permitted on lane k0 (k0 > k), the item
P

w2T
Pwþ2

w0¼wþ1

Pk�1
k0¼1

xi1kwþxi1k0w0
2

j k
þ
Pw�1

w0¼w�2

Pni1
k0¼kþ1

xi1kwþxi1k0w0
2

j k� �
will be equal to 0. Then, it indicates that the lane k is not a special traffic lane (di1k ¼ 0).
M
X
w2T

Xwþ2

w0¼wþ1

Xk�1

k0¼1

xi1kw þ xi1k0w0

2

j k
þ

Xw�1

w0¼w�2

Xni1
k0¼kþ1

xi1kw þ xi1k0w0

2

j k !
P di1k

P
1
M

X
w2T

Xwþ2

w0¼wþ1

Xk�1

k0¼1

xi1kw þ xi1k0w0

2

j k
þ

Xw�1

w0¼w�2

Xni1
k0¼kþ1

xi1kw þ xi1k0w0

2

j k !
; 8i 2 L; k 2 f1; . . . ;ni1g ð9Þ
(4) Moreover, a traffic lane should permit at least one movement, as shown in constraint (10). Additionally, the number of
lanes at the corresponding receiving leg of a movement should be at least as many as the total number of lanes
assigned to permit such a movement, in order to prevent the undesirable traffic merging activities. This could be spe-
cialized by constraint (11).
X
w2T

xirkw P 1; 8i 2 L; r 2 S; k 2 f1; . . . ;nirg ð10Þ
ne
iw P

Xni1
k¼1

xi1kw; 8i 2 L; w 2 T ð11Þ
3.3.2. Signal control constraints
According to the precedence graphs in Fig. 4, the signal operational constraints in the proposed model include:

(1) The common cycle length for the intersection to be within the values of Cmin and Cmax. According to prior work (Wong
and Wong, 2003a,b; Wong and Heydecker, 2011), instead of defining the cycle length directly as the control variable,
its reciprocal n ¼ 1=C, is used to preserve the linearity in the mathematical formulation of signal timing.
1
Cmin

P n P
1

Cmax
ð12Þ
(2) The phasing plan for normal movements is given by constraints (13)–(19), which is a dual-ring concurrent phasing
scheme with assigned movements. For easy discussion, the starts of green for left-turn on east and west legs are equal
to 0. For conflicting movements, the start of green and green time ratio should be adjusted according to Fig. 4.
yi1 ¼ 0; 8i 2 f1;3g ð13Þ

y12 � y31 � k31 � In ¼ 0 ð14Þ

y32 � y11 � k11 � In ¼ 0 ð15Þ

y21 ¼ y41 ¼ y12 þ k12 þ In ¼ y32 þ k32 þ In ð16Þ

y22 � y41 � k41 � In ¼ 0 ð17Þ

y42 � y21 � k21 � In ¼ 0 ð18Þ

y22 þ k22 þ In ¼ y42 þ k42 þ In ¼ 1 ð19Þ
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(3) For each movement, the start of the green should be within a fraction between 0 and 1 of the cycle length.
1 P yiw; ysiw; ys1iw; ys2iw P 0; 8i 2 L; w 2 T ð20Þ
(4) The green time ratio of a movement should be within a fraction between 0 and 1.
1 P kiw P 0; 8i 2 L; w 2 T ð21Þ
(5) The lane signal timings could be defined by the constraints (22), (23). If a lane is shared by more than one movement,
these movements must receive identical signal indication to avoid ambiguity. For example, when the approach lane k
on leg 1 is not a special lane (d11k ¼ 0) and the right-turn and through movements are permitted on approach lane k on
leg 1, we have x112k ¼ x113k ¼ 1; then according to constraint (22), we have 0 P Y1k � y12 P 0 and 0 P Y1k � y13 P 0;
therefore, g12 ¼ g13. It indicates that the start of green for right-turn and the through movement on leg 1 should be
equal. Similarly, the green time ratio for right-turn and the throughmovement on leg 1 at the main intersection should
be the same according to constraint (23).
Mð1� xi1wkÞ P Yik � ð1� di1kÞyiw � di1kysiw P �Mð1� xi1wkÞ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni1g ð22Þ

Mð1� xi1wkÞ P Kik � ð1� di1kÞkiw � di1kkiw P �Mð1� xi1wkÞ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni1g ð23Þ
3.3.3. Capacity adjustment constraints
As illustrated in Fig. 7, the upstream freeway off-ramp may cause negative effect on the downstream intersection

approach saturation flow rate due to blockage and weaving. For example, queue at the downstream intersection during
the red phase may easily prevent the off-ramp exiting traffic from merging into their target approach lanes, causing waste
of capacity of those approach lanes during green time (see Fig. 7b and c). Therefore the saturation flow rate should be
adjusted to the weaving flow during this portion of the green.

