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Abstract

A P system for resource-constrained project scheduling problem(RCPSP) based on serial
schedule generation scheme is proposed in this paper to provide new ideas for parallel solutions
in today’s big data environment. Because P system has great parallelism, it could solve hard
problems, typically NP-complete problems, in polynomial time. We use membrane to conduct
the whole process of computation. First, the P system is established with all its rules to solve the
problem. Then, the time complexity and the descriptional complexity is discussed. Finally, an
example is given to prove its feasibility. And this work represents another attempt in the
application of P system.
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1. Introduction

In the last 60 years, change, and the need to manage change through projects, has been touching all
our lives, in working and social environments. Now, over 30 percent of the global economy is
project-based [1]. And the project-oriented organization is common. And a conservative estimate for
the global mega-project market is between US$6 and US$9 trillion per year, or approximately 8% of
the total global gross domestic product (GDP). However, nine out of ten mega-projects have cost
overruns. And project management is critical [2]. For project management, project scheduling is a
crucial component of it for today’s complex business and manufacturing systems. And models and
methods from project scheduling play a critical role in project management. During the last decades,
the resource-constrained project scheduling problem (RCPSP) has become a standard problem for
project scheduling in the literature. And it has been proved to be an NP-hard problem [3]. Since the
benchmarks of RCPSP were presented, RCPSP has been studied by a great number of researchers and
many exact methods and approximation algorithms have been proposed. Exact methods, such as
linear programming, branch and bound, have been successful in solving small instances. However,
they require a very high computing time as the size of project actives increase.

Membrane computing is a new branch of natural computing inspired from the functioning and the
architecture of biological cells. It was initiated by Gh. Paun in 1998, and has developed rapidly [4].
The models obtained are distributed and parallel computing devices, called P systems. And the
obtained computing devices proved to be very powerful, even equivalent with Turing machines when
using restricted combinations of features, and computationally efficient. A number of applications
were proposed in several areas - biology, economics, linguistics, data mining, approximate
optimization, etc [5]. So far, P system is used for solving hard problems, typically NP-complete
problems, in polynomial time. The purpose of this paper is the joint study of membrane computing
with resource-constrained project scheduling problem (RCPSP) by using the benefit from the high
parallelism of membrane computing. In this paper, we use membrane to conduct the whole process of
computation. And the remainder is organized as follows: Section 2 gives a formal model of the
RCPSP and an introduction of SSGS as well as an introduction of colored P System. Section 3
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presents the design of the P system and analyze its computation complexity. Section 4, an example is
given to prove its feasibility. We conclude the paper in Section 5.

2. Preliminaries

2.1 Resource-constrained Project Scheduling Problem Formulation

The classical Resource-constrained project scheduling problem can be stated as follows. The RCPSP
considers a project with J activities which are labeled j=1,...,J. The duration of an activity j is denoted
as p;. And its start time is denoted as s;, its finish time is denoted as c;. We assume that once the
activity starts, it may not be interrupted. The activities are interrelated by two kinds of constraints:
precedence constraints and resource constraints. For precedence constraints, due to technological or
logical requirements, there are precedence relations between activities. We assume that the
precedence relations are only the finish-start precedence relationships with zero time-lag, which
indicates that an activity j may not be started before each of its predecessors i € P;. And the project
can be represented by an activity-on-the-node network G=(V,E) in which V denotes the set of nodes
representing the activities and E is the set of edges representing the finish-start precedence
relationships with zero time-lag. For resource constraints, each activity requires certain amounts of
resources. Here we assume the resources are only renewable resources which are available for their
full capacity in every period. We consider K renewable resources which are labeled k=1,...,K. For
each resource k, the per-period availability is assumed to be constant overtime and it is given by R.
Activity j requires rjc units of resource k for each period. The RCPSP can be formulated as follows:

minc, 1)
s.t.
5, =0,5; eint’, j=1--,] )
S; ZTE%)J(C“ ©)
erk <Ry 4)
ieA

where the objective function is given as (1). The project makespan is minimized by minimizing the
finishing time of the ending activity J. (3) indicates the precedence constraints. (4) Indicates the
resource constraints.

