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Abstract: This paper addresses a new discrete equilibrium network design problem (NDP), 
which is on the selection of pedestrianisation location (i.e. the optimal set of pedestrian-only 
streets) in a multi-modal transport system with both motorized and non-motorized modes. 
Given a network of candidate pedestrian-only streets, the design problem is to determine the 
optimal set of pedestrian-only streets with considering flow equilibrium and modal equity 
constraints. An equivalent variational inequality (VI) problem is formulated to represent the 
flow equilibrium constraint. The modal equity constraints are introduced to balance the 
benefits and/or disbenefits to users of various transport modes, under a pedestrianisation 
scheme. A bi-level model is proposed to determine the optimal pedestrianisation locations and 
a heuristic solution algorithm is presented for solving the NDP. A case study based on the 
central business district of Hong Kong, “Central”, is employed to illustrate the applications of 
the proposed model and solution algorithm. 
 
Key Words: pedestrianisation, network design problem, multi-modal transport system 
 
 
1. INTRODUCTION 
 
Walking is a major mode of transport in many Asian cities such as Hong Kong. An increase 
in the number of pure walking trips can significantly impact urban road congestion and air 
quality, especially in high density development areas. Pedestrianisation is considered a means 
of encouraging walking and reducing dependence on the car. It implies the reallocation of 
physical road space to expand the walking area through the conversion of one or all vehicle 
lanes of the selected road, to such pedestrian walkway schemes. Pedestrianisation schemes 
have been implemented or planned for urban areas in many Asian cities including Hong Kong 
and Singapore. The aim of this paper is to develop an analytical model, which could assist 
transport authorities in deciding on optimal pedestrianisation locations at the strategic 
planning stage.  
 
Pedestrianisation makes the walking mode more pleasurable and reduces dependence on motorized 
modes, to the extent that some motorized trips may be voluntarily switched to walking trips. To 
capture this effect, an extended network of both motorized and non-motorized modes is necessary. The 
design problem of pedestrianisation schemes thus falls into the class of multi-modal network design 
problems (NDPs). Most network design models reported in the literature consider only one transport 
mode. Ferrari (1999) and Bellei et al. (2002) are among the few to investigate the multi-modal NDP. 
The design problem considered in this study is to determine the optimal pedestrianisation locations (i.e.  
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optimal set of pedestrian-only streets). Specifically, given a multi-modal transport network, in 
which all candidate pedestrian-only streets are known, the problem is to find a set of 
pedestrian-only streets that optimizes the performance of the multi-modal transport system. 
The candidate pedestrian-only streets can include existing streets currently carrying mixed 
flow traffic and also virtual walking facilities (planned or potentially planned).  
 
In the proposed bi-level NDP, the (upper-level) objective, against which the performance of a 
multi-modal transport system is evaluated, is to minimize the total system cost or maximize 
social welfare. The former is suitable for the fixed demand case while the latter is applicable 
to the elastic demand case. It is assumed that pedestrianisation has limited impact on the total 
travel demand. In other words, demand elasticity in the design problem concerned can be 
negligible. This being the case, minimization of the total system cost is thus adopted as the 
objective of the design problem. The total cost of the multi-modal transport system comprises 
the total travel cost for travelers and the cost incurred by the implementation of a 
pedestrianisation scheme. 
 
The flow equilibrium constraint (the lower-level problem) is the multi-modal network 
equilibrium problem, formulated as a variational inequality (VI) problem. As the VI 
formulation allows for interactions between various transport modes, these interactions can be 
taken into account in the design problem. Additionally, pedestrianisation can have different 
impacts on users of various transport modes. In consideration of this, modal equity constraints 
are defined and introduced. The aim is to control the benefits (or disbenefits) to users of 
various transport modes, under a pedestrianisation scheme.  
 
The paper is organized as follows. Firstly, we discuss model assumptions and travel cost 
functions in Section 2. The pedestrianisation scheme design problem is formulated by using a 
bi-level model in Section 3. Section 4 describes the simulated annealing algorithm for solving 
the proposed bi-level model. Section 5 presents the computational results of the case study. 
Finally, in Section 6, concluding remarks are drawn together suggestions for further study.  
 
 
2. ASSUMPTIONS AND TRAVEL COST FUNCTIONS 
 
When considering, in this study, a transport system with both motorized and non-motorized 
modes, non-motorized travel is confined to walking, while the motorized modes include auto 
and transit. A realistic physical transport network comprises a set of nodes and a set of streets. 
   
