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import gurobipy as

max Zl—l pl xl

st. Y wix; <C

9
[4, 7, 5, 2]
[5, 8, 6, 2]

xi € {0; 1};l — 1, - model = gp.Model()

model .ModelSense = gp.GRB.MAXIMIZE
x = model.addVars(len(w), vtype=gp.GRB.BINARY, obj=p)
model.addConstr(gp.quicksum(w[i]*x[i] for i in range(len(w))) <

model.optimize()
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BV DBEQ LIREEZEBLTWAT7ATLi CIREEZXRT
* V(Q,i) CIREDIRRED LIEMRTEIAHRADETMEZRT
max{p; + V(Q —w;,i+1),V(Q,i+ 1)}ifi <nand Q = w;
V(Q,i) =

V@ Q,i+1) ifi <nandQ < w;
0 ifi=n+1

i=1
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Domain-Independent Dynamic Programming (DIDP)

HEADPETI/ILE L TERL L, RV ILARTHEL

HEERECHE DPETFIL iLFDP Y LN i
57 NG [7
|
compute V(N \ {0},0)
) S VW) = min cij +V(U\G}) = @@ ”
V(®,0) = cio + V(8,0) | @
V(@,0)=0 - |_| .
% I_I TTUYT REZRERRZH WD
- (Python or YAML) LN (RustTERE)
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compute V(N \ {0},0,0) Target state
( .EUrtr_ll_iIl " Cij + V(U \ {j},j, max{t + Cl'j,aj}) ifU #0 ] %EEFET%
- ] : Cijs j A\Y [e] pr—
VIU,LY) =4 ¢ £ V(U,0,t + c;) ifU=0i%0 TRICE?
L0 ifU=0,i=0 Base case
PRAEZEH - ER L \
. U:kBEomEE + N:EEOERS (0: 7H)
e | EFEDAE . [aj,bj] DR j ORFEIR

e t:EEDOEY ¢ ¢ LD D j ~NDBBEFE
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RREMEREZ V 2 BITHIICERT 5

compute V(N \ {0},0,0) Target state
ijU:l;:r_ll_ingbj Cij + V(U \ {j},j, max{t + Cij’ Clj}) ifU #0 ] %Eﬁfpﬁ’é‘ 5
V(Urlrt):< Ci0+V(U,O,t+CiO) ifU=0,i #0 7__\\/—.1_‘\)6:;%
L0 ifU=0,i=0 Base case
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e t:EEDOEY ¢ ¢ LD D j ~NDBBEFE
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compute V(N \ {0},0,0) Target state
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RREMERH V =z BRIICEERT 5

compute V(N \ {0},0,0) Target state
ijU:rg_]I_igjsbj Cij + V(U \ {j},j, max{t + cij,aj}) if U # @ ] %Eﬁﬁﬂ@'%
V(U;l;t) = < Ci0+V(U;O;t+CiO) lfUZQ,l:,tO 7__\\/—.1_“)6:;%
0 ifU=0,i=0 Base case
PRAEZEH - ER L \
. U:kBEomEE - N:BEOES (0:TK)
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e t:EEDOEY ¢ ¢ LD D j ~NDBBEFE
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compute V(N \ {0},0,0) Target state
ijU:lér_ll_ingbj Cij + V(U \ {j},j, max{t + Cij’ a]}) ifU #0 ] %Eﬁfpﬁ’é‘ 5
V(U,l,t)=< C,'()-|-V(U,O,t+Cm) ifU:@,i:/:() 7__7,1_36:;%
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compute V(N \ {0},0,0) Target state
fjeu:rtr}ricrzjsbj cij + V(U\ {3}, j, max{t + Cij) aj}) ifU + @ | I ERS
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import didppy as dp
model = dp.Model(maximize= )

customer = model.add object type(number=4)
[0, 5, 0, 8]
[100, 16, 10, 14]
= model.add int table([[O0, 3, 4, 5], [3, 0, 5, 4], [4, 5, 0, 3],

= model.add set var(object type=customer, target=[1l, 2, 3])
= model.add element var(object type=customer, target=0)
= model.add int var(target=0)

=]
]
.-.E

E .

