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Transportation in Depopulated Rural Areas #%

* Poor access to public transportation
* Driving is difficult for elderly people

 Home-delivery and pickup service
with a limited number of drivers
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Problem Definition
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Maximum Transportation Time for Perishable Goods
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Maximum Transportation Time for Perishable Goods
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Pickup at Customers and Deliver to the Center
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Pickup at Customers and Deliver to the Center
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Pickup at Customers and Deliver to the Center
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Pickup at Customers and Deliver to the Center
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Pickup at Customers and Deliver to the Center
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Pickup at Customers and Deliver to the Center

9:00 — 11:00

H N
| 9:00 - 15:00
H A, 10:30 — 12:30

9:30 — 11:30

18



Pickup at Customers and Deliver to the Center
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Multi-Commodity for a Single Vehicle
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Multi-Commodity for a Single Vehicle
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Multi-Commodity for a Single Vehicle
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Multi-Commodity for a Single Vehicle
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Multi-Commodity for a Single Vehicle
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Multi-Commodity for a Single Vehicle
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Multi-Commodity for a Single Vehicle
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Heterogeneous Vehicles and Driver Assignments
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Heterogeneous Vehicles and Driver Assignments

Maximum working time of 4 hours

9:00 15:00



Objective

Maximize the weighted number of served requests
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Constraint Programming Model



Main Decision Variables

* x;;: location j is visited from location i

Treat multiple requests by the same customer as different locations
Duplicate the center for multiple visits by each vehicle

* y,,- request r is served by vehicle v

* Z4,. driver d uses vehicle v ‘
34
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Main Decision Variables

* x;;: location j is visited from location i

Treat multiple requests by the same customer as different locations
Duplicate the center for multiple visits by each vehicle

* y,.,. request r is served by venhicle v

* Z4,. driver d uses vehicle v ‘ .
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Main Decision Variables

* x;;: location j is visited from location i

Treat multiple requests by the same customer as different locations
Duplicate the center for multiple visits by each vehicle

* y..,- request r is served by vehicle v
* Z4,- driver d uses vehicle v
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Main Decision Variables

* x;;: location j is visited from location i

Treat multiple requests by the same customer as different locations
Duplicate the center for multiple visits by each vehicle

* y..,- request r is served by vehicle v
* Z4,- driver d uses vehicle v

yrzvl — T

_ Zgp, = T
yrlvl_T 1




Travel Time Variables

* 1,: optional interval representing the tour duration of vehicle v
* §;: optional fixed-length interval representing the visit to location i
- Objective: max Y% p, 1(Pres(6,.)) where p,. is the score of r

AtMostOne({z,; | (v,j) € A}) YvoeV

AtMostOne({z;, | (i,v) € A}) Yo €V

& /1171 AtMostOne({z;; | (i,7) € A}) Vie RUO
AtMostOne({z;; | (i,7) € A}) Vie RUO

5l Zn; = Pres(\,) A Pres(8;) V(v,j) € A,u eV

2 Ziy —> Pres(d;) A Pres(\,) V(i,v) € A,v eV

x;j = Pres(d;) A Pres(6;) V(i,j) e Aji,j €V

Pres(\,) = AtLeastOne({z,; | (v,j) € A}) Yo eV

‘ /’lvz Pres(\y) = AtlLeastOne({ziy | (i,v) € A}) Yo eV
Pres(d;) = AtlLeastOne({xz;; | (i,7) € A}) VieRUO

5i4_ 51,5 Pres(d,) = AtlLeastOne({z;; | (4,7) € A}) Vie RUO

x,; = Start(d;) > Start(A\y) + ¢y V(v,j) e A,veV

Ty = End(A\,) > End(d;) + ¢ V(i,v) € A,v €V

x;; = Start(d;) > End(d;) + ¢i; V(i,j) € Aji,j &V
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Travel Time Variables

* 1,: optional interval representing the tour duration of vehicle v
* §;: optional fixed-length interval representing the visit to location i

- Objective: max Y% p, 1(Pres(6,.)) where p,. is the score of r

NoOverlap is not used as CP-SAT does not
support a distance matrix
Circuit could be used with x;; in CP-SAT but

has worse performance

AtMostOne({z,; | (v, ) € A})
AtMostOne({z;, | (i,v) € A})
AtMostOne({z;; | (i,7) € A})
AtMostOne({z;; | (i,7) € A})

