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A mixed integer linear program is used to schedule the
selection operations of a two-phase waste selection process
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MILP - parameters

j=A1,...,J} : index of the J sorting stages

p={l,...,P} : index of the P time-shifts

T : time horizon partitioned in time shifts withz € {1,.... T} =T, U...UTp

C : hourly cost of each operator

o; . working hours for time ¢ determined by the corresponding shift p

C; = Cx* 0oy, : cost of each operator at time ¢

/i : set-up cost of sorting stage J

a; : quantity of material in kg unloaded from trucks at time 7

o - percentage of waste processed in stage j — 1, received in input by buffer j

S maximum inventory capacity of the sorting stage buffer j

LCj : critical stock level threshold of buftfer ;

p; : fraction of material allowed to be lett at buffer j at the end of time horizon
K : single operator hourly production capacity [kg/h| of sorting stage j

SK;; = K;* o : operator sorting capacity in sorting stage j, at time 7

M : maximum number of operators available in each time shift

Lj : minimum number of operators to be employed in each time shift of stage j

dh'. : slope of the i-th part of linearization of the buffer j stock cost curve
j P P J
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MILP - parameters - Time partioned in working shift

———> T : time horizon partitioned in time shifts withz € {I,.... T} =T\ U...UTp
C : hourly cost of each operator
> ©; : working hours for time ¢ determined by the corresponding shift p
C; = Cx* 0oy, : cost of each operator at time ¢
/i : set-up cost of sorting stage J
a; : quantity of material in kg unloaded from trucks at time 7
o - percentage of waste processed in stage j — 1, received in input by buffer j
S maximum inventory capacity of the sorting stage buffer j
LCj : critical stock level threshold of buftfer ;
p; : fraction of material allowed to be lett at buffer j at the end of time horizon
K : single operator hourly production capacity [kg/h| of sorting stage j
SK;; = K;* o : operator sorting capacity in sorting stage j, at time 7
M : maximum number of operators available in each time shift
Lj : minimum number of operators to be employed in each time shift of stage j
ah} : slope of the i-th part of linearization of the buffer j stock cost curve



progetti @ Ciasi|

MILP - parameters - Time dimension

j=A1,...,J} : index of the J sorting stages
p={1,...,P} : index of the P time-shifts

> T : time horizon partitioned in time shifts withz € {1,.... T} =T U...UTp
C : hourly cost of each operator
o; . working hours for time ¢ determined by the corresponding shift p

> (; = Cx*o0; : cost of each operator at time ¢
/i : set-up cost of sorting stage J

> a; : quantity of material in kg unloaded from trucks at time 7
o - percentage of waste processed in stage j — 1, received in input by buffer j
S maximum inventory capacity of the sorting stage buffer j
LCj : critical stock level threshold of buftfer ;
p; : fraction of material allowed to be lett at buffer j at the end of time horizon
K : single operator hourly production capacity [kg/h| of sorting stage j
SK;; = K;* o : operator sorting capacity in sorting stage j, at time 7
M : maximum number of operators available in each time shift
Lj : minimum number of operators to be employed in each time shift of stage j
ah} : slope of the i-th part of linearization of the buffer j stock cost curve
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MILP - parameters - Sorting stages dimension

——> j={l,...,J} : index of the J sorting stages
p={l,...,P} : index of the P time-shifts
T : time horizon partitioned in time shifts withz € {1,.... T} =T, U...UTp
C : hourly cost of each operator
o; . working hours for time ¢ determined by the corresponding shift p
C; = Cx* 0oy, : cost of each operator at time ¢
> [j: set-up cost of sorting stage j
a; : quantity of material in kg unloaded from trucks at time 7
> aj : percentage of waste processed in stage j — 1, received in input by buffer j
> §j : maximum inventory capacity of the sorting stage buffer j
LCj : critical stock level threshold of buftfer ;
p; : fraction of material allowed to be lett at buffer j at the end of time horizon
> Kj : single operator hourly production capacity [kg/h] of sorting stage j
> SKj; = Kj*0; : operator sorting capacity in sorting stage j, at time ¢
M : maximum number of operators available in each time shift
> E; : minimum number of operators to be employed in each time shift of stage j
ah} : slope of the i-th part of linearization of the buffer j stock cost curve
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MILP - parameters - Stock costs

