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01 Introduction

Increasing waste

4/36
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Smart bin

5/36

Saving the environment
has gotten smarter

Free WiFi From Tarnm

Source : RFID food bin (2010)

Source : Big Belly (2016) Source : Superbin (2020)
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01 Introduction

Smart bin in a smart city
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01 Introduction

Research questions 7/36

' - +  Tackle uncertainty of fill level
RQ1 : Advantages of using a smart bin — =~ T OF R

* Penalty for overflowing bin

RQ2 : Why are clusters needed for » Total cost

— .
 Waste collection rate

waste collection?

RQ3: Why suggest a heur1stic? ————— . Efficient and fast solution

Wy SCM Lab.



2. Mathematical model
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02 Mathematical model

Assumptions 7136

Bin : Identical with the same capacity Vehicle : Homogeneous with the same capacity Waste : Single type
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02 Mathematical model

Assumptions 10736

(4) Every bin in each cluster will be visited by the same vehicle.

(5) If the fill level reaches the TFL, then an alert message is transmitted to the cleaning authority so that the waste can be collected.
(6) All the empty vehicles start from a depot and visit the filled bins (above TFL) and their neighboring bins in each cluster.

(7) All filled bins must be visited.

(8) After visiting the filled bins and neighboring bins, the vehicle will return to the depot to unload waste.

(9) During routing, a vehicle can receive fill level information within a neighboring bound from its current location.

* TFL : Threshold fill level (e.g. 80%)
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02 Mathematical model

11/36
Main parts

v’ Clustering part
— Generate clusters : K-means algorithm

— Decide the number of clusters : EIbow method

v Routing part
— Use ant colony optimization

— Minimize Routing cost + Penalty cost

i SCM Lab.



02 Mathematical model

12
Routing part 36

v" Indices and sets

M  Set of m clusters, M = {1,2,--- ,m}

B,, Set of bins in cluster m, b,,; € B, by = bin ¢ in cluster m, Vm € M

{0} Depot

B Set of depot and all bins, B={0} UB;UBsU---U B,

B,,r Set of the filled bins in cluster m, fill level> T'F'L, B,y C B,,, Vm € M

By  Set of all filled bins, By = B1y U BayU---U B¢

B, Set of penalty bins in cluster m, fill level> 100%, B, C By, Vm € M

B, Set of all penalty bins, B, = B1, U Bap, U+ U By,

N|bmi] Neighbor of by, N{bmi] = {bmi} U {bmz : bz € B ;i £ x, Vm e M,
Vix=1,2,---,|Bp | and d(bpz,bmi) < R, d denotes the euclidean distance}

K Set of vehicles, |K | <m

i 4 Bmf U N[bml], D iE Bmf

Ik {O}UTlLJTQU---UTm

07 (Z) Set of edges (i,j) € Z x B\Z

0~ (Z) Set of edges (i,j) € B\Z x Z

i) SCM Lab.



02 Mathematical model

Routing part 13/36

v" Indices and sets

Bm
@® :Bin
. . o
@ : Filled bin (= TFL) ®
: Neighboring bound ® o ©
: Cluster bound P
o
o
o
® T,

i, SCM Lab.



02 Mathematical model

Routing part : Motivation for a neighboring bin 14/36

v" ToT sensor

- Short range : Bluetooth, NFC, RFID, Wi-Fi (10~20m)
- Medium range : LTE, 5G
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Cleaning authority
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Kim, J. S. (2015). The introduction of IoT (Internet of Things) technologies and Policy Directions. Review of Korea Contents Association, 13(1), 18-24. SCM Lab



02 Mathematical model

Routing part : A smart bin

planning period)

Accumulation rates (t)
v Might-go bins : Fill level < TFL /

v Must-go bins include not only above TFL but also

[ t=1 (1st day of the J 15/36

expected to above TFL based on accumulation rate

v' Time period

- Discrete : t starts from 1 / N /
ust-go bins
- Check fill level at the beginning of each time period (once in a day) L

k-means-ACO

l,

/ Routes (t) /
K50

e, SCM Lab.




