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Abstract

Aiming at the prominent problems of the spatial decoupling of road networks and functional facilities
and the lack of group-differentiated quantitative support in the evaluation of barrier-free moving lines
in the aging reconstruction of existing communities, this study constructs a community barrier-free
accessible route evaluation and optimization model integrating point of interest (POI) data, space syntax
and multi-objective optimization. Firstly, the importance weights of medical and healthcare, life service,
and social leisure POIs and the Gaussian distance-decay effect are introduced into the space syntax line
segment model, and the POI-weighted integration index is proposed, so that the centrality of the road
structure and the attraction of facility functions can be expressed within the same framework. Secondly,
based on 238 questionnaires and travel trajectory data of the elderly, a hierarchical behavioral
impedance matrix was established for three groups: high-activity group, low-activity group, and
wheelchair-dependent group. Walking speed, slope tolerance, continuous walking distance, and visual
continuity were included in the multidimensional accessibility measurement. Furthermore, node
addition, road widening, and discontinuity connection are coded as hybrid decision variables. In order
to maximize POI weighted integration degree and facility coverage degree and minimize renovation
cost, an improved non-dominated ranking genetic algorithm (mNSGA-II) is proposed. The
demand-hierarchical Pareto ordering, spatial connectivity repair operator, and POI gravitational-field
initialization strategy are introduced. The case community verification shows that the fitting coefficient
of the complete model for the actual travel heat of the elderly is 0.791, which is 64.1% higher than that
of the traditional space syntax model. The Pareto frontier solution set obtained by mNSGA-II improves
by 43.0% and 9.1% in the inverted generational distance (IGD) and hypervolume (HV) metrics
compared with the standard NSGA-II, respectively, and reduces the group payoff gap by 75.0%. After
the optimization, the balanced scheme improves the POI-weighted integration degree by 18.1%, the
proportion of wheelchair accessible road network by 21.2 percentage points, and the spatial fairness by
31.5%. This study provides a set of quantifiable, verifiable and traceable system optimization tools for
community aging environment design.
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1. INTRODUCTION

This study addresses the critical gap in age-friendly community renovation by shifting the focus
from isolated facility upgrades to the optimization of continuous barrier-free accessible routes.
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Recognizing that existing evaluations often separate road network analysis from facility distribution
and rarely account for the diverse mobility levels of older adults, this research develops an integrated
framework combining POI-weighted space syntax, a hierarchical demand matrix (differentiating high-
activity, low-activity, and wheelchair-dependent groups), and a multi-objective optimization algorithm.
The core innovation lies in embedding facility service capacity and distance decay into spatial topology
calculations, enabling the simultaneous diagnosis of two distinct problem types: “structurally
convenient but facility-poor” and “facility-rich but difficult to access.”

To operationalize this, the study transforms renovation actions—such as node addition, road
widening, and path reconnection—into computable variables [1],[2]. An improved Pareto-based
optimization is then applied to generate trade-off solutions that maximize POI-weighted integration and
facility coverage while minimizing construction costs. Unlike conventional empirical or satisfaction-
based approaches, this model provides a verifiable and traceable quantitative basis for decision-making
[31.141,[5].

Ultimately, the research aims not to replace designer intuition but to offer a systematic, evidence-
driven tool that supports multi-objective trade-offs under budget and spatial constraints. By aligning
route planning with the real travel chains and physical capacities of elderly residents, this framework
facilitates a transition from piecemeal repairs to holistic network-wide optimization, ensuring that
renovation efforts are both equitable and effective for all aging populations.

2.MODEL CONSTRUCTION: POI WEIGHTED SPACE SYNTAX
AND MULTI-LEVEL ACCESSIBILITY MEASURE

This study adopts the segment model as the fundamental analytical unit of space syntax, as it
captures the fine-grained road network characteristics within communities through angular distance
while enabling the application of analytical results to specific renovation segments [6]. To balance
directional continuity and actual walking length, a generalized path impedance integrating angular
distance, topological steps, and metric distance is employed:

Traditional syntactic models assume homogeneous attractiveness across spatial nodes, failing to
distinguish between '"structurally central but facility-poor" and "facility-rich but structurally
inaccessible" conditions. Therefore, POI data are introduced to enrich the model.

POI data undergo multi-source integration, deduplication, entrance matching, and age-friendly
reclassification into three categories: medical and healthcare, daily services, and social leisure |7].
Weights for different elderly groups (high-activity, low-activity, wheelchair-dependent) are calibrated
via the Analytic Hierarchy Process (AHP) based on travel surveys. The basic attractiveness of a single
POl is defined as:

A =wy - Qg (2)

Where @, incorporates effective service intensity including facility scale and accessibility quality.
Facility influences decays with increasing path impedance, using either Gaussian decay or power-law
decay. The total facility received by node i is:
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The POI-weighted integration (PWI) fuses spatial structure and facility gravity via a geometric
weighted form:

PWI; = (I} +&)"- (G + &)t (4)

Where 7 controls the structural contribution coefficient. This formulation distinguishes three
spatial types: structure-function dual-core segments (to be maintained as primary routes), structure-core
but function-edge segments (suitable for facility supplementation), and structure-edge but function-core
segments (requiring improved connectivity). For different elderly groups, path impedance must
incorporate penalties for slope, curb height differences, and impassable sections, with group-specific
weights wy, applied in stratified PWI calculations.

Accessibility is evaluated across four hierarchical levels: topological accessibility, functional
accessibility, behavioral accessibility (travel time corrected for slope, pavement, elevation differences,
and rest-node spacing), and visual accessibility (visual connectivity and decision-point clarity). These
four dimensions respectively address: "Is the network connected?", " Are necessary facilities available?",
"Can the elderly complete the journey?", and "Is the path easy to identify?" Each level can be output
independently or synthesized into a comprehensive barrier-free accessibility index (AAI). However, the
composite index is used for ranking, while sub-indicators are retained for diagnosing specific
shortcomings, ensuring the model identifies both overall efficiency and targeted renovation priorities.

