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Abstract

To address the problems of difficult coordination between route mileage and service scale and low solution
efficiency in the planning of urban one-way circular microcirculation bus routes, this paper constructs an
objective function model of minimizing comprehensive mileage with penalty values, designs a hybrid solution
strategy integrating ant colony and Dijkstra algorithms, and verifies the effectiveness of the model and
algorithm through numerical examples. The model introduces a penalty value for the mileage of a single route,
abandons the constraints of minimum trip distance and minimum number of stops visited, and retains only the
maximum trip constraint, thereby achieving dynamic coordination between route mileage and service scale
and improving the model’s scenario adaptability. On the solution side, a hybrid ant colony-Dijkstra algorithm
with dynamic origin-destination selection is adopted, combined with a one-step-updated dynamic adjacency
matrix and an automatic elimination strategy for bus stops along the route, significantly improving search
efficiency. During the route construction process, a look-ahead judgment of the trip constraint is introduced,
accurately calculating the accumulated mileage and remaining return distance based on the real-time updated
adjacency matrix, ensuring that each route satisfies the maximum trip limit and eliminating infeasible trip
solutions at the source. The numerical example results show that the model and algorithm can generate optimal
solutions that satisfy the constraints, achieving 100% coverage of bus stops, stable convergence of the
objective function, and excellent solution efficiency and practical applicability.

Keywords — one-way circular microcirculation bus, route optimization model, mileage penalty, Ant Colony-
Dijkstra algorithm, dynamic adjacency matrix

1. Introduction

With the rapid advancement of urbanization and the continuous expansion of urban spatial
layout, coupled with the increasing complexity of traffic scenarios [1], the contradiction between
the construction of urban trunk public transport systems and residents' demand for short-distance
travel has become increasingly prominent. The "last mile" travel dilemma has gradually become a
key bottleneck restricting the improvement of the overall service level of urban public transport and
affecting the resilience of transport networks [2]. Subways, conventional buses and other trunk
public transport systems have formed relatively comprehensive coverage in urban central areas, but
limited by route layouts and stop settings, there are obvious service blind spots in peripheral
communities, industrial parks and areas around transport hubs, where scattered short-distance travel
demands cannot be effectively met, leading to insufficient attractiveness of public transport,
increased use of private cars, and further aggravation of urban traffic congestion and environmental
pollution.
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As an important supplement and supporting mode to urban trunk public transport,
microcirculation bus specifically serves to connect trunk public transport stops with scattered travel
demand points in small areas, featuring short routes, flexible operation and high coverage density,
effectively filling the service gaps of trunk public transport, optimizing the spatial layout of urban
bus networks, and improving the overall transfer efficiency of the bus system. In recent years,
microcirculation bus, as an important measure to achieve integrated urban public transport
development and green travel, has been widely promoted and applied in various cities. However,
in the actual planning and operation process, microcirculation bus still faces many practical
problems, such as insufficiently flexible route design, poor matching with actual travel demand,
and low efficiency of route optimization algorithms. Especially for one-way circular
microcirculation bus routes, which are widely used in urban communities and areas around transport
hubs and favored for their high operational efficiency and strong adaptability to road networks,
traditional planning methods have obvious limitations and are difficult to adapt to the dynamic and
scattered characteristics of short-distance travel demand. Therefore, conducting in-depth research
on optimization models and solution algorithms for one-way circular microcirculation bus routes,
breaking through the rigid constraints of traditional planning models, and improving the
scientificity and efficiency of route planning have important practical application value.

