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ABSTRACT. This paper discusses the extension problems of scheduling with learning ef-
fect, deteriorating jobs and resource allocation simultaneously. For a conver resource
allocation function, our first extension version is to find the optimal resource allocations
and the optimal job sequence that minimize a cost function containing makespan, total
completion (waiting) time and total absolute differences in completion (waiting) time sub-
ject to the constraint that the total resource cost is less than or equal to a fized number. It
also considers another extension version problem, i.e., minimizing the total compression
cost subject to the constraint that a cost function containing makespan, total completion
(waiting) time and total absolute differences in completion (waiting) time is less than or
equal to a fized number. We prove that these two extension versions can be solved in
polynomial time respectively.
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1. Introduction. Scheduling problems and models with learning effects and/or dete-
riorating jobs and/or resource allocation constraint (controllable processing time) have
received increasing attention in recent years. Extensive surveys of different scheduling
models and problems with learning effects, and/or deteriorating jobs and/or resource al-
location constraint (controllable processing time) could be found in Biskup [1], Janiak et
al. [2], Shabtay and Steiner [3] and Janiak et al. [4] respectively. Many recent papers
considered scheduling problems with learning effects. Wang et al. [5] discussed exponen-
tial learning effect, that is, jobs processing time was defined by an exponent function of
the sum of the normal processing time of the already processed jobs. They considered
different objective functions, such as, the makespan, the total completion time, and the
sum of the quadratic job completion times. Wang and Wang [6] studied single machine
multiple common due dates scheduling with learning effects. Job’s penalty was assumed
to be a linear function of the due date and the earliness/tardiness for the job. Their
objective function was to minimize the total penalty for all jobs. Hsu et al. [7] considered
an unrelated parallel machine scheduling problem with setup time and learning effects
simultaneously. Job’s setup time was proportional to the length of the already processed
jobs. Their objective was to minimize the total completion time. Wang et al. [8] discussed
single machine scheduling problem with truncated job-dependent learning effect. Job’s
actual processing time was a function, which depended on the job-dependent learning
effect and a control parameter. Their objectives were to minimize the makespan, the ear-
liness, tardiness and common (slack) due-date penalty, etc. Wang and Zhang [9] discussed
the problem of minimizing the weighted sum of total completion time and makespan in a
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permutation flowshop. Job’s processing time was a function of the sum of the logarithms
of the processing time of the jobs already processed and job’s position in the sequence.
Niu et al. [10] considered machine scheduling problems with a more general learning ef-
fect. Job’s actual processing time was a function, which was the sum of the function of
the processing time of the jobs already processed and job’s position. They showed that
some single machine scheduling problems were polynomially solvable under the proposed
model. Many authors discussed scheduling problems with deteriorating jobs. Wang et
al. [11] discussed single machine scheduling problem with deteriorating jobs. Job’s pro-
cessing time was a linear function of its execution starting time. For the jobs with chain
precedence constraints, they proved that the weighted sum of squared completion times
minimization problem with strong chains and weak chains could be solved in polynomial
time respectively. Cheng et al. [12] proposed a scheduling model with an accelerating
deterioration effect. This case always exists in the food manufacturing industry. They
proved that the single-machine problems under the model to minimize the makespan, total
completion time, total weighted completion time, maximum lateness, maximum tardiness,
and total tardiness remain polynomially solvable. Yin et al. [13] introduced a deteriora-
tion model. Job’s actual processing time depended not only on the starting time of the
job but also on its scheduled position. The objective was to find the optimal schedule
such that the makespan or total completion time was minimized. They proved that both
problems could be solved in O(nlogn) time. Some authors studied scheduling problems
with learning effects and deteriorating jobs. Bai et al. [14] considered the groups’ setup
time as general linear function of groups’ starting time. The jobs in the same group had
general position-dependent and time-dependent learning effects. Their objective functions
were to minimize the makespan and the sum of completion time, respectively. They also
showed that these problems could be solved in polynomial time. Wang et al. [15] and
Pakzad-Moghaddam et al. [16] discussed this kind of problem. Some researchers studied
scheduling problems with resource allocation (controllable job processing time). Wang
and Wang [17] considered single machine scheduling problem. Job’s processing time was
assumed to be a convex decreasing resource consumption function. Their objective func-
tion was to minimize the total amount of resource consumed subject to a constraint on
total weighted flow time. Yang et al. [18] considered single machine scheduling problem
with multiple due windows assignment and resource allocation. Yin et al. [19] discussed
single-machine due window assignment and scheduling with a common flow allowance and
controllable job processing time, subjected to unlimited or limited resource availability.
Many papers considered single machine scheduling problems with learning effects and
resource allocation (controllable job processing time). Yin and Wang [20] discussed the
case that job’s processing time was controllable variables with linear costs and also was
defined as functions of positions in a schedule. They modeled the problem as assignment
problem and solved them. Zhu et al. [21] considered learning effect and resource alloca-
tion in a group technology environment. Their objective functions were to minimize the
weighted sum of makespan and total resource cost, and the weighted sum of total com-
pletion time and total resource cost. They proved that these problems were polynomially
solvable under certain conditions. Lu et al. [22] discussed earliness-tardiness scheduling
problem with due-date assignment. Job’s processing time was a function of its position
in a sequence and its resource allocation. Their aim was to minimize an integrated objec-
tive function, which included earliness, tardiness, due date assignment, and total resource
consumption costs. They proposed a polynomial time algorithm. Li et al. [23] addressed
a single machine due-window assignment scheduling problem based on a common flow
allowance. Job’s processing time was a function of its position in a sequence (learning ef-
fect) and its continuously divisible and non-renewable resource allocation. Their objective
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function was to minimize costs for earliness, tardiness, the window location, window size,
makespan and resource consumption. For a convex or a linear function of the amount of
a resource allocated to the job, they provided a polynomial time algorithm respectively.
They also considered some extensions of the problem.