In general, a street comprises two adjacent physical links with opposite orientation. A 
physical road can be divided spatially into a walkway and a multi-lane roadway. The former 
is used by pedestrians and the latter by vehicles (including auto and buses). It is assumed that, 
without loss of generality, the cross section pattern of a street is geometrically symmetric 
before and after pedestrianisation. That is to say, the walkways along two sides of a street are 
expanded equally in a pedestrianisation scheme. In practice, the candidate pedestrian-only 
streets are always the existing narrow streets. It is further assumed that each candidate 
pedestrian-only street previously contains, at most, two vehicle lanes in one direction.  
 
Let  be the design variable related to candidate pedestrian-only street . If  previously 
contains two vehicle lanes in one direction, design variable 

âη â â

âη  has three values, i.e. 
, each value representing a specific design pattern of street . ˆ {0,1,2}aη ∈ â
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  (1) ˆ

ˆ2,  if  all vehicle lanes on  are reserved for pedestrians
ˆ1,  if  one vehicle lane in one direction on  is reserved for pedestrians 

0, do nothing-
a

a
a

⎧
⎪η = ⎨
⎪
⎩

Accordingly, if candidate pedestrian-only street  previously contains one vehicle lane, 
design variable  has two values, .  

â
âη ˆ {0,1}aη ∈

 
If a roadway is reserved for pedestrians in a pedestrianisation scheme, the initial transit lines 
on that roadway should be reallocated accordingly. Such transit lines affected by 
pedestrianisation are reallocated, as closely as possible, from their original itineraries to the 
parallel streets. However, it must be pointed out that detailed transit network design is beyond 
the scope of this study.    
 
The multi-modal network is represented by using the multi-layer framework (Wu and Lam, 
2003a). The travel cost functions have the following features. The transit in-vehicle travel 
time depends on the bus travel time on roadway links. The (generalized) travel cost on a 
transit link contains the fare, in-vehicle travel time and waiting time. The travel cost on an 
auto link depends on the mode-specific cost and vehicle travel time. The walking time on bi-
directional walkways is determined by the two-way pedestrian flows and flow ratio. The form 
of the generalized walking time function proposed by Lam et al. (2003) is adopted in this 
study, which is written below 
 ( ) ( ) 210

( )( , ) / ( )
nn

s s s s s s s s eff st r v t B r v k r= + × × ×  (2) 

where sr  is the flow ratio ( , i.e. the percentage of one-way pedestrian flow out of the 
total two-way pedestrian flow) of walking link s, 

0 sr< <1

sv  is the (one-way) pedestrian flow on 
walking link s, ( , )s s st r v  is the walking time for pedestrian walking on walking link s at flow 

sv  and flow ratio sr , 0
st  is the free-flow walking time on walking link s, s  is the length of 

walking link s, B ,  and  are the parameters to be estimated,  1n 2n ( ) ( )s eff sk r  is the fitted 
effective capacity of (one-way) walking link s at flow ratio sr , which is determined by 

  (3) ( ) 2 3
( ) 0 1 2 3(s eff s s s s s sk r d a r a r a r a r= + × + × + × 4 )

where sd  is the total effective width of the two-way walkway which walking link s is 
associated with. 
 
Additionally, it is important to observe that there is strong interaction between vehicles and 
pedestrians at signalized intersections. The effective green time for vehicles depends on the 
pedestrian flows traversing the crosswalks. Let sc  and  be the travel cost on link s and 
travel cost on route r between origin-destination (O-D) pair w, respectively. The link travel 
cost function can be written, without loss of generality, as a function of all link flows, . 
As design variable 

r
wc

( )vsc

ˆ{ }η a= η  also influences the link travel cost, it is now written as ( , )v ηsc . 
The interactions between various transport modes are illustrated in Figure 1. 
 
The route travel cost, , is assumed to be an additive of the link travel costs. It is important 
to stress that a combined-mode route may comprise links of more than one distinct transport 
mode. Different weighting parameters are used to convert the time components (such as the 
walking time and waiting time) of various modes into equivalent monetary costs.  

r
wc
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Figure 1. Interactions between Various Transport Modes 
 
 
3. MODEL FORMULATION 
 
The pedestrianisation scheme design problem is formulated, in this section, by using a bi-
level model. The design problem concerned can be represented as a leader-follower or 
Stackelberg game, where the transport authority is the leader, and the travelers are followers. 
The transport authority can influence, but cannot control the travelers’ travel choice behavior, 
by choosing alternative pedestrianisation schemes. Travelers react to the decisions of the 
transport authority by modifying their travel behavior, adjusting their decisions about 
combined modes and routes in the multi-modal transport network. This interaction game can 
be described as a bi-level problem. At the upper level, the transport authority makes decisions 
on pedestrianisation schemes to minimize the total cost of the multi-modal transport system; 
at the lower level, the travelers react to the decisions of the transport authority.  
 
