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ABSTRACT

Ramp metering (RM) has been widely applied due to its 
effectiveness in improving motorway traffic conditions by 
limiting inflow from on-ramps. A great deal of experimen-
tal and simulation-based studies have proven system-wide 
benefits of motorways from RM. Benefits attributed to RM 
in the literature include reducing travel times, increasing 
motorway throughputs and decreasing fuel consumption 
and emissions. However, RM benefits might be costing more 
some motorway users, e.g. some on-ramp users might be ex-
periencing longer delay than others, which leads to an unfair 
allocation of RM benefits. This paper presents a coordinated 
ramp metering strategy, which is aimed at reducing the in-
equity among motorway users using different on-ramps and 
investigates trade-offs between efficiency and equity for the 
proposed strategy. Total travel time is used to measure the 
efficiency while Gini coefficient is used to measure equity. A 
combined index is proposed incorporating the two measures 
to serve as an objective function to solve the bi-objective 
control design problem. The performance of the proposed 
strategy is verified by comparing it to a well-established co-
ordinated ramp metering strategy HERO using micro-simula-
tion software AIMSUN. Simulation results revealed that the 
equity of the motorway system can be improved significantly 
by using the proposed strategy without compromising much 
on the efficiency of the system.
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1. INTRODUCTION
Ramp metering (RM) is an efficient traffic control 

tool in allocating limited motorway capacity. RM has 
been widely applied in many countries due to its ef-
fectiveness in improving motorway traffic conditions 
by limiting inflow from on-ramps. A great deal of ex-
perimental and simulation studies conducted in the 
past have shown system-wide benefits of motorways 
from RM. RM exerts effects on efficiency and equity  

performance of motorways. Efficiency benefits attribut-
ed to RM in literature [1-4] include reducing travel 
times, increasing motorway throughputs and decreas-
ing fuel consumption and emissions. Travel time and 
throughput reflect mobility and capacity of a motor-
way system, respectively. However, efficiency benefits 
might be obtained at cost of some individuals, lead-
ing to an unfair allocation of benefits among motor-
way users. The equity issue in RM control system was 
raised in literature as early as in the 1960s [5]. Yin et 
al. [6] stated that the lack of consideration of inequi-
ty among road users has adversely influenced public 
acceptance and hindered the widespread use of RM. 
Zhang and Levinson [1] suggested that although im-
proving efficiency of motorway systems is the original 
and still the most important objective of RM, user equi-
ty should be considered at least as the secondary goal 
to make it a viable system.

The concept of equity is broad and ambiguous. 
Absence of explicit definition and measurement of 
equality might be the main reason that user equali-
ty has not been sufficiently considered in RM studies 
[6]. Levinson et al. [7] introduced Gini coefficient [8], 
a widely accepted measure in economic studies to the 
field of RM. Two equality measures were defined in-
cluding spatial equity and temporal equity. The former 
reflects the distribution of delays among drivers using 
different on-ramps at the same time while the latter 
measures inequity among drivers using the same on-
ramp at different time. As a spatial equity measure is 
suitable to capture the aforementioned issue of RM, 
hereafter in the paper, “equity” will be used to refer to 
“spatial equity”.

Kotsialos and Papageorgiou [9] observed a partial-
ly conflicting relationship between efficiency and eq-
uity, or in other words, a trade-off between the two. 
Zhang and Levinson [10] reported that the most effi-
cient RM strategy is the least equitable one. However, 
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in a more recent study, Zhang and Shen [11] stated 
that the objectives of equity and efficiency can be 
obtained simultaneously and they do not necessarily 
conflict with each other. 

