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1 Summary of Relevant Notation

Parameters
Notation| Definition
N set of manufacturers.
A set of arcs. (7,j) € A implies that component i is required by manufacturer ;.
B the final manufacturer node.
& E=1{0,1,2,..., M}: the set of tiers in the network.
N(E) | the set of nodes in Tier E, where E € £.
K the set of demands for final assembled product.
H the total number of time periods in the scheduling horizon.
Dk the due date of demand k£ € K at the final assembly node.
Di’k the local due date that components ¢, which will be used for demand k, need to be sent
out along path 7.
pred(i) | the set of sub-component manufacturers for manufacturer
R (3) the set of paths 7 from a manufacturer i to B.
D(i.5) the shipping time from manufacturer ¢ to manufacturer j.
Di the production time at manufacturer i.
cap’ the capacity of raw material manufacturer i.
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i,1—t

cap The cumulative capacity of manufacturer ¢, i.e., cumulative production up to t is
bounded by it.

Qi) the number of components of type ¢ necessary in the production of one component of
type 7 .

?k the total components ¢ needed to be on path r in a final product k.

Pt the minimum lead time it takes a product from 7 to be processed and shipped along
r € R(m).

ul the time manufacturer ¢ is restored.

Variables

Notation| Definition

C,Z;j]; the time to ship a product ¢ from manufacturer ¢ to meet final product demand k
through path r.

tf«:]f, the tardiness of the product ¢ from manufacturer ¢ for demand k through path r based
on the decision Cf;j];.

tik the tardiness of the manufacturer ¢ for demand & based on shipping decisions at ¢ alone.

tk the tardiness of demand & at the final assembly node.

Tf?’lk the tardiness of manufacturer ¢ in meeting demand k based on the arrival of needed
components.

Tfn the tardiness of manufacturer ¢ across all demands based on the arrival of needed com-
ponents.

TE the maximum tardiness of all manufacturers ¢ in Tier £ € & based on the arrival of
needed components.

Téi s the tardiness of manufacturer ¢ across all demands based on the disruption at 2.

T£ § the maximum tardiness of all manufacturers ¢ in Tier £/ € £ based on their disruptions.

Tg;ft the maximum tardiness of manufacturer ¢ in meeting demand k based on its shipping
decisions.

o the maximum tardiness of manufacturer ¢ across all demands based on its shipping

decisions.

TE, the maximum tardiness of all manufacturers ¢ in Tier ¥ € £ based on their shipping
decisions.

al (o) the earliest arrival time a product from manufacturer ¢ to be processed and shipped at

time ¢ to the final product through path » € R(i), where r = i — j; — jo..Jn — B,

considering disruptions at the manufacturers on the path.




Tk the tardiness of manufacturer ¢ for demand & based on decisions at ¢ and the disruptions

on paths from ¢ to B.

MSHE | MSYE = max, 4 ke Kai(Cf;j];) : the makespan of manufacturer ¢ in scheduling the set

of demands K.

TTR. |TTR! = max(maxhq:t@o(@é:’; + pi),0): the time to recover of manufacturer 4

through path r.
TTR' |TTR' = max,TTR. = max; TTR"* = max, , ,4r-00k(Cry): the time to recover

of manufacturer .
TTRY |TTRF = max;e N(g) TTR: the time to recover of Tier E.

2 Polynomial time representation for inputs

Table 2: Polynomial time representation for C’f;:’;

Production Completion Time 1., | ut +p; | U+ 2p;
Production Capacity 010 |cap’| cap’ cap’ cap’
Cumulative Production Capacity | 0 | 0 | cap’ | 2cap’ | 3cap’
Table 3: Polynomial time representation for D¥
Time 1 2 ... | H
Local demand quantity kam,kzl Qv ka:Di,k:Q Qr e Zk’T:D;}k:H Qr
Cumulative demand D krDit<l Qr D kriDik < Q| - | KX, erp @F

3 Minimizing the Maximum Tardiness: Proof of Optimality of the EDD

Rule

These additional decision variables, based on our completion times, are necessary for this proof.