According to Fig. 7, the capacity of an approach lane k can be estimated with:
cik ¼ soikT
o
ik þ suikT

u
ik; 8i 2 L; k 2 f1; . . . ; ni1g ð24Þ
where soik is the normal saturation flow rate for approach lane k, which is an exogenous input or can be measured in field; suik
is the weaving segment saturation flow rate for lane k, which can be calculated with methods in HCM2010 (TRB, 2010), given
by:
suik ¼ cf � 438:2ð1þ ViRÞ1:6 þ 0:251liw þ 119:8nil; 8i 2 L; k 2 f1; . . . ;ni1g ð25Þ
To
ik, the portion of the green time during which traffic flow discharges with saturation flow rate can be determined with:
To
ik ¼ Tq

ik � Yik; 8i 2 L; k 2 f1; . . . ;ni1g ð26Þ

Yik þ
3600li
hqsoik

n P Tq
ik; 8i 2 L; k 2 f1; . . . ;ni1g ð27Þ
Fig. 7. Impact of upstream off-ramp on downstream intersection approach saturation flow rate.
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Yik þKik P Tq
ik P Yik; 8i 2 L; k 2 f1; . . . ; ni1g ð28Þ
and, Tu
ik, the portion of the green time during which traffic flow discharges as weaving flow can be determined with:
Yik þKik � Tb2
ik P Tu

ik; 8i 2 L; k 2 f1; . . . ;ni1g ð29Þ

Yik þKik � Tq
ik P Tu

ik; 8i 2 L; k 2 f1; . . . ;ni1g ð30Þ

dTb2
ik � Tb1

ik e P Tu
ik; 8i 2 L; k 2 f1; . . . ;ni1g ð31Þ

Tb1
ik P Yiðkþ1Þ þKiðkþ1Þ þ

3600li
hq
P

w2T qi1ðkþ1Þw
nþ ab1

ik1; 8i 2 L; k 2 f1; . . . ;ni1 � 1g ð32Þ

Tb1
ik P Yiðk�1Þ þKiðk�1Þ þ

3600li
hq
P

w2T qi1ðk�1Þw
nþ ab1

ik2; 8i 2 L; k 2 f2; . . . ;ni1g ð33Þ

Tb2
ik P Yiðkþ1Þ þ

3600li
hqsoiðkþ1Þ

nþ ab2
ik1; 8i 2 L; k 2 f1; . . . ;ni1 � 1g ð34Þ

Tb2
ik P Yiðk�1Þ þ

3600li
hqsoiðk�1Þ

nþ ab2
ik2; 8i 2 L; k 2 f2; . . . ;ni1g ð35Þ

Yik þKik P Tb1
ik ; Tb2

ik P Yik þKik � 1; 8i 2 L; k 2 f1; . . . ;ni1g ð36Þ
3.3.4. Other operational constraints
It is assumed that traffic demand from the surface street and freeway off-ramp are exogenous input. Then, the total traffic

demand is equal to the sum of them, given by:
QI
iw ¼ Qs

iw þ Q f
iw; 8i 2 L; w 2 T ð37Þ
The sum of sub-flows of a movement on different lanes should be equal to the scaled total flow of that movement by the
common flow multiplier, given by:
QI
iw ¼ l

Xni1
k¼1

qi1kw; 8i 2 L; w 2 T ð38Þ

Qs
iw ¼ l

Xni2
k¼1

ðqi2kwp
s
i2kÞ; 8i 2 L; w 2 T ð39Þ

Q f
iw ¼ l

Xni2
k¼1

ðqi2kwp
f
i2kÞ; 8i 2 L; w 2 T ð40Þ
When the movement w on lane k is not permitted (i.e., xirwk ¼ 0), the assigned lane flow should be equal to 0, given by:
Mxirkw P qirkw; 8i 2 L; r 2 S; k 2 f1; . . . ;nirg; w 2 T ð41Þ
The volume of the movement w from lane k at the off-ramp ground point to lane k0 at the intersection (qiwð2k;1k0 Þ) could be
determined with:
qi2kw P qiwð2k;1k0 Þ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni2g; k0 2 f1; . . . ;ni1g ð42Þ

qi1k0w P qiwð2k;1k0 Þ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni2g; k0 2 f1; . . . ;ni1g ð43Þ