Traffic responsive RM strategies can be classified 
into two groups, namely: local ramp metering (LRM) 
and coordinated ramp metering (CRM). The former de-
termines the metering rate based on local traffic con-
ditions whereas the latter utilizes system-wide traffic 
measurements from an entire region of the network 
to control all on-ramps within that region. CRM out-
performs LRM when addressing multiple bottlenecks, 
limited on-ramp storage spaces and inequity to mo-
torway users. In CRM, optimal control-based strate-
gies employ relatively complicated numerical solution 
algorithms, making it quite challenging to implement 
in the field. This might be the main reason that most 
of CRM strategies operated in the field are heuristic 
rule-based strategies. Papamichail and Papageorgiou 
[12] proposed a HEuristic Ramp metering coOrdina-
tion (HERO) strategy, which claims to have achieved 
efficiency close to that of some sophisticated optimal 
control strategies. Besides, it is a simple and transpar-
ent strategy that does not require any model to predict 
external disturbances. HERO strategy is in operation 
on Motorway A6 in Paris, France and Monash Freeway 
in Melbourne, Australia. Papamichail et al. [13] per-
formed a before and after study of Monash Freeway 
and revealed efficiency gains using HERO strategy. 
However, the study did not touch on equity aspect of 
the strategy. Stratified ZONE RM strategy addressed 
the equity issue through imposing maximum queue 
constraints that ensure delay less than four minutes 
per vehicle on local ramps and less than two minutes 
per vehicle on motorway to motorway ramps [14].

More recently, Li and Ranjitkar [15] demonstrat-
ed that HERO when integrated properly with variable 
speed limit (VSL) is more effective to distribute delay 
among different on-ramps in the CRM system. VSL 
has proven to be an effective ITS measure to achieve 
significant mobility gains [16]. In HERO, the minimum 
queue length assigned to each upstream on-ramp is a 
proportion of the maximum admissible queue length 
of the respective on-ramp. This implies that in a group 
of coordinated on-ramps with varying length of on-
ramps, vehicles using longer on-ramps having larger 
storage space might experience relatively longer delay 
compared to shorter on-ramps, hence leading to an 
unfair system. 

This paper proposes a new coordinated ramp me-
tering strategy aimed at reducing the inequity among 
motorway users using different on-ramps and investi-
gates trade-offs between efficiency and equity for the 
proposed strategy. Total travel time is used to measure 

efficiency while Gini coefficient is used to measure 
equity. A combined index is proposed incorporating 
the two measures to serve as an objective function  
to solve the bi-objective control design problem. The 
performance of the proposed strategy is verified by 
comparing it against HERO strategy using micro-simu-
lation software AIMSUN. 

2. EQUITY IN RAMP METERING

A newly designed or an updated control system 
would have two effects, namely, the “generative” ef-
fect and the “distributive” effect [17]. The former re-
fers to the social welfare improvements resulting from 
the investment in transportation systems, while the 
latter occurs when some of the positive effects are 
compensated for by the negative ones. In traffic con-
trol systems, the generative effect and distributive ef-
fect are equivalent to the efficiency performance and 
the equity performance, respectively. The efficiency of 
RM in improving motorway throughputs, environmental 
quality and travel time savings have been verified by a 
number of experimental and simulation studies (e.g. 
[18-19]). However, system-wide efficiency benefits of 
RM might be obtained at the cost of some motorway 
users e.g. some on-ramp users might be experiencing 
longer delay than others, which can lead to an inequi-
table distribution of benefits from RM. 

As mentioned earlier in the introduction, the equity 
of traffic control strategies is a broad and ambiguous 
concept. Kesten et al. [20] mentioned that the indica-
tors used in the literature to measure equity of traffic 
control strategies are mainly adapted from statisti-
cal or socio-economic models. The former examines 
the distribution of any variable in a given population 
while the latter is based on welfare economics and 
integrates equity concerns into a welfare function. Ex-
amples of statistical measures are: range, variance, 
measure of variation, log variance, Gini measure and 
Theil’s entropy measure. The axiomatic measures can 
be used to assess the inequality of any vector or distri-
bution of observations.

Some operational RM strategies, e.g. Bottleneck 
algorithm [22], have employed a queue override con-
trol to decrease the user inequality. Similarly, Stratified 
Zone algorithm [14] has a maximum ramp delay con-
straint, which ensures the delay of each vehicle is less 
than four minutes at the on-ramp. In fact, the minimum 
metering rates included in a number of RM systems 
make contribution to the equity as well. Nevertheless, 
their influence is not easy to determine in advance so 
the balancing process is obtained implicitly [21].