j=A1,...,J} : index of the J sorting stages
p={l,...,P} : index of the P time-shifts
T : time horizon partitioned in time shifts withz € {1,.... T} =T, U...UTp
C : hourly cost of each operator
o; . working hours for time ¢ determined by the corresponding shift p
C; = Cx* 0oy, : cost of each operator at time ¢
/i : set-up cost of sorting stage J
a; : quantity of material in kg unloaded from trucks at time 7
o - percentage of waste processed in stage j — 1, received in input by buffer j
S maximum inventory capacity of the sorting stage buffer j
—> LCj : critical stock level threshold of buftfer ;
p; : fraction of material allowed to be lett at buffer j at the end of time horizon
K : single operator hourly production capacity [kg/h| of sorting stage j
SK;; = K;* o : operator sorting capacity in sorting stage j, at time 7
M : maximum number of operators available in each time shift
Lj : minimum number of operators to be employed in each time shift of stage j

—> ah; : slope of the i-th part of linearization of the buffer j stock cost curve

URSI1
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MILP - variables

Xjr € ZT : operators employed in the sorting stage j at time ¢

Ujs € R™ : processed quantity at stage j at time ¢

vjr €{0,1} :equal to 1 if stage j is activated at time 7 , O otherwise

lis =1 j:r +1 ;; > 0: stock level of material in buffer j at time 7; for each stage j the
corresponding I":,.J and !':," . represent the inventory level before and after reaching
the critical threshold respectively.

wir €4{0,1}:equal to 1 if / ;; > 0, 0 otherwise. Indeed, this binary variables are
used to model the piece-wise linear functions of the buffer stock costs.
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| min Z = Z Z Cxjs+ Z Z fiyVis+ Z Z (81’?}!}!, + c?f?j!j!r) (1)
MILP - featu res jeJteT jeJteT jeJteT
Work shifts scheduling s.1.
E‘j}"j!fg.l‘jjf gM_‘}-‘j,; VjEJ,FET};JJEP (2)
yj+ €10,1} : equal to 1 if stage j is Y xj <M VieT (3)
activated at time t, O otherwise jeJ
”j-f ESTKJJ "Yj_-f \?“J’EJ..TET (4)
Production lot-sizing Ly=1,+a—uy, VieT\O (5)
lig =1ljs—1 —Ujs+0jUj—1y VieT\0,jeJ\1 (6)
u; € R : processed quantity I, = 1;,’_? + ;j:; ViedteT (7)
rin at tim N :
during stage j at time t LCjwy, <1}, <L ViedieT 8)
Workforce allocation 0<1j, < (S;=LCj) wj, vjeliteT 9)
ljr < pjLC; vjeJ (10)
Xjt € Z™* : operators employed in Xjs €ELT ViedteT (11)
sorting stage j at time t uj, €RT ViedteT (12)
nSI vis €{0,1} VjeldteT (13)
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MILP - features

//f__

Work shifts scheduling

yjt € {0,1} : equal to 1 if stage j is
activated at time t, O otherwise

Production lot-sizing

u; € R : processed quantity
during stage j at time t

Workforce allocation

Xjt € Z* : operators employed in
sorting stage j at time t

RS

minZ=Y Y Gxj+ Y. X fivis+ X X (91, +ai,)

JeJteT JEJteT JeJteT

s.t.

Ejyis <xjs <Myj; ViedteT, peP
ZIJ':T <M Subject to vieT
e uncertainty

jr < SKjs X VieldteT
L,=1, ?é;'—u” Vi e T\ 0
lis=1j;—1— ud”—ko.';uj 1t VieT\0,jeJ\1
lis=1;,+1;, VjieJteT
LCjwj; <1, <LC; VjeldieT
0< 1, < (S;—LCj) wy, VjeJteT
lir < pj LC;j Vjield
Xjs €ELT VjedteT
uj; € RT VjedteT
Vi €10, 1} VjieldteT

(1)

(2)
(3)

)
(5)
(6)
(7)
(8)
(9)
(10)
(1)
(12)
(13)
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MILP - ReFormulation

Constraints of stock flows
regarding the first buffer
consider the parameter a;
being subject to uncertainty.

These constraints are
reformulated in order to match
the nominal problem form of
Berstsimas and Sim robustness
theory.

Auxiliary variable &; is
introduced.