In the field of microcirculation bus planning, scholars have conducted in-depth research on
optimization model construction under different scenarios and corresponding solution algorithm
design for urban short-distance travel demand, yielding rich research results. Du et al. [3]
constructed a microcirculation bus planning model based on spatiotemporal analysis of multi-modal
boarding and alighting demands, and proposed an iterative greedy algorithm to reduce network
transport load for route optimization. Chen et al. [4] established a bi-level mixed-integer
programming model for microcirculation bus route design and frequency coordination considering
shared bicycles, where the upper level minimizes the weighted sum of passenger travel cost and
enterprise operating cost, and the lower level maximizes the number of passengers served, and
developed a Monte Carlo adaptive genetic algorithm to improve solution efficiency and accuracy.
Hu et al. [5] proposed a two-stage algorithm framework for optimizing micro-mobility service areas
to maximize service demand, redefined the shareable graph for static spatial partitioning, and solved
the weighted maximum coverage problem through integer programming, achieving efficient area
division. Jiang et al. [6] proposed a multidimensional decision-making model for identifying
microcirculation bus route areas based on the TOD concept, integrating multiple indicators such as
short-term demand intensity, combined with entropy-weighted TOPSIS and clustering to divide the
planning area into different traffic zones to determine priority deployment areas. Li et al. [7] used
bus IC card, GPS and taxi GPS big data to construct a bi-level programming model for regional
microcirculation bus route optimization, identified low-accessibility areas and candidate stops
through data mining, and used genetic algorithms for route planning. Cao et al. [8] constructed
constraints based on route integrity and capacity, designed a genetic algorithm-based solution
method, and verified its efficiency by comparison with an enumeration algorithm. Xiong et al. [9]
constructed a total cost minimization model for community shuttle bus route optimization
considering user cost and supply cost, optimized routes and headways under demand and budget
constraints, and compared depth-first search with genetic algorithm, proving that the latter has
higher reliability and efficiency. Zhang et al. [10] constructed a two-stage optimization planning
model for rural customized bus routes aiming to minimize operator and passenger costs, designed
a hybrid algorithm of bat algorithm and adaptive particle swarm optimization, and verified its
superiority through a real rural road network case. Yanik et al. [11] constructed a multi-objective
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bus route optimization model including short-turn patterns to minimize overcapacity, undercapacity
and passenger time cost, verified the significant benefits of short-turn strategies through real cases,
providing new ideas for flexible route design. Zhu et al. [12] established a potential demand model
for feeder buses to urban rail transit, constructed a circular line model with rail stations as origins
and destinations, and used genetic algorithms for route design, verifying feasibility through the
Weifang community case in Shanghai. Guo et al. [13] constructed a bi-objective optimization model
for high-speed rail feeder bus routes, with objectives of maximizing service demand and minimizing
route length, used the e-constraint method to generate exact Pareto optimal solutions, and analyzed
the impact of maximum walking distance on the solutions. Hu et al. [14] proposed a bi-level mixed-
integer programming model for the coordinated design of feeder buses and shared bicycles,
developed an improved genetic algorithm embedded with fixed-point iteration for large networks,
and compared joint planning with separate planning. Gao et al. [15] constructed a three-dimensional
multi-objective feeder bus network optimization model considering elastic demand, proposed an
improved NSGA-II algorithm with innovative encoding and adaptive parameters, and verified its
good convergence and solution distribution performance through simulation. Wang et al. [16]
constructed a dynamic optimization model for rural microcirculation bus networks based on a bi-
level programming framework, where the upper level uses the Floyd algorithm to optimize node
topology and the lower level uses an improved Logit model for stochastic user equilibrium
assignment. Su et al. [17] constructed a bi-level multi-objective model for shared microcirculation
bus route and frequency planning, where the upper level maximizes passenger flow and minimizes
operating cost, using a customized NSGA-II to generate Pareto optimal solutions, and verified the
model effectiveness through a case study. Fang et al. [18] analyzed metro feeder travel demand
based on IC card big data, determined candidate stops through K-means clustering, constructed an
optimization model minimizing the sum of resident cost and operating cost under multiple
constraints, and used a genetic algorithm to solve the optimal circular route. Chen et al. [19]
proposed a microcirculation transport network design model for arterial traffic diversion, aiming to
minimize reconstruction cost and land occupation, transformed the mixed network design problem
into a discrete problem through discretization, and used genetic algorithms for layout optimization.

Although the above studies have formed a relatively comprehensive theory and technology
system for microcirculation bus planning from aspects such as multi-scenario model construction
and multi-type algorithm design, laying a solid foundation for the development and application of
microcirculation bus, there are still obvious deficiencies in specialized research on one-way circular
microcirculation bus routes. Scholars have conducted extensive research on rigid constraint
optimization models for microcirculation bus, and have made multiple improvements and
innovations in genetic algorithms and their hybrid algorithms for solving the models, but there are
few studies on flexible constraint optimization models with mileage penalty values for one-way
circular routes. In terms of algorithm design, existing research mainly focuses on the improvement
and application of traditional intelligent algorithms, and studies on dynamic updating of adjacency
matrices and dynamic selection of origins in the optimization of one-way circular microcirculation
bus routes are relatively rare.

In view of the deficiencies in existing research on one-way circular microcirculation bus routes,
this paper takes one-way circular microcirculation bus as the research object, conducts in-depth
research on the construction of its optimization model and the design of solution algorithms,
focusing on solving the rigid constraint problem of traditional models and the low efficiency of
algorithm solution, so as to improve the scientificity and flexibility of one-way circular
microcirculation bus route planning.
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2. Model construction
2.1. Assumptions

The microcirculation bus routes studied in this paper adopt a one-way circular operation mode.
The following assumptions are made in the modeling and optimization process:

(1) In the modeling, only the spatial locations of stops are considered, without pre-distinguishing
whether a stop is located on the left or right side of the road. After the route direction is determined,
all stops are uniformly placed on the right side of the vehicle travel direction to comply with the
actual operation norm of right-hand driving.

(2) The route distance is calculated solely based on the spatial coordinates of stops and the road
network topology, without considering minor mileage deviations caused by the left-right positional
differences of stops.

(3) To align with the actual operation habit of right-hand driving for one-way circular
microcirculation buses in Chinese cities, this paper uniformly adopts the clockwise direction as the
final route travel direction. If the stop sequence output by the optimization algorithm is
counterclockwise, only a reverse order reversal of the sequence is needed to obtain a clockwise
route scheme that conforms to actual operation rules, without affecting the rationality of the model
or the validity of the results.

(4) The connectivity of the road network within the study area is fixed, and the direct
connectivity relationships between nodes as well as node coordinates are known constants. The
impacts of dynamic traffic conditions such as road construction and traffic congestion on travel are
not considered in the modeling and solution process.

