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Abstract

This study explores an intelligent bus route planning model based on
Deep Q-Network (DQN) to address insufficient transportation services in
rural areas, with Nantou City as the case study. Traditional fixed-route buses
are often ineffective in fragmented terrains with dispersed populations,
resulting in poor accessibility and inefficient utilization of transport resources.
To overcome these challenges, the research integrates smart card data, mobile
signaling data, and questionnaire surveys to develop a demand-oriented
network and node scoring mechanism, which is then applied to the DQN

model for Demand Responsive Transit System (DRTS) route planning.

The study evaluates DQN-generated routes against expert-designed
ones using indicators such as coverage rate, service to high-demand points,
total route length, and overlap ratio. Results indicate that the DQN-generated
DRTS routes successfully covered the key areas emphasized in expert
planning—Dongshan and Neixing Villages—raising coverage rates from
44.51% to 73.17% and from 36.82% to 91.33%, respectively. At the same
time, the routes slightly outperformed manual planning in terms of total
length and curvature, while reducing the overlap with existing bus services to
5.11% for the overall network and 5% for individual segments. Sensitivity
analysis further revealed that “importance weighting of key nodes” and
“overlap penalties” are critical parameters, as removing them sacrifices
accessibility and resource efficiency. Overall, the findings confirm that the
DQN model outperforms expert-designed routes in planning quality,
demonstrating strong adaptability and feasibility, and serving as a valuable

reference for implementing intelligent transportation systems in rural regions.

Keywords: Deep Reinforcement Learning (DRL), DRTS, Route Planning,

Rural Transportation
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e

-~ F2NAE

from collections import deque
import os
import numpy as np
import pandas as pd
import geopandas as gpd
import networkx as nx
import torch
import torch.nn as nn
import torch.optim as optim
import random
from shapely.geometry import Point, box, LineString, MultiLineString,
GeometryCollection
from shapely.ops import nearest_points
import matplotlib.pyplot as plt
import chardet
=== BBKL =—
os.environ["CUDA_VISIBLE DEVICES"]="0"
os.environ["KMP_DUPLICATE LIB OK"] ="TRUE"
os.environ["OMP_NUM THREADS"]="1"
os.environ["MKL NUM THREADS"]|="1"
torch.set num_threads(1)
torch.set num_interop_threads(1)
ORIGINAL_CRS ="EPSG:4326"
PROJECTED_CRS ="EPSG:3826"
ROAD_SHP_PATH = 1"C:/Users/willi/Desktop/ @ <7 2> & =L 2L PY/3 L /B i
B].shp"
torch.backends.cudnn.benchmark = True
device = torch.device("cuda" if torch.cuda.is_available() else "cpu")
print(f'i¢ * £ ¥ : {device}")
#1. §* >~ g g SHP
def'load shp network(shp path):
print("§* » &3 iE B SHP 22 > ) % 4H#...")
edges = gpd.read_file(shp path).to crs(PROJECTED_CRS)
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G = nx.MultiDiGraph()
for , row in edges.iterrows():
geom = row.geometry
lines = [geom] if isinstance(geom, LineString) else list(geom.geoms) if
isinstance(geom, MultiLineString) else []
for line in lines:
u = (line.coords[0][0], line.coords[0][1])
v = (line.coords[-1][0], line.coords[-1][1])
G.add_node(u, x=u[0], y=u[1])
G.add_node(v, x=v[0], y=v[1])
length = line.length
G.add_edge(u, v, geometry=line, length=length)
G.add_edge(v, u, geometry=LineString(list(line.coords)[::-1]),
length=length)
print("Ee e Bl ¢ * » I @R o ")
return G, edges
G, gdf edges =load shp network(ROAD SHP PATH)
print("&- B TR S F B o)
# 1P B~ CSV
defread csv_with detect encoding(file path):
with open(file path, 'rb') as f:
rawdata = f.read(10000)
result = chardet.detect(rawdata)
encoding = result['encoding']
print(f" 18 ;p| F| 140 #5 : {encoding}")
return pd.read_csv(file path, encoding=encoding)
# {4 o3 =g CSV &2 = GeoDataFrame
BUS_STOP_CSV =r"C:/Users/willi/Desktop/m %7 = & =8 PY/FE30 3 42
/nantou_bus_stops.csv"
stops_df =read csv_with_detect encoding(BUS STOP_ CSV)
stops_geom_wgs = gpd.points_from_xy(stops_df.lon, stops_df.lat,
crs=ORIGINAL_CRS)
stops_gdf = gpd.GeoDataFrame(stops_df,
geometry=stops_geom_wgs).to_crs(PROJECTED_ CRS)
# 4%~ F7Hf =g CSV £ 2& 2 GeoDataFrame
NEW_STOP_CSV =r"C:/Users/willi/Desktop/ 4 1 3= 4 ip[z# 5% Nv31 (12 & =75 45
) /RTH BT (L) csv"
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new df=read csv_with detect encoding(NEW_ STOP CSV)
new geom wgs = gpd.points from xy(new df.lon, new_df.lat,
crs=ORIGINAL_CRS)
bus csv_new stops = gpd.GeoDataFrame(new_df,
geometry=new geom_ wgs).to crs(PROJECTED_ CRS)
#H2aE 2 R T EE 7RG
def create and filter grid(edges gdf, cell size=63.8):
print("iE = T EiE et R 7 &»;—*Ff 2
xmin, ymin, xmax, ymax = edges_gdf.total bounds
num_Xx = int((xmax - xmin) / cell _size) + 1
num_y = int((ymax - ymin) / cell size) + 1
grids =[]
for 1 in range(num_x):
for j in range(num_y):
minx = xmin +1 * cell_size
miny = ymin +j * cell_size
grids.append(box(minx, miny, minx + cell _size, miny + cell size))
grid = gpd.GeoDataFrame(geometry=grids, crs=PROJECTED_CRS)
grid['has_road'] = grid.geometry.apply(lambda c: edges gdf.intersects(c).any())
road grid = grid[grid['has_road']].reset_index(drop=True)
print(f" &+ 4 ¥ {len(grid)} -> 7 i ¥ © {len(road_grid)}")
return road_grid
grid_gdf = create_and filter grid(gdf edges)
# 3. ?\‘. » i»—v ?,—}llglﬁ'x
defload and link households(path):
print("§* » 7 T AL
df = pd.read_csv(path)
geom = gpd.GeoSeries.from wkt(df['geometry'],
crs=ORIGINAL CRS).to_crs(PROJECTED_CRS)
households = gpd.GeoDataFrame(df, geometry=geom, crs=PROJECTED_CRS)
grid_gdf['households count'] = grid gdf.geometry.apply(lambda cell:
households.within(cell).sum())
print(" §* #cE fhie %+ - ")
return households
households gdf=1load and link households(r"C:/Users/willi/Desktop/ &+ 354 ip|
AR NV3L (B 23R ipth) /e K7 F B 708 -20250522T145005Z-1-001/ %
F 7 R B F sk /household data_updated.csv')
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#a. < Ul N LA I <3 ]
defload and link bus routes(shp, boundary shp):

