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SCIENCE AND TRANSFER IN 2024 s LISTO)
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Working across the entire innovation chain
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» Fundamental & applied research
» Incubation & transfer of technologies
» Policy support

» Doctoral & post-doctoral training
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LAST MILE DELIVERY OVERVIEW
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Final leg of the logistics chain, from hub to consumer
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r First mile Middle mile Last mile

% i

Stores

ﬁ:::i il @ @ @] & ifis :
— —
— o S Origin Destination > > >
Distribution hub/ hub/
Manufacturer centre Van Van Warehouse
Warehouse Warehouse

*Key issues: High costs, traffic congestion, delivery delays
*Growing demand from e-commerce and food delivery



LAST MILE DELIVERY OVERVIEW
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The majority of households are unoccupied during the postal delivery times

* Failed deliveries increase the CO2 emissions
* Light duty vehicles
* Electric tricycles

* Public transport

E-commerce

Warehouse

==

]

Micro-
fulfillment
center

Grocery
store

Stationary and Mobile GHG Emissions
for transporting groceries along
* Drones 72 supply chain paths and logistics

Delive

Curbside
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Delivery
vehicle
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pick-up

In-store

Customer
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COMBINING PASSENGER AND PARCEL TRANSPORT
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Challenges of Integration

Operational complexity (routing, timing, space constraints)
e Safety and privacy concerns for passengers

 Legal and insurance hurdles

* Balancing delivery efficiency with passenger satisfaction

Opportunity
 Shared infrastructure for transporting goods and people



COMBINING PASSENGER AND PARCEL TRANSPORT
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Routing problems

Lockers

Delivery by personal cars (light duty vehicles)

Use of drones/ robots/ public transportation
Multi-purpose vehicle design (modular seating/storage)
Al for dynamic routing and load management

Digital twins and simulation for urban mobility planning
Policy frameworks supporting multi-use transport
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DESCRIPTION OF THE PROBLEM

Autonomous shuttles
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DESCRIPTION OF THE PROBLEM
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Delivery problem example where two shuttles have different routes with one common stop.

PUDO POINT

Py SHUTTLE
&

. d
**, 30 METRE§..-"
tanmgunr®
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DESCRIPTION OF THE PROBLEM
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Entities and Notations

{SHUTTLE,, . .., SHUTTLE.},
STOPS:= {stis, sti2, . . ., stis}

Bi={bis, biz, ..., bim}

Maximum capacity of a Basket (H;)
SPACE = {spi1, Spiz, . . ., SPis},
shuttle’s capacity S, spis< S

xi;« indicates if the parcel pi«is included into the delivery batch
where i is the shuttle, j is the basket, and k is the parcel’s position in the basket
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MATHEMATICAL MODEL

Maximise:
N M K
[ = Z Z Z[pi:j:k X Ti:j,k]
i=1 j=1 k=1
Subject to:
Ky

> h(pigx) < H;
k=1

Stop(p; ;1) € STOPS,;

|ISTOPS,|
S bastl < spik, k={1,2,...,|STOPS;|}
st=k
Where:
. 1, if p; jr € Pr
ik = .
> \Pr|+1, if p;jr < Psp

Ti:«j:k < {U" 1}

(1)

(2)
(3)

(4)

()
(6)

LUXEMBOURG
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DESCRIPTION OF THE PROBLEM

Maximize the number of parcels delivered

Problem

Number of stops

Number of parcels to be delivered the :
- Same day

- Tomorrow

Request
Delivery location = PUDO points
Load

Constraints
Capacity
Priority to same day parcels

LUXEMBOURG
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PROBLEM INSTANCE
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PARCELS TO BE DELIVERED

SAME-DAY: 19
TOMORROW: 180

The objective is to maximise the number of parcels delivered the “same-day”



PROBLEM AND SOLUTION REPRESENTATION
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..................................................................

PROBLEM |
INSTANCE

TOMORROW: 180

! | PARCELS TO BE DELIVERED

) OPTIMAL K
"""""""""" DELIVERY T
g OPTIMAL

SOLUTION
Loz 0D il
o5 E [ 8 ]37] PARCELS DELIVERED
!