 
3.1 Flow Equilibrium Constraint  
 
The flow equilibrium constraint (i.e. the lower-level problem) is the multi-modal network 
equilibrium problem. Based on the multi-layer network framework, the multi-modal network 
equilibrium can be formulated as the following VI problem (Wu and Lam, 2003a, b): find 
( ), Ω* m*h g ∈ , which satisfy 

 

*
*

*
2

* *

1

1[ ( , ) ln ]( )
θ

1( ln ) ( ) 0,
θ

( , ) Ω

* m*

m

h g

          

h g

m
w

r
r rw
w wm

w W m M r R w

m m m
w w w

w W m M

hc h
g

g g g

∈ ∈ ∈

∈ ∈

+ −∑ ∑ ∑

+ ⋅ − ≥∑ ∑

r
wh

∀ ∈

     (4) 

where  ( )mh, g  are the vectors of route flows and combined-mode demands, respectively, h  
is the flow on route r between O-D pair w, 

r
w

m
wg  is the travel demand on combined mode m 

between O-D pair w, W is the set of O-D pairs, M is the set of combined modes, m
wR  is the set 

of routes on combined mode m between O-D pair w,  and  are dispersion parameters 
(calibration parameters), which, respectively, are used to measure the cost sensitivities on 
route choice and combined-mode choice. For the model to be internally consistent, 

 must hold (Ortúzar and Willumsen, 2001). The feasible set Ω of route flows and 

1θ 2θ

2 1θ θ 0≥ >
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combined-mode demands is determined by conservation constraints, non-negativity 
constraints and capacity constraints on transit line segments as below   
 

m
w

r m
w w

m M m Mr R
h g

∈ ∈∈
wg= =∑ ∑ ∑   (5) 

  (6) 0r
wh ≥

 
'

0
b

w

sr r
e es w

w W r Rs S
k

∈ ∈∈
− δ∑ ∑ ∑ Λ wh ≥  (7) 

where  is the total travel demand between O-D pair w, which is assumed to be fixed and 
given.  is the capacity on line segment e, 

wg

ek sr
wδ =1 if link s is on route r connecting O-D pair w, 

and 0 otherwise, ( )es es l sxΛ Λ= ,  in which esΛ  denote an element of the line segment-transit 
link incidence matrix, which equals 1 if line segment e lies on transit link s, otherwise 0, ( )l sx  

denotes the proportion of passengers choosing line section  on link ,  is the set of transit 
links. For details on this subject, one may refer to Wu and Lam (2003b).  

l s bS ′

 
It can be shown that the Karush-Kuhn-Tucker (KKT) conditions of the VI problem (4) induce 
a hierarchical logit model to represent the joint probabilities of simultaneous combined-mode 
and route choices (see Wu and Lam, 2003a). The existence of a solution for the VI problem (4) 
is intuitive since all functions entering the VI formula are continuous and the feasible set Ω is 
compact. However, when a certain monotonic condition of the VI formulation (Dafermos, 
1982) is not satisfied, there is a possibility of multiple solutions. 
 
Given a pedestrianisation scheme η  and route sets, an equilibrium solution can be found by 
solving the VI Problem (4). The equilibration algorithm (or Block Gauss-Seidel 
decomposition method; see Wu and Lam, 2003a; Florian et al., 2002) may be employed to 
solve the VI problem.   
 
 
3.2 Modal Equity Constraints  
 
The equity issue may arise in the NDP (Meng and Yang, 2002). Yang and Zhang (2002) 
defined and addressed two kinds of equity issues, termed the spatial equity and social equity, 
in the road toll design problem. Pedestrianisation implies the removal of vehicular network 
capacity and addition of walking network capacity. This necessarily has different impacts on 
users of various transport modes. Whilst pedestrianisation is desirable from both the 
pedestrian and environment standpoints, inferior pedestrianisation schemes could create 
serious traffic problems on roads in the vicinity.  To avoid this situation, modal equity 
constraints are defined and introduced in the pedestrianisation scheme design problem.  
 