(5) All bus stops have basic stopping conditions and can meet the stopping and passenger flow
distribution demands of microcirculation buses, with no restrictions on stop capacity or stopping
duration.

(6) Microcirculation bus routes only travel between the planned road network nodes within the
study area, do not cross the study area boundary, and vehicles only pick up and drop off passengers
at bus stops. Traffic nodes serve only as transit passage nodes and do not function as passenger
distribution points.

2.2. Variable and parameter definition

The set of candidate origin-destination bus stops for one-way circular microcirculation bus
routes is U; = {1,2, ..., m;}. When constructing a route, each circular route selects only one stop
from U; as its sole origin-destination stop; the remaining stops in this set that are not selected as the
origin-destination stop can still be included in the route, but only as ordinary passing stops without
functioning as origin-destination stops. The set of rail transit feeder bus stops is U, = {m; +
1,my + 2, ...,m,}, the set of arterial road feeder bus stops is U3 = {m, + 1,m, + 2, ...,m3}, and
the set of general bus stops is U, = {m3 + 1,m3 + 2, ..., m,}. The set of all bus stopsis U = U; U
U, U U; U U,. The set of traffic nodes is V = {m, + 1,my + 2, ..., n}. Let W represent the set of
road network nodes, which includes both bus stops and traffic nodes, i.e., W = U U V.

Let i, j be node indices. Let k be the index of a bus route, and the set of bus routes is K =
{1,2, ..., Kiax}, where K, denotes the maximum allowable number of bus routes. This parameter
is only used to limit the scale of routes; in the actual execution of the algorithm, the number of
routes is dynamically generated through the iterative process (until all bus stops are traversed).
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l-’fj is a 0-1 variable indicating whether the k-th route selects the segment from node i to node

j. If yes, the value is 1; otherwise, 0. y* is a 0-1 variable indicating whether the k-th route is
operated. If yes, the value is 1; otherwise, 0. y¥ is a 0-1 variable specifying whether bus route k
passes through node i; if yes, the value is 1; otherwise, 0.

¥ij is a road network connectivity parameter. If a directly connected segment exists between
node i and node j, then y; ; = 1; otherwise, y; ; = 0. [; ; denotes the path distance from node i to
node j.

M is a large constant. y; and y, are given positive integers satisfying 1 < y; < |U,|and 1 <
Y2 < |Usl.

A is the mileage penalty value for a single route, with physical unit in meters. For each newly
added operating route, a fixed mileage penalty value A is added to the objective function, thereby
suppressing excessive growth in the number of routes and achieving collaborative optimization
between route mileage and route scale.

H,, denotes the set of all nodes traversed by route k.

Lnax 1s the maximum allowable travel mileage for a route.

X

2.3. Objective function and constraint construction

The comprehensive mileage minimization objective function in this paper can be expressed as
Equation (1). The constraints are given in Equations (2)-(14).

minZ =3 xf 1 +1> (1)

oS e
yl.k < yk Vk,NieW @
X<V VRN jew ©)
X, <y, VkYi,jeWw 4)
k;( yE>1 VieU )

1-M(1-y")< > ¥k vk (6)
i0,
y-M(1-)") S; v vk e
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Zx;j.:ylf Vk,NbeW (11)
jew
H, ={ieW|y' =1} Vk (12)
> Y.xi, <D|-1 VYDOH,,D=+DVk (13)
ieD jeD
X vyt e {01} (14)

Equations (2)-(3) are route-node association constraints. Equation (2) indicates that only when
route k is operated (y* = 1) can node i be assigned to that route. Equation (3) indicates that only
when node i is assigned to route k (y¥ = 1) can route k pass through the segment from i to j
(x{f]- = 1). Equation (4) is the road network connectivity constraint. Its core function is to restrict
bus routes to travel only on existing road segments. Only when a directly connected physical
segment exists between node i and node j (i.e., y; ; = 1) can route k select the segment from i to j
(ie., x{fj can take the value 1). Equation (5) is the bus stop coverage constraint. All bus stops in set
U are visited at least once by an operated bus route, ensuring full coverage of bus service. Equations
(6)-(8) are route stop composition constraints, where M is a large constant; when y* = 0 the
constraints are automatically relaxed; when y* = 1 the constraints take effect. Equation (6): if route
k is operated (y* = 1), it must include at least one stop from the candidate origin-destination stop
set U;. Equation (7): if route k is operated, it must include at least y; stops from the rail transit
feeder stop set U,. Equation (8): if route k is operated, it must include at least y, stops from the
arterial road feeder stop set U;. Equation (9) is the maximum travel mileage constraint for a single
route. The total travel mileage of a single bus route shall not exceed the prescribed upper limit L, .y,
ensuring route operational efficiency and feasibility. Equations (10)-(11) are flow conservation
constraints. For any node b traversed by route k (v = 1), the number of incoming segments equals
the number of outgoing segments, both equal to 1, ensuring the circular structure and path continuity
of the route; if node b is not traversed by route k (y£ = 0), both incoming and outgoing numbers
are 0. Equation (12) defines the set of route nodes. It defines H, as the set of all nodes traversed by
route k, i.e., the set of all nodes i with y} = 1. Equation (13) is the subtour elimination constraint.
It eliminates subtours in route k, ensuring that the route has a single circular structure. For any non-
empty proper subset D of H,,, the number of internal segments does not exceed |D| — 1, avoiding
the formation of local closed loops. Equation (14) is the variable type constraint. All decision
variables are 0-1 binary variables.