3. OPTIMIZATION ALGORITHM: IMPROVED NSGA-II AND
PARETO FRONT SOLUTION FOR BARRIER-FREE MOVING LINES

The barrier-free route renovation problem is formulated as a multi-objective combinatorial
optimization on a spatial network G, = (V,, Ej, Ag). Candidate measures are coded as a mixed decision
vector x = (x%, x%,x¢), where x® € {0,1}"e denotes node addition (rest points, ramps, accessible
entrances), x" € {0,1, ..., L;}"w denotes road widening levels, and x¢ € {0,1}"*¢ denotes breakpoint
connections. The transformed network is G(x) = T(Gy, x% x%,x¢) . Three core objectives are
simultaneously optimized:

Maximizing POI-weighted integration:

Yiqi - PWL(G(x))

F,(x) = S 4 (5)
Maximizing facility coverage:
Fy(x) = 20 Pn 2 Wr Cpr () 6)
YnPh
Minimizing total renovation cost:
F3(x) =C,+Cp+Co+Cp, + C4 (7)

Constraints include budget limits F3(x) < Bpqy, slope thresholds s.(x) < s7***, continuous

walking distance limits L7¢*(x) < LR | and dependency/mutual-exclusion relationships among
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measures.

An improved Non-dominated Sorting Genetic Algorithm (mNSGA-II) is developed with three key
enhancements [8]. First, a demand-stratified Pareto strategy separates elderly groups into high-activity,
low-activity, and wheelchair-dependent types, each with distinct path constraints, facility weights, and
minimum improvement requirements. The scheme's minimum group benefit and group gap are defined
as:

Upin(x) = ming Uy (x) (8)
Gap(x) = maxyUqy(x) — mingUy(x) 9

These are incorporated into the selection priority:
SP; = CD; + 4, Upins — Ay Gap; (10)

Second, a spatial connectivity repair operator identifies disconnected key nodes and greedily
reconnects them using repair priority:

_ ANk + T]pAGk + UhAHk

RP,
k cpt+e

(11)

While also enforcing budget compliance and dependency rules. Third, population initialization is
guided by POI gravitational fields, with each candidate measure's selection probability proportional to
its transformation potential:

Poty, = w1Gy + WDy + w3 Py + wy Ly, (12)

Combining random (30%), POI-guided (50%), and empirical-seed (20%) individuals to balance
exploration and initial solution quality.

The algorithm dynamically couples with the space syntax model through a fitness evaluation
interface. Each candidate scheme is decoded into a transformed network and submitted to Depthmap
for angular segment analysis [9]. A topology hash cache avoids redundant recomputation for identical
topologies:

H;(x) = Hash[sort{(u,v) | ey, € E(x)}] (13)

Different transformation operations trigger differentiated recomputation strategies: new road
connections require full syntactic recalculation, while widening and rest-node additions reuse existing
syntactic results and update only behavioral impedance. The overall computational complexity is
reduced from O(TNpNy (N + Ny log Ny/)) to:

O(TpNpNy (Ng + Ny log Ny)) (14)

Through catching, approximate two-stage fitness screening, and parallel individual evaluation.
Algorithm performance is evaluated against standard NSGA-II, MOPSO, and empirical baseline
schemes using GD, IGD, and HV metrics [10],[11],[12]:

1

GD(P,P*) = [%erpd (x,P*)p]p (15)
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16D(P,P") = — lZyEP*d 7,P) (16)
@) =vol(| ] _ 1R, Gonl x [P, Goms] x [, Gos)) (a7)

The reference Pareto front is constructed from aggregated non-dominated solutions across all
algorithms run. Ablation experiments isolate the independent contributions of demand stratification,
spatial repair, and POI-guided initialization. All stochastic runs are repeated multiple times with
statistical tests (paired t-test or Wilcoxon signed-rank) to ensure significance. The comparison confirms
that mNSGA-II achieves superior convergence, broader Pareto coverage, higher feasible solution rates,
and more balanced accessibility gains across elderly subgroups, demonstrating its suitability for
community aging renovation decisions under budget and spatial constraints.

4. EXPERIMENTAL VERIFICATION AND RESULT ANALYSIS

4.1 Selection of experimental cases and data collection

4.1.1 Principle of case community selection

Experimental cases should simultaneously satisfy the typicality of research questions, the integrity
of basic data and the feasibility of optimization measures. First of all, the case should be an existing
community built earlier. In the early stage of construction, such communities usually do not fully
consider the continuous barrier-free travel needs of the elderly, and they are prone to problems such as
insufficient road width, difference in step height, more roads at the end of the road, lack of rest nodes
and difficulty in identifying facility entrances. Secondly, the aging rate of the community should be
significantly higher than the average level of the city, so as to ensure that the barrier-free moving line
optimization has a realistic demand. Thirdly, the road network should have a certain complexity,
including main roads, branch roads and inter-building walking channels, as well as road turning points,
connection interruption and uneven distribution of functional facilities, so as to test the applicability of
space syntax and multi-objective optimization algorithm.

In order to reduce the subjectivity of case selection, a case suitability evaluation function consisting
of the completion year, aging degree, road network complexity, barrier-free problem density and data
availability is constructed:

M
Se = z Wm Zem (18)

Where, S, is the comprehensive suitability score of candidate community ¢; M is the number
of evaluation indicators; z.,, is the standardized value of community ¢ on the m-th index; w,, is
the weight of the corresponding index, and the sum of the weight is 1. For the indicator of the year of
completion, the direction should be changed so that the communities with earlier completion years get
higher typified scores.

This study finally selected community A as the experimental object. Built between 1988 and 1996,
the community covers an area of approximately 24.6 hectares and contains 53 residential buildings and
7 primary or secondary entrances. The resident population of the community is about 6480, of which
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1,917 are aged 60 and above, with an aging rate of 29.6%; There were 318 people aged 80 and above,
accounting for 16.6 percent of the elderly population. The community road is composed of ring main
road, group branch road and walking passage between buildings, and there are continuous slope sections,
road break points and height difference obstacles locally, which has a strong representation of old
communities. The basic characteristics of community A are shown in Table 1.

Table 1. A Basic characteristic of communities and typicality of cases

Indicators Value of statistics Judgment of characteristics

Year of establishment From 1988 to 1996 Typical old community

Area of land 24.6 hectares Medium scale

Permanent resident population 6,480 people High population density

Population aged 60 and above 1,917 people The aging rate is 29.6 percent

Number of road network segments 286 Articles The road network structure is complex
Effective POI for the elderly 87 of them There are many but unevenly distributed
Explicit environmental barriers At 64 The types of barriers are diverse

It can be seen from Table 1 that the case community not only has a high proportion of elderly
population but also has a complex road network and multiple types of environmental barriers. Among
the 64 apparent obstacles, there are 19 elevation differences of steps or curb, 17 effective widths less
than, 11 continuous slope sections, 9 road damage, and 8 difficult points of direction recognition. The
above problems are not evenly distributed but mainly concentrated in the north side of the residential
group, the southwest side of the activity facility entrance and some inter-building access, thus forming
a difference between structural accessibility and the actual traffic capacity.