In recent papers, Wang et al. [24] and Li et al. [25] considered single machine sched-
uling problems with learning effects, deteriorating jobs and resource allocation (control-
lable job processing time). Li et al. [25] considered a scheduling problem with convex
resource allocation, learning effect and deterioration effect simultaneously, i.e., the actual

k
processing time of job J; is p; = ((Z—;) + bt) r*. k is a positive constant, o < 0 is
a learning index (Biskup [26]), a; > 0 is a positive parameter representing the work-
load of job J;, and u; > 0 is the amount of a non-renewable resource allocated to
job J;. r is the position of job .J;, which is scheduled in a sequence. ¢ > 0 is the
start time of job J; and b > 0 is the common deterioration rate. The objective func-
tion was to minimize a linear combination of makespan, total completion (waiting) time
(TC (TW)), total absolute differences in completion (waiting) time (TADC (TADW))

and total convex resource allocation cost. By using the extended three-field notation

k
scheme (Graham et al. [27]), they showed that the problem 1|p; = ((a—’) + bt) r*Z

uj
(Z € {510max+52TC+53TADC+(S4 Z?:l ViU, 510max+52TW+53TADW+(S4 Z?:l Uj’LLj})
could be solved in polynomial time. They also presented a polynomial time algorithm for
the proposed model.

In the real life, we always meet the problems as minimizing time costs with limited
resource constraint or minimizing resource costs with limited time costs constraint. It
is useful and important to consider such problems. It is also helpful for people to make
decision. This paper extends the results of Li et al. [25], by considering two extension
versions of scheduling with simultaneous considerations of learning effect, deteriorating
jobs and convex resource dependent processing time.

The rest of this paper is organized as follows. Notations and assumptions are given in
Section 2. In Section 3, we address problems subject to limited resource cost. In Section
4, we address problems subject to limited schedule criterion. The last section presents
the conclusions and some future research directions.

2. Problem Statement. We consider the problem of scheduling n jobs Ji, J3, ..., J, on
a single machine, where all the jobs are available for processing at time 0 and may not be
preemption. As in Li et al. [25], we assume that the actual processing time of job J; is

p; = ((Z—j)kmt) re, (1)

For a given sequence m = (Jy, Jo, ..., J,), let C; = Cj(m) be the completion time of
job J;j, Chax = max{Cj|j = 1,2,...,n} be the makespan of all jobs, TC = Z?Zl C;
(TW = 77, W;) be the total completion (waiting) time, TADC = >71" | >7% , |C; — Cj]
(TADW =370, 375, [W;—Wj]) be the total absolute differences in completion (waiting)
time, where W; = C; — p; is the waiting time of job J;. The problems under discussion
will be denoted by the three-field notation scheme (Graham et al. [27]).

