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Horr, g FoRE r RIEANURS 58 BEAREAII NG R R B, Bt
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YELSEARL (8] WERCIE S ¢ AR T e 17 £ A
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Horb, 0, RoRTCIE SN G ER T #0706 HEPIICIE &, 152
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Hrb, (s1, 89, .., 800) ATAHERFI . W65 HN
Gr = {s1(-1)+1, - - -+ Smin(7r,24) }- (52)
Hrh, G, FBRE r MRS SN G, A B —F 1) 2-opt BI%, 524N H%

57

= in L(R,).
R, a@mg%ﬂ(R) (53)

Hrp, Q(G,) B tES A G, [BE R B 2E AT U7 WY, R: o E 2 4T R
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B KT s BTHY R EREAREE 7 AT ERAEIE e E NS A R
Mg . BT &KL RZ 7 MEMH, 4N TSP i H DP+Bitmask BETFSHHLE
iE [9]e IRES dp[S][u] MINEER K. CUiRES S B 406 T o B EER, W
REHREN
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Hodr, o MRV HIBGE S, BA T KEREN
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BT |G| <7, %K1 R ERRECN, AT TR R RE RN HN R E. B
AT B, AN H P R o A1 b, BT E
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ML 3 ARG AN 7. 104 1. 5. 6+ 24 3, TEANL 4 RS AN 8. 11, 12,
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Listing 1 A — 1% L3R ARAE T

import numpy as np

1

2

3 def haversine(lonl, latl, lon2, lat2):

4 r = 6371.0

5 lonl, latl, lon2, lat2 = map(np.radians, [lonl, latl, lon2, lat2])
6 dlon = lon2 - lonl

7 dlat = lat2 - latl

8 a = np.sin(dlat / 2.0) *x 2 \

9 + np.cos(latl) * np.cos(lat2) * np.sin(dlon / 2.0) ** 2

0

return r * 2 * np.arcsin(np.sqrt(a))
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def distance_matrix(df):

n = len(df)

dist = np.zeros((n, n))

for i in range(n):

for j in range(n):
dist[i, j] = haversine(

df.loc[i, "lon"], df.loc[i, "lat"],
df.loc[j, "lon"], df.loc[j, "lat"l)

© 0 N O AW N

20 return dist

21

22 def route_length(route, dist):

23 return sum(dist[route[i], route[i + 1]] for i in range(len(route) - 1))
24

25 def nearest_neighbor(start, nodes, dist):

26 unvisited = set(nodes)

27 route = [0]

28 current = start

29 if start in unvisited:

0 route.append(start)

1 unvisited.remove(start)

2 while unvisited:

3 nxt = min(unvisited, key=lambda x: dist[current, x])
4 route.append(nxt)

5 unvisited.remove(nxt)

6 current = nxt

7 route.append(0)

8 return route

9

40 def two_opt(route, dist, max_iter=500):

41 best = routel[:]

42 best_len = route_length(best, dist)

43 history = [best_len]

44 improved = True

45 it =0

46 while improved and it < max_iter:

47 improved = False

48 it += 1

49 for i in range(1, len(best) - 2):

80 for k in range(i + 1, len(best) - 1):

31 new_route = best[:i] + best[i:k + 1][::-1] + best[k + 1:]
q42 new_len = route_length(new_route, dist)
33 if new_len + le-9 < best_len:

34 best, best_len = new_route, new_len
35 history.append(best_len)

86 improved = True

87 break

48 if improved:

89 break

0 return best, best_len, history

1

2 def or_opt(route, dist, max_seg=3, max_iter=200):

63 best = routel[:]

4 best_len = route_length(best, dist)

5 history = [best_len]

6 improved = True

7 it =0

8 while improved and it < max_iter:

9 improved = False

0 it += 1

1 n = len(best)

2 for seg_len in range(1l, max_seg + 1):

3 for i in range(1l, n - seg_len):

4 segment = best[i:i + seg_len]

5 remain = best[:i] + best[i + seg_len:]
6 for j in range(1, len(remain)):

7 if j == i:

8 continue

9 candidate = remain[:j] + segment + remain[j:]
0 new_len = route_length(candidate, dist)
1 if new_len + le-9 < best_len:

2 best, best_len = candidate, new_len
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history.append(best_len)
improved = True
break
if improved:
break
if improved:
break

return best, best_len, history

def perturb_route(route, rng):
core = route[1:-1]
if len(core) < 4:
return route[:]
i, j = sorted(rng.choice(len(core), size=2, replace=False))
if i == §:
return route[:]
core[i:j + 1] = corel[i:j + 1][::-1]

return [0] + core + [0]

de

Hh

solve_tsp(dist):
nodes = list(range(1, dist.shape[0]))
best_route, best_len, best_hist = None, float("inf"), []
rng = np.random.default_rng(2026)
for start in nodes:
init = nearest_neighbor(start, nodes, dist)
route, length, hist = two_opt(init, dist)
route, length, or_hist = or_opt(route, dist)
hist = hist + or_hist[1:]
if length < best_len:
best_route, best_len, best_hist = route, length, hist
for _ in range(30):
init = perturb_route(best_route, rng)
route, length, hist = two_opt(init, dist)
route, length, or_hist = or_opt(route, dist)
hist = hist + or_hist[1:]
if length < best_len:
best_route, best_len, best_hist = route, length, hist
return best_route, best_len, best_hist

M C: [\ 4L IEF

o] B —AERE R AN 2 ST 7 A B B R R )R SR 2 HLENTRE S/
S G PETT AL AR AR 7 L, FREATAH N 2-opt ANES AT A e /iR
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def route_length(route, dist):

return sum(dist[route[i], route[i + 1]] for i in range(len(route) - 1))

def nearest_route(nodes, dist):
if not nodes:
return [0, 0]
unvisited = set(nodes)
current = 0
route = [0]
while unvisited:
nxt = min(unvisited, key=lambda x: dist[current, x])
route.append (nxt)
unvisited.remove(nxt)
current = nxt
route.append(0)

return route

def two_opt(route, dist, max_iter=300):
best = routel[:]
best_len = route_length(best, dist)
history = [best_len]
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improved = True
it =0
while improved and it < max_iter:
improved = False
it += 1
for i in range(1, len(best) - 2):
for k in range(i + 1, len(best) - 1):
new_route = best[:i] + best[i:k + 1][::-1] + best[k + 1:]
new_len = route_length(new_route, dist)
if new_len + le-9 < best_len:
best, best_len = new_route, new_len
history.append(best_len)
improved = True
break
if improved:
break

return best, best_len, history

optimize_group(nodes, dist):
route = nearest_route(nodes, dist)

return two_opt(route, dist)

initial_groups(df, max_size=7):
depot_lon, depot_lat = df.loc[0, "lon"], df.loc[0, "lat"]
pts = df [df["id"] > 0].copy()
pts["angle"] = np.arctan2(pts["lat"] - depot_lat, pts["lon"] - depot_lon)
pts = pts.sort_values("angle")
groups, cur = [], []
for node in pts["id"].astype(int):
cur.append (node)
if len(cur) == max_size:
groups . append (cur)
cur = []
if cur:
groups . append (cur)

return groups

total_length(groups, dist):
total, routes, lengths = 0.0, [1, []
for group in groups:
route, length, _ = optimize_group(group, dist)
routes.append(route)
lengths.append (length)
total += length

return total, routes, lengths

local_search(groups, dist, max_size=7, max_iter=120):
groups = [g[:] for g in groups]
best_total, best_routes, best_lengths = total_length(groups, dist)
history = [best_totall
for _ in range(max_iter):
candidate_best = best_total
candidate_groups = None
for a in range(len(groups)):
for b in range(a + 1, len(groups)):
for ia, na in enumerate(groups[a]):
for ib, nb in enumerate(groups([bl):
ng = [x[:] for x in groups]
nglal [ial, nglbl[ib] = nb, na
total, _, _ = total_length(ng, dist)
if total + 1e-9 < candidate_best:
candidate_best, candidate_groups = total, ng
if len(groups[al) > 1 and len(groups[b]l) < max_size:
for ia, na in enumerate(groups([al):
ng = [x[:] for x in groups]
nglal .pop(ia)
ng[b] .append(na)
total, _, _ = total_length(ng, dist)
if total + le-9 < candidate_best:
candidate_best, candidate_groups = total, ng
if len(groups[b]) > 1 and len(groups[a]) < max_size:

for ib, nb in enumerate(groups[bl):

37




0 @ ¢

I?

4 ng = [x[:] for x in groups]

5 ng[b] .pop(ib)

6 nglal .append(nb)

7 total, _, _ = total_length(ng, dist)

8 if total + le-9 < candidate_best:

9 candidate_best, candidate_groups = total, ng
0 if candidate_groups is None:

1 break

2 groups = candidate_groups

3 best_total, best_routes, best_lengths = total_length(groups, dist)
4 history.append(best_total)

5 return groups, best_routes, best_lengths, best_total, history
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Listing 3 [i @ =# A7 AR AL L AR P