& o1 (5|0 [y |
&o2[4 DD
Los[1@®
dosfo|DO

i oarcELS INBASKET NOTDELNERED |

{ NUMBER OF BASKETS EB

‘‘‘‘‘

A possible optimal solution with detailed delivery plan and results.



SHARE-A-RIDE PROBLEM
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Representation of a solution

SHUTTLE;, SHUTTLE,
(b1.1 b1 bim ) (bN.1 bn.2 bnm )
PCi PCi2 PCim PCna PChn2 PCnm

o

.

* N shuttles having up to M baskets.

» Each basket has K parcels to be delivered at the stop having the postal code PC.
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SHARE-A-RIDE PROBLEM

Representation of a solution

T = {shuttleq, ..., shuttle,, ..., shuttley}
shuttle; = {basket; 1, ..., basket; ;,..., basket; pr}
basket; ; = {pij1. - Dijks-- - Pij K}
basket;. € STOPS;
piix € PARCELS

LUXEMBOURG
INSTITUTE OF SCIENCE
AND TECHNOLOGY
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30

MATHEMATICAL MODEL
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Minimisation problem

F(Z) = ®Rsp + Rt + & (12)
® = |Psp| +1 (13)
Rsp = |Psp| — |P3p| (14)
Ry — |Pr| — | P (15)
‘0 {@ < |Psp|,if & is not viable 06

0, otherwise

|P3p| is the number of parcels actually delivered by the proposed solution
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ALGORITHMS DEVELOPED
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Greedy algorithm (GR)
Genetic Algorithm (GA)

Random Search as a way to assess the validity of the GA and GR



ALGORITHMS DEVELOPED

Pseudocode of the Greedy Algorithm (GR) INSTITUTE OF SCIENCE
AND TECHNOLOGY

GR()
Psp + Sort(parcels, same-day)
Pr + Sort(parcels, tomorrow)
sol + EmptySolution()
{First: add “same-day” parcels}
for all shuttle m sol do
for all stop in Stops(shuttle) do
for all p in Pgp do
if Stop(p) = stop then
if Fits(baskets(shuttle),p) then
basket < basket U {p} {add to basket}
else if Viable(sol, new_basket) then
sol[shuttle][new_basket] + {p} {new}
{Second: complete with “tomorrow™ parcels}
Tor all shuftle in sol do
for all basket in shuttle do
for all p in Pr do
if Stop(p) = Stop(shutile) then
if Fits(basket,p) then
basket + basket U {p}
{Finally, add new baskets for “tomorrow " 1f possible }
for all shuttle in sol do
for all stop in Stops(shuttle) do
while Viable(sol, new_basket) do
for all p in Pr do
if Stop(p) = stop then
if Fits(new_basket,p) then
new_baskel < new_basket U {p}

LISTS)

32
return sol



LUXEMBOURG

ALGORITHMS DEVELOPED
Genetic algorithm RPRRURHR
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Pseudocode of the Genetic Algorithm (GA)

GA(ni, pe, Pm)
t+0: ng, <0
Q(0) < 0 {Q=auxiliary population}
P(0) + Initialisation(n;) {Pop=population}
while n., < MAX_EVALUATIONS do
Q(t) + Selection(P(t))
Q(t) « Crossover(Q(t), p.)
Q(t) + Mutation(Q(t), pm)
Evaluation(Q(t))
P(t+ 1) + Replacement(Q(t), P(t))
t—t+1
return Best(P)
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ALGORITHMS DEVELOPED
Genetic algorithm_Selection operator

LISTE

. In a binary tournament, two individuals are randomly selected, and the one
with the best fitness is chosen.

« Simplicity: It's a simple and computationally inexpensive selection method.

« Commonly Used: Binary tournament selection is a frequently used technique
in genetic algorithms due to its balance of efficiency and effectiveness.

« Larger tournaments tend to favor fitter individuals, leading to faster
convergence but potentially reduced diversity.