qi2kw ¼
Xni1
k0¼1

qiwð2k;1k0 Þ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni2g ð44Þ

qi1k0w ¼
Xni2
k¼1

qiwð2k;1k0Þ; 8i 2 L; w 2 T ; k0 2 f1; . . . ;ni1g ð45Þ
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The weaving volume ratio, which is a key parameter in calculating the weaving segment saturation flow rate as shown in
constraint (46), can be determined with:
ViR ¼
P

w2T
Pni2

k¼1

Pni1
k0¼1

qu
iwð2k;1k0 ÞP

w2T Q
I
iw

; 8i 2 L ð46Þ
The weaving flow of the movement w from lane k at the off-ramp ground point to lane k0 at the intersection (qu
iwð2k;1k0 Þ)

could be determined with:
qu
iwð2k;1k0 Þ P qiwð2k;1k0 Þ þMðgiwð2k;1k0Þ � 1Þ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni2g; k0 2 f1; . . . ;ni1g ð47Þ

qiwð2k;1k0 Þ P qu
iwð2k;1k0 Þ P 0; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni2g; k0 2 f1; . . . ;ni1g ð48Þ
Additionally, constraint (49) indicates whether the movementw from lane k at the off-ramp ground point to lane k0 at the
intersection is a potential weaving movement, given by:
M
Xni1

j0¼kþ1

Xk�1

j¼1

qiwð2j;1j0 Þ þ
Xk�1

j0¼1

Xk¼ni2

j¼kþ1

qiwð2j;1j0 Þ

0
@

1
AP giwð2k;1k0 Þ P

1
M

Xni1
j0¼kþ1

Xk�1

j¼1

qiwð2j;1j0 Þ þ
Xk�1

j0¼1

Xk¼ni2

j¼kþ1

qiwð2j;1j0 Þ

0
@

1
A;

8i 2 L; w 2 T ; k 2 f1; . . . ; ni2g; k0 2 f1; . . . ; ni1g ð49Þ
Last but not least, to ensure that the intersection and the upstream off-ramp area operate reasonably well, the degree of
saturation of every traffic lane should be limited by a maximum acceptable value.
dmaxcik P
X
w2T

qi1kw; 8r 2 N; i 2 A; k 2 f1; . . . ; nif þ nirg ð50Þ
3.4. Solution

The optimization model presented above is a mixed-integer non-linear program with the objective function of Eq. (1) and
constraints (1)–(50). In solving the program, the following three problems should be addressed. Then, the model could be
transformed into a mix-integer linear program which can be solved by the standard branch-and-bound technique. The num-
ber of decision variables is related to the number of lanes on each leg and can be estimated with
2
P

i2Lni1ni2 þ 4
P

i2L
P

r2Snir þ 58. For a four-leg intersection with five lanes on each leg and an off-ramp on one leg, the total
number of decision variables is 208, which can be readily handled by any commercial MILP solver (e.g. Lingo).

3.4.1. Linearization of the products of binary variables in constraints (2)–(7)
The products of binary variables, diww0 , are involved in constraints (2)–(7). This type of problem can be transformed into a

mix-integer linear equation by adding two more constraints (Abraham et al., 2009; Fu, 2007).
Constraint (2) could be rewritten as:
di12 þ ð1� di13Þ þ ð1� di23Þ � bi1 6 2; 8i 2 L ð51Þ

�di12 � ð1� di13Þ � ð1� di23Þ þ 3bi1 6 0; 8i 2 L ð52Þ
Constraint (3) could be rewritten as:
ð1� di12Þ þ ð1� di13Þ þ di23 � bi2 6 2; 8i 2 L ð53Þ

�ð1� di12Þ � ð1� di13Þ � di23 þ 3bi2 6 0; 8i 2 L ð54Þ
Constraint (4) could be rewritten as:
di12 þ di13 þ ð1� di23Þ � bi3 6 2; 8i 2 L ð55Þ

�di12 � di13 � ð1� di23Þ þ 3bi3 6 0; 8i 2 L ð56Þ
Constraint (5) could be rewritten as:
di12 þ ð1� di13Þ þ di23 � bi4 6 2; 8i 2 L ð57Þ

�di12 � ð1� di13Þ � di23 þ 3bi4 6 0; 8i 2 L ð58Þ
Constraint (6) could be rewritten as:
ð1� di12Þ þ di13 þ di23 � bi5 6 2; 8i 2 L ð59Þ
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�ð1� di12Þ � di13 � di23 þ 3bi5 6 0; 8i 2 L ð60Þ
Constraint (7) could be rewritten as:
di12 þ di13 þ di23 � bi6 6 2; 8i 2 L ð61Þ