3. The Problems Subject to Limited Resource Cost. In this section, we seek an
optimal resource allocation combined with an optimal sequence of jobs so as to minimize

Z = 61Chax +02TC+63TADC and Z = §Chax + 02 TW + 53 TADW subject to E? Lvjuj <
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U respectively, where non-negative parameters d;, d, and d3 are the weights, and vj is the
per unit cost associated with the resource allocation.

Let [r] denote the rth position of a processing sequence. Then from Li et al. [25], we
have

Z = 01Cmax + 02TC + 05TADC

= ijp[j]
7=1
n i k

- o, () 2)
=1 urj)

where w; =01 +02(n+1—7)+d3(j —1)(n—j +1) and
n—1
Q1 = wi 1% + bwp12% + buws 1%(1+ b2%)3% + ... + bw, 1% [ (1 + 01%)

=2
n—1
Qo = w2 + bws2%3% + bwy2%(1 + b3%)4% + .. + bw,2°n® [ (1 + 01%)
=3
n—1

Q3 = w33 + bwy34Y 4 bws3%(1 + b4Y)5% + ... + bw, 3*n” H(l + bl%)
1=4
Q1 =wyp_1(n— D)%+ bw,(n — 1)*n®
Q,, = w,n”. (3)
N
Similarly, Z = 8 G + 5 TW + G TADW = S0 wippy = 327, 5 (22)7, where
wj =0y + 03(n — j) + d3j(n — j) and Q; is calculated by Equation (3).
k _
Obviously, for the problems 1|p; = ((%) + bt) re, Z?Zl vjuj < U0 Crax + 02TC +

k _
(53TADC and 1|p] = ((Z—j) —|—bt> Ta, Z?:l VjUj S U|510max + 52TW + (53TADW, the

optimal resource constraints are satisfied as equality respectively.
k
Lemma 3.1. For a given sequence of the problem 1|p; = ((%) + bt) re, Z?Zl vju; <
J

_ k _
U|(510max+(52TC—|—(53TADC <1|p] = ((a—]> + bt) Ta, Zn VjUj S U|(510max+(52TW+

uj j=1

53TADW> , the optimal resource allocation can be determined by

L - Ll
()™ o, (ag;)

1 _k_
> 5 ()7 (aggog)
where wj = 61 +0a(n+1—7)+035(j —1)(n—j+1) (w; =0 + 2(n—j) +d35(n—j)) for
81Cmax + 02 TC + 63TADC (81 Crnax + 02TW + 3TADW) and € is calculated by Equation

Proof: For a given sequence m = (Jm, Ty e J[n]), the Lagrange function is

x U, (4)
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L(u, \)
= 5loma,x + 52TC + (SgTADC((SlCmaX + 62TW + (SgTADW) + A (Z U[ﬂu[ﬂ - U)
- am k i _
= Z Qj (u—> + A (Z VU] — U) (5)
j=1 (5] j=1

where A is the Lagrangian multiplier. Deriving (5) with respect to u(; and A respectively,
we have

k
OL(u, A) &n) :
22 = oy — k% =0, ¥j=1,2,...,n. (6)
Ouy P ()
OL(u, \) & _
o = ; vyl — U =0 (7)

Using (6) and (7) we obtain

U] = — 5)
(Awp) =
and |
NFIT = Z;’lzl(ij)f (al'j}”[j]) T )
U
From (8) and (9), we have
IR R— s
o (@) (ag) )
U = 1 x0T

Uj

k
Lemma 3.2. For a given sequence of the problem 1|p; = ((a—]> + bt) re, Z?Zl vju; <
_ N\ Fk _
U|510max + (52TC + (53TADC <1|p] = ((%) + bt) Ta, Z?:l VjU; S U|510max + (52TW +

53TADW> , we have

" k41

_ 1 _k_

Z(uw,m)=0" (Z(Qj)’““ (avi) ’““) : (10)
7j=1

where w; =61 +0a(n+1—7)+05(j —1)(n—j+1) (w; =0 +2(n—j) +d35(n—j)) for

81Cmax + 02TC + 03TADC (81 Crnax + 02 TW + 63 TADW) and Q; is calculated by Equation

(5).