The RCPSP is a generalization of the job shop problem and belongs to the class of NP-hard problems.
And multitude of exact and heuristic approaches were proposed [6].

2.2 Serial Schedule Generation Scheme

A priority rule based scheduling heuristic is made up of two components, a schedule generation

scheme and a priority rule. And two different schemes can be distinguished, the serial schedule

generation scheme (SSGS) and the parallel schedule generation scheme (PSGS) [7]. The serial

schedule generation scheme was proposed by Kelley [8]. It consists of J stages, in each stage n

(n=1,2...,J), only one activity is selected and scheduled, the start time of activity j is denoted as s;, its

finish time is denoted as c;, the project has a partial schedule denoted as PS, and a decision set

denoted as En. The activity set of the project in period t is denoted as Aythe left over capacity of the

renewable resource k in period t is denoted as 7Ry, 7R, =R, — erk , the priority value of activity j is
ieA

denoted as v(j). The serial schedule generation scheme can be formally described as follows:

Initialization: n=1

While n<J+1

Compute En, 7Rkt
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j*= miEn{j v(j)= r;;gx{V(i)}}

Jek,

€S jx = max{si +di|i € Pj*}

Sj* = mln{t|t ZeSj*,rj*k SﬂRkT,T:t,t-Fl,"',t-i—dj* —l,k 21,2,"', K}

PSy.1 =PS, w{i*}

n=n+1

End

Stop

It has been proved that the time complexity for the SSGS is O (J?, K).
2.3 Colored P System

A colored P system is a construct of the form [9]:

M=(O,K,1,Mg, My, Ry, -+, Ry, p,g)

where O is the alphabet of objects, « is a membrane structure with m membranes, K which is the

number of the colors is a natural number and with each set Ri, 1< i < m, written in the form
K

R, = U R ; - Therules in sets R;; for a given J, are considered of the same color. At each step, only rules
j=1

of the same color can be used, in this way, on one hand, the parallelism in each region is restricted, on

the other hand, a cooperation between regions is ensured[10]. M, ..., My, are strings over O indicating

the multisets of objects at the beginning present in the m regions of x, p is the priority of the rules, o IS

the output region of the P system /7.

3. P System for RCPSP based on SSGS

3.1 The P System based on SSGS

In this section, a P system for RCPSP is proposed. Its structure is depicted in Figure 1. Here we
assume that the duration of every activity except is positive integer.

Figure 1. The P System for RCPSP Based On SSGS
The P system for RCPSP is defined as follows:
M=O,L,,Mg,My4, -, MJ+K+1,J M J+K+2,107 "0 MJ+2K+2,ZPJ RoyRygios RJ+K+1,J '

Rytke21r s R\]+2K+2’z p,' P io)

Where:

58



International Journal of Science Vol.4 No.2 2017 ISSN: 1813-4890

O:{a,al,b,bl,cl,C2,"',Czpj iC‘llC'z l"'ic‘zpj idlldzl"'ldzpj ldllldlz i"'ld‘zp_ !eiell

]

1)
k]_!ka'uik‘]1511521"'lszpj5 fli f2|'“i fzpj}

O represents the collection of objects in the P system.

2)L=4

L represents the number of the color in the P system.

3) H= [0[1,1]1,1[1,2]1,2 "'[J+K+1,J ]J+K+1,J [J+K+2,1]J+K+2,1 "'[J+2K+2,Z p; ]J+2K+2yzpj Io

w1 represents the membrane structure of the P system.

HMo={3: M ={a" ¥ bY3}A<i<I1<j<I)s My :{czi dp, Hi=J+11<j<J);

M, ={a"" " }0+2<i<I+K+11< j<J);
M ; =fa oI +K+2<i<I+2K+11< <D pj) s

M ={A3i=3+2K+21<j gzpj);

Mi; j represents the collection of initial objects in each membrane. And A= (a;j) is the adjacency matrix
of G; V=(vj) is the priority-matrix representation of activities, but different from normal, in P system,
the smaller priority, the more prioritized it is, p; is the duration of activity j; R=(rjj) is the
resource-demand-matrix representation of activities; RR=(rr;) is the resource-constant-matrix
representation of the project.