3. Solution method

Let t denote the iteration round, with the range t = 1,2, ..., T; let s denote the ant index, with
s =1,2,...,c. Let f denote the number of steps of stops already selected by an ant during route
construction, with f = 1,2, ..., where f = 1 indicates that the ant has completed the selection of the
first stop (origin-destination stop). Unless otherwise specified, the ranges of t, s, f in this chapter
follow the above conventions and will not be further explained. Also define K/ as the number of
routes actually constructed by the s-th ant in the t-th iteration. In this chapter, the range of route
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index k is k = 1,2, ..., K{s. Unless otherwise specified, the range of k in this chapter follows the

above convention. Define the set Ufy ;f , which denotes the set of remaining target bus stops available
for the next step when the s-th ant has taken f steps forward in constructing route k during the t-th

iteration. In the initial state, let U; ’50 = U, indicating that in the t-th iteration, ant s is at the initial
state of constructing the first route, where all bus stops are selectable. Define Uf‘so as the set of all

bus stops that remain unvisited and can be used to construct the k-th route after the s-th ant
completes the construction of the (k — 1)-th route in the t-th iteration.

3.1. Selection method for origin-destination stops

To quantify the spatial aggregation advantage of candidate origin-destination stops, for the k-th
route constructed by any ant s in any iteration round ¢, the heuristic function for selecting node i as
the origin-destination stop is defined as 1;(t,s, k), which measures the spatial suitability of
candidate origin-destination point i as the origin-destination stop for that route. Its calculation
formulas are shown in Equations (15)-(17):

. 5 ’k == ] U
n;(t,s,k) Tk ielU, (15)
- 1
d(t,s,k)=—=—— > d ieU, (16)
| U,If;o \{i} | jeUl ’
oy G T O iU a

Equation (15) is the heuristic function for selecting the origin-destination stop of a route. Here,
d;(t, s, k) represents, when ant s selects the origin-destination stop for route k in the t-th iteration,
the average Euclidean distance from candidate origin-destination point i to all currently unvisited
bus nodes. If the candidate starting point { itself is included in the set of unvisited bus stops, it is
excluded from the distance calculation.

Equation (16) is the calculation formula for d;(t,s, k). d; j denotes the Euclidean distance
between node i and node ;.

Equation (17) is the calculation formula for d; ;. In this formula, x;, y; are respectively the
abscissa and ordinate of bus node i; x;, y; are respectively the abscissa and ordinate of bus node j.

Define P;(t, s, k) as the probability that bus stop i is selected as the origin-destination stop,
meaning: in the t-th iteration, ant s selects bus stop i as the origin-destination stop for route k. The
calculation formula is shown in Equation (18). In actual solution, a selection interval is constructed
according to this probability distribution, and random sampling is performed using the roulette
wheel strategy, thereby determining the origin-destination stop of route k in this iteration.

(t,8,k
P,-(t,s,k) :M iel,
2. M (t:5.k) (18)
aelUy
Define vgfp‘k as the selected origin-destination stop when the s-th ant constructs route k in the

t-th iteration. Define E;f ’Sf as a sequence recording all nodes (including bus stops and traffic nodes)
passed by ant s after taking f steps forward while constructing route k in the t-th iteration. After
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the origin-destination stop is determined, i.e., the ant advances one step, «f,f'sl = (vﬁé;'k), and the set

of bus stops to be visited U;‘; is updated as: U;f’sl = Ut’fgo\{vg';k }.

3.2. Selection method for target bus stops

Define 7; ; as the heuristic function from the current stop i to the candidate target bus stop j,
with its expression shown in Equation (19).

1
m,=— Jjeu (19)
y d[’j

Define P; j(t,s, k, ) as the state transition probability that, in the t-th iteration, when ant s has
taken f steps forward in constructing route k and is currently at bus stop i, it selects the next target
stop j to visit from the current stop i. The calculation formula for P; ;(t,s,k, f) is shown in
Equation (20). In actual solution, instead of directly selecting the stop with the highest probability,
random sampling is performed using the roulette wheel method based on the state transition
probability distribution to determine the next bus stop j to visit.

a p
[Ti,_j ®)] [771',_/‘] : e Utk’f
7., (O] [n: s
P (t,s,k, )= ) %J[ in O 1] 20)
€ t,s
0 otherwise

In Equation (20), 7; ;(t) represents the pheromone concentration on edge (i,j) in the t-th
iteration. « is the pheromone importance factor, controlling the influence weight of historical path
experience (a > 0). f is the heuristic function importance factor, controlling the influence weight
of spatial proximity (8 > 0).

The pheromone concentration update formulas for edge (i, j) are shown in Equations (21)-(23).