Proof: By substituting Equation (4) into Equation (2), the result can be obtained
easily.
_ 1 k o\ k+1
Obviously, minimizing U ¥ (Z?ZI(Q]-)TH (a[j]vm) ’““) can be obtained by the HLP
rule (Hardy, Littlewood and Polya [28]), i.e., matching the smallest (QJ)’#1 value to the
job with the largest (ajvj)’cLH value, the second smallest (Qj)ﬁrl value to the job with the

second largest (a;jv;)¥T value, and so on.
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k
Based on the above analysis, the problems 1|p; = <<Z—’) +bt> re D i vty <
J

_ k _
U|510max +62TC+63TADC and 1|pj = ((Z-j) + bt) ’I“a, Z?:l ViU S U|510max+52TW+

03TADW can be solved by the following algorithm respectively.

Algorithm 3.1
Step 1. Calculate w; = 61 +d(n+1—7)+38( —1)(n—7+1) (w;j = & + d2(n —

k _
j) + (53](% — j)) for 1|p] = ((Z—j) —+ bt) 7,.04, Z?:l VjUj S U|5lcmax + 52TC —+ (53TADC

k _ 1
<1|pj = ((Z—j) + bt) re, Z?Zl vju; < U|510max+52TW+53TADW>, (€;) ¥+ (by using

Equation (3)) and (ajvj)k%l forj=1,2,...,n

Step 2. Apply HLP rule to determining the optimal schedule, and denote the resulting
optimal sequence by 7 = (Jm, Sy s J[n]).

Step 3. Calculate the optimal resource allocation uf;)(7*) by using Equation (4).

k
Theorem 3.1. Algorithm 3.1 solves the problems 1|p; = ((Z—j) + bt) re, Z?:1 vju; <

_ k _
U|01Crax+02TC+83TADC and 1|p; = ((Z—j) + bt) re, Z?Zl vuj < U0 Crax+02TW+
33TADW in O(nlogn) time respectively.

Proof: The correction of Algorithm 3.1 follows from Lemmas 3.1, 3.2 and Equation
(10). Steps 1 and 3 of the algorithm can be performed in O(n) time respectively. Step 2
can be performed in O(nlogn) time. Therefore, the overall computation time of Algorithm
3.11is O(nlogn).

The following example illustrates applying Algorithm 3.1 to finding the optimal solution
k ~
for the problem 1[p; = ((G—J> + bt) re, Z;’Zl vjuj < Ul01Cmax + 92TC + 03TADC.

Uj
Example 3.1. Data n = 10, b = 0.05, a = —0.3, §; = 0 = 63 = 2, k = 2, U = 50,
01:10, CLQZ]_?), CL3:12, 0427, 0523, 06:8, 07214, CL8:2, CLQZ]_E), 010:9,
7)1:]_, UQZ?), 7)3:2, U4:8, 7)5:7, 7)6:6, U7:3, 7)8:6, U9:4, 7)10:5. (,U1:22,
we = 38, w3 = 90, wy = 58, wys = 63, wg = 63, w;y = 98, wg = 50, wyg = 38, wyy = 22,
O, = 37.2228, O, = 41.5432, Oy = 43.8393, Q; = 44.0397, Q5 = 42.9482, Qs = 39.5082,
27 = 33.9859, Qg = 27.6241, Qg = 19.9419, Oy, = 11.0261.

M

Wl
Wl

Frorn Algonthm 3.1, we have (alvl) = (10)% = 4.6416, (agvq)® = (39)® = 11.5003,
(a3v3) = (24) = 8.3203, (auva)’ = (56)% = 14.6372, (asvs)® = (21)5 = 7.6117,
(aﬁvﬁ) (48)3 = 13.2077, (arvr)® = (42)5 = 12.0828, (agvs)? = (12)F = 5.2415,
(agvg) = (62)% = 15.3262, (a10U10)% = (45)% = 12.6515, (Q,)5 = (37.2228)% = 3. 3389,

)3 (41.5432)% = 34634, ()7 = (43.8393)F = 3.5260, (Qu)F = (44.0397)5 =

W=

(2
3.5314, (95)% = (42.9482)% = 3.5020, (Q)° = (39. 5002)5 = 3. 4059, (Q)7 = (33.9859)
= 3.2392, (Q)F = (27.6241)5 = 3.0229, (Q)° = (19.9419)% = 2.7118, (Qo)? =
(11.0261)3 = 2.2257.