T;?Lbk = MaXepred(s),re R(s): i€r,q€Q s i) t;?jg : the tardiness of manufacturer ¢ in meeting demand & based on

the arrival of needed components, before ¢ makes its production/shipping decisions.
T;ﬁ = Maxg MAXgepred(i),reR(s): i€r,q€Q s 1) tfn;g : the tardiness of manufacturer ¢ across all demands based

on the arrival of needed components, before 7 makes its production/shipping decisions.



Tlg = maX;eN(E) Tjn : the maximum tardiness of all manufacturers 7 in Tier £/ € £ based on the arrival of
needed components, before the manufacturers make their production/shipping decisions.

jis = maxk,r(ui + pi—Di’k, 0): the tardiness of manufacturer ¢ across all demands based on the disruption
at 1.
TE = max; ~(E) Tl © the maximum tardiness of all manufacturers s in Tier £ € & based on their
disruptions.
TZ ]fe = max;q t : the maximum tardiness of manufacturer ¢ in meeting demand & based on its shipping
decisions.
Ti, = maxy Tout the maximum tardiness of manufacturer 7 across all demands based on its decisions.
Hence, T3, is the maximum tardiness of the whole system.
TE, = max; N(E) T, : the maximum tardiness of all manufacturers s in Tier E € £ based on their
decisions.
By definition, the tardiness at Tier &£ does not account for any further disruptions up the MEASC network,
i.e., from Tier £ — 1,...,1,0. Therefore, we have C’f;:’; > MaXgepred(i) (Gf,}f + D(s,i)» ul> + p;, i.e., the
completion time of a task k at ¢ is greater than or equal to the arrival of any required sub-component for

ik

task k or the disruption time of 7 plus the lead time of i. In addition, we have TZ, = max;c NE) Lo =

maX;e N () MaXke K MAX,cR(i),q Irig = MAXe N(E) kK, reR(i),q (qu — D", 0). We then have that

TE > max

7k i '7k
out = SEN(E+1).rER(s).q max (Ci,q +p(8,i)’u2> +pi— D;L“ 70>

= Tour > max max (Cf,}f + psiy + i — DEF w4+ pi — D,ﬁk> ,0)
—~TE > max max <CSJ€ _ DSJC’ ul + i — Di,k) ,O)
out = sEN(E+1),reR(s),q r,q T pi r

out out

Wl
... T
(
)

— TE, > max <TE+1 TE

This means that for any Tier F, the tardiness is bounded from below by both the schedule-caused
tardiness of the previous tier, Tout and its own disruption-caused tardiness, 7%
The system then has the following property for any schedule:

M-—-1 M—-1
T > max (T2, TH )

out



M—2 M E
Tout > max (Tout yTie ) > max (Tout,EMm%xM_ Tdis>

M E
Tout 2> max (Tout7 E:I%.l?ﬁil Tdis)

M E
Tout > max (Tout7 B rona]\)/f, Tdis)

Let TM* be the optimal maximum tardiness at tier M. If we can show that the EDD rule can achieve

B M E
T, = max (T maxp—o. . m—1 TL,), then TS, = T5

s us, 1.e, the EDD rule is the optimal solution.

Lemma 3.1. Applying the EDD rule at all raw material manufacturers (Tier M) minimizes the maximum

tardiness for tier M, TM, = TM

out

Proof. At Tier M, consider a schedule O, which violates the EDD, that is optimal. We can apply the
a similar interchange argument to this problem as for the proof of the one machine problem 1||7},4, in
the traditional scheduling literature (Pinedo 2012) : In this schedule there must be at least two adjacent
shipments by a manufacturer s € N(M) such that C5"% > C5% and DM < Dif? (either vy #

ro or k1 # ko). This implies that

S,kl S k:l S k’2 S,k‘l
Crig — > Cryngo — Di
%
s,k1 s k1 s,k1 D ko
CTI:‘]I - C”'l g1 1“2

The maximum tardiness across in Tier M based on the current schedule is

TM = max Tg;ﬁ = max max max t”;
€N (M) iEN(M) k reR(i)g

K k K k K
max (0, ' ’ max th Ol — D o, — Dy 2)
ZGN(M)7(7’7k7T7Q)7£(37k17r17QI)7(37k27T27q2)