5) The rules in Ro:

ny =fcled? e e led P U e e s deheft2 IR

no ={e >k, ., Ufkge > kga2<g<J}

s ={Kgdn = (@)inh1 (@intn,2) = (@)in(n,3) 0Vinwny 0 Vincz,ny == 0 inca ny
(&ina+2,0) (®ina+3,n) ** (€)ina+k+1,h) (€ Dinca+1,m Kgd' |9, he{L2 I}

195 pj -1 195 pj

L ={c¥c¥.c Th cPted e ij_l}U{c'f'l ¢y cgf;j - sh‘h e{l2:- ) PP,
3o ={s4d"y = (sq )in(J+l,h)‘g 6{1’2,“'12 pjphe{l2 -3}
ry, ={k; — halt}

The rules in R;; (1<, 1<5j<):

e ={a—=>(@)ing.,jat

M5 ={bb'— (0)in(s41i) 0}

r,, ={a'e—>a}

r,3 ={a'— A3U{b'—> 1}

The rules in R;; (i=3+1, 1<9):

M6 :{aJijj - (ijj )inonpj HHa'e— (C]'Hl)inoe}

ry={a® - Minlh<g.h=12-3-19=12-3 -1
e ={a" —> (€] Mgl <g,h=12,3-19=12 -1}

o ={dge'— (dg)ins+2xk+22 (dg)inu+2k+2,2) -+ (dg )in(\]+2K+zyzpj) dq}

Mo :{fgb - (b)in(J +2K+2,1) (b)in(J+2K+2,2) (b)in(J+2K+2,g) fg ‘g e{L2,~--,Z pj}}
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33 ={Sqdn = (®)inwy ** (®in3,3) ®)in(r+2x+22) (Oin(a 42K +2,2) "'(e)in(3+2|<+2,2pj)
(€§)in+2K+2.9) (€} )in(a+2K+2,9+1) " (€} )in(a+2K+2,g+h-1) Fg+n-1€}

The rules in R;j; (J+2<i<I+K+1, 1<5)<):

ge{t2 ) pih

riig. riiy riiy
Mi1 :{a b ng _)(b e 1)ir1(i+K,g)a b

a2 ={@" e = (0" )ik 0" ingak 2) -+ (brj'ifjfl)in(im,z pj) a1}

The rules in Rij (J+K+2<i<J+2K+1, 1<j<Y'p)):
.3 ={ab—a}

M4 ={0 > O)in2ks2 yt

3y ={b—>3U{a—a},

The rules in R (i=J+2K+2, 1<<3p)):

s ={Cg = (€))in+2.1) €i)insa) - (€))inask1)Cg |9 €2 I P ¢

a6 ={dgb = 0)ins2k+2,j-g+1) Oina+2k 42, j-g+2) *** Oina+2x+2,jyd'g |9 e{pu P2 P B}
g ={dg —>d'g|g e{ps, P2 Py 1}

fa.4 ={d'g = (€D inolg €{Py, P2y Py B UEd'g b — (€75 Yinolg e€pr, P+ 33
I35 ={C'g € > cye}U{b > 4}

N4 ={€ >4} ¢ ¢,

p={r.>r 1<i<j<4U{r; >r l<i< <16}

6)ip ={(J +2K +21),(J +2K+2,2)--, (I +2K+2,D " p;)}

ip represents the output regions of the P system.

3.2 An Overview of Computation
Now, we are focused on how the rules designed above guide the process of solving RCPSP.

Firstly, through rule r1 4, objects a are sent into membrane (J+i,i) for the action of rules ry,r17,r1g.and
objects @’ are generated for the action of rules rs». And through rule ry 10, Objects ¢ are sent into
membranes for the action of rules ry11. Secondly, through rules ry6,r17,r1s, Objects ¢ are sent into
membrane 0 in order to select eligible nodes for the action of rules ri1,r12,r1,3. And through rules rq 13,
objects a’ are generated in order to compute zRy:. Thirdly, through rules r11,r12,r1,3, objectsa’,b’,e,e’
are sent into membranes for the action of rules rqs,ra2,r1,12,r1,9. Fourthly, through rules r112,r1,13,r1,14,
7R« has been computed, objects b are sent into membranes in order to close the time point which the
activity cannot be operated. And through rules ri9, 1,16, r21, 34, the time points which the activity
can be started is chosen. Fifthly, through rules rs1,rs2,rs 3, the finish time of the activity is decided,
and objects e are generated for the action of rss. Finally, if there is none of object Kj, through rules rs .,
ra3, a4, Objects a are generated for the action of rule ry 4. And if there is object K, through rule ra 1,
the P system is halt, the outputs of the P system are in membranes (J+2K+2,1), (J+2K+2, 2) ,...,
(J+2K+2,3 pj).