As pedestrianisation potentially results in congestion on roadway links, the equity is measured 
by two vehicle speed indexes on roadway links: the minimal vehicle speed on each link and 
the minimal weighted average vehicle speed on all links. The model equity constraints are 
thus formulated as follows 

            a
a

at
≥ S , a A∈  (8) 

            
a a

a A

a a
a A

v

v t
∈

∈

∑
≥

∑
S  (9) 
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where  denotes the length of roadway link a, a A  is the set of all roadway links,  is the 
vehicle travel time on roadway link a,  is the total vehicular volume on roadway link a,  

is the minimal vehicle speed requirement on roadway link a, 

at

av aS

S  is the minimal weighted 
average vehicle speed requirement on all roadway links (such as 16 km per hour for buses on 
urban roads in Hong Kong (Transport Department, 1999)). Constraint (8) means that the 
vehicle speed on roadway link a (after implementing a pedestrianisation scheme) should not 
be lower than the minimum vehicle speed requirement on that link. Constraint (9) implies that 
the weighted average vehicle speed on all roadway links (after implementing a 
pedestrianisation scheme) should not be smaller than the minimal weighted average vehicle 
speed requirement.  
 
If  and aS S  are small, constraints (8) and (9) may become redundant. As  and aS S  are set to 
be larger, motorized trips will benefit more or lose less from implementing a pedestrianisation 
scheme. Thus, the two parameters can be viewed as equity indexes used in adjusting the 
magnitude of gain or loss from pedestrianisation for pedestrians and motorized trips.  
 
 
3.3 Bi-level Model 
   
The pedestrianisation scheme design problem with modal equity constraints is formulated as 
the following bi-level model: 
 ˆ

ˆ
min ( , ) ( )η  h

w

r r
w w a

w W r R a A
TC c h

′∈ ∈ ∈
= + ρϑ η∑ ∑ ∑  (10) 

 ( , ) ( )mh g η′∈Ω  (11) 

            
( , )v  η

a
a

at
≥ S , a A∈  (12) 

            
( , )v  η

a a
a A

a a
a A

v

v t
∈

∈

∑
≥

∑
S  (13) 

 v δh=  (14) 
where  is the total cost of the multi-modal transport system, ( , )η  hTC wR  is the set of routes 
between O-D pair w, ˆ( )aρϑ η  is the scaled cost incurred by the implementation of design 
scheme , η A′  is set of candidate pedestrian-only streets, v  is the vector of link flows, δ  is 
the link-route incidence matrix, Ω ( )η′  is the solution set of VI problem (4), which is 
determined by 
 Ω ( ) {( , ) VIproblem (4), ( , ) Ω( )}′ = ∀* m* mη h g h g η∈  (15) 
 
In the proposed bi-level model (10)-(14), the objective function (10) is the minimization of 
the total cost of the multi-modal transport system, which consists of the total travel cost for 
travelers and the scaled cost incurred by the implementation of design scheme η . Constraint 
(11) is the flow equilibrium constraint. Constraints (12) and (13) are modal equity constraints. 
Equation (14) is the definitional constraint, which relates link flows to route flows.  
 
 
4. HEURISTIC SOLUTION ALGORITHM 
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In this section, the simulated annealing (SA) algorithm is presented for solving the proposed 
bi-level model. A review of this algorithm is given in a book chapter by Salhi (1998). The SA 
algorithm is based on the concept of a neighborhood. Each design scheme η  has an 
associated set of neighbors, known as the neighborhood of design scheme η . A neighbor of a 
design scheme is different from that design scheme in one decision variable value. 
 
Design scheme η  is a vector of length A ′ . As each candidate pedestrian-only street has at 
most two vehicle lanes in one direction, each component of η , âη  can take two or three 

values. Thus, design scheme η  has no more than ( 3 A ′ -1) neighbors. The set of all neighbors 
of design scheme  is denoted as  and a generic neighbor is denoted as . η ( )ηN η′
 
It should be noted that in the proposed bi-level model, inequality constraints (i.e. modal 
equity constraints) are present with the exception of the flow equilibrium constraint. The 
inequality constraints should be considered each time the upper-level objective function is 
evaluated. A penalty method is used to incorporate the inequality constraints into the upper-
level objective function. The upper-level objective function with a penalty of factor ρ  is 
described below 