�di12 � di13 � di23 þ 3bi6 6 0; 8i 2 L ð62Þ
3.4.2. Linearization of the lane signal timings constraints
The products of two decision variables, di1kyiw and di1kysiw, are involved in the lane signal timings constraints (22) and (23)

because we should differentiate the normal movements and conflicting movements. This type of problem can be trans-
formed into a mix-integer linear equation by expanding constraints (22) and (23) to the following ten constraints. Con-
straints (63) and (64) will be active only when the approach lane is not a special lane (di1k ¼ 0). For example, when the
movement w is permitted on the approach lane k on leg i (xi1wk ¼ 1) and the approach lane is not a special lane (di1k ¼ 0),
we have ð1� xi1wk þ di1kÞ ¼ 0. According to constraint (63), we have 0 P Yik � yiw P 0; so Yik ¼ yiw. Otherwise, if the
approach lane is a special lane (di1k ¼ 1), we have ð1� xi1wk þ di1kÞ ¼ 1. According to constraint (63), we have
M P Yik � yiw P �M; it will always be satisfied. Constraints (65)–(72) will be active only when the approach lane is a special
lane (di1k ¼ 1). For left-turn and right-turn special lane, constraints (65) and (69) will be used. For through special lane, con-
straints (66)–(68) and (70)–(72) will be used.

For normal movements:
Mð1� xi1wk þ di1kÞ P Yik � yiw P �Mð1� xi1wk þ di1kÞ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni1g ð63Þ

Mð1� xi1wk þ di1kÞ P Kik � kiw P �Mð1� xi1wk þ di1kÞ; 8i 2 L; w 2 T ; k 2 f1; . . . ;ni1g ð64Þ
For conflicting movements:
Mð2� xi1wk � di1kÞ P Yik � ysiw P �Mð2� xi1wk � di1kÞ; 8i 2 f3g; w 2 f1;3g; k 2 f1; . . . ;ni1g ð65Þ

Mð2� xi1wk � di1k þ bi4 þ bi6Þ P Yik � ysiw P �Mð2� xi1wk � di1k þ bi4 þ bi6Þ; 8i 2 f3g; w 2 f2g; k 2 f1; . . . ;ni1g
ð66Þ

Mð3� xi1wk � bi4 � bi6 �
Xni1

k0¼kþ1

xi11k0 Þ P Yik � ys1iw P �Mð3� xi1wk � bi4 � bi6 �
Xni1

k0¼kþ1

xi11k0 Þ;

8i 2 f3g; w 2 f2g; k 2 f1; . . . ;ni1 � 1g ð67Þ

Mð3� xi1wk � bi4 � bi6 �
Xk�1

k0¼1

xi13k0 Þ P Yik � ys2iw P �Mð3� xi1wk � bi4 � bi6 �
Xk�1

k0¼1

xi13k0 Þ;

8i 2 f3g; w 2 f2g; k 2 f2; . . . ;ni1g ð68Þ

Mð2� xi1wk � di1kÞ P Kik � ksiw P �Mð2� xi1wk � di1kÞ; 8i 2 f3g; w 2 f1;3g; k 2 f1; . . . ;ni1g ð69Þ

Mð2� xi1wk � di1k þ bi4 þ bi6Þ P Kik � ksiw P �Mð2� xi1wk � di1k þ bi4 þ bi6Þ; 8i 2 f3g; w 2 f2g; k 2 f1; . . . ;ni1g
ð70Þ

Mð3� xi1wk � bi4 � bi6 �
Xni1

k0¼kþ1

xi11k0 Þ P Kik � ks1iw P �Mð3� xi1wk � bi4 � bi6 �
Xni1

k0¼kþ1

xi11k0 Þ;

8i 2 f3g; w 2 f2g; k 2 f1; . . . ;ni1 � 1g ð71Þ

Mð3� xi1wk � bi4 � bi6 �
Xk�1

k0¼1

xi13k0 Þ P Kik � ks2iw P �Mð3� xi1wk � bi4 � bi6 �
Xk�1

k0¼1

xi13k0 Þ;

8i 2 f3g; w 2 f2g; k 2 f2; . . . ;ni1g ð72Þ
3.4.3. Explicit expression of phase plan for conflicting movements
For conflicting movements, the start of green and green time ratio should be adjusted according to Fig. 4.
Mð1� b31 � b33 � b34 � b35 � b36Þ P ys31 � y31 P Mðb31 þ b33 þ b34 þ b35 þ b36 � 1Þ ð73Þ