print("§ » 2 B BTG )

routes = gpd.read file(shp).to crs(PROJECTED_ CRS)

boundary = gpd.read_file(boundary shp).to crs(PROJECTED CRS)

clipped = routes.clip(boundary)

grid gdf['bus route count'] = grid gdf.geometry.apply(lambda cell:
clipped.intersects(cell).sum())

print(" 2 & B % & o ")

return clipped
bus_routes gdf =load and link bus routes(

r"C:/Users/willi/Desktop/ e #2354 @138 % Nv31 (i L i=fkdgdk) /% =2
2 42-20250522T150136Z-1-001/% 5 = & §& 4/TDX_THBTNC_SHAPE.shp",

r"C:/Users/willi/Desktop/ & #3574 B35 Nv31 (B I =gk ) /% 457 if
B -20250522T145413Z-1-001/% $7 £ R /= &5 B .shp"
)
HE o ERERE T E S A e+ 3
building_ weights = {"# 3-":3, "5 +&£":4, " 2> 78K "2, "% Fa':5, " T~ REAR
"1}
defload and score buildings(path):

print("§¢ » € £ 12 B E 3 E A e > B L)

df = pd.read_csv(path)

geom = gpd.points_from xy(df.’5 &, df. 5% &,
crs=ORIGINAL CRS).to_crs(PROJECTED_CRS)

builds = gpd.GeoDataFrame(df, geometry=geom, crs=PROJECTED_ CRS)

for typ, w in building_weights.items():

mask = builds['#f &|'] == typ
grid gdf[f' {typ} exists'] = grid gdf.geometry.apply(lambda c:

builds[mask].intersects(c).any()).astype(int)

grid_gdf['building_score'] = sum(grid_gdf[f' {typ} exists'] * w for typ, w in
building_weights.items())

grid_gdf['building_count'] = grid gdf.geometry.apply(lambda c:
builds.within(c).sum())

print("€ & Bhiv e fE o Bk ZRAHEEFTE RS ")