If we exchange shipment Cflkqll and CkaqQQ in our schedule O, then the maximum tardiness is then

M
T =max ( 0, max bk orsik2 Ds k1 o ki pske ) <M
ot < IEN(), (i) 3 out

rq 12,92 71,91
(8,k1,71,q1),(8,k2,72,92)

Therefore, schedule O can be modified to follow the EDD rule without increasing the objective function



value, i.e., applying the EDD rule gives the optimal value at tier M, i.e., T}, = TMx* O

out out *

Lemma 3.2. The maximum tardiness does not increase between shipping from Tier E + 1 and receiving at

. Ex _ mE+1x%
TlerE’ CTm - ~out

Proof. The maximum tardiness of all manufacturers s in Tier £ > 1 based on the arrival of needed compo-

nents is:

m

T£ = max 7T, = max max max max tzr’l;
SEN(E) SEN(E) k iepred(s),reR(i): s€r q=1..Qr

Based on our assumptions, each path entering Tier £/ must be from a manufacturer in Tier £ 4+ 1, we have

_ pE+1

TF = maxmax max max t9F = max max max tiF ol

s k  iepred(s),reR(i): ser ¢=1..Qr ™4 iEN(E+1) k reR(i),q 4

Ex _ mE+1x%
— Tin - Tout

O]

Lemma 3.3. It is optimal to apply the EDD at any Tier E, 1 < E < M — 1 to minimize the maximum

tardiness Tojit. The optimal maximum tardiness is equal to either the tardiness of previous tier TE+Lx

out or

the the disruption-caused tardiness T£s‘ TE* = max (Tfjl*, Tﬁs) .

Proof. AtTier E, 1 < E < M — 1, we have

TE = max T'" = max max max tZ:l; = max max max (Cﬁ’g—Df,’k,())
iEN(E) iEN(E) k reR(i),q iEN(E) k reR(i),q ’

Using the EDD and applying the same proof as we did for the raw material manufacturers in Tier M,

TE.EDD _ mEs

out out - Tor any schedule, we also have

E
out out out in> Tdis)

TE, > max (TE+1,T£S> — TE, > max (T



We will show %% = max (TE*, T ), by showing 3%, = max (T}, T}, ) Vi € N(E), 1< E<M—1.

O m o mn?

We have
T¢, = max max (Cf’,f—Dﬁ’k, ())
k  sein(i),reR(s): ier,gel..Q, ’
T!,; = max max <C’f;’§—D,’;’k, O)
k  reR(i),qel.Q, ’

Téis = maxk,r(ui —i—pi—D,ijk, 0)

By way of contradiction, suppose 3, T/*, > max (TZZ;, Téi s).
Let {é, ];3 T, A} = AIgMAXy sepred(i),reR(s): i€r,g€l..Q, (Cﬁ:’g*_Dﬁ’ka 0)’ i.e., this quadruple has the
largest tardiness into manufacturer ¢. There must exist {iz, 7,4 } such that C’??—D?k > Cf ’(I;*—Df;’k and

i kx ik i ' ik
F,(j _DF > u +p1_Df .

Using the fact that we start production as soon as ¢ is restored and all components are available,

Cz’i‘f* = ma ma (C’f”}* + D(s.i ) Jut )+ ps
7\q X <S€prec)l((i) 7.q P(si) Pi

If C’;’g* = u’ + p;, then C;’]g*—D:;k =ul + pi—D:;k contradicting 17, > T,
ik 8k
7q = Cijg

If ;Z* > u’ 4 p;, let 5 € pred (i) be the manufacturer that has + p(s,4) + pi- We then

have

which contradicts that {§, k7, (j} = ArgMAXy sepred(i),reR(s): icr,qel..Q, (ij,f* — D&, O). Therefore,
TE% = max (TE*, TE.), which means TE% = max (Tf;jl*, Tf) O

Theorem 3.4. Applying the EDD rule for each individual manufacturer minimizes the maximum tardiness

of the whole MEASC network, i.e., T, (ﬁt.