02 Mathematical model

Routing part : A smart bin

v" Fill level estimation

A

Wi : estimated waste fill level in bin 7 at day ¢’

ng : number of days between collection day t and day ¢/
a; : average daily accumulation rate of bin

a : value for a probability retrieved from the normal distribution depending on the

desired level of confidence for Wit

04 - standard deviation of the daily accumulation rates of bin ¢

Waters, D. (2008). Inventory control and management. John Wiley & Sons.
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1=1 (1st day of the planning period) ] 16/36

Retrieve sensor data
Wy YiEB

Wy >TFL,Yi€ B

\/
By+i
Collection is necessary at day t

l

W =g X 8; + & X /Mg X 0as, Vi € B, € [t+1,T]

W > TFL,Yi € B\By,t" € [t,¢'

[T
No J7

1] Wy >TFLYie B

Following estimated
collection day = '

—(>[ k-means-ACO ]
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02 Mathematical model

1
Routing part : Motivation for a smart bin 7/36
v Example
Day 1 W;, Estimated fill level (%)
Expected waste
Bin accumulation S———" Day 2 Day 3 Day 4 Day 5
(Yo/day) level, W, Before After Before After Before After Before After
collection | collection | collection | collection | collection | collection | collection | collection
1 40 20 60 20 100 140 180

2 20 100 20 120 40 140 60 160
3 30 40 30 100 130 160

4 10 80 10 90 20 100 30 110 40
5 5 55 60 60 65 70 75
TFL : 70%

First collection day : Day 1 with Bin 1,2,3.,4
Following estimated collection day : Day 5
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02 Mathematical model

Routing part 18/36

v' Parameters

TFL Threshold fill level

R Neighboring bound

d;;  Travel cost required to move a vehicle from node ¢ to node j
L; Amount of waste at bin ¢

P;  Penalty if bin 7 is not visited by a vehicle

L Maximum capacity of a vehicle

v" Variables

{1 if a vehicle k traverses from node i to node j in the undirected graph
Tijk =

0 otherwise
1,] € Bke K

1 if a bin 7 is visited in the solution
Yi = x
0 otherwise

WY ’?
)

i € B\{0}
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02 Mathematical model

Routing part 19736
v Objective function
man y: y: y: xz’jkdij + Z (1 = yi)Pz' (1)
keK i€T, j€To i€To\{0}
v Constraints
Z Toik — Z .Cl?j()k = 1, Vk = i (2)
i€ B\{0} j€B\{0}
Y = 3 z =1, Ve 3)
keK (i,5)eé+ (T keK (i,5)€é—(
Z Tijk = Z Tijk, Vme M, Vke K (4)
(4,7)€6+(Tom) (4,9)€6=(Tm)
> D wikli <L, VK€K, i#] (5)
i’é{!}:’g i€ B\{0} jeB
Fod SCM Lab.



02 Mathematical model

Routing part 20/36
v Constraints
Yo D mgr=yj; YieB\0}, i#£j (6)
keK iec B\{0}
Y wph= Y  xpk Vk€K, Vpe B\{0} (7)
i€B\{0} jeB\{0}
>N @ <IS|—1, Vke K, VSC B\{0}, |5]>2 (8)
€S jeS
> i =By (9)
iGBf
injkE{O,l}, Vie B,Vje B, Vke K (10)
M ; €{0,1}, Vie B 11
(& Al R & SCM Lab.
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%) K-means-Ant Colony Optimization

K-means clustering algorithm

22/36

Algorithm 1 k-means clustering algorithm

Require: Set of bins B except for a depot, and the number of clusters |M|;
Ensure: Unique set of bins in each cluster; centroid of each cluster;
Step-1: Start;
Step-2: Initialize a positive integer ¢ (¢ = |M|) using elbow method;
Step-3: Generate bins in each cluster (an initial set) randomly;
Step-4: Determine the centroid of each cluster;
Step-5: Allocate each bin to the cluster where it is nearest to the centroid;
Step-6: Update the centroid in each cluster;
Step-7: Repeat Step 5 and 6 until the centroids no longer move;
Step-8: Stop.

i) SCM Lab.