Kotsialos and Papageorgiou [23] addressed the 
equity issue by imposing different on-ramp storage 
restrictions in an optimal control based Advanced  
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Motorway Optimal Control (AMOC) strategy. They ob-
served a trade-off between efficiency and fairness, which 
the AMOC strategy addressed implicitly with consider-
ation of the available on-ramp storage space. Zhang 
and Levinson [1] proposed a RM objective function  
to minimize total weighted travel time, which can be 
used to balance efficiency and equity of RM control via 
weighting on-ramp delays nonlinearly. Nevertheless, 
they acknowledged that it was difficult to obtain an ef-
fective weighting function for on-ramp delays.

Gini Coefficient [8] and the associated Lorenz 
Curve [24] have been borrowed in the field of RM to 
measure the inequity due to RM. Yin et al. [6] used 
Gini coefficients to analyze trip cost ratios before and 
after applying RM in a southern California corridor. In 
Twin Cities RM shut-off experiment [25], the Lorenz 
Curve was plotted with the absolute terms of travel de-
lay for motorway users.

Minimizing the overall travel cost for road users 
is overwhelmingly the most important goal for most 
motorway management systems. Only recently the 
equity aspect has become a concern. User equity has 
emerged as an important criterion for control practic-
es. Explicitly or implicitly, the two aspects have been 
considered as competing criteria [23]. However, Yin 
et al. [6] implied that balancing efficiency and equity 
in one motorway system is not necessarily a zero-sum 
game. Therefore, it is reasonable to adjust the existing 
strategy to be more publicly acceptable, equitable and 
efficient via better design of control systems to fully 
grasp the working mechanism between different con-
trol objectives. 

3. HERO STRATEGY
Papamichail and Papageorgiou [13] proposed 

HERO as a rule-based CRM strategy that incorporates 
ALINEA at the local level in a group of on-ramps within 
the control string. A control string contains several lo-
cal RM controllers and a central controller that is used 
to communicate with and coordinate each local con-
troller. ALINEA is a closed-loop feedback RM strategy, 
in which the metering rate is determined in proportion 
to the difference between the desired occupancy and 
observed downstream occupancy [26].

r(k)=r(k-1)+KR [Ô-Oout(k)]  (1)

where: KR(>0) is a regulator parameter with a recom-
mended value of 70 veh/h, Ô is a desired set value 
for the downstream occupancy, Oout(k) is the observed 
downstream occupancy, and r(k-1) is the metering rate 
at k-1 time step.

At network level, when the queue length at any on-
ramp exceeds a pre-determined threshold value, HERO 
assigns it as a master on-ramp and then gradually em-
ploys successive upstream on-ramps to work as slave 
ramp meters. The maximum slaves number should 

be pre-defined to avoid an unnecessary delay at the  
metered slave on-ramp. A maximum number of 4-6 
slave on-ramps may be suitable for many applica-
tion cases. This strategy exploits storage spaces of  
upstream on-ramps to enlarge the storage capacity 
of the critical bottleneck by maintaining the minimum 
queue lengths at slave on-ramps. The working princi-
ple of the HERO strategy as proposed by its developers 
can be outlined as follows:
1) At each control time interval Tc, HERO controllers 

receive from local controllers the information on 
current on-ramp queue length and traffic states of 
the mainline; based on which it decides a possible 
coordination action.

2) Whenever a relative on-ramp queue length exceeds 
a pre-specified activation threshold value, HERO 
control strategy is activated and the respective on-
ramp is turned as a “master”. The “master” grad-
ually employs successive upstream on-ramps as 
“slaves”.

3) HERO assigns the desired minimum queue lengths 
to the successive upstream on-ramps to avoid long 
queues at the “master” on-ramp. The desired mini-
mum queue length Wmin(k) is computed as follows:

( )
( )

( )
( )

W Sum W i
W k

k
Sum W i

min
max

max $
=  (2)

where: Wmax(k) is the maximum admissible queue 
length of the respective on-ramp, Sum_W(i) is a sum 
of current queue lengths at each on-ramp within 
the coordination control string, and  Sum_Wmax(i) is 
a sum of the maximum admissible queue lengths at 
each on-ramp within the coordination control string.