Proof. Lemma 3.1 shows that if the EDD rule is applied for all raw material manufacturers (Tier M) then
the maximum tardiness for Tier M is optimal. Lemma 3.2 shows that the maximum tardiness does not

increase between shipping from Tier £/ 4 1 and receiving at Tier E. Lemma 3.3 shows that as we move up



the tiers and continue to apply the EDD rule, the maximum tardiness 7%

.+ at each Tier E is optimal, since

it is either the optimal maximum tardiness of the previous Tier T *!* or the disruption-caused tardiness

ijs of that tier. Consequently, the maximum tardiness out of the final assembly 7.3,

is optimal as applying
the EDD rule for each manufacturer in the whole system gives the best possible scheduling based on the

disruptions at all the tiers, i.e., we have that

B _ B+1x B\ _ B+2+ onB+1 B\ _ _ M * E _ mBx
15, = max (Tout ?Tdis) = max (Tout ’Tdis 7Td’is> = =max (Tout ,E—{)na])v([—l Tdis) = Tout-
O

4 Minimizing the Time to Recover: Proof of Optimality of the Decision Rule

We have the following additional decision variables that are necessary for this proof.

ok = maxr7q(ai(Cﬁj’; )—D¥,0): the tardiness of manufacturer i for demand k based on the produc-
tion/shipping decisions at ¢ and the disruptions at upper tier manufacturers on paths from .

TTR. = max(maxk,q:tbO(Cﬁjg + pi),0): the time to recover of manufacturer i through path 7.

TTRY = MAaX,. o pc Ktk >0aﬁ,(C£:§ ): the time to recover of manufacturer 7 for a particular set of final
demands K.

TTR' = max, TTR}, = max, .. 0L (CEFY: the time to recover of manufacturer .

TTRE = mMaX;e N(E) TT R’ the time to recover of Tier E.

Properties of any schedules: For any schedule, we have the following properties for the TT RE:

TTR" = max;e Nz TTR'
TTRE = max, hag AL (CHRY
1EN(E),rk,q:th>0 i \Mrg

2 e
TTR” = maXe N(B) rk,qg:tk >0 (Cf{q + prs max (u™ +p:~n))

It should be noted that the term max,e, (v + p]’*) ensures TTR¥ accounted for the disruptions between

3 and B. This differs from how the maximum tardiness is defined. We also have

CH* > max | max (Cs’k + P(si ,u’) + i
= <s€pred(i) rg T Plsy) pi



— TTRF > max max (Cf’f + Ds,iy + i —|—pi, max (u™ +pT)>
SEN(E+1),reR(s),q:tk*>0 ’ ’ mer

— TTRE > max max (Cs’k + py,max (u™ +p)"* )
T seN(E+1),reR(s),q:tk>0 rq T Pr mer ( Pr )

— TTRY > TTRFH!

This means that for any Tier £ < M — 1, the time to recover is bounded from below by that of the time for

recover of Tier I/ 4 1. The system then has the following property for any schedule:
TTRM <TTRM™' <...<TTR*<TTR'<TTR"

We will show TTR? = TTRM = TTRM*, thus implying TTR? = TTRP*, i.e., the decision rule is

optimal.

4.1 On the Optimality of the Rule for a Single Raw Material Manufacturer

Theorem 4.1. For a set of demands K, let MS™K = max, i . (C;‘i:'; + Pl max,e, (u —i—p,t”)) =
max; K(Dk + 7k ) be the makespan of manufacturer i if we assume that the makespan of the system only

depends on the scheduling of . Applying the LLT rule at a manufacturer i minimizes the makespan for i for

the set of demands K.