J. Zhao, Y. Liu / Transportation Research Part C 73 (2016) 219–238 231
y12 � ys31 � ks31 � In P Mðb31 þ b33 þ b34 þ b35 þ b36 � 1Þ ð74Þ

ys32 � y11 � k11 � In P Mðb31 þ b32 þ b33 þ b34 þ b36 � 1Þ ð75Þ

ys32 � ys31 � ks31 � In P Mðb31 þ b32 þ b33 þ b34 þ b36 � 1Þ ð76Þ

Mð1� b31 � b32 � b33 � b34 � b36Þ P ys32 þ ks32 � y32 � k32 P Mðb31 þ b32 þ b33 þ b34 þ b36 � 1Þ ð77Þ

Mð1� b35Þ P ys32 � y32 P Mðb35 � 1Þ ð78Þ

y32 þ k32 � ys32 � ks32 P Mðb35 þ b36 � 1Þ ð79Þ

ys33 � ys31 � ks31 � In P Mðb33 þ b35 þ b36 � 1Þ ð80Þ

ys33 � ys32 � ks32 � In P Mðb35 þ b36 � 1Þ ð81Þ
4. Case study

In this section, we evaluate the performance of the proposed model through a case study and extensive numerical tests.
The optimization results obtained from the proposed integrated design model will be compared with conventional plans
(obtained by proposed model without the consideration of non-traditional lane assignment). Sensitivity analysis will also
be conducted to identify the conditions for best application of the proposed model.

4.1. The study site

The No. 18 off-ramp (the Guoding Rd. exit) of the Middle ring expressway in Shanghai, China, its downstream intersection
(Handan Rd. - Guoding Rd. intersection), and their connecting segment are used to validate and evaluate the effectiveness of
the proposed integrated model. The original layout of the study site is illustrated in Fig. 8. The off-ramp connects to Handan
Rd. at 60 m upstream of the EB stop line. Aggregated traffic demand at the test site during peak hours is summarized in
Table 3. Other parameters used in the case study are summarized in Table 4.

Currently, since the weaving section between the stop line and off-ramp ground point is only 60 m, there is very limited
space for traffic weaving between off-ramp and the surface street, resulting in severe blockage and spillover problems.

4.2. Results and discussions

The proposed model is implemented at the study site to design lane markings and signal timings. The optimized lane
markings are illustrated in Fig. 9. Signal timings in both morning and evening peak hours under the conventional design
and the proposed model are summarized and compared in Table 5. The microscopic simulation package VISSIM 5.40 is used
and calibrated as the unbiased evaluator to evaluate the performance of the proposed model in comparison with the
(a) Case study intersection                                                     (b) Original layout

Fig. 8. The study site and its original geometric layout.



Table 3
Aggregated traffic demand at the study site (veh/h).

Time-of-day WB EB NB SB Freeway mainline

L T R L-S T-S R-S L-R T-R R-R L T R L T R

Morning peak hours 188 445 154 213 505 74 233 575 102 55 352 49 43 410 111 3016
Evening peak hours 197 604 156 244 624 111 275 710 129 62 366 61 54 307 63 3137

Note: The abbreviations EB, WB, NB, and SB refer to eastbound, westbound, northbound, and southbound, respectively. Abbreviations L, T, and R indicate the
left-turn, through movement, and right-turn, respectively. Abbreviations -S and -R indicate the movement from surface streets and from off-ramp.

Table 4
Parameters used in the case study.

Input parameters Value Input parameters Value

Maximum cycle length, Cmax 120 s Minimum cycle length, Cmin 60 s
Clearance time for a pair of conflicting traffic movements, I 4 s Average space headway for queuing

vehicles, hq

7 m

Saturation flow rate on lane k on leg i, soik 1800 veh/h/ln Capacity of a basic segment under ideal
conditions per lane, cf

1800 veh/h/ln

Maximum acceptable degree of the saturation, dmax 0.9

Fig. 9. Lane assignment of the study site.
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conventional design. According to the saturation flow rate obtained from field survey (1800 veh/h/ln), the inputs and settings
of running the traffic simulation are: the average standstill distance is set to 2.3 m; additive part of safety distance is set to
2.3 m; multiplicative part of safety distance is set to 3.3 m; the desired speed is set to 40 km/h. Results averaged from 20
simulation runs are used for evaluation to overcome the randomness. Two performance indicators, the total throughput
and the average vehicular delay, are used for comparison (see Table 6 for results).