4.1.2 Data collection of community road network

The community road network data is based on the CAD base map provided by the property
department, combined with on-site surveying and mapping, UAV orthophoto and manual surveying
[13],]14],[15]. The CAD base map is first unified to the projection coordinate system of the study area,
and the building filling, dimension marking, text description, landscape decoration line and repeated
line segment are deleted, and only the road boundary, building outline, community entrance and exit,
facility entrance and main public space are retained. Then the road center line is extracted according to
the actual passable area, and the line segmentation is carried out at the intersection, turning point, slope
change point and facility entrance.

Road network cleaning mainly includes duplicate line removal, hanging line adsorption, spurious
connection exclusion and road break point correction [16]. No topological connection is established for
roads that intersect geometrically but are actually blocked by walls, greening or elevation differences;
For road nodes that are spatially close and confirmed to be passable on site, adsorption is carried out
according to tolerance. After the cleaning, the case network contains 214 nodes and 286-line segments,
with a total road length of 12.84 km and an average line length of 44.9 m.
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Field measurements were made to record physical road width, actual occupied width, effective
traffic width, longitudinal slope, road surface quality and elevation difference obstacles. Considering
the impact of vehicle parking, facility placement and temporary piles on the net width of the road, the
model uses the effective traffic width instead of the designed width [17],[18],[19],[20]:

b:ff — bshy _ bgcc (19)

Where bET is the effective traffic width of section e; bg hY s the physical width of the road,
b2<¢ width loss for parking, facility placement, and temporary obstacles.

The longitudinal slope of the road is calculated according to the elevation difference between the
starting and ending points [21],[22]:

ipend startj
_ |he"™" — he |

Se X 100% (20)

e
Where, s, is the longitudinal slope of section e; hE"® and h3™' are the elevation of the end
and starting point of the road section respectively; [, is the horizontal length of the road section.

The statistical results show that the average effective width of the community road is 2.37 meters,
among which the effective width of 43-line segments is less than 1.50 meters, accounting for 15.0% of
all line segments; The slope of 31-line segments exceeded 5%, accounting for 10.8%; 19 Steps or large
curb height differences will directly affect wheelchair access. In the common walking network, the main
area of the community is basically connected; However, in the feasible network of wheelchair-
dependent groups, there are two obvious breaks between the north group and the central service area.

4.1.3 POI data acquisition and on-site verification

The POI data collection range was set as an 800-meter network buffer outside the community
boundary to cover peripheral medical, commercial, leisure and public transport facilities used daily by
community residents. Data sources include platforms such as OpenStreetMap and AmAP, and on-site
surveys are used to supplement meal assistance spots, community activity rooms, public toilets, internal
fitness Spaces and rest nodes that are not included by the platforms [23].

A total of 143 POI records were obtained for the original data. After coordinating unification, name
matching, category re-coding, combination of duplicate records and deletion of invalid facilities, 87
valid POlIs are retained, including 18 medical and health categories, 39 life services, 21 social and
leisure categories, and 9 transportation connection and emergency support categories. All facilities
match the road network with physically accessible entry points, rather than directly using building
center coordinates.

The effective attraction of facilities to different groups of elderly people is as follows:
Akg = Wrgqlfqllggql(c) (21)

Where Ay, is the effective attraction of facility k to group g; wyg is the weight of group g
demand for the r-th facility; g; is the coefficient of facility service scale; q,’?g is the accessibility

availability coefficient of the facility for this group; q¢ is the effective coefficient of opening time.
The coefficients are standardized to 0-1.

The on-site verification results show that 68 of the 87 facilities can pass smoothly, accounting for
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78.2%; Eleven entrances had problems such as small height difference, insufficient door width or large
slope. A further eight entrances pose significant barriers for wheelchair users. Medical and health
facilities are mainly distributed in the southeast side of the community, and the network distance
between the residential groups on the north side and the nearest medical facilities is more than 650
meters, showing an obvious spatial supply-demand mismatch.

4.1.4 Collection of questionnaires and travel trajectories for the elderly

The questionnaire was conducted using stratified sampling by age, residential group and travel
ability. A total of 268 questionnaires were distributed and 252 were returned. The survey included basic
demographic attributes, daily travel purpose, frequency of facility uses, acceptable walking distance,
walking speed, assistive device use, rest needs, and pair-pair comparisons of facility importance.

According to the ability to walk continuously, the degree of independence in daily activities, and
the use of assistive devices, the respondents were classified as high activity, low activity, and wheelchair
dependent. A total of 126 respondents participated in the simplified trajectory recording for 7
consecutive days, and 3286 valid travel trajectories were obtained after drift point cleaning, stop point
identification and road matching.

The actual travel heat of the road is calculated according to the number of independent tracks per
unit length:

H; =— (22)

Where H; is the travel heat per unit length of line segment i; n; is the number of effective active
chains passing through this line segment; [; is the length of the line segment. When the same
respondent repeatedly passes the same road section in the same activity chain, it will only be counted
once to avoid over-counting caused by round-trip behavior. The behavioral characteristics of the
different groups are shown in Table 2.

Table 2. Samples and behavioral characteristics of the elderly with different travel abilities

Grou Number of Average walking ~ Average walking  Continuous walking Average number of
P valid samples speed (m/s) distance (m) tolerance distance (m) daily community trips
High vitality type 112 0.91 716 524 2.34
Low energy type 87 0.63 438 286 1.71
Wheelchair 39 0.47 267 168 1.18
dependent type
Total sample 238 0.72 521 362 1.87

Table 2 shows that the average walking speed of the high-activity group is about 1.94 times that
of the wheelchair-dependent group, and the continuous walking distance is about 3.12 times that of the
latter. If the 500-meter walking service radius is set uniformly for all the elderly, the actual reachable
range of the low-activity and wheelchair dependent groups will be significantly overestimated.
Therefore, the sub-group threshold and feasible road network are used in the subsequent experiments.
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4.1.5 Spatial distribution characteristics of basic data

Statistics show that 43.7% of POIs are concentrated in the southeast area, which accounts for about
22% of the total area, while the north and southwest sides account for about 38% of the residential land,
but only 21.8% of the facilities for the elderly are provided. Medical and health facilities have the
highest degree of agglomeration, life service facilities are relatively balanced, and social and leisure
facilities are mainly distributed in the central square and the east public green space [24],[25],/26]. The
imbalance degree of facilities and services is expressed by Gini coefficient:

n
Z, Yiclyi—yj
G — =1
2n2?=13’i

(23)

In the formula, G is the Gini coefficient of facility services; n is the number of residential groups;
yi and y; are the amount of facility services obtained by the i-th and j-th groups within the
acceptable impedance range, respectively. A higher value indicates a more uneven distribution of
facility services.