From Step 2 of Algorithm 3.1, the optimal schedule is 7* = (J7, Js, Jg, J1, J5, Jo, Jio, Js,
Jy, Jg), the optimal resource allocations are
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I k

I
()T o (o) 1

uy = . — x U = 2.0716,
" (9) BT (agop) FHT
uj = 2.2196, uy = 0.4745, uj = 2.5251, ui = 0.5866,

wh = 2.0113, u¥, = 1.2626, u = 1.0251, u} = 0.7643, uf = 1.3137,

_ 1 kN k+1
and the total cost is §;Cpax +02TC 4+ 63TADC = U~* (Z?Zl(ﬂj)m (amv[j]) ’““) =
13676.6569.

4. The Problems Subject to Limited Schedule Criterion. In this section, we con-

k _
sider the ‘inverse version’ of the 1|p; = ((Z—j) + bt) re, Z?Zl vu; < U0 Crax + 02 TC+

k _
(SgTADC and 1|pj = ((%) + bt) ’I“a, Z?:l VU S U|610max + 52TW + 53TADW, that
is, the problems of minimizing the total amount of resource consumed subject to limited

k _
schedule criterions, i.e., 1|p; = ((a—J> + bt) 7% 01Cinax+92TC+53TADC < D| Z?Zl VU

Uj

k _ _
and 1lp; = ((%) + bt) 7% 01Cmax + 02 TW + §3TADW < D| Z?Zl vju;, where D is a

given real number.
Similar to Section 3, we have the following lemmas.

k
Lemma 4.1. For a given sequence of scheduling problems 1|pj = <<a—J) + bt) %, 61Cmax

uj
_ k
+0,TC+3TADC < D| Z?:1 vju; and 1|p; = ((Z—j) + bt) r%, 01Crmax+02TW+53TADW

< D| Z?Zl vju;, the optimal resource allocation can be determined by

n E
_ 1 1 - ko 1 ko .
ufjy = D7E(Q) 5 (vg) 7 (agy) (Z(Qj)k“ (amvm)“l> . j=12,...,n, (11)
j=1
where w; =61 +0a(n+1—7)+035(j —1)(n—j+1) (w; =0 + 2(n—j) + d35(n—j)) for
81Cmax + 02TC + 03TADC (81 Crnax + 02 TW + 63 TADW) and Q; is calculated by Equation
(3).

k
Lemma 4.2. For a given sequence of scheduling problems 1|pj = <<a—J) + bt) %, 01Cmax

uj

_ N
+0,TC+63TADC < D| Z?:1 vju; and 1|p; = ((Z—j) + bt) r®, 01Crmax+0TW+53TADW

< D| Y27, vju;, we have

n E+1
1 1 _k_

Z(u*,7r) =D7% (Z(Qj)k+l (amv[]]) k+1> y (12)
j=1

where w; =61 +0a(n+1—7)+035(j —1)(n—j+1) (w; =0 + 2(n—j) + d35(n—j)) for
01Cmax + 02TC + 63TADC (81 Crnax + 02 TW + 63 TADW) and Q; is calculated by Equation
(3).
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uj

k
Similar to Section 3, the problems 1|p; = <<a—’) + bt) 7%, 01Cmax + 02 TC+03TADC <
_ k _
D| Y77, vju; and 1|p; = ((Z—j) + bt) 7%, 61Cmax + 0 TW + 63TADW < D| Y77 vju;

can be solved by the following algorithm respectively.

Algorithm 4.1
Step 1. Calculate w; = 61 +d(n+1—7) + 8 —1)(n—7+1) (wj = & + d2(n —

k _
j) + 03j(n —j)) for 1|p; = ((Z—j) + bt) %, 61Cmax + 62 TC + 63 TADC < D| 377, vjuy

k _
<1|pj = ((Z—j) + bt) 7%, 01Crnax + 02 TW+03TADW < D| Z;’Zl vjuj>, (QJ)'f_Jlrl (by using

Equation (3)) and (ajvj)k%l forj=1,2,...,n.

Step 2. Apply HLP rule (Hardy, Littlewood and Polya [28]) to determining the optimal
schedule, and denote the resulting optimal sequence by 7* = (Jm, Jpps e J[n}).