Procedures 23/36

K-means-Ant Colony Optimization

1. Representation : Xz — ({O}a bmla mea S bmpa bm,p—!—la ¥ bm,p—l—l)

Depot Filled bins Neighboring bins

2. Pheromone initialization : 7;; =

3. Path construction : Pij = =5 = See Appendix A.

4. Pheromone evaporation : T 0] — (1 o ,O)Ti,j

5. Pheromone updating : Ti i = (1— Tz, i+ '0 Z Tbest

\%"' ’
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4. Computational experiments
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Computational experiments

Small size 25/36
The Elbow Method using Distortion
30 -
1. Dataset : 16 Nodes (Gwanak-gu, Seoul)
25 -
- 1 Depot, 15 Bins ’
§ 20
2. 4 Clusters by k-means algorithm + Elbow method ¢
15 1
3. Parameter setting |
- TFL : 80, # of vehicles : 2, L : 700, R : 25 ' ’ TR °
- A week, fill level estimation™ 1 : 29.969884354402602
2 : 19.43334875751521
3 : 15.81346060178041
4. Exact method 4 : 13.138845094623909
5 : 11.315541115977245
6 : 8.79368992781059
IR, LBt O[T, BT, 4kl & 284, (2020). A KOl ME H7|2 47 A=
SHMIL XS 7|2 o) S0l T3t 0T FRE LY )=, 272), 216-219.
e, SCM Lab.
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Computational experiments

Small size

26/36

= -t
°
s s
%,
o,
Seoul Touris ¢ "’,3%
%) High Schofi ] # % %
< 2 1 Q.
o % otxiztel Y =k N
2 >
° Gwang, &
o SADANG-DONG
o NEE
N [OIX|Z2{A R|WH o
(] edical Center
o*®
I;Qc-/,%"L 9‘35(\ g
T0
pusurte™ &
N8 R
7 o
"an-o mSeouI Nat'l Univ. S
* g $§
Dxﬂ%ﬂligm%ﬂa (Gwanak-gu Office) 5
Sports compls rts complex
ol
5
= $
» & anak-gu Office & SeMA | Seoul Mt
Munseond © s’”’m,,v ‘_QO“‘ R0ONS of Art Nan
o MEAEEA
g o
£
S
ul Gwahak =
ce Statfon 2ttt E2iZ
Park

NE¥7iotslste g

Depot

Inhun High School

seongdae Park

Hospital, School,
Sports complex,
Apartment..

X2
QIEIX| R

Science Exhibition
MESHA|
MRA DEFEAIR

Seoul Science Exhibition

Da eha/pg il

o
o 4
G Seoul National

GWﬁNAL(-GU
557 University Language...

irim Girls' High Schon

s T
s
Kwangshin High chn‘% E]
it Seoul National University i o NAMHYEON-D
Gwanak Dormitory () Seoul National University Hus
_ S AEDORG Azoisia et ) Gwanak Dormitory
st tEs LTS
Wengo‘*“o +
Seoul National -
University
s § umm 1
9 Map data ©2022 TMap Mobility ~ South Korea Terms Privacy Send feedback 200mi—no— 3

Google Maps SCM Lab

N

iy

3
g

[l
210
v,

o
I



Computational experiments

Small size

v Exact method (Python-Cplex)

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Must go : : : :
. All bins 1) All bins 1) 9 bins 1)) 4 bins
bins
Collection 100 0 100 0 88.34 0 53.41
rate (%)
R‘(’:‘étsltng 247.19 0 247.19 0 219.394 0 148.836
Penalty 0 0 0 0 10.4 0 34.8
cost