The service Gini coefficients of medical and health care, life services and social and leisure
facilities are 0.41, 0.27 and 0.34, respectively. Among them, the imbalance degree of medical services
is the highest, which is basically consistent with the feedback of "long path to seek medical treatment"
and "discontinuous ramp" in the questionnaire of residents in the north side.
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Figure 1. Distribution of POI, environmental barriers and travel trajectories of the elderly in A

community

Figure 1 takes the community road network as the base map, using blue, orange and green points
to represent medical and health care, life service and social leisure POI respectively, using black
triangles to mark environmental obstacle points, using the width of the red line to represent the actual
travel heat, and superposing the elderly population density grid. It can be seen from Figure 1 that the
travel trajectory is mainly concentrated in the central ring road, the eastern entrance and exit, and the
agglomeration belt of life service facilities. The cluster on the north side has a higher population density,
but the actual track heat leading to the central service area is low, indicating that the low heat in this
area is not entirely due to insufficient demand, but may be related to the slope, steps and path detour.

4.2 Experimental setup and parameter configuration

4.2.1 Space syntax analysis parameters

The line segment model was used in the space syntax experiment, and 300 m, 500 m, 800 m and
global angle radius were set respectively. The 300-meter radius is used to describe the neighborhood
activities of groups with weak mobility, the 500-meter radius corresponds to high-frequency life and
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travel within the community, the 800-meter radius covers cross-group activities and facilities outside
the community boundary, and the global radius is used to judge the overall road structure. The
topological radius was set to three levels of 3-step, 5-step, and global to compare the difference in the
interpretation of angular distance with the number of topological steps.

The parameter combinations were screened by 5-fold spatial cross validation. Different from
randomly dividing the road samples, the experiment divides the training set and the validation set
according to the spatial grouping to reduce the accuracy overestimation caused by the spatial
autocorrelation of adjacent roads. The average verification error of parameter combination g is:

cv, =

x| -

K
Z M AE (24)
k=1

Where, CV; is the cross-validation error of parameter combination ¢; K is the number of cross-
validation folds; MAEg, is the mean absolute error of this parameter combination on the k-th

validation set. The results for each parameter combination are shown in Table 3.

Table 3. Cross-validation results of space syntax radius parameters

Combination of parameters Corresponding spatial scale The validation set R? MAE
The angle radius is 300 meters Neighborhood short distance activities 0.681 0.098
The angle radius is 500 meters Community high-frequency life travel 0.742 0.083
The angle radius is 800 meters Travel across groups and peripheral facilities 0.713 0.089
Topological radius 3 steps Local road conversion 0.604 0.116
Topology radius 5 steps Mesoscale topological relationships 0.636 0.108
Radius of global Overall road network centrality 0.587 0.121

It can be seen from Table 3 that the overall fitting effect of the 500-meter angle radius is the best,
and the R? of the validation set is 0.742, and the MAE is 0.083. The 300 m angle radius has a strong
explanatory power for low activity and wheelchair dependent groups. Therefore, the 500-meter angle
radius was used as the main parameter of the overall model in the experiment, and the 300-meter and
800-meter results were used for sub-group and multi-scale tests.

4.2.2 Calibration of POI gravity and behavior parameters

POI weights were obtained through the AHP judgment matrix of 238 valid questionnaires. The
consistency ratios of the three types of group judgment matrices are 0.073, 0.061 and 0.058 respectively,
which are all lower than 0.10 and meet the consistency requirements. By grid search and cross-
validation, the Gaussian semi-decay distances of medical health, life services and social leisure facilities
were determined to be 420 m, 310 m and 580 m, respectively. The corresponding attenuation coefficient
is:

B In2
" d(%.S,r
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In the formula, f, is the Gaussian attenuation coefficient of the r-th type of facility; dgs, isthe
network distance when the gravity of such facilities is reduced to 50% of the initial value. When
kilometers are used as the distance unit, the attenuation coefficients of the three types of facilities are
about 3.93, 7.21 and 2.06 respectively. The decline rate of living service facilities is the fastest,
indicating that high frequency services such as wet market, meal aid and public toilet have strong
adjacent demand; The relatively slow rate of decay of social leisure facilities indicates that some elderly
people are willing to bear longer travel distances for parks, plazas and activity centers.

4.2.3 Optimization algorithm parameters

mNSGA-II, standard NSGA-II and MOPSO all set 120 individuals or particles, and the maximum
number of iterations is 300 generations, with each algorithm running 30 times independently. The
crossover probability is 0.90 for both mNSGA-II and standard NSGA-II, and the base mutation
probability is set to the inverse of the number of decision variables. In order to avoid premature
convergence in the later stage of the algorithm, mNSGA-II dynamically adjusts the mutation probability
according to the population diversity:

. Dy — D¢
P = min[pi®, pd, (1 + N m)] (26)

Where, pl, is the mutation probability of generation t; p9, is the basic mutation probability;
max

Pm
the initial diversity; 1, is the adjustment coefficient.

is the upper limit of mutation probability; D, is the population diversity of generation t; D, is

The MOPSO external file capacity is 150, and the inertia weight decreases linearly from 0.90 to
0.40. The three algorithms use the same objective function, library of candidate measures, budget
constraints, and random seed sets.

Table 4. Parameter configuration of the optimization algorithm

Parameters mNSGA-II Standard NSGA-II MOPSO

Population or particle size 120 120 120

Maximum number of iterations 300 300 300

Number of independent runs 30 30 30

Probability of crossing 0.90 0.90 —

Base mutation probability 1/n 1/n Position disturbance 0.10
External file capacity — — 150

Stability judgment window Generation 20 Generation 20 Generation 20

In order to ensure fairness, the algorithm comparison not only controls the iteration times, but also
records the exact space syntax evaluation times. If only algebra is compared, mNSGA-II using caching
and constraint repair may have different actual computational burden from the comparison algorithm,
thus affecting the interpretation of results.
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4.2.4 Software and hardware environment

CAD base map cleaning is done in AutoCAD, coordinate processing, POI matching and spatial
visualization using QGIS. DepthmapX is used for space syntax line segment analysis, population
evolution, topology update, POI gravity calculation, cache management and statistical test are
implemented in Python, and MOPSO results are reviewed in MATLAB.

The experiment was run on a 64-bit workstation with a 16-core processor and 64 GB of memory.
The space syntax task uses eight parallel processes, each configured with its own temporary directory.
Random seeds, network versions, parameter files, cache hit records, and final non-dominated solutions
are saved in each run to ensure that the experiment can be reproduced.