T, (t+)=(1=-p)r (D+D A%, 0<p<l i, jeU (21)
s=1
K,
Azl =3 ATt 0 jeU (22)
k=1
= 9 Route k passes through edge (i, j).
AT =3 L (ts k) + A K] i,jeU (23)
k'=1
0 otherwise

In Equation (21), A‘[it’ JS represents the total pheromone increment released by ant s on edge (i, j)
in the t-th iteration, which is calculated by Equation (22). p is the pheromone evaporation factor
(0 < p < 1), representing the proportion of pheromone that evaporates in each iteration. In
Equation (22), A‘rit_ }S k represents the pheromone increment released by ant s on edge (i, ) when
constructing route k in the t-th iteration, which is calculated by Equation (23). In Equation (23),
Liota (8, 5, k") denotes the total length of the k'-th bus route constructed by the s-th ant in the t-th

-10 -
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iteration; Q is the preset total pheromone constant, used to control the total scale of pheromone
released in a single iteration.

3.3. Path selection between bus stops and actual distance calculation

After the origin-destination stop of a route is determined in Section 3.1 and the target bus stop
to visit is determined in Section 3.2, since bus stops are often not directly connected and require
transit through several nodes to achieve connectivity, it is necessary to construct a path selection
scheme between bus stops and calculate the corresponding actual travel distance.

In this paper, the Dijkstra algorithm is adopted to solve the path selection problem between bus
stops and to determine the path. The specific algorithm description is as follows.

Define vct{lf’k'f as the current bus stop where ant s is located after taking f steps forward while
constructing route k in the t-th iteration. When f = 1, the current bus stop is the origin-destination

- tsk o tSKf Lk,
stop, i.e., Vit = v vy T is the preselected next target stop from the current bus stop v/

by ant s.

Define the dynamic adjacency matrix A’f; = [a;;(t, s,k f)], where AI;! represents the
dynamic adjacency matrix after ant s has taken f steps in constructing the k-th route in the t-th
iteration, and a; j (t,s,k, f) is an element of this matrix, indicating the travel distance from node i
to node j in the current state, with i,j € W. When f = 1, it indicates that ant s is at the starting
point, corresponding to the initial state of path search, and the elements of the dynamic adjacency
matrix a; ;(t, s, k, 1) are reset to the static initial values a; ;, i.e., a; ; (¢, s, k,1) = a; ;. This serves
as the initial condition for constructing this route. Here, a; ; is the initial travel distance from node
[ to node j, and the value of a; ; is given by Equation (24). The meaning of this equation is: if node
i and node j are directly connected, then take the actual segment length [;
indicating impassability.

j»> otherwise, take oo,

L.y, =1
a, :{ S i,jew (24)
© Y=
Define the shortest path function as Dijkstra(vctl’;‘k’f , vtg‘rs’k‘f , A’;Sf ) The mathematical meaning
of this function is: taking vfﬁf'k’f as the starting point and vtfi‘rs kI as the ending point, based on the

. . k.f
adjacency matrix A, ,
to the starting point and updates the shortest path estimation value for each node, finally obtaining

. . tskf | tsk,
the unique shortest distance D(v&s™,vis*r

through a greedy strategy that sequentially selects the unvisited node closest

,AI;'! ) and the shortest path sequence

W(vf{l‘:’k'f , vtfi'f kot A’;! ) Its calculation process can be expressed as Equation (25).

(DO Wt Al it af)) =Difkstray vt A @9)

cur > Vtar cur > Vtar cur
vt,s,k,f

t.s.k.f
’ Ytar

The sequence W(vcur ,AI;'! ) contains all nodes (including bus nodes and traffic nodes)

t,s.k, t,sk, : s Sk, :
passed from v, T to v T The first element of this sequence is U, f , and the last element is

t.sk, : L5k, .Sk, k, t,s,k, t.sk, k,
Vigr T Meanwhile, denote W’(vCLlr S LSkl ,At; ) as the subsequence of W(vCur I ptshr ,At_;c

’ Ytar » “tar
after removing the first element. Denote W(vfﬁf‘k'f pisks ,A’;{ ) as the set of all elements in the

» Ytar
tskf tskf akf
sequence W(vcur Ve Ags )-
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3.4. Mileage constraint judgment and route construction

Define L,..(t, s, k, f) as the accumulated mileage of the s-th ant, the k-th route, after taking f
steps forward in the t-th iteration. When constructing each route, the selected origin-destination
stop is taken as the first step, and the accumulated mileage at the starting point is recorded as 0, i.¢.,
Lo (t,s,k, 1) = 0.

V. must satisfy Equation (26) to be a feasible target stop. Equation (26) is the maximum trip
constraint.

Ly (6.5, )+ D (v vt 4l )+ D (vt v 4l ) < L, (26)

cur ’ tar > “,s tar ’ dep > “,s

If vt;s 7T satisfies the condition of Equation (26), it is a feasible target stop and can proceed to

step f + 1, 1.e.