For solving RCPSP through the serial schedule generation scheme, the time complexity is O(J?, K).
The time complexity for solving RCPSP using proposed P system is O(J). However, the descriptional
complexity for the algorithm is rather high: (32+(K+1)*(J+p;)) membranes and the usage of rules of
unbounded weight.
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4. Example and discussion

To illustrate how the P system show a project problem specifically, the following simple example is
considered: the project with 7 activities and 1 resource shown in Table 1. And we assume the priority
matrix through priority rule MINSLK is V=(5,1,4,6,2,3,7).

Table 1. The project problem

Job Duration(p;) Resource demand(r;) Successors
1 3 2 4
2 3 3 3,5
3 1 2 4
4 2 3
5 2 4 6
6 3 2
7 3 1
Resource availability 4
And the adjacency matrix A of the project is:
0001000
0010100
0001000
A=/0 0 00 0 0 Of.
0000010
0000O0O0O
00000O0O

And the collection of initial objects in the P system is shown in Figure 2.

Step of the P system are listed in Table 2. Because the steps are almost the same, only parts of them
are listed here.

In the end, the result of the problem is S=(6,0,5,9,3,5,0), F=(9,3,6,11,5,8,3), the makespan of the
project is 11. So the right result of the project problem is gained.

Figure 2. The P System for Solving the Problem with 7 Activities
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Table 2. Steps of the P System

Step

Configuration In Each Membrane

[ol1,18]1,1[1,28]1.2[1,38]1,3[1,4D]1,4[1,58]1,5[1,68]1,6[1,78] 1,7 [7,18)7,1[7,28) 7 2[7,38] 7,3[7,48] 7,4[7,52) 7,5 7,62] 7,6[7, 78] 7.7[ 8, 1.C

1°d3]s,1[8,2C2*d3]s 2[8,3C3%d1]s,3[8 4C4%d2] 8 4[5 5C5202] 8 5[8,6C6° 03] 8 6[8,7C77 U3]e, 79,127 9,1 [0,28%] 0,2[0,38%]0,3[9,48%] 9,4 0,5

a*]9,5[0,62%]9,6[9,78%9,7[10,18%]10,1[10,28%]10,2[ 10,38*] 10,3 1042*] 10,4[10,58*] 10,5[10,62*] 10,6[ 10,7a*] 10,7 10,88*] 10 8[20,98*] 10,

o[10,108%T10,10[ 10,118%]10,11[10,128*] 10,12[ 10,138*] 10,13[ 10,142%T10,14[10,158%] 10, 15[ 10,168%] 10,16 [ 10,17@*] 10,17 [12, 1] 11, 1[11,2] 12,2

[11,3]11,3[11,4)11,4[11,5)11,5[12,6]11,6[11,7]11,7[11,8]11,8[11,0]11,0[11,20] 11, 20[11,11] 11, 11[11,12] 11, 12[11,13] 11,13[ 11 14) 11,14[11,15] 1
1,15[11,16]11,16[1117]11 17]0