Proof. We have: MS' = maxy k. g (Cﬁjlg + Pl maxe, (u™ + pT)). At 1, consider a schedule O, which
violates the LLT rule. In this schedule there must be at least two adjacent shipments such that C’ﬁf}h > Cﬁg’f?m

and pl, > 5,

i,k1 i i,k i
Cria +Pr > Crig + Py

Crigr + pil > Crig +p?,2

The makespan of manufacturers in Tier M based on schedule O is
MSHE — maxy j q (Cf;’lq“ + p’, max (u™ + p,tn))
’ mer

MS*E = max, p, | CoF1 + P Clik2 + pt max Csk + p2,max (u™ + p*
e e R 27 (s,kyrq) £ Gk, ), (iokarange) Y " mer ( ")



If we exchange shipment C,i,’l]fél and C,Z;’Q%Q in our schedule O, the makespan is then

- = ik . ik .
MS%K:maXT’k’q <C’Z 2 +p;1,cl ! +p7r;'27

72,92 71,91

k s m m
max C>% + pi,max (u™ + p
(s.km@) (k1 ,01) (ikarage) 0 mer ( ")

. . P . . k . . k . . k . ; k .
which is less than or equal to M S™¥, since Cris, + pb, > Crya, + pl and Cplay + i, > Crla, + 1L,

Therefore, schedule O can be modified to follow the LLT rule without increasing the objective function

value, i.e., the LLT rule gives the optimal value MSHE = ppgiERx, O

Lemma 4.2. For a subset of demands K that must be late, applying the LLT rule to a manufacturer i

minimizes the time to recover TT R'5) ar i for group K.

Proof. We know that K must be late. Therefore, TTR*5) > max D¥ meaning that there exists k €
keK

K, t"* > 0 for any schedule. We have that TT R = manek(Dk + %) = M S From Theorem

4.1, we know that applying the LLT minimizes the makespan. Hence, the LLT rule minimizes the time to

recover at manufacturer i, TTRWE* = M S“—( * for a subset of demands K that must be late. O

Preliminary Results for the Reverse EDD Rule

Theorem 4.3. For any set of demands K, if there exists a schedule with maximum tardiness of 0, then the

reverse EDD schedule has the maximum tardiness of 0.

Proof. We know that applying the EDD rule minimizes maximum tardiness (with value 0), as shown in
Theorem 3.4. From the EDD schedule, if we exchange production completion time C’;g assigned to the last
demand  (i.e., the demand with largest deadline) with largest production completion time C’,i];f that is less
than or equal to Df;];. Then the tardiness for & is still 0. Since C;:g < C;i]:; the maximum tardiness for

the remaining demands in K is still 0. Hence, the EDD schedule can be transformed into the reverse EDD

schedule while maintaining the maximum tardiness of 0. O

Determining the Time to Recover of the Raw Materials manufacturers

Theorem 4.4. For each raw material manufacturer i, decomposing the subproblems at k(i) generated by
the algorithm in Subsection 5.1 gives the optimal local time to recover TTR™ = C(i), where TT R is
the optimal time to recover considering just manufacturer i and C(i) is the time to recover given by the

algorithm.

10



Proof. We have K2 = {k(i) +1,k(i) +2,...| K|} is the on-time subset of demand since there is a reverse
EDD schedule with maximum tardiness of 0 (Theorem 4.3). Let K1 = {1,2,...,k(i)} be the subset of
remaining demands. We have two situations:

Case 1: K1 = (). Then, TTR™ = TTR"X1* = 0 = C(i) since all jobs can be completed on time.

Case 2: K1 # () We want to show that & 1 must be late, i.e., M S“K1* > DK@ Suppose M S-K1* < Dk,
This implies that M §%{1:2--k(i=1)}* < Dk() Because the iteration did not break at the previous iteration,
that means it is not possible to find a schedule with maximum tardiness of O for the subset of demands
{k(i), k(i)+1,...|K|}.Since the maximum tardiness of K2 = {k(i)+1, k(:)+2,...|K]}is 0, this implies
that the tardiness of k() must be positive. Hence, for the subset K1 = {1,2,..., k(i)}, MS»K1* > Dk,
or K1 must be late. Since C(i) is generated by the LLT rule and K1 must be late, TT RH¥1* = M §0E1* =

C(i) from Theorem 4.1 and Lemma 4.2. We have TTR™ = TTR"51* = C(i). O

Theorem 4.5. LetC = mz(xx ) C(i) be the maximum optimal individual TTR across raw material manufac-
ieN(M

turers i calculated by the algorithm in Subsection 5.1. Decomposing the main problem into 2 subproblems

based on k and applying the decision rules at a raw material manufacturer i gives an updated time to

recover, TTR' < C

Proof. Let K1 = K = {k € K|k <k} and K2 = {k € K|k > k + 1}. If k(i) = k, from Theorem 4.4,
we have that TT R™ = C(i) < C since the sets K1 and K2 will not change.