27/36
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Computational experiments

Large size

28/36

1. Dataset : 52 Nodes (TSPLIB*)

- 1 Depot, 51 Bins
2. 5 Clusters by k-means algorithm + Elbow method
3. Parameter setting

- TFL : 70, # of vehicles : 5, L : 250, R : 20

- A week, fill level estimation

4. Heuristic (k-means-ACO)

*http://comopt.ifi.uni-heidelberg.de/software/TSPLIB95/

s\g.l""’l.\‘@
K SCM Lab.
I



Computational experiments
Large size - See Appendix B. 29/36

100 ~
950 - 90
|
850 - —&—Instance | = 70
750 - —#— Instance 2 8 60 -
2 650 ‘ —— Instance 3 2 50
2 / <
S s | —<—Instance 4 = 40
550 - CCL)
‘ —#— Instance 5 30
450 - o / ; 20 4
—t —o— [nstance 6
350 10 -
750 ‘ 0 T T T 1
o ’ i 6 8 0 2 4 6 8
Day Instance
(a) Routing cost in a week
\ Table 3. Statistical measures on different costs
3100
[tem Routing cost Penalty cost Total cost
2600
S Mean 3888.45 67.36 3955.81
SD 304.94 11.42 303.62
- 2100 | ~#— Instance 2
§ —&— Instance 3
1600

Table 4. Computation times of k-means-ACO

Instance 4

1100 | RSt Instance Computation times (sec)

—o— Instance 6

’ 30,147

0 1 2 3 4 5 6 7 8 3 40.308

Day 4 32.904

* f%’% (b) Waste load in a week 2 ggggi
%‘i‘ Figure 2. Routing cost and waste load in a week SCM Lab.
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Conclusions

Contributions & Future study 31/36

v" Contributions
- Reduce the complexity of the VRP by clustering
- Suggest k-means-ACO for fast and efficient waste collection

- Suggest a set concept for each bin to tackle the uncertainty of a smart bin

v' Future study
- Consider several types of waste
- Multiple compartments 1n a vehicle for waste collection

QUED
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A. K-means-Ant Colony Optimization
Algorithm 2 Path construction Algorithm 3 k-means-ACO
Require: A depot and the set of bins of a cluster; Require: Problem data, ACO parameters, number of clusters (|M|)
Ensure: The optimum tour for the r®* ant of the cluster; Ensure: The optimum tour in each cluster
Step-1: Start; ) Step-1: Start;
Step-2: Set B ={1,2,..., N}, =1and &' = {2,3, ..., N}. Node 1 to N_ Step-2: Initialize a set of bins and the number of clusters (|M]);
in E' represent a depot, filled bins, and neighboring bins, respectively; S B K loorith b : '
Siepts i — mrandom;elenent romthersel kb ; tep-3: Execute a k-means algorithm (subsection 3.1);
Step-4: i = @; Step-4: Start ACO;
Step_5: Set, I/VL:O7 //WL means waste method Step-5: Identlfy the fill level information above TFL,
Step-6: while (((L — WL) >= L;) and (I < N)) Step-6: Distribute the total number of ants;
Step-7: Determine pheromone initialization (subsection 3.3.2);
WL =WL+ Li; Step-8: Execute path construction (subsection 3.3.3);
Set E'=E -{i}; _ , Step-9: Perform pheromone evaporation (subsection 3.3.4);
Let bin ¢ be the present position of an ant. Then the next bin j € Step-10: Execute pheromone updating (subsection 3.3.5);
is selected by the ant, with probability p;; given by the formula Step-11: If pheromone updating occurred, go to step-8;
5 Step-12: Find the optimal tour in each cluster;
P - Step-13: End.
x T
JEE’
where 1 is a user-defined parameter that controls the relative
importance of pheromone concentration. A roulette-wheel selection
process is used for this parameter.
l=14+1,i=j;
}
Step-7: Print the optimal tour of the cluster;
Step-8: End.
el SCM Lab.
I