return builds
buildings gdf =load and score buildings(r"C:/Users/willi/Desktop/ 4 ¥4 3= 4 jp| 3&
NV31 (2 23 dpih) /€ & ghiz.csv")
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#6. '~ F KRBT R
defload and link demand(path):
print("§* » 7 REEF AL
df = pd.read csv(path)
geom = gpd.points_from_xy(df..5 &, df.5# &,
crs=ORIGINAL_CRS).to_crs(PROJECTED_CRS)
demand = gpd.GeoDataFrame(df, geometry=geom, crs=PROJECTED CRS)
grid gdf['demand score'] = grid gdf.geometry.apply(lambda c:
demand.intersects(c).any()).astype(int)
print("F RBARzER * o ")
return demand
demand gdf=load and link demand(r"C:/Users/willi/Desktop/ 4 $& 374 p|3# i
Nv31 (&=t ) /F FBG %R csv")
#7. 1= 8 2 maiREt
def build adjacency(grid):
print("# = A3 %)
grid['centroid'] = grid.geometry.centroid
cell = grid.geometry.iloc[0].bounds[2] - grid.geometry.iloc[0].bounds[0]
sidx = grid.sindex
dirs = [(0,cell),(0,-cell),(-cell,0),(cell,0),(cell,cell),(-cell,-cell),(cell,-cell),(-
cell,cell)]
nbrs =[]
for idx, row in grid.iterrows():
cX, cy = row.centroid.x, row.centroid.y
pts =[]
for dx, dy in dirs:
p = Point(cx+dx, cy+dy)
cands = list(sidx.intersection((p.x-0.1,p.y-0.1,p.x+0.1,p.y+0.1)))
nn, md = -1, float('inf")
for ¢ in cands:
d = grid.centroid.iloc[c].distance(p)
if d <md:
nn, md=c¢, d
pts.append(nn)
nbrs.append(pts)
grid['neighbors'] = nbrs
print("ARE = = o ")
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return grid
grid gdf =build adjacency(grid gdf)
#8. KTAZZH -~ JEHE Y g gk
start_pt = Point(218302.1050, 2644626.8971)
end pt =Point(222150.3313, 2647721.8971)
mid pt =Point(219530.7755, 2647929.3744)
grid gdf'dist start'] = grid gdf.geometry.distance(start pt)
grid gdf['dist mid'] = grid gdf.geometry.distance(mid_pt)
grid gdf['dist end'] = grid gdf.geometry.distance(end pt)
start_idx = grid_gdf['dist_start'].idxmin()
mid_idx = grid gdf]'dist mid'].idxmin()
end idx  =grid gdf['dist_end'].idxmin()
end center = grid_gdf.loc[end idx, 'centroid']
mid_center = grid gdf.loc[mid_idx, 'centroid']
print(f"42 8 idx={start idx}, ¥ &~ % idx={mid idx}, * 2 idx={end idx}")
#DQN f3]2 Agent &
class DQN(nn.Module):
def init (self, in_f, out f=8):
super(). _init ()
self.net = nn.Sequential(
nn.Linear(in_f, 64), nn.ReLU(),
nn.Linear(64, 32), nn.ReLU(),
nn.Linear(32, out_f)
)
def forward(self, x):
return self.net(x)
class DQNAgent:
def init (self, in_f):
self.policy = DQN(in_f).to(device)
self.target = DQN(in_f).to(device)
self.target.load_state dict(self.policy.state dict())
self.opt = optim.AdamW(self.policy.parameters(), lr=5e-5)
self.memory = deque(maxlen=50000)
self.eps, self.eps min, self.eps_dec = 1.0, 0.05, 0.997
self.gamma, self.batch, self.upd freq = 0.99, 64, 5000
self.step ct=0
self.repeat_penalty = 50.0
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def select action(self, state, idx):
nbrs = grid gdf.loc[idx, 'neighbors']
valid = [i for i,n in enumerate(nbrs) if n != -1 and n not in self.visited]
repeated = False
if valid:
choices = valid
else:
choices = [i for i,n in enumerate(nbrs) if n != -1]
repeated = True
if not choices:
return None, None, False
if random.random() < self.eps:
a = random.choice(choices)
else:
with torch.no_grad():
qv = self.policy(state.unsqueeze(0))[0]
a = choices[torch.argmax(qv[choices]).item()]
nxt = nbrs[a]
self.visited.add(nxt)
return a, nxt, repeated
def store(self, s, a, r, s2, done):
self.memory.append((
s.cpu(),
torch.tensor([a], device=device, dtype=torch.long),
torch.tensor([r], device=device, dtype=torch.float32),
s2.cpu() if s2 is not None else None,
torch.tensor([float(done)], device=device, dtype=torch.float32)
)
def train(self):
if len(self. memory) < self.batch: return
batch = random.sample(self.memory, self.batch)
S = torch.stack([b[0] for b in batch]).to(device)
A = torch.cat([b[1] for b in batch])
R = torch.cat([b[2] for b in batch])
nxtS = torch.stack([b[3] for b in batch if b[3] is not None]).to(device)
D = torch.cat([b[4] for b in batch])
with torch.no_grad():
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tq = self.target(nxtS).max(1)[0]
tgt = R + (1-D)*self.gamma*tq
cur = self.policy(S).gather(1, A.unsqueeze(1)).squeeze()
loss = nn.MSELoss()(cur, tgt)
self.opt.zero grad()
loss.backward()
torch.nn.utils.clip grad norm (self.policy.parameters(), 1.0)
self.opt.step()
self.eps = max(self.eps_min, self.eps*self.eps_dec)
self.step _ct+=1
if selfstep _ct % self.upd freq == 0:
self.target.load_state dict(self.policy.state_dict())
def get_state(idx, visited_mid):
d = grid_gdf.loc[idx]
return torch.tensor([
d.households_count ,
d.bus_route count
d.building_score A
d.demand_score ,
d.dist mid )
d.dist_end ,
float(visited_mid)
], device=device, dtype=torch.float32)
# ﬁﬁ‘/ﬁﬂ 0
mid_weight =0.8
end weight = 5.0
mid _bonus =50.0
end bonus =100.0
o8 RAME T
bus_penalty weight=1.0
def calc_reward(cur, nxt, visited mid):
if not visited mid:
imp = (grid_gdf.loc[cur, 'dist mid'] - grid gdf.loc[nxt, 'dist mid']) *
mid_weight
else:
imp = (grid_gdf.loc[cur, 'dist end'] - grid gdf.loc[nxt, 'dist end']) *
end weight
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# LA E

hb = grid gdf.loc[nxt,'households count'] * 0.45
bb = grid gdf.loc[nxt,'building score']  * 0.275
db = grid gdf.loc[nxt,'demand score'] *0.275
# Y E‘Jfé?f‘%ﬁj%ﬁﬂf-%ﬁé

bonus = 0.0

if nxt == mid _idx and not visited mid:
bonus += mid_bonus
if nxt ==end_idx and visited mid:
bonus +=end_bonus
L
step_penalty =-1.0
#RF D B R 5
bp = grid_gdf.loc[nxt, 'bus_route count'] * bus_penalty weight
4 B pp
r=1imp + hb + bb + db + bonus + step_penalty - bp
return r
#10. >3 TR & AR
def sample points_along_line(line, dist=50):
pts, L =[], line.length
n = int(L / dist)
for i in range(n+1):
pts.append(line.interpolate(min(i*dist, L)))
return pts
def get grid path from route(route gdf, gg):
geom = route_gdf.geometry.iloc[0]
pts =[]
if geom.geom_type == 'MultiLineString":
for In in geom.geoms:
pts +=sample points_along_line(In)
else:
pts = sample points_along_line(geom)
clean =[]
for p in pts:
sel = gg[gg.geometry.contains(p)]
idx = sel.index[0] if not sel.empty else gg.geometry.distance(p).idxmin()

