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New concepts for last-mile logistics

Truck M5
+ high capacity
+ fast
- can't use all streets
- high emissions
Bike @™
- low capacity Cp
- slower
+ can use bike paths/small streets

+ no emissions
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Literature

2nd vehicle type flexibility
. 1st ve_hicle 2nd vghicles 2nd vehicle 2nd vehicle capacity of hand-over predefined
literature supplies per primary move on can be ond vehicl location /sync depot/hand-
customers vehicle network /free transported nd vehicle 4 over/assignment

Murray and Chu, 2015] yes 1 free yes 1 customer/yes yes/no/no
Agatz et al., 2018] yes 1 free yes 1 customer /yes yes/no/no
Liu et al., 2020] yes 1 network yes >1 customer/yes yes/no/no
Amorosi et al., 2021] no >1 free yes 1 anywhere/yes yes/no/yes
Anderluh et al., 2017] yes >1 network no >1 satellite/yes yes/yes/yes
Grangier et al., 2016] no >1 network no >1 satellite/yes yes/yes/yes
Nguyen and Ha, 2023] yes >1 free no >1 depot/no yes/-/no
Boysen et al., 2018] yes >1 network yes 1 customer /yes yes/no/yes
Contardo et al., 2012] no >1 network no >1 satellite/no set/yes/yes
Nguyen et al., 2012] no >1 network no >1 satellite/no yes/yes/yes
Hemmelmayr et al., 2012] no >1 network no >1 satellite/no yes/yes/yes
Anderluh et al., 2021] yes >1 network no >1 satellite/yes yes/yes/yes
Li et al., 2021] no >1 network no >1 satellites/yes yes/yes/yes
Li et al., 2022] yes 1 network yes >1 customer/yes yes/no/set
our approach yes >1 network no >1 customer/yes yes/no/no
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Synchronization

T = (vt,v1,v2, va, v7, g, .. .)
B = (v, v2, V3, va, V5, V6, Vg, - - -)
combined nodes: vy, vy, vg
E(B) = b+ max{ch + P, ¢t}
+max{ct + 4+t Y+
ENT) = cf + b+ max{ch + P, ¢}

+max{ct +f+ b Y+
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Mixed-integer programming formulation

min z
s.t. dyy, dy, < z
tvt» bvb =1
1<t, + by Vvev
t t
Z Xv,w) = Z X(w,v) = tv YvevVv
weV wev
wtv WAy
b b
2 Xuw) = D Kww) = bv vvev
wev wev
wtv WAV
b v veVv
X(vpov) S tv v
6 <(1-t) G Vvev
O+ d(W) = Ly < (1= x{, )+ tw) - (Co + max{d(v)}) V(v w) € E
’ v
x(tvbv) -ct(vt,v)g dy Vvev
X(bvb,v) . cb(vb, v) <d, Vvev
dy + (v, w) < dw + (1= Xy ) - M ek
E
dy + (v, w) < dy + (1 — x(bv,w)) M v (:;":l),e
x;,x:,tv,bve{o,l} VeeE,veV
dy, 4y, >0 Vvev
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‘ conservation of flows ‘

bike capacity

’subtour elimination

’ synchronization




Objectives

name objective generalized costs cost type
(tbc_mdp) delivery period cPP(T, B) := max{¢(T), e?(B)}  synchronized
(time-based)
(tbc_mlt) longest tour ctT (T, B) := max{&*(T),&>(B)}  synchronized
(time-based)
(tbc_mst) summed tour durations 7 (T, B) := &{(T) + ¢2(B) synchronized
(time-based)
(dbc_ws), total tour length cPB(T,B) := ci(T) + c(B) independent
(dbc_os) (distance-based)
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Complexity

Theorem
The combined truck and cargo bike routing problem is
» NP-hard, even if the truck tour is fixed and the bike capacity is two,
» polynomially solvable, if the truck tour is fixed and the bike capacity is one.
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Solution approaches

Clustering-based heuristic
> find clusters

» calculate combined
tour between clusters

» calculate combined
tour in clusters
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TSP-based heuristic

» start with two TSP
tours containing all
nodes

» remove nodes from one
tour as long as
combined tour stays
feasible
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Reinforcement learning

» learn Q-functions for
truck and bike

» Q-function
approximates extra
time needed for adding
a node to a tour



Comparing heuristics — Artificial data set
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Experimental evaluation — Real-world data sets

Wuppertal, Germany
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Comparing objectives — Tour duration

duration

—— TSP truck time
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Comparing heuristics — Minimal delivery period
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Summary and outlook

Summary Outlook

» model for combined > exact solution

tours for trucks and approaches

cargo bikes > cross-sectoral planning
> complexity results with public transport
P heuristic solution » approximate value of

approaches many secondary

vehicles
Kiitos!
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