[o[11871,1[12aT1,2[1,38T1,3[1,40]1,4[158T15[1.681,6[1,7aT1,7>°[7,187T7,1[7,2877,2[7,387T7,3[7,48 17,4758 757,62 7,6[7,72]
7,7[8.187C1°d3]s 1[8,287C2d3]s 2[ 8 32°C3 1] 3[8 4a°C4°d2 )8 4[6,58°C52d2]8 5[8,62°C6°d3] 8 6[8,7a"C77 3]s 7[0,18%] 9,1 [9,22%]0
2[0.38%]9,3[9,42%]0.4[0,58*]0,5[0,68%] 9,6[9,7@*]0.7[ 10,18*] 10,1 [10,28%] 10,2[ 10,38*] 10,3 10,48*] 10,4[20,58*] 10,5[10,62*] 10,6[ 20,7a*] 10
7[1082%]10,8[10,98*]10,9[10,208*]10,10[ 10,118%] 10,11 10,128*] 10,12 10,138*]10,13[10,148%] 10,14 10,158*] 10,15 10,168*] 10, 16[ 10,178
Jroa7[111]111[112]11,2[11,3]11 3[11,4] 11,4[11,5)11,5[11,6]12,6[11,7]11,7[11,8]11,8[11,9] 12,0[12,20] 11, 20[11,22] 11,12 [11,12] 11,12 11,13]
11,13[11,14]11,14[11,15]11,15[11,16]11 16 11,17] 11 17]0

[oc15catesBesBestes’er 1,181 1 1,28 1 2[1,321,3[1.4b] 14l 152 T 15[ 1,681 6[1, 771,77 [ 7,187,107 ,28]7 27,32 7,3[7,42 7,4 [

7,587,5[7.6817,67,7217,7[8.1C1°d3]8 1[8,2C2 d3]s 2[8,3C3*d1] 8, 3[8 4C4°2] 8 4[8,5C5°d2]8 5[8,6C6> 03] 8 6[8,7C 7 3] 8, 7[9,18%] 9 1 [

0,28%]9,2[9,38%]9,3[9,42%0.4[9,52%T0,5[0,6a%]0,6[9,7a ]9, 7[1018*]10,1[10,28*]10,2[10,38*] 10,3[10,48*] 10,4[ 10,58*] 10,5[ 10,62 10,610

;7a%107[1082%10,8[10,98%]10,9[10,108%]10,10[10,118%] 10,11 [10,128*]10,12[ 1013841 10,13[ 10,1424 10,14[ 10,158%]10,15[10,168*] 10,126[

10,178%1017[11.1)11,1[11,2]11 2[11,3]11,3[11,4] 10,4[11,5) 11 5[11,6]11,6[11,7) 12, 7[12 8] 11,8[21,.0] 11 0[11,10)11,20[ 11,21 11,11 [11,22] 12,1
2l11,13]11,13[11,24) 11, 14[11,35)11,35[11,16] 11, 16[11,17]11,27]0

[okid2[1,1271,1[12871,2[1,387T1,3[1,4D]1,4[158T 15[ 1,62 T1.6[1,78 71,7 [7.187T7,1[7,287,2[7,387,3[ 7,42 ] 7,4[7,527,5[7,62 7,6 [7

;7217,[8,101°d3]g 1[8,2C2 3]s 2[8,3Ca*d1] 8 3[6,4C48d2]8 4[5 5C5°02] 8 5[8,6C6°d3] 8 6[8,7C7 3] e, 79,1879, 1[0.28%]0,2[0.38%] 9,30

42%)9,4[9.5a*]05[0,68%]0,6[9,72%]9,7[10,12%T10,1[10,28*]10,2[10,38%] 10,3[ 10,42%] 10,4[ 10,58*] 10,5[ 10,68*] 10,6 [ 10,78%] 10,7[10,88%] 10,8

[10,98%T10,0[10,108%] 10,10[10,118%] 10,11 10,128%]10,12[ 10,138%]10,13[ 10,1484 10,14[ 10,158%]10,15[10,168*] 10,26[ 10,17@*] 10,27 [ 12,1] 11,

tl11,2]11.2[11,3)11,3[11,4] 11,.4[11,5] 11,50 11,6] 12,6011, 7012, 7[11,8]12,8[11,0] 11,9l 11,20 11,20[12,11] 11,01 [11,12] 01, 12[ 11, 13] 11,13 11,24] 11,
14[11,15]11,15[11,16]11,36[12,17]11.17]0

[ok1d'2[1,187T1,1[1,28'0']1,2[1,38T1,3[1,4D]1.4[1,58 T 1.,5[ 1,68 1.6[1.72 71,72 [7,1877,1[7,2a'D] 7,2[ 7,38 ] 7,3[ 7,42 ] 7,4[ 7,52 75 7, 62"