Step 3. Calculate the optimal resource allocation uf;)(7*) by using Equation (11).

k
Theorem 4.1. Algorithm 4.1 solves the problems 1|p;, = ((a—]> +bt> % 01Chax +

uj

5, TC+6;TADC < D| Z?Zl vju; and 1|p; = ((Z—j) ’ + bt) 7% 81 Crmax + 02 TW + 3 TADW
< D| > -1 vjuj in O(nlogn) time respectively.

The following example illustrates applying Algorithm 4.1 to finding the optimal solution
for the problem 1|p; = <(a—J>k + bt) 7%, 61 Cnax + 62 TC 4+ 53 TADC < D| Z?Zl VjUj.

Uj
Example 4.1. D = 400 and the other input date are the same as Example 3.1. From Al-
gorithm 4.1, the optimal schedule is 7 = (J7, J3, Js, J1, Js, Jo, Ji0, Jg, Ja, Jo), the optimal

_ L ke ko \ K
resource allocations are u?:D—E(Qj)ﬁl (UM) s (a[j]) s Z?ﬂ(ﬂj)#l (a[j]vm)’““

= 12,1135, uj = 12.9788, uy = 2.7747, uj = 14.7652, ui = 3.4302, uy = 11.7609,
ujy = 7.3829, ug = 5.9942, uy = 4.4694, ug = 7.6820, and the total cost is Z?:1 ViU =
_ &y pH

D~ (Z?ZI(QJ)%H (a[j]v[ﬂ) k+1) | =202.3681.

Remark 4.1. From Li et al. [25], Theorem 3.1 and Theorem 4.1, we have that the optimal

k k
schedule of the problems 1|p; = <<Z—j) + bt) r*6+0, Z?Zl vjuj, lp; = ((Z—j) + bt) re,

ol

_ N\ F _
> i vjuy < U0 and 1|p; = ((Z—j) +bt> r®, 0 < D|Y7_ vju; are identical, where

0 € {61Crmax + 32TC + 03TADC, 61 Crpax + 62 TW + 63 TADW .

k
If there are no learning effect and deteriorating jobs (i.e., pj = (Z—]) ) or there is no
J

k
resource allocation (i.e., p; = (a; + bt) r®), then the problem 1|p; = (Z—J> y D g Uity <
J

_ k _
Ulo <1|pj = (Z—j) 0 < DIy, vjuj>, llp; = (aj +bt) r*|# and the problem 1|p; =

k ~ N _
((%) +bt> re, Z?Zl viu; < U|f <1|pj = ((Z—j) +bt> r* 60 < D|Z?:1 ’UjUj) have

different optimal schedules.
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5. Conclusions. This article discusses single machine scheduling problems with learn-
ing effect, deteriorating jobs and convex resource dependent processing time. For two
extension versions, i.e., minimizing a cost function containing makespan, total comple-
tion (waiting) time and total absolute differences in completion (waiting) time subject
to the constraint that the total compression resource amount is less than or equal to a
fixed number, and minimizing the total compression cost subject to the constraint that
a cost function containing makespan, total completion (waiting) time and total absolute
differences in completion (waiting) time is less than or equal to a fixed number, it shows
that these problems can be solved in polynomial time respectively (see Table 1).

TABLE 1. Summary of main results

Problem Complexity Ref.
E
lp; = ((Z—j) + bt> 7?01 Cinax + 02 TC + 63TADC + 04 Z?Zl Vju;j O(nlogn) Liet al. [25]

lp; = <(“—J + bt> 7%01 Cinax + 92 TW + 63TADW + 4,4 Z;;l vju;  O(nlogn) Liet al. [25]
k _
p; = < &%) 4 bt) re, 2?21 vjuj < Ul01Cmax +02TC + 63TADC O(nlogn) Theorem 3.1
(a—’) + bt) re, Z?Zl vju; < U6 Cmax +02TW + 63TADW  O(nlogn) Theorem 3.1
k _
) + bt) 7%, 81 Cinax + 02 TC + §3TADC < D| 23‘;1 vjuj  O(nlogn) Theorem 4.1

k _
1p; = <(_) + bt) 1,81 Cax + 02 TW + 63 TADW < D| 3" wju;  O(nlogn) Theorem 4.1

In the future, we can consider jobs’ processing time with different factors, such as
jobs’ position, their starting time, and group technology. It is also interesting to extend
single machine scheduling problem with resource allocation constraint to different machine
environment, such as parallel machines, flow shop, and job shop. All these problems need
further research.
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