if not clean or idx != clean[-1]:
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clean.append(idx)
return clean
def evaluate bus route reward(shp, gg, repeat penalty=20.0):
br = gpd.read_file(shp).to _crs(PROJECTED CRS)
route = get grid path from route(br, gg)
tot 1, dist=0.0, 0.0
visited mid = False
visited set = {route[0]}
for 1 in range(1, len(route)):
cur, nxt = route[i - 1], route[i]
repeated = nxt in visited set
if not repeated:
visited set.add(nxt)
step_distance = gg.centroid.loc[cur].distance(gg.centroid.loc[nxt])
dist += step_distance
r = calc_reward(cur, nxt, visited mid)
if repeated:
r -= repeat_penalty
if nxt == mid_idx and not visited mid:
visited_mid = True
tot r+=r
if nxt ==end_idx and visited mid:
break
BRE TR 21 B
avg =tot_r/dist * 1000 if dist > 0 else 0
return route, tot_r, dist, avg
grid_gdf['cell reward'] = (
grid_gdf['households count'] * 0.45 +
grid_gdf['building_score'] *0.275 +
grid_gdf['demand_score'] *0.275
)
#10. DQN 2"z [
bus_shp = r"C:/Users/willi/Desktop/ 4 $& 3% 4 |38 %< Nv31 (i3 I #® i 1n ) /8 i
TP 2K B5 48 shp-20250522T144830Z-1-001/ 4 1] 7p 2K #& 4% shp/3f K B 4% .shp"
bus_route, bus_tot, bus_dist, bus_avg = evaluate bus route reward(bus_shp,
grid_gdf)
print(f'Bus route length: {len(bus_route)}, avg reward: {bus_avg:.2f}")
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imitation_prob = 0.9
imitation_prob_min = (.2
imitation_prob_dec =0.999

print(" B 438 7 DQN 3" e B]...")
agent = DQNAgent(in_=7)
EPISODES, MAX STEPS = 3000, 250
best avg, best path = -np.inf, []

results =[]
for ep in range(EPISODES):
agent.visited = {start_idx}
visited mid = False
state = get_state(start_idx, visited _mid)
cur = start_idx
total r =0.0
path = [start_idx]
done = False

bus_penalty steps =0
for st in range(1, MAX_ STEPS+1):
if random.random() < imitation_prob and cur in bus_route:
idx_in_route = bus_route.index(cur)
ifidx_in_route + 1 <len(bus_route):

next_pos = bus_route[idx_in _route + 1]

nbrs = grid_gdf.loc[cur, 'neighbors']
if next pos in nbrs:
a = nbrs.index(next_pos)
nxt =next_pos

repeated = (nxt in agent.visited)
agent.visited.add(nxt)
else:
a, nxt, repeated = agent.select_action(state, cur)
else:
a, nxt, repeated = agent.select action(state, cur)
else:
a, nxt, repeated = agent.select action(state, cur)
if grid_gdf.loc[nxt, 'bus route count'] > 0:
bus_penalty steps +=1

r = calc_reward(cur, nxt, visited mid)
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visited mid |= (nxt == mid_idx)
if repeated:

r -= agent.repeat_penalty
done = (nxt ==end idx and visited mid)
ns = get state(nxt, visited mid)
agent.store(state, a, 1, ns, done)
agent.train()
total r+=1
path.append(nxt)
state, cur = ns, nxt
if done:

break

dist = sum(

)

grid_gdf.loc[path[i-1], 'centroid'].distance(
grid gdfloc[path[i], 'centroid'])
for i in range(1, len(path))

avg r=total r/dist * 1000 if dist > 0 else 0
stats = {

path),

path),

path),

in path),

}

'episode’: ep+1,
'reward": avg T,

'visited_nodes': len(path)-1,

'householdcovered count': sum(grid gdf.loc[i,'households count'] for i in

'facility_weight sum': sum(grid_gdf.loc[i,'building_count'] foriin

'buscovered count”: sum(grid gdf.

loc[i,'bus_route count'] foriin

'demand": sum(grid_gdf.loc[i,'demand_score'] fori

'reached_mid'": visited mid,

'reached end': done

results.append(stats)

if avg r>best avg:

best avg =avg r
best path = path.copy()
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best_stats = stats.copy()
print(
f'e £ {eptl} H & @ FimgEE={avg r2f} > "
'@ ik 2b={'V"if visited mid else'X'} > "
"% g={'v'if done else 'X'} > "
" 7 ={stats['householdcovered count']} > "
f'#% #.={stats['facility weight sum']} » "
"% F={stats['demand']} - "
"% 5 & #icg ={bus_penalty steps}"
)
imitation_prob = max(imitation _prob min, imitation_prob *
imitation_prob_dec)
print("?" R % =, T i’—:’ﬁ%/ﬁv:", best_avg)
#4741 DQN p o4 =b 5 H
forced indices = set()
forced =[]
candidates = []
#2.1 $5 IR P G hkiy
path_cells = grid_gdf.loc[best path]
stops_on_path = stops_gdfstops_gdf.geometry.apply(
lambda p: any(p.within(cell) for cell in path_cells.geometry)
)]
threshold = 600.0
MAX FORCED =5
cum_dist =0.0
last idx = best_path[0]
existing = stops_gdf.copy()
for idx in best_path[1:]:
step = grid_gdf.centroid.loc[last idx].distance(grid_gdf.centroid.loc[idx])
cum_dist += step
#OoEPRE RN £ IR
if any(pt.within(grid_gdf.geometry.loc[idx]) for pt in existing.geometry):
last idx = idx
cum_dist =0.0
continue
#ORARIERAZEREL KE P A
if cum_dist >= threshold and len(forced) < MAX FORCED:
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start = min(best path.index(last idx), best path.index(idx))
end = max(best path.index(last idx), best path.index(idx))
segment = best_path[start:end+1]
if segment:
pick = max(segment, key=lambda j: grid gdf.loc[j, 'cell reward'])
if pick not in forced indices:
cent = grid gdf.at[pick, 'centroid']
if all(cent.distance(pt) > 300 for pt in existing.geometry):
forced indices.add(pick)
forced.append(pick)
# 4v o~ existing 0 * 3N FEEHE B
existing = pd.concat([
existing,
gpd.GeoDataFrame(
[{'geometry': grid gdf.at[pick, 'centroid']}],
geometry='geometry', crs=PROJECTED CRS
)
], ignore_index=True)
last_idx = pick
cum_dist=0.0
#2.2 5 dlat sk
forced gdf = gpd.GeoDataFrame(
{'grid_idx": forced, 'type': ['forced'] * len(forced)},
geometry=[grid_gdf.centroid.loc[i] for i in forced],
crs=PROJECTED_CRS
) if forced else gpd.GeoDataFrame({'grid_idx":[], 'type":[]}, geometry=[],
crs=PROJECTED_CRS)
#23 BEA D FREL AT R 2R
if stops_on_path.empty:
rewards = grid_gdf.loc[best path, ['cell reward']].sort values('cell reward',
ascending=False)
for idx in rewards.head(10).index:
center = grid_gdf.at[idx, 'centroid']
if all(center.distance(p) > 1000 for p in existing.geometry):
candidates.append(idx)
if len(candidates) >= 3:
break
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#2.4 ixiE Ak
candidates gdf = gpd.GeoDataFrame(
{'grid idx'": candidates, 'type': ['candidate'] * len(candidates)},
geometry=[grid gdf.centroid.loc[i] for 1 in candidates],
crs=PROJECTED_ CRS
) if candidates else gpd.GeoDataFrame({'grid idx"[], 'type":[]}, geometry=[],
crs=PROJECTED_CRS)
#2.5 £ ©& forced ¥ candidates
dgn_new_stops = pd.concat([forced gdf, candidates gdf], ignore index=True)
#2.6 v WGS84 31@?] hEFR
new_stops wgs =dqn_new_stops.to_crs(ORIGINAL CRS)
new_stops_wgs['lon'] = new_stops_wgs.geometry.x
new_stops wgs['lat'] = new_stops_wgs.geometry.y
print(new_stops_wgs[['grid_idx','type','lon','lat']])
#oEE iR
import geopandas as gpd
plt.rcParams['font.family'] = ['Times New Roman', 'DFKai-SB']
plt.rcParams['axes.unicode_minus'] = False
def plot_combined routes(
dgqn_route, bus_route, eg, gg,
stops_old,
stops_dqn_new,
stops_bus_old,

stops_bus_new

fig, ax = plt.subplots(figsize=(10,10))
eg.plot(ax=ax, linewidth=0.5, color='gray', alpha=0.3)
for route, c, label in [(dgn_route,'red',)DQN *#|#: 4t"), (bus_route,'blue',' & F_
B AU
pts = [nearest _points(gg.centroid.loc[i], eg.unary union)[1] for i in route]
In = LineString([(p-x,p.y) for p in pts])
gpd.GeoSeries([In], crs=gg.crs).plot(ax=ax, linewidth=2, color=c,
label=label)
if not stops_dqn_new.empty:
pts = [nearest points(pt, eg.unary union)[1] for pt in
stops_dqn_new.to_crs(gg.crs).geometry]

xs, ys = [p.x for p in pts], [p.y for p in pts]
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ax.scatter(xs, ys, marker="X', s=100, edgecolor="black’, color="brown',

label='DQN #73% =t gL'
if not stops_bus_old.empty:

pts = [nearest points(pt, eg.unary union)[1] for pt in
stops_bus_old.to crs(gg.crs).geometry]

xs, ys = [p.x for p in pts], [p.y for p in pts]

ax.scatter(xs, ys, marker=""', s=80, edgecolor='black’, color="yellow', label=
G =B

if not stops_bus_new.empty:

pts = [nearest_points(pt, eg.unary union)[1] for pt in
stops_bus_new.to_crs(gg.crs).geometry ]
xs, ys = [p.x for p in pts], [p.y for p in pts]
ax.scatter(xs, ys, marker='s', s=80, edgecolor='black’, color="orange', label='
FTK B
dqn_start = gg.centroid.loc[dqn_route[0]].coords[0]
ax.scatter(*dqn_start, marker="*', s=50, color="red', label="4= &}")
end coords = gg.centroid.loc[end_idx].coords[0]
ax.scatter(*end_coords, marker="*', s=50, color='green’, label="iz 2}")
ax.legend()
plt.show()
path cells = grid_gdf.loc[best path, 'geometry']
bus cells =grid gdfloc[bus_route,'geometry']
#1. %G bW
stops_on_path _old = stops_gdf]
stops_gdf.geometry.apply(lambda p: any(p.within(cell) for cell in path_cells))

]
#2. DQN #F enzpig (
stops_dqn_new = dqn_new_stops|
(dgn_new_stops['type']=="forced")
& dgn_new_stops.geometry.apply(lambda p: any(p.within(cell) for cell in
path_cells))
]
#3. B REBERTG N
stops_on_bus_old = stops_gdf]
stops_gdf.geometry.apply(lambda p: any(p.within(cell) for cell in bus_cells))

]
#a, B FELARIFIE Y
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stops_bus new =bus_csv_new_stops|
bus csv_new stops.geometry.apply(lambda p: any(p.within(cell) for cell in
path_cells))

]

# Bl iE

print(f"1. DQN §& 4 F %5 =49 © {len(stops_on_path_old)}")
print(f'2. DQN ## chxTzkig . {len(stops_dqn_new)}")
print(f"3. Bus B F 3 249 ¢ {len(stops_on_bus old)}")
print(f'4. Bus %% =k4g : {len(stops_bus new)}")