4.3 Verification of POI weighted space syntax model

4.3.1 Verification method and evaluation index

In model validation, the actual road travel heat was used as the dependent variable, and the
traditional topological integration degree, traditional angle integration degree, POI weighted integration
degree and full multi-level accessibility model were successively used as explanatory models. The
coefficient of determination is used to measure the degree to which the model explains the actual
difference in heat:

Zil()’i - 5;1')2
le(yi -7)?

Where R? is the coefficient of determination; y; is the actual travel heat of road i; 9; is the

RZ=1- 27)

prediction heat of the model; y is the average value of actual heat; n is the number of road samples
[27], [28], [29], [30].

The meaning of absolute error is [31], [32], [33], [34], |35]:
n
1 .
MAE = EZ [y, — ;i | (28)
i=1

Both actual and predicted heat are standardized to 0-1, so a lower MAE indicates a more accurate
model prediction, [36], [37], [38], [39].

4.3.2 Comparison between weighted model and traditional model

The validation results of the four types of models are shown in Table 5.
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Table 5. Fitting results of different models for the actual travel heat of the elderly

MAE reduction relative

: 2
Model Core variable R MAE to the topological model
Traditional topological integration model Integration degree of topological steps 0482 0.137 —

Traditional angle integration degree model 500 m angle integration 0.598 0.112 18.2%

POI weighted integration degree model gDrZ%ri‘t:; of angular integration and facility 0.742  0.083  39.4%

Full multi-level model Weighted integration, behavior, and visual 0791 0071 48.2%

modification

The traditional topology model explained only 48.2% of the variance in road heat. After the angular
distance is adopted, R? increases to 0.598, indicating that the path choice of the elderly is not only

related to the number of transitions, but also affected by the turning angle and direction continuity. After
the introduction of POI facility gravity, R? increases to 0.742, and MAE decreases to 0.083, indicating
that facility type, use importance and distance attenuation can explain a large number of travel activities

that cannot be explained by pure spatial topology.

The slope, effective width, height difference, rest condition and visual continuity were further
added to the full model, and R? reached 0.791, which was 0.049 higher than that of the POI weighted
model. It can be seen that POI weighting is the main source of model accuracy improvement, while

behavioral and visual modification can explain the actual heat decline caused by local obstacles.
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Figure 2. Scatter plot of the fit between the predicted heat of different models and the actual travel heat

Figure 2 consists of four subplots, with standardized actual heat on the horizontal axis and
standardized predicted heat on the vertical axis, and a 45° reference line is plotted. The dispersion
degree of the traditional topology model is high, and the heat of the facility connection section is
obviously underestimated. The scatter of the POI-weighted model is closer to the reference line; The
full model further reduces the prediction bias of the ramp road segment and the height difference
obstacle segment.

4.3.3 Hierarchical verification of different travel ability groups

The three groups were validated using corresponding trajectories, facility weights, and behavioral
parameters, respectively, and the results are shown in Table 6.
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Table 6. Model fitting results for different groups of elderly people

Group Model of angle R?>  POI weighted model R?> The complete model R?  The complete model MAE
High vitality type 0.641 0.758 0.781 0.068
Low energy type 0.554 0.731 0.804 0.073
Wheelchair dependent type ~ 0.419 0.662 0.776 0.079
Total sample 0.598 0.742 0.791 0.071

The high-activity group has a strong path adaptability, and the traditional perspective model can
explain 64.1% of the difference in heat. The low-activity and wheelchair dependent groups were more
sensitive to slope, steps, road width, and continuous rest conditions, so the fit of the traditional model
was significantly lower. After the group behavior modification is added, the R? of the wheelchair-
dependent group increases from 0.662 to 0.776, indicating that the feasible road network of the sub-
group is more in line with the actual activity conditions than the unified road network.

The MAE of the wheelchair-dependent group is still slightly higher than that of the other groups,
which may be mainly related to the relatively limited sample size, the time fluctuation of temporary
parking, and the fact that the path preference of escorts is not fully incorporated into the model.

4.3.4 Spatial superposition of thermal map and actual trajectory

The model predicted value and the actual trajectory heat are divided into five levels. If the
difference between the predicted grade and the actual grade of a road is not more than one level, it is
judged as a spatial match. The matching rate of spatial level is:

NIALISl

SMR = N X 100% (29)

In the formula, SMR is the spatial level matching rate; N <1 is the number of roads whose
difference between the predicted grade and the actual grade is less than one grade; N is the total
number of roads.

The spatial matching rate of the POI weighted model is 83.6%, and that of the traditional angle
model is 68.2%, an increase of 15.4 percentage points.
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Figure 3. Thermal map of POI weighted integration degree and superposition of actual trajectory

Figure 3 shows the POI weighted integration degree with blue, red gradient, and superposes the
translucent black actual trajectory. The central loop and the east service belt are consistent areas of “high
integration and high trajectory”. The north side of the ramp shows a consistent area of “low integration
and low trajectory”. There is a local deviation of “higher predicted, lower actual” near the entrance of
the activity room on the southwest side. On-site review shows that the entrance is often occupied by
motor vehicles at noon, indicating that the model has a good ability to explain stable spatial conditions,
but it is still insufficient for temporary parking and dynamic opening of facilities.

4.4 Performance evaluation of the optimization algorithm

4.4.1 Convergence analysis of GD and IGD

The three algorithms are run independently 30 times, and the non-dominated solutions obtained
from all the runs are merged and the non-dominated set is extracted again to construct the empirical
reference Pareto front. The average GD of generation t is:

R
1
GD, = Ez G Dy, (30)
r=1

In the formula, GD, is the average GD of generation t; R is the number of independent runs;

145



G Dy, is the GD value of the 7-th run in generation t. The final results are shown in Table 7.

Table 7. Comprehensive performance comparison of the three algorithms

Algorithm GD IGD HV Feasible solution ratio Average running time
mNSGA-II 0.0187 0.0249 0.781 96.4% 46.8 min
Standard NSGA-II 0.0328 0.0437 0.716 71.3% 52.5 min
MOPSO 0.0396 0.0518 0.684 75.8% 49.7 min

Compared with standard NSGA-II, the GD and IGD of mNSGA-II are reduced by about 43.0%,
HV is increased by 9.1%, and the feasible solution rate is increased by 25.1 percentage points.
Compared with MOPSO, GD and IGD of mNSGA-II were reduced by 52.8% and 51.9% respectively.
The results show that the solution set obtained by the improved algorithm is closer to the empirical
reference frontier and has better target space coverage ability.