 

ˆ
ˆ

                                  

min ( , ) ( ) max ,0

max , 0

η  h
w

r r a
w w a a

w W r R a A a A a

a a
a A

a a
a A

TC c h
t

v

v t

−
′∈ ∈ ∈ ∈

∈

∈

⎡ ⎛ ⎞⎛ ⎞
⎢= + ρϑ η + ρ ⎜ ⎟∑ ∑ ∑ ∑ ⎜ ⎟⎜ ⎟⎜ ⎟⎢ ⎝ ⎠⎝ ⎠⎣

⎤⎛ ⎞⎛ ⎞∑ ⎥⎜ ⎟⎜ ⎟+ − ⎥⎜ ⎟⎜ ⎟∑⎜ ⎟⎥⎝ ⎠⎝ ⎠⎦

S

S

 (16) 

 
The revised objective function (16) can be viewed as a single-objective reformulation of a 
multi-criterion model, where the objective is a compromise of the total system cost and modal 
equity measures.  
 
The SA was first introduced by Kirkpatrick et al. (1983). Friesz et al. (1992 and 1993) 
employed the SA method to handle the continuous NDP. The numerical results reported by 
them show the viability and effectivity of this algorithm. The success of the SA algorithm is 
determined by the choice of the neighborhood and the cooling schedules. The latter are 
defined by the stopping criteria and a number of different parameters including initial and 
final temperature values. The choice, generally depending on the characteristics of the design 
problem, is obviously not unique. A basic version of the SA method, which was used by 
Drezner and Wesolowsky (2003) in a similar design problem, is adopted in this study. The 
procedure is written below: 
 
Step 0: Select a starting design scheme η  as the current solution, solve the lower-level VI 

problem and calculate TC . Set ( , )η h 0n = , and choose an initial temperature . 0T
Step 1: Choose a neighbor  in a random order. Solve the lower-level VI problem 

and calculate 

( )η N′∈ η

( , )η  hTC ′ .  

Step 2: If , replace η  by ( , ) ( , )η  h η  hTC TC′ ≤ η′ . Otherwise, calculate parameter σ : 

, replace η  by η( , ) ( , )η  h η  hTC TC′σ = − ′  with a probability of . ( / )e nT− σ

Step 3: If some stopping criteria are satisfied, then stop. 
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Step 4: Update the temperature 1 ( )n nT f T+ nT= ≤ , set 1n n= + , go to Step 1. 
 
 
5. CASE STUDY 
 
To examine the performance of the proposed bi-level model and its solution algorithms in 
reality, a case study has been carried out for a selected urban area on Hong Kong Island and is 
presented in this section. Specific interest is focused on illustrating the superiority of the 
proposed model (in which walking times on walking links are varied and flow-dependent) in 
comparison with the conventional approach (with fixed walking time). The following steps 
have been taken for the case study in this paper: 
 

 Determination of the study area; 
 Cordon study area matrices; 
 Incorporation of pure walking trips; 
 Model Implementation; 
 Multi-modal network equilibrium; 
 Candidate design schemes; 
 Design scheme optimization. 

 
The central business district of Hong Kong (“Central”) was selected as the study area. 
“Central”, located in the commercial and financial center, is one of the most congested areas 
on Hong Kong Island. Many commercial buildings are located in and around this area. The 
study area is divided into 15 traffic zones, which include 11 zones in “Central” and 4 external 
zones representing adjacent areas around “Central”. The morning peak hour, i.e. 8AM to 9AM, 
on Wednesday in the year 2003 was chosen as the study period.  
 
The lower-level multi-modal network equilibrium model was implemented on the platform of 
the EMME/2. In total, three distinct transport modes were considered, namely walking, auto 
and transit, each corresponded to a layer in the multi-layer network (see Figure 2(a)). The 
multi-layer network is shown in Figure 2(b). The network consists of 15 centroids, 82 regular 
nodes, 44 centroid connectors, 98 walking links, 60 auto links, 30 transit links, and 64 transfer 
links. The transit lines comprise one metro line (i.e. MTR line), one tramline, and three bus 
lines. 
 