# % B

plot_combined routes(
best path, bus_route,
gdf edges, grid gdf,
stops_on_path old,
stops_dqn_new,
stops_on_bus_old,

stops_bus_new

)
#o-- BB ES LR > A E DON RS FEYE -
if best_path:

dgn_dist m = sum(
grid_gdf.loc[best path[i-1], 'centroid'].distance(
grid_gdf.loc[best pathl[i], 'centroid']
)
for i in range(1, len(best_path))
)
dgn_dist km =dqn_dist m / 1000
dgn_sum_households = sum(grid_gdf.loc[i, 'households count'] for i in
best path)
dgn_sum_buildings = sum(grid gdf.loc[i, 'building count'] foriin
best path)

dgn_sum_demand = sum(grid_gdf.loc[i, 'demand_score'] foriin
best path)
dgn_reached = (best_path[-1] == end_idx)

dgn_bus_penalty steps = sum(
1 for i in best path
if grid gdf.loc[i, 'bus route count'] >0
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else:

)
print("=== DQN f# & % 1L i —=")
print(f"g& /& & & @ {dqn_dist km:.2f} = 2")
print(f"-T iaﬁfsﬁv . {best avg:.2f}")
print(
' ®>F B ¥H={dgn sum households} ~ "
f'i # # ¥ ={dqn_sum_buildings} ~ "
"5 % 2 Feb#ic ¥ ={dqn sum demand} > "
f'{'e "if dqn_reached else '&'} 3| :£ 3z 2 ~ "
"% 3 & $ic¥ ={dqn_bus_penalty steps}"
)

print("Warning: best path %z 7 > &2 & DQN %% ")

if bus_route:

bus_dist km =bus_dist/ 1000

bus_sum_households = sum(grid_gdf.loc[i, 'households count'] for i in

bus_route)

bus_sum_buildings =sum(grid gdf.loc[i, 'building count'] foriin
bus_route)

bus_sum_demand = sum(grid_gdf.loc[i, 'demand_score'] foriin
bus_route)

bus_reached = (bus_route[-1] ==end_idx)

else:

bus_bus_penalty steps = sum(
1 for i in bus_route
if grid_gdf.loc[i, 'bus_route count'] >0
)
print("=== 2 & LA E ¥ K R ===")
print(f"#& /< & & © {bus_dist km:2f} = 2")
print(f"- i:’!ﬁ’i*lﬁﬂ : {bus_avg:2f}")
print(
' R 3 #c={bus_sum households} - "
' A #ic & ={bus_sum_buildings} ~ "
'R % 7 gL ¥ ={bus sum demand} > "
f'{'e "if bus reached else 'x'} F|iE iz gk ~ "
"% 3 = & #icg ={bus_bus_penalty_steps}"
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print("Warning: bus route 3 % > ®E VRSB EFERESE oM
import pandas as pd
df = pd.DataFrame(results)
plt.figure()
plt.plot(df'episode'], df]'reward'])
plt.xlabel('?" R w & #')
plt.ylabel(' = 2 T 328§ i)
plt.title('DQN 3" 4 # B~ o' S [F]")
plt.grid(True)
plt.show()
import geopandas as gpd
zones = gpd.read_file(r"C:/Users/willi/Desktop/ s $# = & L 8L PY/& 45~ = T /¢
(2)% (TWD97 121 »
#)1130807/VILLAGE _NLSC 121 1130807.shp").to_crs(PROJECTED_CRS)
hh_zone = gpd.sjoin(
households gdf[['geometry']],
zones[['VILLNAME','geometry']],
how="left',
predicate='within'
)
pop = hh_zone.groupby("VILLNAME").size().rename('population’)
zones = zones.merge(pop, on="VILLNAME")
def compute SP_A(route, grid gdf, households gdf, buffer dist=300):
pts = [grid_gdf.centroid.loc[i] for i in route]
buf = LineString([(p.X, p.y) for p in pts]).buffer(buffer dist)
return int(households gdf.geometry.apply(lambda p: buf.intersects(p)).sum())
def compute SPO_A_zone(
route,
grid_gdf,
households _gdf,
bus_routes gdf,
zones_gdf,
walk _dist=300

#1. %3k A B buffer
pts A =[grid gdf.centroid.loc[i] for i in route]
buf A = LineString([(p.X, p.y) for p in pts_A]).buffer(walk dist)
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#2. F A A REEF
zones_passed = zones_gdf[zones gdf.geometry.intersects(buf A)]
zone union = zones_passed.geometry.union_all()
#3, GENFEAFL2ZH B NG BR
candidate exist =

bus routes gdf[bus routes gdf.geometry.intersects(zone union)].copy()
merged exist = candidate exist.geometry.union_all()

buf exist = merged exist.buffer(walk dist)

25 F
hh = households_gdf.copy()
hh['in_A'] = hh.geometry.within(buf A)

hh['in_exist'] = hh.geometry.within(buf exist)

num_A_exist = int((hh['in_A'] & hh['in_exist']).sum())

num_exist = int(hh['in_exist'].sum())

return (num_A_exist / num_exist * 100.0) if num_exist > 0 else 0.0

def compute R(route, grid gdf, G, start pt, mid pt, end pt):

FEpssg s RA I gl gl

A AREE>Y i+ P g >HEE el

#1385 A AP EIrauEs 1A

1 A=sum(
grid_gdf.centroid.loc[route[i-1]].distance(

BAER SR R B e

grid_gdf.centroid.loc[route[i]]