Lo (t.5.k, f +1) =L (t,5.k, )+ D (v v, 45 ) @7)
Var T =t (28)
. 17 ,8,k, ,8,k k, ,8,k,
a .([Skf+1): 0 ZGW(V(t;ur f’ ttar o A f)\Vttar ijW (29)
A a; ;(t,s,k, f) otherwise

: 0 JeW LS yeskt Ak ’)
a; ;(t,s.k, f+1) = ew (30)
’ a; ;(t,s,k, f) otherwise
Af;f*l :[a[j(t,s,k,f+l)] l,] eWw (31)
UL =0 et vt AL (32)
kSl _ skof sk gk f
gt’s T= || w (V(t:ur > ttar A ) (33)

Equation (27) is used to calculate the accumulated mileage of the ant at step f + 1. Equation
(28) is used to update the currently selected target node as the current node at step f + 1. Equations
(29)-(30) update the elements of the adjacency matrix corresponding to step f + 1; their combined
effect is: for nodes in the set W (viy™’, vi, A¥), only the target stop v is allowed to have
one-way outward travel, no node is allowed to enter the target stop from any dlrection, and all other
nodes in the set are prohibited from two-way travel; the remaining nodes not in the set retain their
original accessibility. Equation (31) implements the overall update of the adjacency matrix for step
f + 1. Equation (32) serves to delete visited bus stops. The deletion strategy is: remove all bus stops
along the entire path from the current stop to the target stop at once, rather than removing only the
target stop. In this way, the scale of candidate stops at each step of the algorithm is greatly reduced,
the search space is effectively decreased, and the overall solution efficiency is significantly
improved. Equation (33) is the path sequence concatenation operation. In the equation, "||" denotes
the sequence concatenation operation, through which the original path is merged with the newly
extended subpath, finally forming the complete path sequence of the ant after taking step f + 1.
The innovation of this concatenation operation is that it does not simply directly add the target stop
to the path, but concatenates all nodes (including bus stops and traffic nodes) along the path from
the current stop to the target stop as a whole into the path, thereby constructing a complete feasible
path that conforms to the actual road network.
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Ifv2s *7T does not satisfy the condition of Equation (26), then ant s is directly made to return

from the current node vf{j’k'f to the origin-destination stop, forming a complete closed circular route
k, and the construction of this route k is thus completed. The calculation of the total mileage of
route k is shown in Equation (34), the complete path expression is shown in Equation (35), and the
method for updating the initial set of unvisited bus nodes for the (k + 1)-th route constructed by

ant s in the t-th iteration is shown in Equation (36).

Ly (t:5,6) = Lo (£, f)+ D(vir™ vk, 45 (34)
&= NI v AR (33)
U =UR AW (vt vk 45 (36)

Equation (34) is used to calculate the total travel mileage of the current closed route k. In
Equation (35), féfs represents the complete path sequence of the k-th bus route constructed by ant
s in the t-th iteration. The function of this equation is to complete the concatenation of the full path
for the current route k, merging the sequence of traveled nodes with the path sequence returning to
the origin-destination stop, thereby generating a closed circular route to record all nodes traversed
by route k. Equation (36) updates the set of unvisited bus stops: it removes the bus stops covered
by the path returning to the origin-destination stop from the current set of unvisited stops, obtaining
the initial set of unvisited stops for constructing the next route, providing the set of available stops
for subsequent ant iterations to build new routes.

When Ut’f ;f = @, it indicates that the s-th ant has completed the construction of all bus routes,
and the current k is the actual total number of routes K.

3.5. Judgment of number of feeder stops and number of operated routes

In the same iteration, the judgment of the number of feeder stops is performed uniformly after
all ants have completed the construction of bus routes. Define the traffic node removal function as
ﬁlter(fé‘,s, V). The mathematical meaning of this function is: remove all traffic nodes contained in
set VV from the original path sequence Elfs, retain only bus stops while preserving the original order
of bus stops in the sequence, and finally output the filtered subsequence &, i.e., £¥; = filter(&£, V).

Denote E_Z‘S as the set of all elements in the sequence Ef_s. If the number of rail transit feeder stops

of route k satisfies Equation (37) and the number of arterial road feeder stops satisfies Equation
(38), then route k meets the requirements; otherwise, it does not meet the requirements. If the k-th
bus route constructed by the s-th ant does not meet the requirements, then all bus routes constructed
by that ant are discarded. The actual number of routes K/ constructed by the s-th ant in the t-th
iteration must satisfy the constraint of Equation (39), i.e., the actual number of routes is not greater
than the maximum allowable number of routes Kj,,x. Routes that do not satisfy this constraint are
directly discarded.

—k
A 6
| gfs NU; 127, ©8)
K:S S Kmax (39)
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4. Case study analysis
4.1. Basic data
4.1.1. Road network structure

Figure 1 shows the road network topology of the study area, comprising a total of 80 nodes,
with nodes connected by straight line segments to represent physical adjacency relationships. Based
on functional attributes, nodes are divided into two categories: one category is bus stops, identified
by hollow circles, numbered 1 to 29; the other category is traffic nodes, identified by solid black
dots, numbered 30 to 80. Among these, bus stops are further subdivided into four types: numbers 1
to 4 are candidate origin-destination stops, 5 to 8 are rail transit feeder stops, 9 to 12 are arterial
road feeder stops, and 13 to 29 are ordinary bus stops within the area. Traffic nodes are physical
intersections of the road network and do not serve passenger distribution functions. In Figure 1, if
a direct connecting edge exists between two nodes, they are considered adjacent and direct travel is
possible (i.e., ¥; ; = 1); if travel can only be achieved via transit through other nodes, they are

considered non-adjacent (i.e., y; ; = 0).