« This process is repeated until a new population of the desired size is created
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ALGORITHMS DEVELOPED

Genetic algorithm_Binary Tournament

Fitness

1

3

Chromosomes

Pick

2 chromosomes

— at random

LUXEMBOURG
INSTITUTE OF SCIENCE
AND TECHNOLOGY

Select the chromosome

with the highest
fitness score

EE—
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ALGORITHMS DEVELOPED
Genetic algorithm_Crossover operator

Pseudocode of the Crossover
Crossover(ind; , inds, cross_point)
gene < 0
for all shy,shy in ind;,indy; do
for all basketi.baskets In shy,shy do
if gene < cross_point then
of fi[shi|[basket|| ~— ind;[shy]|[basket,]
of fa[sha|[baskets] + indz[sha|[baskets]
else
if baskety £ () and Viable(of f1, baskets) then
of fi[shy][baskety] < indy[shy][baskets)]
else
of fi[shi][basket;] < 0 {if invalid}
if basket; # 0 and Viable(of fo, basket;) then
of fa|[sha][baskets] < indi[shi|[basket;]
else
of fa[sha][baskets] < O {if invalid}
aene +— aene + 1
of f1 + RemoveDuplicates AndComplete(of f1)
of f2 & RemoveDuplicates AndComplete(of f2)
£ return of fi.of fo

LUXEMBOURG
INSTITUTE OF SCIENCE
AND TECHNOLOGY
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ALGORITHMS DEVELOPED
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Genetic algorithm_Crossover operator

§

INDIVIDUAL 1 INDIVIDUAL 1’
by b2 bs ibi bs bs by bs | i b2
001 002 003 { 002 001 - @ - - 002

[ Poos Pess

[ ] 7= | o e || e |

[Pos | [ Puas [ p - | Poore |

[ Pooe | [ Pors [ Puns | | Pens | i
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Cut point located at the third gene
37
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ALGORITHMS DEVELOPED
Genetic algorithm_Mutation operator

Pseudocode of the Mutation

Mutation(ind, gene)
pc + PostalCode(ind, gene)
for all shuttle in ind do
for all basket in shuttle do
if PostalCode(basket) = pc then
basket « () {All baskets for pc are emptied}
parcels < GetParcels(pc) {All parcels for pc}
found + false
for all p in parcels do {Assign parcels (sorted)}
shuttle + RandShuttle(pc)
for all basket in RandBasket(shuttle, pc) do
if Fits(basket,p) then {there is space}
basket < basket U {p}
found + true
break
if not found then {parcel was not added}
for all basket in RandBasket(shuttle,pc) do
if basket = () then
if Viable(ind, basket) then
ind[shuttle][basket] + {p} {new basket}
break
return ind

LUXEMBOURG
INSTITUTE OF SCIENCE
AND TECHNOLOGY
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ALGORITHMS DEVELOPED

Genetic algorithm_Mutation operator

LUXEMBOURG
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ALGORITHMS DEVELOPED
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Pseudocode of the Random search

Pseudocode of Random Search(RS)
RS()
best_sol +— @; min_f + 0; n., <0
repeat

sol + RandomSolution()

f + Evaluate(sol)

if f < min_f then

best_sol + sol; min_f + f

Tey = Moy + 1
until n., = MAX_EVALUATIONS
return best_sol




NUMERICAL EXPERIMENTS

Problem instances INSTITUTE OF SR

AND TECHNOLOGY
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Characteristics of each case study

# shuttles | # instances # shared # parcels
stops Same-Day | Tomorrow
1 30 0 18 — 40 146 — 193
2 60 0.1 17 - 39 146 — 194
3 00 0.1.2 18 — 47 149 — 189
4 90 0.1.2 17— 43 155 - 198
3 00 0.1.2 16— 45 152 — 190

» 360 problem instances in total,30 for one-shuttle scenarios, 60 for two shuttles, and 90 for the rest.
« Each group of 30 instances corresponds to the number of shared stops, i.e. 0, 1, and 2,
» The range of the number parcels was calculated by using a uniform probability distribution
* The number of empty spaces (0 — 14) and parcels’ height (1 — 50 cm) are common to all case studies.
» The rest of parameters are:
. basket capacity (Hi = 100 cm, Vi),
. shuttle capacity (Si = 14, Vi),
. Number of stops (5 < |STOPSI| < 20).
. The maximum number of baskets per shuttle (M) corresponds to the shuttle capacity, i.e. M = 14.
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NUMERICAL EXPERIMENTS