Now, consider the case where k(i) < k. Applying the LLT rule for K1 gives TT R 1 = N §H{k€K1[tx>0+}
< MSHELx < DF < C where the second to last inequality comes directly from the definition of k(7) (i.e.,
k(i) < k implying that M SHK1* < DE). In other words, the schedule that was created for manufacturer
1 initially for K1 had all tasks being completed by DF and applying the LLT rule can only decrease the

makespan for this set of jobs at :. O

4.2 The decision rules minimize TTR for the whole system: Proofs

Subproblem 1: For subset of final demands k < k

We need to show that the LLT rule minimizes the time to recover of the whole MEASC network, i.e., TT RE
for the subset of final demands with deadline before cutoff & determined by the algorithm in Subsection 5.1,
i.e. the subset of final demands that must be late. We will show that applying the LLT rule for all raw

material manufacturers gives the optimal value 77T RM* (Theorem 4.6). Then, Theorem 4.7 will show that

11



as we move up the tiers and continue to apply the LLT rule, the time to recover at a Tier £/ does not increase
and equals the optimal value of the previous tier time to recover, TT R¥* = TTRF*'*, Combining these
two theorems, we can show that the LLT rule gives optimal value of the time to recover at the final assembly

node TTRB* = TTRM* = C.

Theorem 4.6. For SP1 where the set of demands that must be late are those such that k < k, applying the

LLT rule for all raw material manufacturers gives the optimal value TTRM = TTRM* = C.

Proof. From Theorem 4.5, we know that applying the decision rule gives TTR' < C Vi € N (M) with
C = max; TTR'. Thus, TTR™* = max;c () TTR' = C. Therefore, TTR* = C is the lowest time to

recover that can be obtained at Tier M since TT R’ is a lower bound on the overall time to recover. O

Theorem 4.7. For SP1, as we moves up the tiers, applying the LLT rule does not increase the time to recover,

ie., TTRE* = TTRE+1*

Proof. AtTier E, 1 < E < M — 1, we have
TTRF = MaX;e N(E),rk,q (Cﬁ'j]qg + L, max (u™ +PT))

Using the LLT rule and applying the same proof as in Theorem 4.4, TTR¥ = TTR”*. We want to show
that TTR"™ = TTR"*'* by showing that TTR™ = maxceq) TTR*Vi € N(E), 1< E<M —1.
We have TTR' = max, TTR! = maxnk,q:tkwai(Cij]qf). By way of contradiction, suppose Ji, where

TTR' > max,cyreq(iy TTR®. This implies that

ik ) &
maXyk,q (C::,q + pzw %2? (um =+ p;n)) > MaXsepred(i),reR(s):icr,k,q (Cﬁ,q + pf”a %23’( (um + p?))

4
'7k ) 7k
maxy. g (Cfnq + p?) > MAXsepred(i),reR(s)i€rk,q <Crs,q + pi)
=\ TTR' = max, ., (7 + 9} )

maXr k.q (Cf;:IqC + pzr) > maxmer (u™ + ;")

\

12



Let {l%, T, (j} = argmax, j , (Cﬁjg + pi) =TTR'

z’,fc i s,k
Cf,q +p;« > maXsEpred(i),rER(s):iE’r,k,q (Cr,q +p7€)

C’Z;’g + pb > maxye, (U™ + piT)

T,

Because we start production as soon as all components are available or when the manufacturer is restored,
C’;’; = max (maxsepmd(i) (C;fjf + p(s’i)) ,ui> + p; if the ordering CF and C}¥ are identical. Note that
since Vs € pred(i),r € R(s),pf = p. + p(s). the order of the schedule in the LLT rule of s and i based
on r should be identical because if p, > p§,. p, + P(si) > P, + P(s;i) — Dby > Ph,. Therefore, we have

a contradiction. Hence, TT RF* = TTRE+1*, O

Theorem 4.8. The LLT rule minimizes the time to recover of the whole system for demands before or at

cutoff k.