In the case study, the simulated annealing algorithm (Friese et al., 1992; Drezner and 
Wesolowsky, 2002) was used to solve the proposed bi-level model. To obtain a solution to the 
bi-level model, the multi-modal network equilibrium problem, at the lower level, needs to be 
solved many times. The efficiency of the heuristic solution algorithms is hence dependent on 
the computation time required for solving the multi-modal network equilibrium problem. The 
Block Gauss-Seidel decomposition method or equilibration algorithm was used to solve the 
network equilibrium problem. In the algorithm, the network assignment for each combined 
mode was computed in one block. The combined-mode proportions were then solved in the 
other block. The combined-mode proportions were updated at each successive iteration by 
using the method of successive averages (MSA). The flowchart of the equilibration algorithm 
is shown in Figure 3. 
 
Figure 4 illustrates the convergence of the equilibration algorithm for various scaling factors 
on the travel demand. The larger the scaling factor, the larger the travel demands in the 
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network, and hence the higher the level of congestion generated. The algorithm terminates if 
the gap value is less than 10%, where gap value is defined by: 
max ( ( / ))m m m

w W w Wm M w w wg g g∈∈ −∑ ∑ ∈ , m
wg  is an auxiliary demand (pointing to a descent 

direction) for combined mode m between O-D pair w. It was found that the lower the level of 
congestion in the network, the quicker the convergence of the equilibration algorithm. 
 
 

Transit layer 

Walking layer 

Auto layer 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Three layers                                   (b) Multi-layer network 
 

Figure 2. Multi-layer Network of the “Central” Study Area 
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Figure 4. Convergence of the Equilibration Algorithm for Various Scaling Factors  
on Travel Demand 

 
New approach. At the lower level of the proposed bi-level model, walking times on walking 
links may vary. The variation depends on the pedestrian flow pattern in the walking network. 
In this new approach, the generalized walking time function proposed by Lam et al. (2003a) 
was employed to determine the walking time on walking links. This generalized walking time 
function can take bi-directional pedestrian flow distributions (or flow ratios) into account and 
give more realistic walking times on bi-directional walkways, especially in congested-flow 
(at-capacity) situations.   
 
Conventional approach. The conventional approach for the network equilibrium problem, in 
which the walking time on each walking link is always fixed, does not model the walking 
mode explicitly. In other words, a constant walking speed is assumed for any flow conditions. 
The following tests were carried out to illustrate the superiority of the new approach in 
comparison with the conventional approach. 
 
Table 1 shows the results when the value of the scaling factor on travel demand is changed, 
together with the results when the conventional approach is adopted. It was found that the 
average walking (journey) time for pure walking trips become longer as the scaling factor 
becomes larger in both approaches. The main reason is that more travelers walk as the vehicle 
network experiences a higher level of congestion. It was also found that the two approaches 
generate nearly the same average access and egress walking time to and from transit stations 
if the scaling factor is equal to 0.1 or 0.5.  When the scaling factor is equal to 1, the new 
approach leads to longer average access and egress walking time than does the conventional 
approach. This is reasonable as the walkways linking the major transit stations are over-
crowded and the new approach could capture the bi-directional pedestrian flow effects. In 
addition, the average walking time involved in an auto trip remains nearly unchanged in all 
cases. This is because in this case study travelers only use centroid connectors to access and 
egress parking place, on which the walking times are flow independent. 
 

Journal of the Eastern Asia Society for Transportation Studies, Vol. 6, pp. 2275 - 2290, 2005

2284



The adoption of the new approach induces a dramatic increase in the walking time for access 
and egress to/from the transit stations in congested networks. Figure 5 shows the changes in 
the access and egress walking time to and from transit stations in the base case (i.e. the 
scaling factor is equal to 1). It was found that the average access and egress walking time to 
and from transit stations, using the new approach, increases by 31.5 per cent. This causes the 
share of the transit demand to decrease by 0.72 per cent. 
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Table1. Comparison of the Results with the New/Conventional Approaches for Various Scaling Factors 

    Scaling 
factor

Index Pure walking Auto Transit 

  New 
approach 

Conventional 
approach 

New 
approach 

Conventional 
approach 

New 
approach 

Conventional 
approach 

0.1 Total person trips per hour 1496 1475 3628 3645 9073 9077
 Total walking time (minutes) 10866 10852 11428 11227 47452 47382
 Average walking time (minutes) 7.26 7.36 3.15 3.08 5.23 5.22

0.5 Total person trips per hour 10057 10076 27298 27233 33630 33676
 Total walking time (minutes) 86012 85848 85716 84967 181938 181850 
 Average walking time (minutes) 8.55 8.52 3.14 3.12 5.41 5.40
1 Total person trips per hour 26824 26488 46429 45745 68718 69738