5, 4, 3, 0]])

26



DIDPPyIC L2 ET U v

5475 Y%A »R—t

model = dp.Model(maximize= )

customer = model.add object type(number=4)
[0, 5, 0, 8]
[100, 16, 10, 14]
= model.add int table([[O0, 3, 4, 5], [3, 0, 5, 4], [4, 5, 0, 3],

= model.add set var(object type=customer, target=[1l, 2, 3])
= model.add element var(object type=customer, target=0)
= model.add int var(target=0)

=]
]
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E .

5, 4, 3, 0]])
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import didppy as dp

model = dp.Model (maximize= IREEMERS M = R/IMLT B ET IV

customer = model.add object type(number=4)
[0, 5, 0, 8]
[100, 16, 10, 14]
= model.add int table([[O0, 3, 4, 5], [3, 0, 5, 4], [4, 5, 0, 3],

= model.add set var(object type=customer, target=[1l, 2, 3])
= model.add element var(object type=customer, target=0)
= model.add int var(target=0)
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E .

5, 4, 3, 0]])
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import didppy as dp
model = dp.Model (maximize=

customer = model.add_object type(number=4) BEZEDES N = {0,1,2,3}

[0, 5, 0, 8] BERIHE [a, b)]
= [100, 16, 10, 14]

model.add int table([[O0, 3, 4, 5], [3, 0, 5, 4], [4, 5, 0, 3], [5, 4, 3, 0]])

+

= model.add set var(object type=customer, target=[1l, 2, 3]) ﬁgEWHqﬁﬂ Cij

= model.add element var(object type=customer, target=0)
model.add int var(target=0)
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import didppy as dp

model = dp.Model(maximize= )

customer = model.add object type(number=4)

Table : JREEZH i 24T v I RELTERS

model.add int table([[O0, 3, 4, 5], [3, 0, 5, 4], [4, 5, 0, 3], [5, 4, 3, 0]])

= model.add set var(object type=customer, target=[1l, 2, 3])
= model.add element var(object type=customer, target=0)
model.add int var(target=0)
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import didppy as dp

model = dp.Model (maximize= )

customer = model.add object type(number=4)

[0, 5, 0, 8]
= [100, 16, 10, 14]

model.add int table([[O0, 3, 4, 5], [3, 0, 5, 4

model.add set var(object type=customer, target=[1l, 2, 3])

model.add element var(object type=customer,

= model.add int var(target=0)

target=0)

[=]
.-.E

E .
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import didppy as dp
model = dp.Model(maximize= )

customer = model.add object type(number=4)
[0, 5, 0, 8]
= [100, 16, 10, 14]
model.add int table([[O0, 3, 4, 5], [3, 0, 5, 4], [4, 5, 0, 3], [5, 4, 3, 0]])

Target state compute V(N \ {0}, 0,0)
= model.add set var(object type=customer, target=[1l, 2, 3])

= model.add element var(object type=customer, target=0)
model.add int var(target=0)
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for j in range(l, 4): V(U,i,t) = jeu:rtl—lficriljsbj c;j + V(U \ {},j, max{t + ¢;j, a;})

visit = dp.Transition(
name="visit “.format(j)
cost=c[1, j] + dp.IntExpr.state cost(),
effects=[(u, u.remove(j)), (1, j), (t, dp.max(t + cl[1i, 31, aljl))],
preconditions=[u.contains(j), t + cl[i, jJ] <= Db[]]],

)

model.add transition(visit)




=]
]
.-.E

RREEZ D IE

E .

for j in range(l, 4): V(U,i,t) = jeu:rtl—lficriljsbj c;j + V(U \ {},j, max{t + ¢;j, a;})

visit = dp.Transition(
name="visit “.format(j), PN
cost=c[1, j] + dp.IntExpr.state cost(), 'Ik'h‘ﬁﬂ“ Bﬁyﬁ 4 a)“-l-ﬁ'jj_;f
effects=[(u, u.remove(j)), (i, j), (t, dp.max(t + c[i, j1, aljl))],
preconditions=[u.contains(j), t + c[1, J] <= Db[]]],