Constraint (7) guarantees stock
PWL costs to be included in the
objective function.
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S.1.
Ej_\‘j__;‘f_:.i'j__; EM_\‘J'__; ‘v’jEJ,rETp,pEP
jed
H_ji_.; E SK;; .\'_'f,; Vj & Jrgf = T
t t
f[__[]—I—ZGkEk—ZHLkES[ VieT
k=0 k=0
! t
f[__[)—I—ZGkEg——ZHLkEO VieT
k=0 k=0
1 t
f[__;:f]_‘c.—|— Zc?;\-ek—Zul__k VfET\O
k=0 k=0
lig=1jr—1—ujr+0ouj_1, VFET\O?‘].EJ\]
lio=1;,+1;, VielteT
LCjwj; < Ijir < LC; VielteT
0< 1, < (Sj—LCj) wjs vieJteT
T T
ho+) ag — ) ur, <p1 LGy
=0 =0
]j__T""_:ijCj VJEJ\]
Xj; ELT ViedteT
ujr €eRT VjedteT
vi: €{0,1} VielteT




(@
I]rogettl @ \uj:' Eiyvis: <xj: <Myj,; VieJiteTy,,peP (19

. Yxj <M vieT (20)
Robust Formulation =
ljp ESK_“ Xyt T : V_,iEJT:T eT {21}
The protection function is: ’ S S
P ' I:> Lo+ zak&t-—zul,_k:w%srﬂrz,vr.k:i: Si vieT (22)
|- T 1 A=0 k=0 | k=0 |
I t : t t I t I
: | > Iip+ Zak&-—Zlfl,k'+arz+ZPr.k'20 vieT (23)
: z I + z Ptk : k=0 = =
[ ' I
k=0 { t I f |
L :>II,_::II,_[I‘I—EHA-EA-—zﬂl,k|+err+zpr.k: veeT\O (24)
k=0 k=0 L ___ _k=0__,
i . lig=Tjs 1 —ujs+0Guj1, veeT\0,jedJ\ 1 (25)
Where I is the protection Loyl viedteT @6
parameter (robusteness lever). PR o }
LC; wiy {—:Ij.t <LC; ViedteT (27)
a; is the maximum 0<1;, <(S;—LCj) wjy VjedJiteT (28)
deviation of parameter a, T T T
. ) ] I::> Lo+t ae -V u vz + Y p LC 29)
being subject to uncertainty H A;, o 3;0 LT R;p” e PrE {
Robustenss variables z; and p ), ——> :},ij;::_? a s vteT,ke{0,...t} (31
must respect constraint (31) > -5 <&<s | vieT (32)
g=1 vteT (33)
Xjs €L ViedteT (34)
. . uj, €ERT VjedteT (35)
U“.SI vi: €{0,1} VjedteT (36)




progetti @ Cias)

protection gamma_t

the price of robustness

protection magnitude scenarios: from deterministic to worste case
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Application impact related to |Ji].
Moderate impact for small |Ji| Vi
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Price of robustness w.r.t. protection magnitude
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Current and future works

Enlarge experiments and considerations regarding robustness and probabilistic bounds over
constraint violations. Considering correlation between parameters that are subject to uncertainty.

Develop a production model version that includes waste baling press operations

Considering production capacity as a function of operators employed

Profit patterns recognition trough logistic and sorting models integration: framework of models
integration for profitability analysis and contract management support.
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' Models Integration Framework

Stochastic events List of
robustness contracted costs

Resource _(* Sorting operations sorting Argz;::(asti)islicti ——. Contract
management Planning cost i management
Mixed Service
materials priority

Fleet . Waste col_lection ” Vehicle Routing
management Planning
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I] ro g ettl @ \\I&AmSl SLWA = Scheduling with Lot sizing and Workforce Allocation
| — PDTW = Pickup and Delivery with Time Windows

Models Integration > i ot
information flow
diagram for profit e s dornl: el i

patterns dataset

cre atio n {_ D;;I;rzté I:ttiigl?s @

-
SLWA PDTW
Problem — Froblem
L L
Clients Performance Dataset l
v ¥
Client features SLWA instance features PDTW instance features Cost = Cgyua + Conmw

|
v

Machine Learning estimation of F s.t. F ( Client + SLWA + PDTW features ) = Client Cost Performance