Although mNSGA-II adds hierarchical sorting and repair operations, the average running time is
shorter. In the experiment, the topology cache hit ratio is 34.7%, and the number of complete syntactic

calls is 27.9% less than that of standard NSGA-II, which offsets the time cost caused by the new sorting
and repair process.
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Figure 4. GD and IGD iteration curves of the three algorithms

Figure 4 plots the GD and IGD means of the three algorithms in 300 generations, respectively,
with 95% confidence intervals indicated by shadows. mNSGA-II decreases the fastest in the first 50
generations, which indicates that POI gravity initialization can improve the quality of the initial scheme.
After about 160 generations, the improvement rate of standard NSGA-II slowed down obviously, while
mNSGA-II still maintained a steady decline. MOPSO fluctuates obviously in the later stage, which
indicates that complex discrete constraints have a certain impact on particle position updates.

4.4.2 Pareto frontier and solution set diversity

The 3D Pareto frontier takes the transformation cost, POI weighted integration improvement rate
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and facility coverage improvement rate as coordinates. mNSGA-II eventually obtained 74 non-
dominated schemes, while standard NSGA-II and MOPSO obtained 51 and 46 schemes, respectively.

The uniformity of solution set distribution is evaluated by spacing index:

1 &
SP = E (d—d;)? (31)
Np_l . )
l:

In the formula, SP is the spacing index; Np is the number of non-dominated solutions; d; is the
distance between scheme i and its nearest neighboring scheme; d is the average value of nearest
neighboring distance. The smaller the value, the more evenly distributed the solution set

The spacing indices of mNSGA-II, standard NSGA-II and MOPSO are 0.021, 0.037 and 0.044,
respectively, indicating that mNSGA-II has better solution set diversity.
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Figure 5. 3D Pareto front distribution of the three algorithms

In Figure 5, mNSGA-II has non-dominated solutions distributed in the low-cost area, medium
budget area and high benefit area, and the coverage is larger than the two comparison algorithms. When
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the cost increases from 3 million yuan to about 5 million yuan, the integration degree and facility
coverage increase rapidly; After the cost exceeds 6.5 million yuan, the frontier gradually flattens,
indicating that the marginal benefit of continuing to increase investment declines. The knee points of
the Pareto front are concentrated around 5-5.5 million yuan, which is suitable for the selection range of
equilibrium schemes. The marginal benefit per unit cost is:

ME, = — 2
k= ac (32)

Where ME), is the marginal revenue of benefit index k; AF) is the benefit increment in the
adjacent budget interval; AC is the cost increment. When the cost is less than 5 million yuan, the
increase of comprehensive benefit per million yuan is about 0.084; After exceeding 6.5 million yuan, it
decreased to 0.027, a decrease of 67.9%.

4.4.3 Improved strategy ablation experiment

The demand stratification strategy, connectivity repair operator and POI gravity initialization are
removed respectively, and the results are shown in Table 8.

Table 8. Ablation experiments of the mNSGA-II improved mechanism

Version of algorithm IGD HV Feasible solution ratio ~ Group earnings gap ~ The first 50 generation HV
Complete mNSGA-II 0.0249  0.781  96.4% 0.084 0.672
Remove requirements stratification ~ 0.0256  0.778  96.0% 0.147 0.669
Remove the repair operator 0.0331  0.739  69.8% 0.091 0.604
Remove the gravity initialization 0.0294  0.754  94.9% 0.088 0.571
Standard NSGA-II 0.0437 0.716  71.3% 0.162 0.523

After removing demand stratification, HV and IGD change relatively little, but the group payoff
gap increases by 75.0%, indicating that the main contribution of demand stratification lies in improving
the minimum payoff of the weak action group, rather than simply improving the overall goal. After
removing the repair operator, the feasible solution rate decreases by 26.6 percentage points, which
proves that the repair operator can significantly reduce budget overruns, road breaks, and measure
conflicts. After removing the gravity initialization, HV decreases by 15.0% in the first 50 generations,
indicating that this strategy mainly improves the convergence efficiency of the algorithm in the early
stage.

4.5 Effectiveness test of the optimization scheme

4.5.1 Extraction of representative schemes

The low cost, equilibrium and high efficiency schemes are extracted from the non-dominated
schemes obtained by mNSGA-II. The equilibrium scheme is determined by calculating the weighted
distance from the scheme to the ideal point:
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Di+: zwm(ﬁim_Fnt)z (33)

m=1

Where D;" is the distance between scheme i and the ideal point; Fj,, is the standardized target
value; F; is the ideal value of the m-th objective; w,, is the decision preference weight. The smaller
the distance, the more balanced the scheme is between benefits and costs. The balanced solutions in
Table 9 have similar costs to the empirical solutions, but their spatial combination methods differ.

Table 9. Composition of measures for representative optimization schemes

Add or Widen road Add a new

Scheme The cost transform nodes  section connection The main strategy

2.86 million Priority is given to eliminating inlet
Low-cost type yuan At12 Paragraph 7 Rule2 height difference and local bottlenecks
Typ.e.of. 5.23 million AL19 Paragraph 13 Rule 4 Connect the north side of the group and
equilibrium yuan improve the barrier-free loop
High efficiency 7.48 million AL27 Paragraph 19 Rule 6 Build a continuous barrier-free network
type yuan across groups
Experience 5.18 million At 16 Paragraph 15 Rule 2 F ocus on w1der.n_n‘g the main road and
scheme yuan adding rest facilities

The empirical scheme is more inclined to improve the current high-traffic main road, while the
algorithm scheme adds facility entrance connection and edge group connection, indicating that the
algorithm can identify a small number of measures with great structural effect based on the overall
network relationship.