4) For each Tc, HERO updates the desired minimum 
queue lengths at each “slave” on-ramp so that the 
relative queue lengths at each on-ramp can be 
kept close to each other.

5) HERO gets deactivated when the relative queue 
length of the “master” on-ramp drops below the 
deactivation threshold value.

4. MODIFIED HERO STRATEGY
As discussed earlier in the introduction, HERO as-

signs the minimum queue length to each upstream 
on-ramp in a proportion of the maximum admissi-
ble queue length of the respective on-ramp using 
Equation 2, which can lead to unfair distribution of de-
lay for different on-ramp users. To address the equity 
issue, we propose to replace Equation 2 with the fol-
lowing equations that will ensure fairer distribution of 
delay among different on-ramp users: 

Wmin(k)=min{ W1(k), W2(k)}  (3)

W1(k) = Sum_W(i)/N (4)

W2(k)= Wmax(k) · a (5)
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where: a is a control parameter ranging from 0 to 1, 
and N is the number of on-ramps within the coordina-
tion control string.

Here, W1(k) maintains the relative queue lengths at 
each on-ramp close to each other while W2(k) prevents 
queues at on-ramps from interfering with the adjacent 
street traffic. By selecting the minimum of the two val-
ues, the minimum desired queue length at each on-
ramp is determined.

Figure 1 presents a flowchart of the proposed strat-
egy, which works in three different steps. In the first 
step, a master on-ramp is detected once the observed 
queue length exceeds a pre-specified queue length 
threshold, which is equal to the product of act (j) and 
Wmax(i). This step is related to the working principle #2 
of the HERO strategy as described in the previous sec-
tion. The second step is to define dissolution of the 
coordination string, which is related to the working 
principle # 5 of the HERO strategy. In the third step, 
the minimum queue length is determined for each 
“slave” on-ramp using Equation 3, which is related to 
the working principle # 4 of the HERO strategy. The 
minimum queue length computed using Equation 3 is 
maintained at each “slave” on-ramp using the follow-
ing formulation.

If w(k)>Wmin(k) then,

R(k) = r`(k) (6)

Otherwise,

R(k)=min{r(k), r`(k)} (7)

`r k w k k d kT W1 1min= - + -^ ^ ^ ^h h h h6 @  (8)

where: R(k) is the metering rate to be applied at the 
time step k, r(k) is the metering rate determined by 
ALINEA strategy, r`(k) is the metering rate used to 
maintain the desired queue length, T is the time in-
terval, w(k) is the current queue length, d(k-1) is the 
demand flow entering the on-ramp. 

Equation 6 and Equation 7 will help to maintain the 
on-ramp queue length close to the desired minimum 
queue length Wmin(k) assigned by the proposed CRM 
strategy to each “slave” on-ramp. Equation 8 will yield 
a lower r`(k) value (that is releasing lower number of 
vehicles from on-ramp and hence more strict ramp 
metering) when the current on-ramp queue length 
w(k) is lower than the desired minimum queue length 
to increase the on-ramp queue length closer to the 
desired minimum value. The same equation will yield 
higher r`(k) when the current on-ramp queue length 
w(k) is higher than the desired minimum queue length 
to reduce the on-ramp queue length closer to the de-
sired minimum value. When w(k) is equal to Wmin(k), 
Equation 8 will yield r`(k) equal to d(k-1), which is to 
maintain the existing queue length. We used 30% and 
15% of the maximum queue length as activation and 

deactivation threshold values, respectively for the pro-
posed control strategy. We tested values ranging from 
50 to 90% for the maximum admissible queue length 
(a parameter value). The results for cases with a over 
95% are not presented as the on-ramp traffic that in-
terferes with the adjacent street traffic, resulting in im-
precise simulation results.