)

model.add transition(visit)
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for j in range(l, 4): V(U,i,t) = jeu:rtl—lficriljsbj c;j + V(U \ {},j, max{t + ¢;j, a;})

visit = dp.Transition(
name="visit {}".format(j) e _
sl LS & * — Vo a sl :
cost=c[i, j] + dp.IntExpr.state cost(), RRBEERZ V OFETGE
effects=[(u, u.remove(j)), (i, j), (t, dp.max(t + c[i, j1, aljl))],
preconditions=[u.contains(j), t + cl[i, jJ] <= Db[]]],
)

model.add transition(visit)

- [01 5r 0!‘ 8]
[160, 16, 10, 14]
model.add int table([[0, 3, 4, 5], 4, 5, 0, 3], [5, 4, 3, 0]])

E .
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for j in range(l, 4): V(U,i,t) = jeu:rtl—lficriljsbj c;j + V(U \ {},j, max{t + ¢;j, a;})

visit = dp.Transition(
name="visit “.format(j) . B e = | st h s
cost=c[i, j] + dp.IntExpr.state cost(), ERRXDRBEOFTEAE
effects=[(u, u.remove(j)), (i, j), (t, dp.max(t + c[i, j1, aljl))],
preconditions=[u.contains(j), t + c[1, J] <= Db[]]],

)

model.add transition(visit)
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for j in range(1l, 4): V(U,i,t) = min _ ¢; +V(U\{j}j, max{t + ¢;j, a;})
visit = dp.Transition( JEU:LtCyj=bj
name="visit “.format(j),
cost=c[1, j] + dp.IntExpr.state cost(),
effects=[(u, u.remove(j)), (1, J), (t, dp.max(t + cl[i, j1,
preconditions=[u.contains(j), t + cl[i, jJ] <= Db[]]],

E .

) 5 v
model.add transition(visit) REEER 2 EHRAT 5 7-0DFH
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for j in range(l, 4): V(U,i,t) = jeu:rtl}fig}jsbj c;j + V(U \ {},j, max{t + ¢;j, a;})

visit = dp.Transition(
name="visit “.format(j),
cost=c[1, j] + dp.IntExpr.state cost(),
effects=[(u, u.remove(j)), (1, J), (t, dp.max(t + cl[i, j1,
preconditions=[u.contains(j), t + cl[i, jJ] <= Db[]]],

)

model.add transition(visit)

BETEAREEBD 5 b "‘@
AR % BAMET 3 b O

A
-h® @ [

&/ML

[
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Of==10)]
]
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return to depot = dp.Transition( V(U,it) = Cio + V(U,O0,t + Cio) ifU=0,i #0
name="return",

cost=c[1, O] + dp.IntExpr.state cost(),
effects=[(i, 0), (t, t + c[i, 0])1,
preconditions=[u.1s empty(), 1 !'= 0],

)

model.add transition(return to depot)

39



Base Case

model.add base case([u.is empty

’ l —_——

1,

cost=0)

=]
]
.-.E

E .
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Base Case

model.add base case([u.is empty

1 == 0], cost=0)

V(U,i,t) =0ifU =@,i =0

=]
]
.-.E

E .

A
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HREOERICEEINTLWANNREBHRZHATHICERT S
* :l*fﬁ;gfﬁu& . V(U,i,t) = 001fEI] eU,t+ Cij > b]

for jJ 1in range(1l, 4):

E .

model.add state constr(~u.contains(j) | (t + c[i, ]
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* :l*fﬁ;gfﬁu& . V(U,i,t) = 001fEI] eU,t+ Cij > b]

for jJ 1in range(1l, 4):

0Ol
5]
.-.E

E .

model.add state constr(~u.contains(j) | (t + c[i, ]

c VY —=REHICLDHARFR VUi, t) <V, i, t)ift <t

t = model.add int resource var(target=0, less is better=True)
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[=]

HREOERICEEINTLWANNREBHRZHATHICERT S
* :l*fﬁ;gfﬁu& . V(U,i,t) = 001fEI] eU,t+ Cij > b]

for jJ 1in range(1l, 4):

model.add state constr(~u.contains(j) | (t + c[i, ]

c VY —=REHICLDHARFR VUi, t) <V, i, t)ift <t

t = model.add int resource var(target=0, less is better=True)