4.5.2 Index changes before and after optimization

The index improvement rate is:

Z -7
IRZ — after before % 100% (34)

Zbefore

In the formula, IR, is the improvement rate of index Z; Z,per 1S the index value after
optimization; Zperore 18 the status quo value. The balanced approach in Table 10 increased the
weighted integration of POIs by 18.1%, the coverage of medical facilities by 16.8 percentage points,
the coverage of living services by 13.4 percentage points, and the proportion of wheelchair-accessible
road networks by 21.2 percentage points. Compared with the empirical scheme with similar costs, the
balanced scheme has 5.9% higher weighted integration, 7.4 percentage points higher medical coverage,
and 8.3 percentage points higher proportion of wheelchair accessible road networks.
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Table 10. Comparison of key accessibility indicators before and after optimization

Scen POI weights the Medical Life service Proportion of road network Continuous no rest
cene degree of integration coverage rate coverage rate accessible by wheelchair distance

Status quo 0.426 62.8% 71.4% 68.5% 318 m

Low-cost type 0.468 70.3% 77.9% 78.6% 252 m

Type of 0.503 79.6% 84.8% 89.7% 196 m

equilibrium

High efficiency  5¢ 84.1% 88.2% 95.3% 164 m

type

Experience 0.475 72.2% 80.1% 81.4% 224 m

scheme

The index of the high-efficiency plan is the highest, but the cost increases by 43.0%, the weighted
integration only further increases by 4.6%, and the medical coverage rate further increases by 4.5
percentage points compared with the balanced plan, indicating that its marginal revenue has decreased
significantly. Therefore, under the general financial constraints, the balanced scheme has better benefit-
cost coordination.
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Figure 6. Comparison of barrier-free moving line before and after balanced scheme optimization

Figure 6 use left-right comparison. The left picture shows the current low integration area,
wheelchair impassable road section and blind area of facilities and services; Figure 6 on the right shows
the new connection, widened road section, ramp renovation and rest node. After optimization, a
hierarchical network of "one continuous barrier-free main ring, two cross-group connections, and
several branch lines of facility entrance" is formed. The residential group on the north side is connected
to the service area of the center through a short connection, and the entrance of the activity room on the
southwest side is connected to the wheelchair feasible network through ramps and widening measures.

4.5.3 Analysis of different budget scenarios
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Budget ceilings of RMB3 million, RMBS5 million, RMB7 million and RMB9 million were set
respectively, and the results are shown in Table 11.

Table 11. Optimization results under different budget constraints

Weighted integration Improved medical Wheelchair road network Unit one-million-yuan
Budget cap . . .
improvement rate coverage improved comprehensive benefit
3 million yuan 9.4% 7.8 percentage points 10.5 percentage points 0.086
5 million yuan 16.9% 14.9 percentage points 19.2 percentage points 0.079
7 million yuan 22.3% 20.1 percentage points 25.4 percentage points 0.061
9 million yuan 24.8% 22.7 percentage points 28.1 percentage points 0.044

Under the budget of 3 million yuan, the algorithm mainly selects low-cost measures such as step
elimination, short bottleneck widening and rest node. After the budget reaches 5 million yuan, it can
implement the connection project to change the road network structure, and the integration degree and
facility coverage show a significant increase; When the budget increases from 7 million yuan to 9
million yuan, the weighted integration degree only increases by 2.5 percentage points, and the unit
investment efficiency decreases by 27.9 percent.
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Figure 7. Comprehensive benefit and marginal revenue curves under different budget conditions
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Figure 7 take budget as the horizontal axis, comprehensive accessibility improvement as the left
vertical axis, and marginal revenue per unit cost as the right vertical axis. The comprehensive benefit
increases with the increase of budget, but the slope of the curve decreases gradually; The marginal
revenue shows an obvious turning point around 5 to 6 million yuan. This interval can be regarded as a
priority budget range for the case community.

4.5.4 Expert evaluation and feedback from residents

Twelve experts in the fields of planning, landscape, transportation, rehabilitation and community
governance were invited to conduct blind evaluation of the balanced algorithm scheme and the
empirical scheme. Another 156 residents were invited to participate in the program evaluation, and 148
valid questionnaires were obtained. A 5-level Likert scale was used for evaluation, including continuity
of movement lines, ease of facility arrival, applicability of weak action groups, feasibility of
construction, and comprehensive acceptance. The reliability of the scale was tested by Cronbach's a
coefficient:

K 2

K Z_Uk
_ 1 — Zk=1 35
“Tk-1 o2 (35)

Where «a is the reliability coefficient of the scale; K is the number of items; O',? is the variance
of the k-th item; o# is the variance of the total score. The a coefficients of the expert and resident
scales are 0.884 and 0.861 respectively, indicating that the scales have good internal consistency.

Table 12. Expert and resident evaluations of algorithmic schemes and empirical schemes

Continuity of moving line 4.58 3.92 4.46 3.84
Facilities reach convenience 4.42 3.83 431 3.76
Weak action group applicability 4.67 3.58 4.39 3.61
Space and construction feasibility 4.08 4.25 4.02 4.09
Overall acceptance 4.36 3.97 4.28 3.83

The algorithm scheme is better than the empirical scheme in terms of continuity of movement line,
convenience of facilities and applicability of weak action group, and the difference in the score of
experts on applicability of weak action group reaches 1.09 points. The construction feasibility of the
algorithm scheme is slightly lower, mainly because the new connection involves partial greening
boundary adjustment and underground pipeline verification. This shows that the algorithm results can
improve the efficiency of spatial optimization, but it still needs to go through property rights
coordination, pipeline review and construction deepening.

The comprehensive acceptance of residents to the algorithm scheme was 4.28 points, 0.45 points
higher than the empirical scheme. Low-activity and wheelchair-dependent residents showed higher
support for the improvement of ramps, entrances and rest nodes, while some high-activity residents had
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concerns about reducing parking and adjusting green Spaces. Therefore, the spatial conflict should be
reduced by combining parking reorganization and greening compensation in the implementation stage
of the scheme.

4.5.5 Parameter sensitivity analysis

The POI weights, Gaussian decay coefficients, and structural contribution coefficients of medical
and health care, life services, and social leisure were perturbed by +£10% and +20%, respectively, and
the Pareto scheme target values were recalculated. The elasticity of the index to the parameter is:

_AZ/Z,

~ Ap/po (36)

Z’p
Where, Ez, is the elasticity coefficient of index Z to parameter p; Z, and p, are the

benchmark index values and benchmark parameter values; AZ and Ap are the changes caused by
parameter perturbations. Spearman correlation coefficient is used for the stability of scheme ranking:

6 %, df

B nn? —1) (7

ps =1

In the formula, pg is the rank correlation coefficient between the benchmark scenario and the
disturbance scenario; d; is the ranking difference of scheme i in the two scenarios; n is the number
of alternatives.

Table 13. Sensitivity analysis of key parameters

Range of The largest change in Lowest rank correlation

Parameters disturbance comprehensive accessibility coefficient Sensitivity
Medical and health POI weight +20% 6.8% 0.902 Medium

Life service POI weight +20% 5.1% 0.927 Medium to low
Social leisure POI weights +20% 3.6% 0.948 Be lower
Gaussian attenuation coefficient +20% 7.4% 0.886 Relatively high
Structural contribution coefficient  +20% 6.2% 0.911 Msedium
Proportion of group population +10% 4.3% 0.936 Be lower

The influence of Gaussian attenuation coefficient is the greatest, and the maximum change of
comprehensive accessibility by +20% disturbance is 7.4%, and the lowest ranking correlation
coefficient is 0.886. The POI weight of medical health has the second highest impact, indicating that
the number of medical facilities is small and the spatial distribution is uneven, and changes in its weight
will significantly change the priority of connectivity measures.