Each TC
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End of loop
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w(i) is an observed queue length for an on-ramp i
act(j) is activation threshold value (30% of the maximum queue 

length)
deact(j) is deactivation threshold value (15% of the maximum 

queue length)

Figure 1 – Flowchart of HERO strategy

5. PERFORMANCE MEASURES

Total travel time (TTT) is widely used as a perfor-
mance measure to assess system-wide efficiency per-
formance. TTT is computed as follows:



D. Li, P. Ranjitkar, Y. Zhao: Efficiency and Equity Performance of a Coordinated Ramp Metering Algorithm

Promet – Traffic&Transportation, Vol. 28, 2016, No. 5, 507-515 511

TTT kT i i
i

N

K

K

11
t D=

==
^ h||  (9)

where: ρi is density of a segment i, T is measurement 
duration, ∆i is the distance between two measured 
stations i-1 and i, N is a number of measurement sta-
tions, and k is the discrete time index.

Gini coefficient, proposed by Gini [9], is used to 
measure the equity performance of the motorway sys-
tem, which can be expressed as follows:

G
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i j
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2
11x
x x= -

==
/ /

 (10)

where: G is the Gini coefficient, x  is the average delay 
time of all on-ramps, ix  is the delay time on the i-th 
on-ramp, jx  is the delay time on the j-th on-ramp, and 
n is the number of on-ramps. 

A zero value for Gini coefficient indicates perfect 
equality, while 1 indicates perfect inequality. A mo-
torway system with the minimal TTT is considered to 
be the most efficient while the one with the minimal 
Gini coefficient is considered to be the most equitable. 
Thus, with the same set of constraints, optimization 
based on Equation 9 or 10 as the objective function to 
be minimized will result in efficient or equitable motor-
way systems respectively. Hence, it will address only 
one aspect of its performance. To achieve a balanced 
efficiency and equity gains, we can either apply a 
bi-objective optimization or propose a combined single 
index incorporating both TTT and Gini coefficient into 
a single objective function. We propose a combined  
index as follows to the combined TTT and Gini coeffi-
cient into a single objective function: 

E G E TTT
TTT TTTCombined Index

non
t f

1 2$= + -b l  (11)

where: G is Gini coefficient value computed using test-
ed control measure, TTTt is TTT value computed using 
tested control measure, TTTnon is TTT value comput-
ed using no control, TTTf is TTT value computed under 
free-flow condition, and E1, E2 are weight factors to 
stress the priority of each control objective.

Here different combinations of E1 and E2 will result 
in different control objectives. Selecting a higher value 
of E1 or E2 would lead to a more equitable (efficient) 
motorway system. Combined Index with different  
combinations of E1 and E2 can be useful to measure 
the overall performance of motorway systems from dif-
ferent aspects.

6. ANALYSIS RESULTS

A critical bottleneck section on Auckland Motorway 
is selected as a testbed to verify the proposed strat-
egy. Figure 2 presents a layout of the testbed, which 
has 5 on-ramps and 4 off-ramps. The lengths of five 
on-ramps O1, O2, O3, O4 and O5 are recorded as 526 
m, 136 m, 114 m, 315 m and 293 m, respectively. A 
micro-simulation model of the study section is devel-
oped using AIMSUN micro-simulator [27]. The traffic 
data used for the model calibration and validation pur-
pose were provided by New Zealand Transport Agency 
(NZTA). The data include loop detector measurements 
from the on-ramps, off-ramps and mainline accumu-
lated over a 30-second time period. The data collected 
on Monday, 12th March, 2012 are used to calibrate the 
simulation model while the data collected on Friday 9th 
March 2012 are used to validate the simulation model. 
We developed two Application Programming Interface 
(API) programs in AIMSUN to implement the proposed 
CRM strategy and to verify the performance of the pro-
posed strategy by comparing to the HERO strategy. 

Table 1 presents TTT, Gini coefficient and the av-
erage on-ramp delay values computed for different 
control scenarios including no control, HERO and 
nine different scenarios for the proposed algorithm 
with the parameter a value ranging from 50% to 90%. 
Here no-control scenario represents a case of motor-
way without any type of ramp control. The highest im-
provements are highlighted with a dark background. 
HERO and all of the nine different control scenarios 
for the proposed algorithm yield substantial improve-
ments compared to the no-control scenario in terms 