ALPHA = 1.0
BETA = 0.08
PACKAGE_WEIGHT = 1.0

def route_distance(route, dist):

return sum(dist[route[i], route[i + 1]] for i in range(len(route) - 1))

def route_fuel(route, dist, alpha=ALPHA, beta=BETA):

q = len(route) - 2

total, loads, seg_fuels = 0.0, [I, []

for i in range(len(route) - 1):
load = max(q - i, 0) * PACKAGE_WEIGHT
fuel = dist[route[i], route[i + 1]] * (alpha + beta * load)
total += fuel
loads.append (load)
seg_fuels.append (fuel)

return total, loads, seg_fuels
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nearest_route(nodes, dist, objective="fuel"):
unvisited = set(nodes)
route, current = [0], O
while unvisited:
if objective == "fuel":
load = len(unvisited)
nxt = min(unvisited, key=lambda x: dist[current, x] *
(ALPHA + BETA * load))
else:
nxt = min(unvisited, key=lambda x: dist[current, x])
route.append (nxt)
unvisited.remove(nxt)
current = nxt
route.append(0)

return route
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two_opt_fuel(route, dist, max_iter=300):
best = routel[:]
best_fuel = route_fuel(best, dist)[0]
history = [best_fuel]
improved, it = True, O
while improved and it < max_iter:

improved = False

it +=1

for i in range(1, len(best) - 2):

for k in range(i + 1, len(best) - 1):
new_route = best[:i] + best[i:k + 1][::-1] + best[k + 1:]

new_fuel = route_fuel (new_route, dist) [0]
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if new_fuel + 1le-9 < best_fuel:
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de
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def

def

def

def

def

best, best_fuel = new_route, new_fuel
history.append(best_fuel)
improved = True
break
if improved:
break

return best, best_fuel, history

initial_equal_groups(nodes, m):
size = len(nodes) // m

return [nodes[i * size:(i + 1) * size] for i in range(m)]

optimize_groups(groups, dist):

routes, fuels, lengths, histories = [1, [1, [1, []

for group in groups:
route = nearest_route(group, dist, "fuel")
route, fuel, hist = two_opt_fuel(route, dist)
routes.append(route)
fuels.append (fuel)
lengths.append(route_distance(route, dist))
histories += hist

return routes, fuels, lengths, histories

total_fuel(groups, dist):
routes, fuels, lengths, _ = optimize_groups(groups, dist)

return sum(fuels), routes, fuels, lengths

local_search_equal(groups, dist, max_iter=100):
groups = [g[:] for g in groups]
best, routes, fuels, lengths = total_fuel(groups, dist)
history = [best]
for _ in range(max_iter):
best_candidate, candidate = best, None
for a in range(len(groups)):
for b in range(a + 1, len(groups)):
for ia, na in enumerate(groups[al):
for ib, nb in enumerate(groups[b]):
ng = [x[:] for x in groups]
nglal [ial, nglbl [ib] = nb, na
, _» _» _ = total_fuel(ng, dist)
if val + le-9 < best_candidate:

val

best_candidate, candidate = val, ng
if candidate is None:
break
groups = candidate
best, routes, fuels, lengths = total_fuel(groups, dist)
history.append(best)

return groups, routes, fuels, lengths, best, history

solve_for_m(nodes, m, dist):
groups = initial_equal_groups(nodes, m)

return local_search_equal(groups, dist)

compare_drone_numbers (nodes, dist):

solutions, semsitivity = {}, []

for m in [2, 3, 4, 6, 8, 12]:
groups, routes, fuels, lengths, total, hist = solve_for_m(nodes, m, dist)
sensitivity.append((m, 24 // m, total, sum(lengths),

np.mean(fuels), np.max(fuels), np.min(fuels)))

solutions[m] = (groups, routes, fuels, lengths, total, hist)

best_m = min(sensitivity, key=lambda row: row[2]) [0]

return best_m, solutions[best_m], semsitivity

iR B: EELERHFTR

R 1645 @ DY ZTE AN S A B AR 2, 3R 1745 R = AR AHLECE

RIBREHMBURTE S R, 3R 1845 P ZRIREHR L 7 SR I BERE D i o

39




#£ 16 W8 PYZETE AL 2R b TR 3R
TN BRek W2 /km RS
B
0—13—9—16—17
1 —18—14—15—0 71.7191 7
0—4—20—19—24
2 —23—22—21—0 82.2879 7
0—>7—10—1—5
3 —6—2—3—0 40.3084 7
4 0—-8—=11—12—0 17.2361 3
F£ 17  AE =T AR BURHERN R R
TN LR SBREEAE pEsiin P35 LR
A E2 £ /km Bl
2 12 250.6235 174.1724 125.3117
3 8 255.4441 198.8512 85.1480
4 6 283.1199 237.8437 70.7800
6 4 343.0033 301.0198 57.1672
8 3 388.4598 351.0337 48.5575
12 2 515.7177 480.7106 42.9765
R 18 I =R T REEREE MR R
AN RS A p=8iin FAiliE AT BEFE SRR
# F£/km
1 12 108.6150 108.6150 51.7405 160.3555
2 12 65.5574 65.5574 24.7106 90.2680

40