17.6[7,7217,7[8.1c1°d3]s 1[8,2C2*d3€]8 2[8,3C3%d1]8 3[8,4C2502] 8 4[8 5C522]8 5[8,6C6 sl 8 6 [, 7C77 3]s 7[0,18] 0,1 [0, 28%€] 0,2

0,38%]9,3[9,42%]9,4[0,58%] 5[ 9,68 0,6[9,7a*]9,7[10,18*] 10,1[10,28*] 10,2 10,38*] 10,3[10,424] 10,4 [10,524] 10,5 [ 10,624] 10,6 [ 10,74 10,7[

10,88%]108[10,98*]10,9[10,108*] 10,10 10,118*]10,11[10,128*] 10,12[ 10,138*]10,13[ 10,148*] 10,14 10,158*] 10,15 10,168*]10,16[10,178*] 10

17[11.1]11,111,2]01 2[11,3]11,3[11,4)11,4[11,5] 12 5[ 11,6 11,6[ 21,711, 7[11.8] 12.8[12,0] 12.0[11,20) 11, 100 11,12] 11, 11 [11,12] 11,12 11,13] 11,
13[11,14)11,14[11,15)11,15[11 16]11,16[12,17]11,17] 0

[ok1d2[1,187T1,1[1,28'0]1,2[1,38T1,3[1,4D]1,4[1,58 T 15[ .68 T1,6[1,727T1,72[7,187T7,1[7,2a'D] 7, 2[7,38] 7,3[ 7,42 ] 7,4[ 7,52 7 57, 62"

17.6[7,7217,7[8.1c1°d3]s 1[8,2C2*d3]8 2 8.3C3*d1] 8, 3[8,4C4°02] 8 4[8,5C5%2]8 5[8,6C6° 03] 8, 6[8,7C7 03] 70, 18] 0, 1[0 28%€ ]9 20,3

a2]o3[9,42%]9,4[9,52*]9,5[9,68%] 9,69, 7a ]9, 7[10,18*b%] 10,1[10,28*0%] 10 2[ 10,38*0%] 10,3 10,48*0°] 10,4[ 10,58*D°] 10,5[10,62*D%] 10,

6[10,72*b%]10,7[1082*b%] 10,8[1092*b%] 10,0[10,108*b%] 10,10[ 10,118%D%] 10,11 [10,128*0%] 10,12 10,138*D%] 10,13 10,148*D%] 10,14 [ 10,

158*0%]10,15[10168*0%]10,16[ 10,172%D%]10,17[11,103] 11,1[11,203]11,2[ 12 303] 11,3[11,403]11 4[11,503] 11,5 (11,6003 11,6[ 12,70l3] 11, 7[

11,803]11,8[11,903]11,0[ 11, 1003] 11, 10[12,1103] 11,11[11,1203] 11,12[11,1303] 11, 13[11,14003]11,14[ 11,1503] 11,15[ 11,1603] 11, 16[ 11,1 7013]
11,17]0

[okid'2[1,18T1,1[1,2a'071,2[1,387 1,3[1,40] 1,4[1,52 1 5[ 1621 6[ 1,727 1,72 [7,127T7,1[7,28'0T7,2[ 7,38 7,3[7,42T 7 4[ 7 50T 7 5[ 7,62
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s[10.168%aT10,16[10,178%2"]10,17[12,1C"203]11,1[11,2€"20'3] 11,2[11,3DC"20'3] 11,3[11,40%C"5'3] 11, 4[11 5b?C'50 3] 11 5[ 11,60°C"3C's

d'3]11,6[11,70%C"1C'60'3]11,7[11,6¢"1C'60"3] 11,8[11,9C 103] 11,0[11,10C"403]11,10[11,11€"403] 11,12 [11,12003] 11,12 [ 11,1303] 12, 13[ 11,14
ds]11,14[11,1503]11,15[11,1603] 11,16 11,1703] 11,17] 0