Ty; = Pres(\,) A Pres(d,)

Ty — Pres(d;) A Pres()\,)

x;j = Pres(d;) A Pres(d;)

Pres(\,) = AtLeastOne({z,; | (v,j) € A})
Pres(\y) = AtlLeastOne({ziy | (i,v) € A})
Pres(d;) = AtlLeastOne({xz;; | (i,7) € A})
Pres(d,) = AtlLeastOne({z;; | (4,7) € A})
Z,; = Start(d;) > Start(\,) + ¢y

Ty = End(Ay) = End(8;) + ciy

x;; = Start(d;) > End(d;) + ¢;;

Yv eV

Yv eV

Vie RUO

Vie RUO

V(v,j) e A,v eV

V(i,v) € A,v €V

V(i,j) € Ai,j &V
Yv eV

Yv eV

Vie RuO

Vie RUO

V(v,j) e A,veV

V(i,v) € A,v eV

V(i,j) € Aji,j &V
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Load and Transportation Time Variables

* l5;: load of commodity g when arriving at location i
* 7,4;: transportation time of commodity g when arriving at location i

Yor = Zlgrng YveV,VreR
geG
D o < Qo Vo € V,Vo € O,
geg
Ty; = lgj =0 Vg € GYY (v, §) € A,v EV,j # o,
Tip = lgi =0 Vg € GPNWP Y(i,v) € Ayi £ oby v EV
Trj = lgj =lgr —qr Vg € GIY V(r j) € A;r € Rg,j &V
Trj = lgj = lgr +qr Vg € GPIKWP (r §) € A;r € Ry, j &V
Tij — lgj:lgz' VgEQ,V(z,J)EA,Z¢R9U(’)Q,]¢V
lgr € {qT, e A QU} Vg € G wr € R,
lgr € {0, e A Q= q,.} Vg € GPIRUP v € R,
lg; € {0,..‘,mé1€;(Qv} Vg e G, Vre R\ R,
l . _ O lgo €10, ...,Qu} Yv e V,Vg € G,Yo € Oyg.
g1l s
Tgo = 0 vg c gperl&.hable,vo c og
Tgl il — O Tij => Tgj = Tgi + Start(d;) — Start(s;) Vg € grerishable (i gy € A5 ¢ O,
l O Tor € {0, ..., T} Vg € gperishable . ¢ R
dol1 Tgr € {o, b — gggad} Vg € GPeTshatle yr e R\ R,
Tgo € {0, ...,min{by, by} — a,} Vg € GPerishable iy € Y Vo € O, \ Oy
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Load and Transportation Time Variables

* l5;: load of commodity g when arriving at location i
* 7,4;: transportation time of commodity g when arriving at location i

Yor = Zlgrng YveV,VreR
geG
D o < Qo Vo € V,Vo € O,
geg
Ty; = lgj =0 Vg € GYY (v, §) € A,v EV,j # o,
Tip = lgi =0 Vg € GPNWP Y(i,v) € Ayi £ oby v EV
Trj = lgj =lgr —qr Vg € GIY V(r j) € A;r € Rg,j &V
Trj = lgj = lgr +qr Vg € GPIKWP (r §) € A;r € Ry, j &V
Tij = lgj = lgi Vg€ G, V(i,j) €A i€ RyUOg,j &V
lgr € {qT, e A QU} Vg € G wr € R,
lgr € {0, e A Q= q,.} Vg € GPIRUP v € R,
lg; € {0,..‘,1115125(627]} Vg e G, Vre R\ R,
l — O l = p— lgn S {O)v--ng} Yv € V,Vg € G,Voe ng.
Jdil1 — g1z _
_ 5 . Tgu -0 vg c gperlshable,vo c og
Tgl 1 =0 Tgl i, — min Tij = Tyj = Tgi + Start(§;) — Start(s;) Vg € grerishable (i j) € A5 ¢ O
l l Tor € {0, ..., T} Vg € gperishable . ¢ R
golq — 0 9212 Tor € {0, by — gggad} Vg € GPTihable vy € R\ R,
Tgo € {0, ...,min{by, by} — a,} Vg € GPerishable iy € Y Vo € O, \ Oy
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Load and Transportation Time Variables

* l5;: load of commodity g when arriving at location i
* 7,4;: transportation time of commodity g when arriving at location i