O5

D14 D13 D12

D5 D4 Detector
D3 D2 D1

D11 D10

D9 D8 D7 D6

O4 O3 O2 O1

Figure 2 – Layout of the study area
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of both efficiency and equity. HERO strategy yields a 
system-wide efficiency gain of 17.63% (measured by 
TTT) and records an equity gain of 40% compared to 
the no-control scenario. For the proposed strategy, we 
found that the efficiency and equity gains are sensi-
tive towards the value of a. Here, higher value of a 
represents a longer desired queue length. It can be 
observed that the efficiency of the motorway system 
improves (that is, TTT value decreases) as the value 
of parameter a increases. The efficiency improve-
ment reached its highest level (TTT value reduced by 
16.70%) when a value is set at 90%. Meanwhile, the 
Gini coefficient value decreases with the increase in 
parameter a value, which shows that in this case im-
provements in efficiency and equity are not conflicting 
as they follow a similar trend with only one excep-
tion where Gini coefficient increases from 34.95 to 
35.09 when a value increases from 60 to 65%. The 
Gini coefficient value is at its lowest (26.23%) when a 
value is equal to 90%, resulting in 61% improvement  
compared to no-control scenario while TTT value re-
mains close to that of HERO (1,432 veh-h, an improve-
ment of 16.7% compared to no-control scenario). 

These improvements in equity performance can be 
attributed to a relatively fair management of queues 

at different on-ramps in the proposed CRM algorithm. 
This finding is in agreement with that of Kotsialos 
and Papageorgiou [24] that the storage capacity of  
on-ramps provided by motorways should be used to 
the highest degree possible as it seriously improves 
both efficiency and equity properties of the RM strate-
gy. From the observations discussed earlier, it is clear 
that the amelioration of TTT and Gini coefficient val-
ues is highly dependent on the storage capacity of on-
ramp; more particularly, the shortest one is the most 
critical for the proposed strategy. 

To further investigate the trade-offs between TTT 
and Gini coefficient value, Figure 3 presents a scatter 
plot of the two variables for different a values rang-
ing from 0.5 to 0.9. The percentile improvements for 
Gini coefficient are distributed in a range from 40% 
to 60% the same for TTT are distributed more evenly 
in a range from 10% to 20%. The improvement rate 
is positive for both variables with increasing value of  
a while Gini coefficient has steeper average trend than 
the one for TTT. Figure 3b presents a scatter plot of Gini 
coefficient versus TTT plot for different a values. The 
data points show a strong correlation between the two 
variables in this case with a R2 value of 0.91 and fol-
low a non-linear (parabolic) pattern.

Table 1 – TTT, Gini coefficient and average on-ramp delay values for different control scenarios

Total travel time [veh-h] Gini coefficient [%] Average on-ramp delay [seconds]

Value % improvement Value % improvement O1 O2 O3 O4 O5

No control 1,719 0 67.26 0 274 33 3 3 3

HERO 1,416 17.63 39.41 41.41 451 77 62 122 85

Modified HERO 
(a =50%) 1,560 9.25 35.26 47.58 439 169 134 36 29

Modified HERO 
(a =55%) 1,538 10.53 35.13 47.77 429 147 123 46 33

Modified HERO 
(a =60%) 1,515 11.87 34.95 48.04 424 140 117 53 38

Modified HERO 
(a =65%) 1,506 12.39 35.09 47.83 416 129 101 59 51

Modified HERO 
(a =70%) 1,491 13.26 34.89 48.13 403 106 86 71 68

Modified HERO 
(a =75%) 1,466 14.72 33.52 50.16 383 92 75 88 79

Modified HERO
 (a =80%) 1,452 15.53 32.56 51.59 365 82 66 95 87

Modified HERO
 (a =85%) 1,439 16.29 28.57 57.52 321 73 55 109 102

Modified HERO
 (a =90%) 1,432 16.70 26.23 61.00 299 68 49.23 117 113
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Figure 3 – Scatter plots of TTT and Gini coefficient for dif-