86

[ok7d'7¢'11c’218c 38, 8¢ 5 8¢ 61 8C 78¢5 18C o %C 1010 11 1€ 12 12C 1313C 14 24C 15 25C 1618C 17 1,18 1,1 [1.28 1.2 1,38 1,31,
aa'b]1al158015[16aT16[1 72017 [7,18%]7,1[7,22%]7,2[7,32%]7,3[ 7,481 7 a[7,52%] 7,5[7.68"2] 7,6[7,72 2D ] 7, 7[ 8,1.C1°F0€] 8 1[5,
2Co*f3e]s 2[83C3*6€]8 3[8 4C4¢f11€]8 4[8,5C52f5€ 18 5[8,6C6>f8e]s 68 7C7" 3]s, 7[9,18%]0,1[0,28%] 0,2[0,382] o,3[ 0, 48] 0 4[ 0,58%],
5[9,68%]0,6[0,7819,7[10,12"*]10,1[10,2a"*]10,2[ 10,32 "*]10,3[ 10,42 "*] 10,4 [ 10,52"*] 10 5[ 10,68"*] 10,6 [ 10,72 "*T 10,7[ 10 82"*] 10,8[ 10,988"] 1
0,9[10,208"*]10,10[10,118"*]10,11[10,128%T10,12[ 10,1332 ] 10,13 10,148%8 ] 10,14[ 10,1582 ] 10,15[ 10,168%2 ] 10,16[ 10,178%8 10,27 [12.1
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c'2]111[11,2¢"2]11.2[11,30€"2 )11 3[11,4b%C'5] 11,4[ 11, 50%C 5] 11 5[11,6D°C'3C 6] 11,6[11,7D°C'1C 6] 12,7[11,8C"1C 6] 11, 8[11,0C 1] 11,0 11,
10C'4J11,10[11,11C" )11 11 [11.12]11,32[11,13] 11,13[11,14) 13,1412, 35) 11 15[ 11, 16]11,36[11,17] 11,170

[ok7d'7s1[1,1871,1[1,28"1,2[1,38T1,3[1 42'D]1,4[1,581,5[ 1,62 T1.6[1,7a0]1,7°[7182]7,1[7,22%] 7 2[7,38%] 7, 3[7 4@ ] 7,4[ 7,52 2] 7,

5[768%]7,6[7,7a20"]7,7[8.1C1fee s, 1[8,2C2*F3€]8 2[8.3C3*fe€ 18, 3[8,4C45F11€] 8 4[8,5C5°Fs€]8 5[ 6C6>Fae]s 66, 7C7 3]s, 7[0,187]

9,1[0,28%]0,2[0,38%]9,3[9,42%]9,4[0.52%T0 5[0,6a%]0,6[0,78* ]9, 7[ 10,12"*]10,1[10,28"*] 10,2 10,32"*] 10,3[ 10,42 "*] 10,4[ 10 52"*] 105 [ 10,68

87 J106[10,72"]10,7[20,82"*]10,8[ 20982 10,9[ 10,108"*] 10,10[10,118"*] 10,11 [10,128%@]10,12[ 10,1383 ] 10,13[ 10,1488 ] 10,24[ 10,1582 ]

10,15[10,168%2"10,16[ 10,1728 110,17[11,1C 2] 11 1[11,2C 2] 11,2[12,3DC"2] 11,3[11,40%C 5] 11,4 [12,5D%C"5 ] 11 5[ 11,60%C 3C 6] 11,6[ 12,7002

C'1C's]11,7[12,6C"1C'6] 12,8[11,9C" 1] 11,9[11,10C 4] 11,10[12,11C 4] 11,11 [11,12] 11, 12[11,13] 11,13 11,1412, 14[12,15] 11,15 [ 11,16 11, 16[ 11,17
J1117]0

[ok7[1,18T1,1[1,2871,2[1,321,3[1.42'D] 1 4[1,58T1,5[ 1,68 T1,6[2, 72017 [7,182) 7 1[7,28"%]7,2[7 38"2) 7,3 7,422 7,4l 7,587 7.5[ 7,6

a”]7,6[7,72°bT7,7[8,1C1°fo€]s 1[8.2C2 f2€] s 2[,3Ca*f6€]s 3[8.4C45F11€]8 48 5C52f5€] 8 5[5 6C6>Fee e 6[8,7C 77 d351] 8 7[0,18] 0,1