12 8

Fig. 1 - Road network diagram

4.1.2. Relevant parameter values

The relevant parameter values of the model and algorithm in this paper are shown in Table 1.

Tab. 1 - Relevant parameter values

c a ﬁ p Q T Lmax V1 V2 A Kmax
60 1 5 0.2 20000 100 5500 1 1 2000 10
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4.1.3. Node coordinates

The spatial coordinate parameters of each node are shown in Table 2. These coordinates are
model coordinates used for model construction and are not actual geographic coordinates. When a
directly connected relationship exists between two nodes (i.e., ¥; ; = 1), the value of ; ; can be
accurately calculated from their coordinates using the Euclidean distance formula, with the
calculation result in meters.

Tab. 2 - Spatial coordinates of each node

No. Xi Vi No. Xi Vi No. X Vi

1 1164.526 715.479 28 1341.357 361.165 55 845.822 728.608
2 558.167 460.405 29 1334.907 706.961 56 847.394 572.088
3 846.901 628.375 30 11.74 1137.235 57 850.091 348.107
4 954.441 351.109 31 7.407 852.586 58 851.143 260.7
5 281.644 109.932 32 0.007 366.478 59 854.124 13.118
6 375.348 4.432 33 141.198 326.738 60 957.185 724.005
7 1197.455 18.973 34 150.135 1.227 61 961.282 607.976
8 958.528 1131.426 35 273.46 1135.625 62 1018.568 1053.772
9 755.389 11.434 36 274.25 853.858 63 1119.964 716.936
10 1486.597 264.144 37 276.003 820.512 64 1121.888 609.877
11 1529.657 788.505 38 278.195 548.818 65 1123.73 507.363
12 335.328 1135.686 39 279.955 330.718 66 1126.46 355.443
13 10.332 1044.738 40 282.861 2.756 67 1132.522 18.168
14 6.656 803.262 41 556.989 841.381 68 1266.61 776.609
15 4.252 645.345 42 557.828 740.51 69 1415.724 755.031
16 49.471 352.055 43 558.203 551.078 70 1445.591 703.821
17 603.017 738.642 44 560.236 338.835 71 1522.465 700.644
18 558.606 640.085 45 563.746 160.883 72 1424.683 477.514
19 508.246 337.267 46 565.384 7.906 73 1503.44 466.603
20 562.414 72.26 47 672.729 481.902 74 1276.704 359.396
21 765.014 255.107 48 668.271 342.291 75 1306.05 360.168
22 852.884 116.108 49 665.247 247.614 76 1495.203 365.578
23 883.296 727.059 50 708.483 734.284 77 1312.925 21.44
24 1130.404 136.283 51 712.929 570.815 78 1467.481 24.244
25 1121.283 569.173 52 714.69 506.375 79 913.022 572.709
26 1074.019 718.225 53 840.65 1132.137 80 1557.183 1127.729
27 1237.006 475.207 54 842.967 951.356

4.2. Calculation results

Through iterative solution of the algorithm, the minimum objective function value obtained in
this paper is 13689.29 meters. This optimal scheme consists of two circular microcirculation bus
routes, with Route 1 having a mileage of 4375.29 meters and Route 2 having a mileage of 5314
meters, resulting in a total travel mileage of 9689.29 meters for the two routes. Meanwhile, as the
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penalty value for each route is set to 2000 meters, the total penalty term for the routes amounts to
4000 meters, ultimately yielding a global optimal objective function value of 13689.29 meters.

The travel path of Route 1is: 2 - 43 —» 18 - 42 — 17 — 50 — 55 — 23 — 60 — 26 — 63
—64-525-565-027T-74>575->28—576-510—-78 577 >7 > 67 =24 > 66 >4
—57—>558—21—>49—-45—-20—-46 >6 —>40—>5—> 39 — 19 — 44 — 2. This travel path
includes both bus stops and traffic nodes. After removing the traffic nodes, the bus stop visit
sequence of Route 1 is as follows: 2 —» 18 » 17 523 - 26 525 —>27 —>28 > 10> 7 — 24
—4—>21 >20—>6 —>5— 19 — 2. Route | contains a total of 17 bus stops, including 3 rail
transit feeder stops and 1 arterial road feeder stop. The alignment of Route 1 in the road network is
shown in Figure 2.

Bus route map

'30 35912 53 B 80

1000

Y-coordinate

0 500 1000 1500
X-coordinate

Fig. 2 - Path diagram of bus Route 1

The travel path of Route 2 is: 3 — 56 - 57 558 22 559 59 > 46 - 6 — 40 —» 34 —
33-516—-532—-515-514—-31-13-30-35-12—-553—-58—-80—-11—->71 >70—
29 - 1— 63 - 26 - 60 — 23 — 55 — 3. This travel path also includes both bus stops and traffic
nodes. After removing the traffic nodes, the bus stop visit sequence of Route 2 is as follows: 3 —
22—-59—>56—->16—-15—-14—->513—>512—>8—>11 529 —>1— 26 — 23 — 3. Route 2
contains a total of 15 bus stops, including 2 rail transit feeder stops and 3 arterial road feeder stops.
The alignment of Route 2 in the road network is shown in Figure 3.