Problem instances

Hyperparameters of the GA calculated by IRACE

# shuttles 1 2 3 4 5
| o 0.6000 09444 07442 0.6233 0.8388
Pn 0.1867  0.1010 0.1492 0.1615 0.1910

LUXEMBOURG
INSTITUTE OF SCIENCE
AND TECHNOLOGY
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* Irace is an implementation of the iterated racing procedure which uses Friedman’s non-
parametric two-way analysis of variance by ranks

* maximum number of evaluations : 10,000
* Number of individuals: 400 according to the observed algorithm’s convergence.

 crossover probability Pc and mutation probability Pm, calculated by performing 2000
experiments per case study with a confidence interval for the elimination test of 0.95.
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NUMERICAL EXPERIMENTS

Problem instances
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Histograms with number of stops, randomly calculated, used in the scenarios of each case study

LISTS)

COUNT

SHUTTLES: 1 SHUTTLES: 2 SHUTTLES: 3 SHUTTLES: 4 SHUTTLES: 5§
204 404 50 604
- 50 4
157 30 a0

= = E 304 = 407
% 10 % 204 % % 30+

3 8 8 204 3
20 4
5+ 10 104 o
0 01 01 04 04

S w2 w3 w = w3 o 2w g w 2w g
NUMBER OF STOPS NUMBER OF STOPS NUMBER OF STOPS NUMBER OF STOPS NUMBER OF STOPS
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NUMERICAL EXPERIMENTS
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Results for the 360 scenarios, best fithess and run time values for 30 runs of RS and GA (GR is one run)

RS GE GA Improvements
# shuttles | # soenarios Avg. Avg. Avg, Avg, Avg. Avg. GA vs. RS GA vs. GR
fitness time (s) fitness time (s) fitness time (s) [ Min. Avg. Max. | Min. Avg. Max.
1 30 6338.1 20.0 3262.6 0.001 2853.5 39.9 454% 146.4% 5034% | 0.2% 17.7% 62.4%
2 60 5938.5 22.8 3339.3 0.002 2027.6 68.4 35.9% 128.4% 3400% | 0.2% 17.7% 44.0%
3 00 5556.5 25.1 3017.6 0.002 2603.2 69.9 4826 146.0% 2032% | 0.2% 15.0% 36.4%
4 00 53053 26.7 2758.0 0.002 2420.6 70.4 A5.5% 157.5% 4203% | L.0% 15.1% 48.5%
5 00 5310.5 28.2 2541.7 0.002 1633.3 69.7 66.6% 197.4% 980.1% | 0.8% 16.3% 61.7%

Total number of parcels to be delivered by case study and solutions obtained by each optimization algorithm

Parcels GR GA
# shuttles | # scenarios Delivered Mot delivered Delivered Not delivered
Same-Day Tomorrow | Same-Day Tomorrow by shuttles Same-Day  Tomorrow by shuttles
| 30 862 5069 316 469 5146 (86.8%) 386 801 4654 (78.5%
2 60 17490 10290 633 1230 10174 (84.5%) 773 2280 8986 (74.6%)
3 90 2682 153321 1169 2196 14638 (81.3%) 1330 4016 12657 (70.3%)
4 20 2653 15410 1283 2160 14620 (80.9% 1443 4355 12265 (67.9%)
5 90 2746 153318 1478 2389 14197 (78.6%) 1589 4878 11597 (64.2%)
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Comparison of the best fitness values for the 360 scenarios,

in green.

obtained with the Random Search (RS) in red , Greedy (GR) in blue,
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CONCLUSION
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Design of two algorithms for last mile parcel delivery using mobility services.
Greedy algorithm rapidly finds good solutions (hundredths of second)
Genetic algorithm improves the quality of the solutions but slower
Adoption of the solution would:

* reduce the delivery costs

» improve the road traffic conditions (jams and greenhouse gas emissions)
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PERSPECTIVES
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» Real tests in Belval and other places

* Real passenger and logistics data

» Explore other operators/ local search algorithms that would be more efficient.
« Hybridise a local search with an evolutionary schema

* Increase convergence of mobility and logistics platforms

* Increase integrated collaboration between public and private agencies
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