Proof. Combining Theorems 4.6 and 4.7 results in the LLT rule achieving TT RP* = TTRM* = C. U
SP2: For the demands after

Applying the EDD rule achieves optimal the maximum tardiness of 0 as shown in Theorem 3.4 since the
process of finding k includes verifying that there exists a schedule with tardiness of 0 for every demand after

k. Therefore, TT RP = C remains.

S Integer Programming Models

This section shows the formulations of the IP models that we use as a comparison with the decision rules.
We begin with the required additional notation:

N': the set of nodes that need to be restored.

BigM: a sufficiently large number

qd®: the quantity of final products with demand deadline of ¢

ship(; j)¢ (i, J) € A: the variable presents amount part i is shipped on arc (i, j) at time ¢.

pro;t,t € N: the variable presents amount of part ¢ produced at node ¢ at time ¢ where ¢ is the time
production ends.

;- t,% € N: the variable presents amount of part 2 stored at node ¢ at time ¢.

13



5.1 Minimizing Maximum Tardiness

Model specific notations:

fd®t: the variable presents the quantity of the final products received at B at time ¢, allocated to meeting
the final demands with deadline d

ud®t: the variable presents the quantity of the final demands with deadline d remaining unmet at time ¢
tbo®t: the variable presents total amount of back-ordered final demands with deadline d at time ¢.

ed®!:the variable presents total amount of excess final demands with deadline d at time .

pbo®?: the binary variable indicates whether there is a positive amount of back-ordered final demands with

deadline d at time t + 4. i.e., J is the tardiness.

Minimize T(ﬁt (la)
St proj; +invii1 = Z shz’p(m)ﬂf +1nv; ¢, Vie Nyt=1...H
(i,5)eA
(1b)

Ship(s,i),t—p(s,i) +inv; s 1-1 = Qs,i)PTOit+p; T M5t Vi € N,s € pred(i),t=1...H

(lc)
H
> shipB)i—py = P fA Vi=1...H
(i,B)eA d=1
(1d)
fdt’t—Fudt’t:th‘i‘edt’t Vti=1...H
(le)
fdd’t+udd’t:edd’t d=1...HVt=1...H,t#d
(1f)
thobt = tho®t1 + ud®t — ed® d=1...Ht=2...H,
(1g)
pbo®® Bighl > tho®d+? Vd=1...H,6=0...H—d
(1h)
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T3, > Igpbod"s vd=1...H
5=1
(1)
proi; < cap' Vie N\N(M),t=1...H
(1p
proj; =0 Vie N,t=1...u
(1k)
Ship(; j),¢> PTOit, INV; 2t fdbt, ud®™, thot, ed®t > 0 (11
pbo®Obinary (Im)

5.2 Minimizing the time to recover

Model specific notations:

ud?: the variable presents unmet final demand at time .

ed!:the variable presents excess final demand at time ¢.

tbo': the variable presents total amount of back-ordered product at time t.

pbo’: the binary variable indicates whether there is a positive backorders(1 if yes) at time ¢, i.e. there is a
late demand

dis': the binary variable indicates (with value 1) if the supply chain has not recovered at time ¢

Minimize TTR? (2a)
s.t. pro;:+ invm-,t_l = Z Ship(iﬂ-)’t + v ¢, Vie Nyt=1...H
(i.j)€A
(2b)

ship(s’i)i_p(syi) +inv; s 1-1 = Qs,i)PT O t+p; T M5t Vi € N,s € pred(i),t=1...H

(2¢)
Z ship(iVB),t_pu’B) +ud' = qd' + ed t=1...H
(i,B)eA
(2d)
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tho! = tho! ! + udt — edt

pbo' BigM > tbo'

pbo' < dist

TTRE >t dist

prois < cap'

pro;; =0

. . t o4yt gt
Ship(; )6, PT0it, iNV; 2 ¢, ud’, tbo", ed” > 0

pbo', dis'  binary
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t=2...H
(2e)
t=1...H
(2f)
t=1...H
(2g)
t=1...H
(2h)