It can be observed from Table 6 that the total throughputs of the intersection under the conventional design and Synchro
design are less than the total intersection demand during both morning and evening peak hours (morning: 3340 vehs and
3290 vehs < 3509 vehs, evening: 3487 vehs and 3407 vehs < 3963 vehs), indicating the oversaturated traffic condition with
the conventional design. This is also validated by the average vehicular delay under the conventional design (61.7 s and
111.6 s for morning and evening peak hours, respectively). Comparison results show that the proposed model can signifi-
cantly improve the traffic operational performance at the study site (17.32% and 52.35% reduction in average delay during
morning and evening peak hours) and maintain its under-saturated condition without the need of lane addition and inter-
section expansion, which demonstrates the cost-effectiveness of the proposed model. Furthermore, as the result of the per-
formance improvement of the intersection, the off-ramp queue spillover problem was mitigated. The travel delay along the
freeway mainline was significantly reduced accordingly (93.27% and 95.76% reduction in average delay during morning and
evening peak hours).
4.3. Sensitivity analyses

To further investigate the performance of the proposed model under various geometric configurations and demand levels,
extensive sensitivity analyses are performed. A total of 18 experimental scenarios are designed (summarized in Table 7) with



Table 5
Signal timing plans.

Time-of-day Plan Signal timing WB EB NB SB

L T R L-S T-S R-S L-R T-R R-R L T R L T R

Morning peak
hours

Conventional Cycle length (s) 120
Start of green (s) 0 28 28 0 18 18 – – – 53 53 53 74 74 74
Duration of green (s) 14 21 21 24 31 31 – – – 17 17 17 42 42 42
End of green (s) 14 49 49 24 49 49 – – – 70 70 70 116 116 116

Synchro Cycle length (s) 90
Start of green (s) 0 19 19 0 14 14 – – – 70 70 70 39 39 39
Duration of green (s) 10 16 16 15 21 21 – – – 16 16 16 27 27 27
End of green (s) 10 35 35 15 35 35 – – – 86 86 86 66 66 66

Optimal design Cycle length (s) 120
Start of green (s) 0 30 30 0 20 59 0 16 59 59 59 59 78 78 78
Duration of green (s) 12 25 25 26 35 15 16 39 15 15 15 15 38 38 38
End of green (s) 12 55 55 26 55 74 16 55 74 74 74 74 116 116 116

Evening peak
hours

Conventional Cycle length (s) 120
Start of green (s) 0 31 31 0 19 19 – – – 62 62 62 84 84 84
Duration of green (s) 15 27 27 27 39 39 – – – 18 18 18 32 32 32
End of green (s) 15 58 58 27 58 58 – – – 80 80 80 116 116 116

Synchro Cycle length (s) 90
Start of green (s) 0 23 23 0 15 15 – – – 70 70 70 46 46 46
Duration of green (s) 11 19 19 19 27 27 – – – 16 16 16 20 20 20
End of green (s) 11 42 42 19 42 42 – – – 86 86 86 66 66 66

Optimal design Cycle length (s) 120
Start of green (s) 0 33 33 0 22 68 0 17 68 68 68 68 88 88 88
Duration of green (s) 13 31 31 29 42 16 18 47 16 16 16 16 28 28 28
End of green (s) 13 64 64 29 64 84 18 64 84 84 84 84 116 116 116
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variation of the number of lanes on major streets, the distances between the stop line and the off-ramp, and the locations of
the off-ramp. Traffic demand varies in proportional to the number of lanes. The turning proportions of the left-turn and
through movements are set to vary from 20% to 60%. All other model parameters are kept the same as in Section 4.1.

Fig. 10 summarizes the evaluation results for all experimental scenarios. For each picture, the horizontal and vertical axes
represent the proportion of the left-turn and through movements, respectively; and the contour lines illustrate the percent-
age of capacity improvement of the proposed model over the conventional design. Fig. 11 summarizes the variation of capac-
ity improvement with affecting factors. The following findings can be reached:

(1) Overall, the proposed model outperforms the conventional design in terms of capacity under all tested scenarios (up to
30% capacity improvement than the conventional design).

(2) Capacity improvement with off-ramp located at the middle of the road cross section is always slightly higher than that
with off-ramp located the left most road cross section under all numerical cases discussed in the paper. Paired t-test
results (see Table 8a) show the significant difference between the capacity improvement when off-ramp located at the
left most of the road cross section and the capacity improvement when off-ramp located at the middle of the road
cross section (t = �5.350, p-value = 0.000 < 0.05), indicating that the off-ramp connected to the surface street at the
middle of the road cross section has a better performance. Table 8b further investigates the capacity improvement
under different locations of off-ramps combined with multiple affecting factors. The difference is more pronounced
when the distances between the stop line and off-ramp is short (50 m), the number of lanes is few, and the turning
proportions is medium (0.3–0.45).