) for 1 in range(1, len(route))
)
#2. BiT & B st
def nearest node(p):

return min(G.nodes, key=lambda n: Point(n).distance(p))
#3. phitAcEE ~ P ok % ELD|[F chE gL
u = nearest_node(start pt)
m = nearest node(mid_pt)
v = nearest node(end pt)
#4, R EFEREREL R
11 = nx.shortest_path length(G, source=u, target=m, weight="length")
12 = nx.shortest_path length(G, source=m, target=v, weight="length")
1 sp via=11+12
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#5. w@sFit R A
returnl A /1 sp viaifl sp via> 0 else float('inf")
def compute RO_A(route, grid gdf, bus routes gdf, seg len=50):
pts = [grid_gdf.centroid.loc[i] for 1 in route]
InA = LineString([(p.X, p.y) for p in pts])
1A =InA.length
n  =max(int(lA // seg len), 1)
segs = [LineString([InA.interpolate(i/n, normalized=True),
InA.interpolate((i+1)/n, normalized=True)])
for 1 in range(n)]
results = {}
for sub_id, grp in bus_routes_gdf.groupby("SubRouteNa"):
geom_r = grp.unary_union if hasattr(grp, 'unary union') else
grp.geometry.union_all()
Ir = geom_r.length or 0.0
overlap = sum(seg.length for seg in segs if geom_r.intersects(seg))
results[sub_id] = (overlap / Ir * 100) if Ir > 0 else 0.0
return results
def compute RO_Ar(route, grid_gdf, bus_routes _gdf, seg len=50):
pts = [grid_gdf.centroid.loc[i] for i in route]
InA = LineString([(p-X, p.y) for p in pts])
1A =InA.length or 0.0
n = max(int(1A // seg_len), 1)
segs = [LineString([InA.interpolate(i/n, normalized=True),
InA.interpolate((i+1)/n, normalized=True)])
for i in range(n)]
results = {}
for sub_id, grp in bus_routes _gdf.groupby("SubRouteNa"):
geom_r = grp.unary_union if hasattr(grp, 'unary union') else
grp.geometry.union_all()
overlap = sum(seg.length for seg in segs if geom_r.intersects(seg))
results[sub_id] = (overlap /1A * 100) if 1A > 0 else 0.0
return results
=== 7R ==
sp_dqn = compute SP_A(best path, grid gdf, households gdf)
sp_bus = compute SP_A(bus_route, grid gdf, households gdf)
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spo_dqn = compute SPO A zone(best path, grid gdf, households gdf,
bus routes gdf, zones)
spo_bus = compute SPO A zone(bus route, grid gdf, households gdf,
bus routes gdf, zones)
r dgn =compute R(best path, grid gdf, G, start pt, mid pt, end pt)
r_bus =compute R(bus route, grid gdf, G, start pt, mid pt, end pt)
ro ar dgn =compute RO A(best path, grid gdf, bus routes gdf)
ro_ar bus=compute RO A(bus route, grid gdf, bus routes gdf)
ro_ar indiv_dqn = compute RO Ar(best path, grid gdf, bus routes gdf)
ro_ar indiv_bus = compute RO_Ar(bus route, grid gdf, bus routes gdf)
overall ro_ar dqn =sum(ro_ar dqn.values())/len(ro_ar dqn) if ro_ar _dqn else 0.0
overall ro_ar bus =sum(ro_ar bus.values())/len(ro_ar bus) if ro_ar bus else 0.0
#OEEATH FRAEFEWEF % SPO_A
all geom = bus_routes gdf.geometry.union_all()
if isinstance(all _geom, LineString):

merged = MultiLineString([all _geom])
elif isinstance(all_geom, MultiLineString):

merged = all geom
elif isinstance(all_geom, GeometryCollection):

merged = MultiLineString([g for g in all geom.geoms if isinstance(g,
LineString)])
else:

raise ValueError(f" & ;2 o J2 % 0 2 4] ¢ {all_geom.geom_type}")
overall route gdf = gpd.GeoDataFrame({'geometry": [merged]},
crs=PROJECTED_CRS)
overall bus route = get grid path from route(overall route gdf, grid gdf)
spo_overall = compute SPO_A zone(best path, grid gdf, households gdf,
bus_routes_gdf, zones)
spo_overall bus = compute SPO_A zone(bus_route, grid gdf, households_gdf,
bus_routes_gdf, zones)
print("===DQN & i &R =&k =—==")

print(f'SP_A : {sp_dqn}")
print(f"SPO_A (%) : {spo_overall:.2f}%")
print(f'R_A : {r_dqn:.2f}")

print(f'RO_AR (L 2%) : {overall ro ar dqn:.2f}%")
for sub_id, pctinro ar dqn.items(): print(f" {sub _id}: {pct:.2f}%")
print("RO_Ar (%) vs % SubRouteNa : ")
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for sub_id, pctinro_ar indiv_dqn.items(): print(f" {sub_id}: {pct:.2f}%")
print("\n=== & @M T B =—=")

print(f"SP_A : {sp_bus}")
print(f"SPO_A (%) : {spo_overall bus:.2f}%")
print(f'R_A : {r_bus:.2f}")

print(f"RO_AR (T #2%) : {overall ro ar bus:.2f}%")
for sub_id, pctinro_ar bus.items(): print(f* {sub_id}: {pct:.2f}%")
print("RO_Ar (%) vs & SubRouteNa : ")
for sub_id, pctinro ar indiv_bus.items(): print(f" {sub_id}: {pct:.2f}%")
import geopandas as gpd
from shapely.geometry import LineString, MultiLineString
import pandas as pd
# ALY o (kv 0 REHF- X))
zones = zones = gpd.read_file(r"C:/Users/willi/Desktop/ s $# = & =h 8L PY/ % 47 +
= T/H(2)R(TWDI7 121 ~
#)1130807/VILLAGE _NLSC 121 1130807.shp").to_crs(PROJECTED_CRS)
hh_zone = gpd.sjoin(

households gdf[['geometry']],

zones[['VILLNAME','geometry']],

how="left',

predicate='within'
)
pop = hh_zone.groupby("VILLNAME").size().rename('population’)
zones = zones.merge(pop, on="VILLNAME")
#1. ¥ & compute _zone cov (47 )
def compute zone cov(route geoms, zones gdf, households gdf, buffer dist=300):