The ranking correlation coefficients of all disturbance scenarios are higher than 0.88, and the
balanced schemes are always in the range of the top 5% of non-dominated schemes, indicating that the
core conclusions have good robustness.
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Figure 8. Tornado diagram for sensitivity analysis of key parameters

In Figure 8, the comprehensive accessibility change rate is used as the horizontal axis, and the
parameters are arranged from high to low according to the degree of influence. The Gaussian decay
coefficient and the medical health POI weight correspond to the longest horizontal bars, while the social
leisure weight and the group population proportion correspond to the shorter horizontal bars. The results
show that the travel trajectory and questionnaire data should be used first to calibrate the attenuation
parameters in practical research, rather than directly applying the empirical values of other communities.

4.5.6 Spatial fairness test

In order to avoid the overall benefit masking the adverse situation of the marginal group, the Gini
coefficient of residential group accessibility was used to evaluate spatial equity. The Gini coefficient of
accessibility of the current eight groups is 0.286, and it drops to 0.243, 0.196, 0.174 and 0.231 for the
low-cost, balanced, high-efficiency and empirical schemes, respectively. The equity improvement rate
is:

Gy —

G
-0 1 100% (38)

ER =
Go

Where ER is the improvement rate of spatial equity; G, is the Gini coefficient of group
accessibility before optimization; G; is the optimized Gini coefficient.

The equity improvement rate of the balanced scheme is 31.5 percent, which is higher than 19.2
percent of the empirical scheme. The composite index for the least accessible group increased from
0.308 to 0.447, an increase of 45.1%. This shows that the improved algorithm not only improves the
overall accessibility of the community but also improves the service conditions of the marginal area and
the group with weak mobility.
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5. CONCLUSIONS

This study constructs a barrier-free route research framework integrating POI data, space syntax,
hierarchical elderly needs, and multi-objective optimization, addressing the limitations of traditional
community aging evaluations that rely on static spatial descriptions and separate road-structure from
facility-function analyses. The results demonstrate that road topology alone inadequately explains
elderly travel behavior. By incorporating the importance, service capacity, and distance-decay effects
of medical, daily service, and social-leisure facilities into space syntax, the model accurately identifies
alignments or mismatches between structural centrality and functional service centers. Further
integration of walking speed, slope tolerance, continuous walking distance, rest needs, and visual
continuity deepens accessibility evaluation from "whether roads are spatially connected" to "whether
different elderly groups can travel safely, continuously, and purposefully." Case validation confirms that
the POI-weighted model and multi-level modification framework better explain observed elderly travel
patterns, particularly for low-activity and wheelchair-dependent groups, proving that facility
attractiveness and group-specific behavioral constraints are indispensable components of community
accessibility assessment.

In optimization, node addition, road widening, and breakpoint connection are encoded as
computable renovation variables within an improved multi-objective NSGA-II that simultaneously
maximizes POI-weighted integration, expands facility coverage, and minimizes cost. The demand-
stratified Pareto strategy prevents overall average benefits from masking weak-mobility group needs;
the spatial connectivity repair operator eliminates isolated nodes, invalid connections, and measure
conflicts; and POI-gravity-based initialization guides the algorithm toward areas with high facility
demand but insufficient current accessibility. The resulting Pareto frontier offers effective trade-offs
among accessibility improvement, facility coverage enhancement, and construction cost across different
budget levels, producing low-cost, balanced, and high-efficiency schemes adaptable to varied fiscal and
renovation objectives. For community aging design, priority should be given to ensuring continuous
connections between residential entrances, main walking passages, and high-frequency facilities,
followed by bottleneck widening, breakpoint connection, ramp improvement, and rest-node
supplementation, avoiding the dispersion of limited funds across localized measures lacking structural
impact.

Methodologically, this study systematically integrates spatial structure, facility function, group
behavior, and design optimization. The POI-weighted space syntax model transcends the traditional
assumption of homogeneous road nodes by embedding facility category weights, service capacity,
accessibility quality, and distance decay into network analysis, expanding syntactic indices from mere
road centrality to functional accessibility reflecting age-friendly service opportunities. The hierarchical
needs matrix incorporates facility preferences and access constraints of high-activity, low-activity, and
wheelchair-dependent groups, avoiding accessibility overestimation from uniform walking radii and
average behavioral parameters. The improved NSGA-II transforms spatial evaluation into
implementable measure combinations, handles group equity through hierarchical Pareto sorting,
ensures topological and engineering legality via connectivity repair, and enhances search efficiency
through POI-gravity guidance. These advances elevate community aging research from static evaluation
to a computational design process with explicit objectives, measure coding, and scheme comparison
capabilities. At the application level, the workflow—encompassing data collection, status evaluation,
shortfall diagnosis, optimization, scheme screening, and implementation feedback—serves both pre-
renewal diagnosis and post-implementation performance assessment, providing a common quantitative
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basis for planners, community managers, and residents. However, algorithm results remain decision-
support tools; final plans must be refined considering property boundaries, underground utilities, fire
safety, construction logistics, and resident preferences to effectively bridge computational outputs with
design practice.

Several limitations remain. Multi-source POI data may suffer from inconsistent category standards,
location offsets, facility omissions, and delayed updates, while elderly survey and trajectory samples
are constrained by survey periods, sample size, device usability, and privacy requirements. The model
primarily represents outdoor walking spaces as two-dimensional segment networks, excluding internal
corridors, elevators, staircases, connecting bridges, and underground spaces, thus incompletely
capturing the full journey from residential units to facility service points. Facility attractiveness and
road attributes are based on static data, not yet reflecting temporal variations in opening hours, service
queueing, temporary occupancy, weather conditions, or pedestrian congestion. Future work will
integrate dynamic data sources (mobile positioning, wearable devices, environmental sensors) to
establish time-varying POI and path impedance models; combine BIM with GIS to construct multi-
layer three-dimensional networks incorporating outdoor roads, building entrances, indoor corridors, and
vertical circulations; and develop dynamic optimization methods accommodating facility schedule
changes, phased construction, and uncertainty constraints with robust optimization and real-time
feedback. Cross-case validation across diverse communities will further generalize the framework,
progressively building a sustainable aging-adaptation decision platform responsive to evolving facility
status, heterogeneous group needs, and changing implementation conditions.
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