Total walking time (minutes)       347639 337457 145787 141352 502329 387743
Average walking time (minutes) 12.96      12.74 3.14 3.09 7.31 5.56

 
 

Table 2. Effects of Pedestrianisation on the Demand and Average Trip Length for each Combined Mode 
Combined 
mode 

Total person trips per hour Average trip length (equivalent minutes)

 Do-nothing Optimal    Share
Change (%) 

Do-nothing Optimal Percentage
Change (%)

Pure Walking  26824 29209 1.68 29.86 27.72 -7.17

Auto 46429 40383 -4.26 29.3 28.88 -1.43

Transit 68718 72379 2.58 26.41 24.61 -6.82
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The network of candidate pedestrian-only streets in the case study is shown in Figure 7. The 
study network consists of a trunk corridor, which links the principle transport interchange 
nodes which include two MTR (or metro) stations and three tram stops. The network 
comprises four candidate pedestrian-only streets (denoted as 1η - 4η ) and one candidate 
footbridge (denoted by ) yet to be constructed.  5η
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Figure 7. Network of Candidate Pedestrian-only Streets 
 
The SA algorithm was used to determine the optimal pedestrianisation locations. The 
algorithm began with the do-nothing alternative as the initial solution. The parameters used 
for the SA algorithm were: a starting temperature of 100; the number of iterations, 10; the 
factor by which the temperature is reduced at each iteration, 0.5. The modal equity constraints 
were restricted to the minimal weighted average vehicle speed requirement on all roadway 
links (the value adopted in this case study was 18 kilometers per hour). Without loss of 
generality, the implementation cost for all design schemes was set to be zero.  
 
After implementing the SA algorithm, the optimal design scheme was found: 

 = {1, 1, 0, 0, 1} (see Figure 8). The total travel cost in the optimal 
design scheme is 3,757,182HK$, which represents 5.51% decrease with respect to the do-
nothing alternative. The weighted average vehicle speed on all roadway links in the optimal 
design scheme was 19.12 kilometers per hour. This represents 3.24% increase over the do-
nothing alternative.  

*
1 2 3 4 5{ , , , , }η = η η η η η

 
Table 2 shows the impact of pedestrianisation on the demand and average trip length for each 
combined mode. It was found that the optimal design scheme leads to a shorter average trip 
length for each combined mode than the do-nothing alternative. Pedestrianisation reduces the 
average trip length of pure walking trips by about 7.2%, and that of transit trips by about 6.8%. 
As expected, more travelers use the pure walking and transit modes in the optimal design 
scheme. 
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6. CONCLUSIONS 
 
In this paper, the pedestrianisa
modal network design problem
the upper level seeks to minimi
lower level is the multi-modal n
defined and imposed in the des
various transport modes, under
the VI formulation at the lower
modes are taken into account 
scheme optimization for the “C
the case study show that the p
modal transport networks for st
 
It should be noted that the ass
during the morning peak hou
extension of the proposed mode
other trips is required. The sim
proposed bi-level NDP in this p
tabu search, recently widely u
compared for further study. 
 
In this paper, non-motorized tr
motorized mode in Hong Ko
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general multi-modal transport s
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otal travel cost (HK$) 3,976,177 3,757,182 
eighted average speed 18.52(km/hr) 19.12(km/hr) 
 8. Optimal Pedestrianisation Scheme 

tion scheme design problem is considered as a discrete multi-
. The design problem is formulated by using a bi-level model: 
ze the total cost of the multi-modal transport system while the 
etwork equilibrium problem. The modal equity constraints are 
ign problem, to balance the benefits or disbenefits to users of 
 the environment with a new pedestrianisation scheme. With 
 level, the interactions between non-motorized and motorized 
in the design problem. A case study on the pedestrianisation 
entral” area in Hong Kong has been presented. The results of 
roposed model can be effectively applied to realistic multi-

rategic planning.  

umption of single user class (such as home-based work trips 
r) has limited the application of the proposed model. The 
l to multiple trip purposes such as work trips, school trips and 
ulated annealing algorithm has been applied for solving the 
aper. Some other approaches such as a genetic algorithm and 
sed for optimization problems can also be considered and 

avel is confined to walking only, which is the dominant non-
ng. Other non-motorized modes such as bicycle may be 
ainland China, so as the models can be applied in a more 

ystem. 
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