(3) From row sub-figures, one can observe that the capacity improvement decreases with the increase of the distances
between the stop line and the off-ramp. Longer distance between the stop line and the off-ramp leads to more space
to hold the queue and flexibility for traffic weaving. It is also noticeable that there is no significant advantage using the
proposed design when the distance between the stop line and off-ramp is longer than 150 m.

(4) From the column sub-figures, it can be found that the capacity improvement over the conventional design increases
with the number of lanes on the surface street (capacity increases 3.24%, 5.38%, and 6.04% when the number of lanes
on surface streets increases from two to four, respectively). This is due to the fact that more lanes may increase the
complexity of weaving between freeway and surface street traffic under the conventional design, causing more traffic
congestion and worse utilization of the intersection capacity; however non-traditional lane assignment strategy can
retain the higher capacity offered by the increasing number of lanes while effectively mitigate or prevent traffic weav-
ing complexities.

(5) From each sub-figure, more significant improvement in capacity could be obtained when the right-turn proportion is
low (i.e. left-turn proportion plus through movement proportion is high). It is due to the fact that the right-turn-on-
red (RTOR) is used, which reduces the impact of the weaving and queue overflow problem caused by the right-turn
traffic.



Table 6
Comparison of operational performance.

Time-of-day Leg Movement Throughput (veh) Delay (s)

C_d Sy P_m Im (%) C_d Sy P_m I (%)

Morning peak hours WB L 186 178 188 1.08 54.5 54.8 66.5 22.02
T 444 450 449 1.13 46.7 34.3 40.8 �12.63
R 157 160 158 0.64 42.9 34.4 37.1 �13.52

EB L-S 203 208 217 6.90 49.7 45.8 41.6 �16.30
T-S 451 437 508 12.64 83.1 90.5 58 �30.20
R-S 65 60 72 10.77 87 92.9 59.4 �31.72
L-R 207 192 232 12.08 87.6 92.7 61.7 �29.57
T-R 524 503 580 10.69 81 88.3 45.9 �43.33
R-R 88 93 95 7.95 56.3 60.7 49.1 �12.79

NB L 53 54 53 0.00 53.9 51.4 56.6 5.01
T 352 354 354 0.57 51.1 46.2 55.7 9.00
R 46 43 45 �2.17 53.9 49.7 57.7 7.05

SB L 48 47 47 �2.08 42.8 34.9 46.8 9.35
T 403 397 399 �0.99 48.1 42.8 53.1 10.40
R 113 114 113 0.00 43.5 45.2 46.6 7.13

Overall intersection 3340 3290 3510 5.09 61.7 60.3 51.0 �17.32
Freeway mainline 2915 2902 3020 3.60 55.0 58.3 3.7 �93.27

Evening peak hours WB L 189 192 190 0.53 55.6 48.7 68.9 23.92
T 598 610 609 1.84 41.3 31.0 39.4 �4.60
R 152 153 155 1.97 45.5 34.0 38 �16.48

EB L-S 199 204 238 19.60 156.4 143.0 49.7 �68.22
T-S 492 469 627 27.44 188.1 206.2 62.5 �66.77
R-S 89 79 118 32.58 179.2 190.9 78.4 �56.25
L-R 204 176 274 34.31 190.3 233.7 67.1 �64.74
T-R 549 517 715 30.24 191 210.1 41 �78.53
R-R 103 104 124 20.39 161.5 162.2 62.9 �61.05

NB L 62 63 60 �3.23 50.9 44.8 61.6 21.02
T 365 362 373 2.19 53.8 41.1 55.8 3.72
R 55 56 55 0.00 48.1 44.9 55.8 16.01

SB L 58 58 57 �1.72 50.6 52.7 55.4 9.49
T 305 298 308 0.98% 49.8 54.7 57.7 15.86
R 67 66 66 �1.49 52.2 54.1 57.7 10.54

Overall intersection 3487 3407 3969 13.82 111.6 112.8 53.2 �52.35
Freeway mainline 2669 2476 3142 17.72 106.2 169.6 4.5 �95.76

Note: The abbreviations C_d, Sy, P_m, and Im refer to Conventional design, Synchro, Proposed model, and improvement of the proposed model over the
conventional design, respectively.

Table 7
Experimental scenarios for sensitivity analysis.