Yor = Zlgrng YveV,VreR
geG
D o < Qo Vo € V,Vo € O,
geg

Ty; = lg; =0 Vg € GYY (v, §) € A,v EV,j # o,

Tip = lgi =0 Vg € GPNWP Y(i,v) € Ayi £ oby v EV

Trj = lgj =lgr —qr Vg € Gl (r j) € Air € Rg,j ¢V

Trj = lgj = lgr +qr Vg € GPIKWP (r §) € A;r € Ry, j &V

Ty = lgj =lgi Vg e G,V(i,j) € A, i g RgUOy,j ¢V

lgr € {qT, e A QU} Vg € G wr € R,

lgr € {0, e A Q= q,.} Vg € GPIRUP v € R,

lg; € {0,..‘,méil);(Qv} Vg e G, Vre R\ R,

l _ O l J— 2 lyo € {0, s Qu} Yo € V,Vg € G,Yo € Oyy.

Jdil1 — g1z _
5 . T =1 5 min Tgo =0 Vg € GPerhable o € O,
Tgl il — Tgl i, — min R Tij => Tgj = Tgi + Start(d;) — Start(s;) Vg € grerishable (i gy € A5 ¢ O,
perishable

l . _ O lg l — lgz i3 — 5 Tgr €40,..., T2} | Vg € Gh ) VreRy
gzll 242 TQTE{O,;.‘,brfgg%ad} Vg € GP Vr € R\ R,
Tgo € {0, ...,min{by, by} — a,} Vg € GPerishable iy € Y Vo € O, \ Oy
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Load and Transportation Time Variables

* l5;: load of commodity g when arriving at location i
* 7,4;: transportation time of commodity g when arriving at location i

Yor = D lgr < Q Yw eV, VreR
geG
> oo < Qu Vo € V,Yo € O,
geg
Ty; = lgj =0 Vg € GYY (v, §) € A,v EV,j # o,
Tip = lgi =0 Vg € GPNWP Y(i,v) € Ayi £ oby v EV
Trj = lgj =lgr —qr Vg € Gl (r j) € Air € Rg,j ¢V
Trj = lgj = lgr +qr Vg € GPIKWP (r §) € A;r € Ry, j &V
Tij = lgj = lgi Vg€ G, V(i,j) €A i€ RyUOg,j &V
lgr € {qT, e A QU} Vg € G wr € R,
lgr € {0, e A Q= q,.} Vg € GPIRUP v € R,
lg; € {0,..‘,1115125(627]} Vg e G, Vre R\ R,
_ — .. = L. . =0 twelo..Q} Yo € V,¥g € G,Yo € Oy
lg1l1 =0 lg1l2 gi1l3 Jila _
. — . Tgo =0 Vg € GPerhable o € O,
Tyi, = Ty, = 5 min Ty, = 15 min Ty > Ty = Ty 4 Start(s;) — Start(5;) Vg €GP V(i ) € A, ¢ O,
perishable
l i — O l . -_ lg l = lg l —_— 5 Tgr €40,..., T2} VQE? VreRy
go14 gal2 2'3 2%4 Tor € {O,‘.‘,brfgréi%ad} Vg € greishable v e R\ R,
Tgo € {0, ..., min{dy, by} —a,} Vg € GPerhatle vy € V. Vo € O, \ Oy,
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lterative Warm-Starting



Iterative Warm-Starting

1. Solve a model considering only one commodity

2. Repeat: add one commodity and solve the resulting model
using the solution for the previous model as the initial solution

|‘| &iny (8

A

|’~)
D)
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Iterative Warm-Starting

1. Solve a model considering only one commodity

2. Repeat: add one commodity and solve the resulting model
using the solution for the previous model as the initial solution

46



Iterative Warm-Starting

1. Solve a model considering only one commodity

2. Repeat: add one commodity and solve the resulting model
using the solution for the previous model as the initial solution




Iterative Warm-Starting

1. Solve a model considering only one commodity

2. Repeat: add one commodity and solve the resulting model
using the solution for the previous model as the initial solution




Experimental Evaluation



Synthetic Benchmark Instances

* Depots and centers in the central area and customers in rural areas
* Road network in a mesh topology

« 3 commodities: (1) perishable delivery, (2) delivery, (3) pickup,
prioritized in this order

e Each rural area has 11 requests in total on average




Experimental Settings

* Google OR-Tools CP-SAT for CP
* MIP model based on a similar idea as a baseline, solved with Gurobi