"yA Appendix

B. Computation results of the proposed algorithm
Table 5. Optimum routing plan in a week (Instance 2)
Day No. of Filled bin location sequence cluster wise Total Routing  Penalty Total
trip cluster-1 cluster-2 cluster-3 cluster-4 cluster-5 load (kg.) cost ($) cost ($) cost ($)
1 46, 49, 19, 40 48,1, 13, 31 37, 10, 18 33, 44, 51, 15 45, 23, 27 583.31 143.00
1 2 50, 7 42, 28, 25 6, 39, 36 26, 32, 5 22,17, 4, 34, 16 512.88 118.28 475.38
3 47, 49, 30, 19, 40 48, 13, 21, 29, 2 9, 18, 10, 43 44, 51, 24, 20, 15, 41 45, 38, 8, 27, 35 797.79 214.10
9 1k 9, 6, 43, 18 2,3 31 24, 47, 14, 30, 40 32,41, 15 38, 45, 4, 23, 27, 16, 8 705.85 220.07 18.90 450.72
2 39, 36 48, 1, 13, 21, 29 51, 46, 50, 49, 11, 7, 19 20, 37, 10, 5, 35 33, 26, 42, 22, 17, 12, 34, 900.56 201.75 J :
3 1 13, 25, 16, 4 20, 32, 35 26, 33, 50, 30, 2, 1, 48 9, 37 6,43,7,11, 19 684.52 220.63 36.98 47750
2 45, 22, 28, 23, 12, 34 38, 8, 27, 5, 41, 15 24, 44, 51, 46, 14, 29, 3 18, 10 49, 47, 40, 39, 36 843.27 203.89 i ]
L 51, 15, 10, 18 33, 22, 45, 4, 12, 34, 25 50, 30 32, 41, 5, 27 6, 39, 36, 40 672.97 158.8
1 2 24, 20, 37 26, 42, 23, 31 14, 2, 21 38, 8 49, 47, 11, 7, 43(N) 540.19 123.00 —
3 44, 51, 9, 10 33, 45, 17, 12, 34, 16, 25 50, 30, 1, 29, 3 41, 5, 35, 27 6, 39, 36, 40 768.59 218.78 :
4 24, 20, 15, 18 42, 22, 4, 23, 28 48,13, 21, 14 32, 38 46, 49, 11, 19 610.08 158.92
5 1 38, 8, 27, 35, 34 6, 39, 7, 49, 19, 30 1, 14, 21, 3, 13 20, 9, 37, 32 42, 23, 4, 25, 31 800.85 330.36 15.90 461.60
2 5,16 24, 44, 51, 47, 11, 40, 36 48, 2, 29 41, 15, 10, 18 26, 33, 22, 45, 17, 12, 28 737.27 101.34 : :
1 20, 9, 18, 15 14, 21 44, 47, 7, 43, 19 22, 17, 38, 8 31, 25 547.26 147.53
6 2 33, 26, 32, 10, 37 42, 50, 30, 2, 3, 1 24, 46, 11, 40, 39, 6, 36 45, 4, 12, 23, 16, 27, 35 28, 13 868.24 262.98 14.90 640.34
3 20,9, 18, 15,41, 5 48, 14, 29, 21 44, 51, 49, 47, 7, 43, 19 22, 17, 34, 38 31, 25 745.82 214.93
1 50, 14, 40 45, 17, 12, 34 32, 18 48, 2, 25 26, 24, 43, 39, 36 548.30 136.49
7 2 49, 47, 11, 30 38, 8, 27 15, 10 42,3, 29 33, 44, 51, 9 517.27 124.36 431.64
3 46, 50, 14 22, 45, 23, 12, 34, 16, 35 32,41, 37, 18 1,13, 31, 25, 21 26, 20, 6 710.82 170.79
Total 12512.53 3470 .00 86.68 3556.68
SUEIND
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