Scenarios Number of lanes on
surface street

Number of lanes on
crossing street

Number of lanes
of off-ramp

Distance between the stop line
and off-ramp (m)

Location of the off-ramp

1 2 2 2 50 Located at the left most of the
road cross section2 2 2 2 100

3 2 2 2 150
4 3 2 2 50
5 3 2 2 100
6 3 2 2 150
7 4 2 2 50
8 4 2 2 100
9 4 2 2 150

10 2 2 2 50 Located at the middle of the
road cross section11 2 2 2 100

12 2 2 2 150
13 3 2 2 50
14 3 2 2 100
15 3 2 2 150
16 4 2 2 50
17 4 2 2 100
18 4 2 2 150
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Fig. 10. Percentage of capacity improvement of by the proposed model under various experimental scenarios.
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5. Conclusions

An integrated design model for non-traditional lane assignment and signal optimization at the off-ramp, its downstream
intersection, and their connecting segment is presented in this paper to mitigate or eliminate traffic weaving and to maxi-
mize the section’s overall capacity. Traditional channelization restrictions (e.g. left-turn lanes should be located at the left
side of the through lanes) are relaxed. A mixed-integer non-linear program model is formulated to capture real-world
operational constraints regarding the non-traditional lane assignment, special phasing treatment and signal timing. The
mathematical model is linearized and solved by the standard branch-and-bound technique. Extensive numerical analysis
and case studies were conducted to evaluate the performance of the proposed model in comparison with conventional
design under different geometric and traffic demand pattern scenarios. The following conclusions can be drawn:

(1) The non-traditional lane assignment strategy can significantly improve the traffic operational performance of the off-
ramp and downstream intersection integrated section (up to 30% capacity improvement) and mitigate the off-ramp
queue spillover problem. The travel delay along the freeway mainline could be significantly reduced accordingly.



(j) Scenario 10 (k) Scenario 11 (l) Scenario 12

(m) Scenario 13 (n) Scenario 14 (o) Scenario 15

(p) Scenario 16 (q) Scenario 17 (r) Scenario 18

Fig. 10 (continued)
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(2) The proposed model is applicable when the distance between the stop line and off-ramp is less than 150 m. The capac-
ity improvement from the integrated design model decreases with the increase of the distances between the stop line
and the off-ramp and no significant advantage exists when the distance between the stop line and off-ramp is longer
than 150 m.

(3) More significant improvement in capacity could be obtained from the integrated design model when the off-ramp is
located at the middle of the road cross section (capacity increases 5.78% and 4.89% when the off-ramp is located at the
middle of the road cross section and located at the left most road cross section, respectively), more number of lanes is
available (capacity increases 3.24%, 5.38%, and 6.04% when the number of lanes on surface streets increases from two
to four, respectively) and the right-turn proportion is low (less than 40%).

Note that the advantages of the proposed model depend on the driver’s reaction and capacity of short waving sections.
These issues themselves are separate research topics and deserve rigorous and extensive research efforts. This study adopted
well-established results from previous studies on driver behaviors and weaving capacity. The models and the optimization



Fig. 11. Capacity improvement with respect to affecting factors.

Table 8
Impact of off-ramp locations on model’s performance.

Paired difference

Mean Std. deviation Std. error mean 95% Confidence interval
of the difference

t df Sig. (2-tailed)

Lower Upper

(a)
Pair: LCS – MCS �0.00888 0.03339 0.00166 �0.01214 �0.00561 �5.350 404 0.000

Factors Distances between the
stop line and off-ramp

Number of lanes on major
streets

Left-turn proportions Through movement
proportions

(b)
Cases 50 100 150 2 3 4 <0.3 0.3–0.45 >0.45 <0.3 0.3–0.45 >50%
LCS 11.7% 2.5% 0.5% 3.2% 5.4% 6.0% 4.9% 4.2% 6.3% 3.8% 5.4% 7.8%
MCS 13.3% 3.1% 1.0% 4.6% 6.1% 6.7% 5.8% 5.5% 6.6% 3.9% 7.5% 8.7%
Increase 1.6% 0.6% 0.5% 1.3% 0.7% 0.7% 0.9% 1.3% 0.3% 0.1% 2.1% 0.9%

Note: The abbreviations LCS and MCS refer to the capacity improvement when off-ramp located at the left most of the road cross section and the capacity
improvement when off-ramp located at the middle of the road cross section, respectively.
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framework proposed in this study have the flexibility to incorporate new research results/progress. Moreover, careful driving
behavior studies and driver education are still needed for its further application, which is the direction of our future study.
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