« 24 threads and 15-minutes
* Iterative warm-starting uses 5 minute for each model
5 instances for each parameter combination



CP with and without Iterative Warm-Starting

No Circuit No Circuit Warm

F#areas Fdrivers 1 2 3 1 2 3
4 3 0.8 084 0.46 0.93 0.85 0.43
8 6 058 0.80 050 0.73 0.69 0.03
12 9 0.56 057 0.22 0.67 050 0.07
16 12 041 0.38 0.12 0.62 0.28 0.01
4 6 1.00 1.00 0.94 1.00 1.00 0.94
8 12 091 094 0.60 1.00 0.94 0.41
12 18 0.81 0.69 0.25 0.98 0.60 0.17
16 24 0.64 0.38 0.06 0.88 0.29 0.03
4 12 1.00 1.00 1.00 1.00 1.00 1.00
8 24 1.00 0.98 0.89 1.00 0.98 0.88
12 36 094 0.79 0.42 1.00 0.71 0.21
16 48 0.61 0.27 0.06 1.00 0.26 0.03

Average ratio of served requests for each commodity



CP with and without the Circuit Constraint

Jircuit Warm No Circuit Warm

F#areas Ftdrivers 1 2 3 1 2 3
4 3 0.93 0.78 0.34 0.93 0.85 0.43
8 6 0.75 0.68 0.10 0.73 0.69 0.03
12 9 0.69 0.44 0.00 0.67 050 0.07
16 12 0.57 0.19 0.02 0.62 0.28 0.01
4 6 1.00 1.00 0.96 1.00 1.00 0.94
8 12 0.99 0.85 0.28 1.00 0.94 041
12 18 0.98 0.50 0.07 0.98 0.60 0.17
16 24 0.84 0.17 0.0 0.88 0.29 0.03
4 12 1.00 1.00 1.00 1.00 1.00 1.00
8 24 1.00 0.99 0.6 1.00 0.98 0.88
12 36 1.00 0.67 0.05 1.00 0.71 0.21
16 48  0.97 0.14 0.02 1.00 0.26 0.03

Average ratio of served requests for each commodity



CP vs. MIP

MIP Warm No Circuit Warm

F#areas Ftdrivers 1 2 3 1 2 3
4 3 089 070 0.14 0.93 0.85 0.43
8 6 063 044 0.04 0.73 0.69 0.03
12 9 0.58 0.06 0.00 0.67 050 0.07
16 12 041 0.02 0.00 0.62 0.28 0.01
4 6 1.00 0.99 0.75 1.00 1.00 0.94
8 12 094 031 0.09 1.00 0.94 0.41
12 18 0.88 0.07 0.00 0.98 0.60 0.17
16 24 0.60 0.00 0.00 0.88 0.29 0.03
4 12 1.00 1.00 0.90 1.00 1.00 1.00
8 24 1.00 0.63 0.15 1.00 0.98 0.88
12 36 1.00 0.02 0.00 1.00 0.71 0.21
16 48 0.77 0.00 0.00 1.00 0.26 0.03

Average ratio of served requests for each commodity



Conclusion and Future Work

CP is useful for solving a complicated routing problem

Future work
* Real-world deployment
 Large neighborhood search



AtMostOne({y,», | v € V})

Pres(d,) = AtLeastOne({y,» | v € V})
Tyr = Yrv

Try = Yrv

Tij == Yiv = Yju

Tro = Yro

Tor == Yro

AtMostOne({zg, | v € V4})
AtMostOne({zg4, | d € D,})

Pres(\,) = AtlLeastOne({z,q | d € D,})
24y = Start(\,) > ag

a0 = End(\,) < ba

24v = Length()\,) < Ty

Vehicle and Driver Constraints

Vr € R

Vr e R

V(v,r) € A,v € V,r € RPI¢kuP
V(r,v) € Ajr € RAelivery 4, ¢
Yo e V,V(i,j5) € A,i,j €ER

Yo e V,V(r,0) € A,r € R,0 € O,
Yo € V,V(o,1) € A,o€ O,,r €R

Vd e D
Yv eV
YveV
Vd € D,Vv € Vy
Vd € D,Yv € Vy
Vd € D,Vv € V,

—_
]
=

o W b
= O O
—
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