Bus route map

Y 35T 53 8 80
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Fig. 3 - Path diagram of bus Route 2
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Combining the stop coverage of Route 1 and Route 2, the two routes have achieved full coverage
of all bus stops numbered 1 to 29, with an overall bus stop coverage rate of 100%. The bus stops
repeatedly covered by both routes are No. 6, No. 23, and No. 26, totaling 3 stops, with a repetition
rate of approximately 10.34%. For bus stops covered by both routes, the stopping strategy can be
further optimized in subsequent operational scheduling based on stop spacing and passenger flow
characteristics. The optimization of bus stop operations is beyond the scope of this paper and will
not be discussed in depth.

The convergence curve of the algorithm calculation process is shown in Figure 4. This figure
illustrates the convergence curve of the objective function value during the algorithm iteration
process, with the horizontal axis representing the number of iterations and the vertical axis
representing the objective function value, intuitively reflecting the optimization efficiency and
convergence stability of the algorithm.

Convergence curve

1.55

Objective function value

0 10 20 30 40 50 60 70 80 90 100
Iteration count

Fig. 4 - Convergence diagram of the optimal solution

5. Conclusion

This paper takes urban one-way circular microcirculation bus routes as the research object,
focuses on core issues such as the collaborative optimization of route mileage and scale, and
improvement of solution efficiency in route planning, constructs an objective function model of
comprehensive mileage minimization with penalty values, designs a hybrid solution strategy
combining ant colony algorithm and Dijkstra algorithm, and verifies the effectiveness and
feasibility of the model and algorithm through actual numerical examples. The core innovations of
this paper are reflected in two aspects: model construction and solution strategy design, as follows:

(1) A flexible constraint optimization model based on penalty values is constructed to achieve
collaborative optimization of route mileage and scale. Breaking through the limitations of
traditional planning models that set minimum trip distance and minimum number of stops visited
constraints, a single-route mileage penalty value A is introduced into the objective function. By
imposing a penalty value on newly added routes, the growth in the number of routes is suppressed,
achieving a dynamic collaborative balance between total route mileage and service scale. The model
retains only the maximum trip hard constraint and abandons the minimum trip constraint,
effectively avoiding the problems of no solution or unreasonable route detours caused by improper
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setting of minimum trip parameters. At the same time, the removal of the minimum number of stops
visited constraint avoids conflicts with the maximum trip constraint, greatly enhancing the model’s
adaptability and generalization capability for different road network scenarios.

(2) A hybrid ant colony-Dijkstra solution framework with dynamic origin-destination stops is
designed to adapt to dynamic road network topology. Abandoning the fixed origin-destination stop
design of traditional algorithms, this paper constructs a probabilistic model based on heuristic
functions to achieve dynamic and intelligent selection of bus origin-destination stops, better
aligning with the actual operational needs of microcirculation bus. The ant colony algorithm and
Dijkstra algorithm are deeply integrated, utilizing the ant colony algorithm for global search of
target stops and the Dijkstra algorithm for solving the shortest path between stops based on the
current adjacency matrix, balancing the global optimization capability and local path optimization
capability of the algorithm.

(3) A dynamic adjacency matrix and along-route node elimination strategy are proposed,
significantly improving algorithm solution efficiency. A one-step-updated dynamic adjacency
matrix mechanism is designed; each time an ant completes a stop selection, the adjacency matrix is
immediately updated and visited nodes are eliminated to prevent repeated node visits. Meanwhile,
unvisited bus stops along the shortest path from the current stop to the selected stop are also marked
as visited and removed from the set of stops to be visited, reducing the scale of stops to be visited
and reducing computational load at the source.

(4) A look-ahead judgment mechanism for trip constraints is introduced to eliminate infeasible
trip solutions at the source and ensure route trip feasibility. When the ant selects a target stop at
each step, a look-ahead judgment logic is introduced to calculate in real time the current
accumulated mileage, the shortest distance from the current stop to the target stop based on the
current adjacency matrix, and the actual shortest distance from the target stop to the origin-
destination stop calculated based on the updated adjacency matrix after the target stop has been
selected and all visited nodes between the current stop and the target stop have been removed. The
sum of these three values is then verified against the maximum trip constraint. Path construction
continues only when the constraint is satisfied; otherwise, the ant immediately returns from the
current stop to the origin-destination stop to form a closed route, ensuring that all generated initial
paths strictly satisfy the maximum trip constraint, fundamentally reducing the generation of
infeasible solutions, reducing computational redundancy, and improving algorithm stability and
solution efficiency.

The research results of this paper provide new ideas and methods for the planning of urban
circular microcirculation bus routes. The flexible constraint optimization model and efficient hybrid
solution algorithm constructed effectively solve practical planning challenges such as the
collaborative optimization of route mileage and scale, and infeasible solution redundancy. The
relevant methods and conclusions possess certain engineering application value and significance
for promotion.
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