+ BXFBRSR (T 57) B V(U,i,t) = Xjey min ¢y

kKEN
cmin = model.add int table([3, 3, 3, 3])

model.add dual bound(cmin[u])
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solver = dp.CABS(model)
solution = solver.search()

if solution.is optimal:
print("Optimal cost: " . format(solution.cost))
elif solution.is feasible:
print("Infeasible")
else:
print("Best cost: ".format(solution.cost))
print("Best bound: “.format(solution.best bound))

print("Solution:")

for transition in solution.transitions:
print(transition.name)
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CAASDy : A*CTDP % #% <

r . ] . ] . . . 1
| jeu:mlcr:jsbj ¢ij +V(U\{}j, max{t + ¢;,a;}) ifU = @
g. 0

{1,23},0,0 |

Target state

A* I f(S) =g(S)+h(S) Zm/IMbLT DIRFE S Z R T 5



CAASDy : A*CTDP % #% <

( : N :
| jEU:l;:I’_}_lcl’iljsbj Cij + V(U \ {]},], max{t + Cij' Cl]}) lfU +* @
VL0 =1 ¢ + V(U,0,t + ci0) ifU = 0,i # 0
0 ifU=0,i=0
XU BB SRR 2
V(123,000 ) mincy =9
jE{1,2,3}

g. 0 h:9
£ 9[{L,2,33,0,0 rorrmrrmrrrrrm e 190t

Target state

A* I f(S) =g(S)+h(S) Zm/IMbLT DIRFE S Z R T 5 50
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( ~ _min
JEU:t+cijsbj

V(U,i,t) =

0

cij + V(U \ i}, max{t + c;j, a;})

Cio + V(U, 0, t + CiO)

(23},1,5 |

3

{1,23},0,0 K-

{1l3}l

2,4 |

{12},

3,8 |

ifU +0
ifU=0,i #0
ifU=0,i=0

A* I f(S) =g(S)+h(S) Zm/IMbLT DIRFE S Z R T 5
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S o |
_ jEU:rtr-}-lcrilijj Cij + V(U \ {]}’]’ max{t + Cij» aj}) ifU =0

(23},1,5 |

3

4

{1,2,3},0,0 (13},2,4 |

TRAEHHY
V(U,i,t) =c0ifdje U, t+c;; > b
{172})3;8 J V({]"Z}’S’S) = 00 & 2 E {1J2})t+ C32 — 8+ 3 > b2 — 10

A* I f(S) =g(S)+h(S) Zm/IMbLT DIRFE S Z R T 5 59
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S o |
_ jeu:m-lcriljszgj Cij T V(U \{U}bJ, max{t + Cij, Clj}) ifuU +0
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3
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S o |
_ jEU:m_lg;ijj Cij T V(U \{U}bJ, max{t + Cij, Clj}) ifuU +0

/{ (234,15 |f:9

3 BERKIZXFOTR: 9
[{1,233,0,0 1 {13},2,4 | f:10

A* I f(S) =g(S)+h(S) Zm/IMbLT DIRFE S Z R T 5
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SEA i
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e DP7 IO XLICTFTRELERZFEST2RIFY 2 ANS
=> bounded DP

c PREEIC/ — P2 XV ICRTFLEEZEITSHHEAZ AND
=> test for dominance; subproblem dominance;

branch, bound, and remember; branch-and-memorize; caching;
nogood recording

RABFHITCENL9TBE | DIREER Ea—YURT 4 v IRE
i — ISR D I E’]TM@%&%? Z [Ibaraki 1978]
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Bl CRE T - O (309 . 8GB)

fE & BA MIP CP CAASDy CABS
TSPTW (340) BRIt 2 TSP 224 47 257 259
CVRP (207) ACEE AT IE| fF &2 28 0 6 6
m-PDTSP (1180) ACXETIE TSP 940 1049 952 1035
OPTW (144) F)TvrF—Uro | 16 49 64 64
MDKP (277) ZR7TTy 7Yy o | 168 6 4 5
Bin Packing (1615) AR 1160 1234 922 1167
SALBP-1 (2100) i 7 A vEaEft | 1431 1584 1657 1802
1||Zw;T; (375) a7 AYa—JL| 107 150 270 288
Talent Scheduling (1000) #®REXT ¥ 22—/l 0 0 207 239
MOSP (570) 4 EIEF =@l 241 437 483 527
Graph-Clear (135) ARy b EE&EREL 26 4 78 103