ferent a values for the proposed strategy

Figure 4 presents the density contour plots along 
the mainline of the controlled segments for four con-
trol scenarios including no-control, HERO and two 
scenarios for the proposed strategy with parameter a 
taking values of 0.5 and 0.9. It can be observed that 
the density exceeds 80 veh/km during the peak hours 
starting from 6:30 a.m. near the first detector zone D1, 
which is close to the first on-ramp O1. The shockwave 
travels to the successive segments and reaches up to 
detector zone D4. For HERO control strategy, the densi-
ty at D1 remains close to 80 veh/km while for succes-
sive segments it seldom exceeds 60 veh/km. For the 
proposed strategy with a value of 0.5, the density at 
the first three detector zones D1 to D3 reaches close 
to 80 veh/km during peak hours. For the proposed 
strategy with a value of 0.9, the density remains be-
low 80 veh/km at the first detector zone D1 and for 
successive zones it seldom exceeds 60 veh/km. The 
density looks more evenly distributed in the controlled 
segments for the proposed algorithm with an a value 
of 0.9 compared to the other three control scenarios.

Figure 5 presents the average delay at five on-ramps 
under different control scenarios. Travel delay is the 
extra travel time beyond free flow conditions. Average 
on-ramp delay values can be directly extracted from 
AINSUM simulator. O1 (the master on-ramp), which is 
the closest to the critical bottleneck experiences the 
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Figure 4 – Density contour plots for different control scenarios
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longest delay and O5, which is located farthest from 
the critical bottleneck, experiences the minimum de-
lay. Although the queue length formed at O2 and O3 
discussed earlier are shorter than O4 and O5, the av-
erage delay is comparable at these on-ramps. Higher 
a value yields lower average delay for the first three 
on-ramps while the results are opposite for the last 
two on-ramps O4 and O5. No control scenario yields 
the lowest average delay among all the scenarios; this 
might be due to the absence of RM control. For HERO 
control strategy, the average on-ramp delay is less 
spread than the modified strategy cases, representing 
a less equitable system.
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Figure 5 – Average on-ramp delay for different control 
scenarios

Figure 6 presents the values of combined index 
computed for tested scenarios using E1=1 and E2=1. 
Here no-control scenario witnesses the highest com-
bined index value of 1.15, representing its worst  
performance in terms of both efficiency and equity 
among all the tested control scenarios. The proposed 
control strategies with a value ranging from 70% to 
90% have outperformed the HERO strategy in terms of 
a balanced efficiency and equity gains. The proposed 
control strategy with a value of 0.9 (or 90%) yields the 
lowest combined index value, representing the most 
efficient-equitable motorway system among all the 
tested control scenarios.
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Figure 6 – Combined index values for different control 
scenarios

7. CONCLUSION
This paper proposes a coordinated ramp meter-

ing (CRM) algorithm to achieve an efficient as well as 
equitable motorway system. HEuristic Ramp metering 
coOrdination (HERO) control strategy is modified to im-
prove its equity performance. Total travel time is used 
to measure the efficiency while Gini coefficient is used 
to measure equity. A combined index is proposed in-
corporating the two measures to serve as an objec-
tive function to solve the bi-objective control design 
problem. The performance of the proposed strategy is 
verified by comparison against a well-established coor-
dinated RM strategy HERO. 

The main conclusions that can be drawn from this 
study can be summarised as follows:

 – The proposed CRM algorithm shows prospects to 
improve significantly the equity performance of 
the motorway system while maintaining nearly the 
same level of efficiency to that of the HERO strat-
egy.

 – The proposed combined index can be useful to 
achieve a balanced efficiency and equity gains for 
the motorway system.
It shall be noted that findings of this study are limit-

ed in scope as they are obtained on the basis of a par-
ticular motorway section for a representative day. One 
suggestion for the future studies is to perform similar 
studies for various motorway networks before general-
izing any such findings. Furthermore, in this study all 
the parameters in the proposed modified HERO strate-
gy are optimized manually for the testbed in Auckland. 
However, a modified HERO strategy with the pre-spec-
ified setting parameters cannot adequately deal with 
the disturbances (such as inconsistent traffic demand 
pattern) and changes in traffic system (weather condi-
tion, incidents or road maintenance). Therefore, future 
works around this research should aim at using optimi-
zation methods (e.g., Genetic Algorithm) to adaptively 
tune the parameters of the proposed strategy for appli-
cation in other motorway networks.
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