# & i = MultiLineString

if isinstance(route_geoms, (LineString, MultiLineString)):

merged = route_geoms
else:
merged = MultiLineString(route _geoms)

buf = merged.buffer(buffer dist)

# RS ATREE

hh = households gdf[['geometry']].copy()

hh['in_cov'] = hh.geometry.intersects(buf)

# Z RS2

hh_zone = gpd.sjoin(
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hh.set geometry('geometry"),
zones_gdf[['VILLNAME','geometry']],
how="left',
predicate='within'
)
covered =
hh_zone[hh zone['in cov']].groupby('VILLNAME').size().rename('covered')
pop = zones_gdf.set index("VILLNAME")['population']
df = pd.concat([pop, covered], axis=1).fillna(0)
dff'covered'] = df'covered'].astype(int)
dff'coverage rate'] = df['covered'] / df]'population'] * 100.0

return dfireset_index()

#2. % FG E. geometry (:T* union_ all)
all geom = bus_routes gdf.geometry.union_all()
exist_geom = (
all geom
if isinstance(all _geom, (LineString, MultiLineString))
else MultiLineString([g for g in all_geom.geoms if g.geom type=='LineString'])
)
#3. DQN E.# LineString
pts_dqn = [grid_gdf.centroid.loc[i] for i in best_path]
In_dqn = LineString([(p.x, p.y) for p in pts_dqn])
dgqn_plus_exist = (
MultiLineString([*exist geom.geoms, In_dqn])
if isinstance(exist_geom, MultiLineString)
else MultiLineString([exist_geom, In_dqn])
)
#4. % 7F.5 LineString
pts_bus = [grid_gdf.centroid.loc[i] for i in bus_route]
In_bus = LineString([(p.x, p.y) for p in pts_bus])
bus_plus_exist = (
MultiLineString([ *exist _geom.geoms, In_bus])
if isinstance(exist_geom, MultiLineString)

else MultiLineString([exist_geom, In_bus])

)

#5. “I'V”'Ex!;?\“
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cov_exist = compute zone cov(exist geom, zones, households gdf)
cov.dqn =compute zone cov(dqn plus exist, zones, households gdf)
cov_bus =compute zone cov(bus plus exist, zones, households gdf)
#6. & EH iR
comparison = (
cov_exist[['VILLNAME','coverage rate']]
.merge(cov_dqn[['VILLNAME','coverage rate']], on="VILLNAME',
suffixes=('_exist',’ dqn'))
.merge(cov_bus[['"VILLNAME','coverage rate']], on='"VILLNAME")
.rename(columns={'coverage rate':'coverage rate bus'})

)

comparison['delta_dqn'] = comparison['coverage rate dqn'] -

[
[
[
[

'

comparison['coverage rate exist']

comparison['delta_bus'] = comparison['coverage rate bus'] -

'

comparison['coverage rate exist']

comparison.rename(columns={

'VILLNAME": 'z 7
'coverage_rate_exist": "HF 2D Ak E
'delta_dqn'": 'DQN g 548 = (%),
'delta_bus": 'L R AE D (%),
'coverage rate_dqn': vk DON B& & 180 3 5,
'coverage rate_bus': Yok & RIS L E S

}, inplace=True)
print(comparison)
import pandas as pd
# A% pandas BEom K 0 A AT -
pd.set_option("display.max_columns", None)
pd.set_option("display.width", None)
# 4= cov_* # i covered {r coverage rate T in & e i AL
cov_exist = cov_exist.rename(columns={

"covered": "count_exist",

"coverage rate": "coverage rate exist"

})
cov_dqgn = cov_dgn.rename(columns={
"covered": "count_dqn",

"coverage rate": "coverage rate dqn"

})

A=
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cov_bus = cov_bus.rename(columns={
"covered": "count bus",
"coverage rate": "coverage rate bus"
133 B 1> ~ =z = ~
#EET IR L L RERSEK R

comparison = (

oy
14

cov_exist[["VILLNAME", "count exist", "coverage rate exist"]]
.merge(cov_dqn[["VILLNAME", "count dqn", "coverage rate dqn"]],
on="VILLNAME")
.merge(cov_bus[["VILLNAME", "count_bus", "coverage rate bus"]],
on="VILLNAME")
)
#PEHE (FAEALE)
comparison["delta_dqn"] = comparison["coverage rate dqn"] -
comparison["coverage rate exist"]
comparison["delta_bus"] = comparison|"coverage rate bus"] -
comparison["coverage rate exist"]
# P F s 2
comparison = comparison.rename(columns={
"VILLNAME": "2 %",
"count_exist": "3 B F R E",
"coverage rate exist":"TLF B Rdoid E S,
"count_dgqn": "DQN i % F 7 #&",
"coverage rate dqn": "4c K DQN BL AR 18k F 5",
"count_bus": "% R B E R H",
"coverage rate bus":"4c B RELA{S R E F",
"delta_dqn": "DQN & st 3 = (%)",
"delta bus": "% FF A E L (%)"

1)
# buffer §EHE
tol =10

# TG B buffer

exist_buf = exist geom.buffer(tol)

for name, route in [("DQN", In_dqn), ("% %, In_bus)]:
overlap line = route.intersection(exist_buf)
overlap len = overlap_line.length

route len = route.length
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ro_ar = overlap len/route len * 100

print(f'RO_AR ({name} # 42, buffer={tol}m) : {ro_ar:.2f}%")
print(f" {name} % > & : {route_len:.1f} m")

print(f" J¥FE3 B4 {toljm p £ £ & : {overlap_len:.1f} m\n")

YR
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