MIP: Gurobi 11.0.2, CP: IBM ILOG CP Optimizer 22.1.0

91



OB v v 7 (304, 8GB)

ifE] & BA MIP CP CAASDy CABS
TSPTW (340) Rl fT =TSP 0.220 0.716 0.244  0.115
CVRP (207) ACEE5TIEI I RE 0.865 0.987 0.971 0.691
m-PDTSP (1180) ACXETIE TSP 0.184 0.110 0.275 0.160
OPTW (144) Fyxz>7F—YU>7 | 0.665 0.289 0.556  0.270
MDKP (277) ZR7Fy 7y o | 0.001 0.422 0.986  0.468
Bin Packing (1615) AN 0.044 0.004 0.429  0.005
SALBP-1 (2100) AL 7 A v EaEl 0.271 0.017 0.211  0.006
1||Zw;T; (375) a7 RTa—JL | 0498 0.371 0.280 0.225
Talent Scheduling (1000) ¥&EEXT ¥ 12—l 0.887 0.951 0.793  0.170
MOSP (570) F+EIEF&=El 0.317 0.193 0.153  0.020
Graph-Clear (135) ARy b EfE&xEIL | 0.447 0.456 0.422  0.061

BB 3R b — TSR /max{|[fBoD 3 X k|, [ BUHBRE |}



Primal Integral : ##D 3 X k&

FROIR N -HSNTWIRE IR N (f275 L1 1)

Primal gap max((FED A X M FIONTUVWAREIX b

Primal integral

Primal gap
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YD Primal Integral (304, 8GB)

MIP: Gurobi 11.0.2, CP: IBM ILO CP Optimizer 22.1.0

& aiLEA MIP  CP CAASDy CABS
TSPTW (340) KR 2 TSP 479.0 49.0 458.3 9.3
CVRP (207) ACEE AT IE| 2 1127.6 482.9 1748.2  333.7
m-PDTSP (1180) ACXETIE TSP 177.6  26.0 333.5 5.2
OPTW (144) FyxT>rr—YU>rs | 4381 156 1018.2 58.0
MDKP (277) ZRITTy TH v U 0.7 15.9 1773.9  201.7
Bin Packing (1615) AN 88.1 8.1 778.6 5.0
SALBP-1 (2100) =Ry B STk ¢ 538.8 285 383.9 1.9
1||Zw;T; (375) AT a—I 64.9 3.5 513.2 71.2
Talent Scheduling (1000) I®mEX T ¥ 22—/l 106.1  18.9 1435.1 25.4
MOSP (570) 4 EIEF =@l 95.2 13.0 275.5 0.3
Graph-Clear (135) ARy FEfExEl | 3349 835 764.0 0.4



Fx - BT As 717 (CP) &7

il ‘ﬁ’]%@%%ﬁéﬁ%i@ftt:ﬁj 7 Ry 7 IR NBYILA
5 TE D BB B IE |2 45E L 7=global constraints % 2
s A Y LD L IBM ILOG CP Optimizer

« F—T 2 =RV IL/NDA - Google OR-Tools CP-SAT
https://developers.google.com/optimization/cp/cp_solver

n-—1 n-—1
min 2 Cxixiss min z Cxixiss
i=0 i=0
s.t. x; # Xj Vi € N,Vj € N\ {i} s.t. all_different({x;|Vi € N})
Xo =X, =0 Xog =X, =0
x; E N\ {0} VieN\{0} x; €E N\ {0} VieN\ {0}
EHCPET L all different{& > 7-CPE T /L

95


https://developers.google.com/optimization/cp/cp_solver

7% . Decision Diagram-Based Solvers

Decision Diagrams (DD) &IN5 T —XEETDPET L ZKRIE L
relaxed DD & restricted DD C TR & ERA25HE T 290 BEEEY LN

* DDO: https://github.com/xqillard/ddo
« CODD: https://github.com/Ildmbouge/CODD
7-72 L merging operator& WS A2 TR T 2N ENDH 5

(a) Exact DD. ) Relaxed DD. (¢) Restricted DD. 06



https://github.com/xgillard/ddo
https://github.com/ldmbouge/CODD

\ /7/7_|J Y/ JL /N

[Kuroiwa and Beck AAAI 2024]
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F,%1 © Shared Beam Search (SBS)
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