[9,22%]9,2[9,38%]0,3[0,48%] 0,4[9,5a*]0,5[9,68%]0,6[0, 7@ 10,7[10,18"*] 10,2[10,22"*] 10,2[ 10,38"*] 10,3[ 10,48"*] 10,4 [ 10,58"*] 10,5[10,62"*] 10

88 6[10,7a"*]10,7[20.862"*]10,8[10982"%]10,0[10,202"*]10,10[20,118"*]10,11[10,128%8 ] 10,12[ 10,138%2 ] 10,13[ 10,1488 ] 10,14 10,1583 10,1

s[10.168%T10,16[10,17@%aT10,17[11,1C"2]12,1[11,2€ 2] 11,2[11,3DC"2] 11,3[ 11,40%C 5] 11,4[11,50%C'5] 11, 5[11,60%C"3C"6] 11, 6[12,70%C"1C

'6]11,7[11,8"1C'6]11,8[11,9C" 1] 11,0011, 10C'4] 11,10[11,11C"a] 11,11 [11,12] 11, 12[ 11,13]11,13[11,14) 11,1411 15] 12,15 [ 13,26 12, 26[ 11, 17] 11,1
7)o

[ok7[1,18T1,1[1,2871,2[1,321,3[1.42'D] 1 4[1,58T1,5[ 1,60 T1,6[2, 72017 [7,182) 7 1[7,28"%]7,2[7 38"2) 7,3 7,421 7,4l 7,582 7.,5[ 7,6

a?]7.6[7,7a°b]7,7[s,1c1°foe]8 1[8.2C2 fae]s 2[8,3C3* €8 3[8 4C4PF11€]8 48 5C52F5e] 8 5[6,6C6>fae] e 6[8,7C7 Faels 7[0,18%] 0,1

0,28%]9,2[9,38%]9,3[9,42%0.4[0,52%]0,5[0,68%]0,6[9,7a ]9, 7[ 10,18 10,1[10,28"*]10,2[10,38"*] 10,3[ 10,42"*] 10,4 10,52"*] 10,5 [ 10,62 *] 10,

89 6[10,7a"*]10,7[10,82"*]10,8[ 10,881 10,9[10,108"*] 10,10[ 10,118"*] 10,11[ 10,1288 ]10,12[ 10,138%@ ] 10,13[ 10,1483 T 10,14[10,158%8 ] 10,1

s[10.168%aT10,16[10,17@%aT10,17[12,1C"2]12,1[11,2C 2] 11,2[11,3DC"2] 11,3[ 11,40%C 5] 11,4[11,50%C'5] 11,5[11,60%C"3C"6] 11, 6[12,70%C"1C

'6]11,7[11,8C"1C'6]11,8[11,9C 1] 11,00 11,10C'4] 11,10[11,11C"a] 11,11 [11,12] 11, 12[ 11, 18) 11, 13[11,14) 11,14 11,15 ] 12,15 11,26 ] 12, 26[ 21, 27] 21,1
7lo

[ok7[1,12'€]1,1[1,28'€]1,2[1,38'€]1,3[1,48'D€] 1,4[1,5'€] 1,5[1 62'€] 1, 6[1,72'D'€] 1,7 [7,18"%€]7,1[7.28"%€] 7, 2[ 7 32 %€ ] 7,3[ 7, 42"%€] 7,

a[758%€]7,5[7,68'%€]7,6[7,7a"2b'e]7,7[8,1C1>foe 8 1[8,2C2 F2e]8 2[8 3C3*f6€ 18, 3[8,4C45T11€]8 4l 5C5*f5€] 8 5[8.6C6>Tee] s, 66, 7C7

"fae]s 7[0,18%]9,1[0,28%]9,2[0,38%]0,3[0,48]0,4[0,50*] 9,5[ 9,620 60, 72 T0,7[10,18"*]10,1[10,28"*] 10,2 10,32"*] 10,3[ 10,48 ] 10 4[ 10,5

90 a"*]10,5[10,6a*]10,6[10,72"]10,7[ 10,62 10,8[ 10,988 10,9[ 10,108 10,10[ 10,118 *] 10,11 [ 10,128%T10,12[ 10,1383 ] 10,13[ 10,148%A]

10,14[10,158%aT10,15[ 10,1628 110,16[ 10,1783 10,17[11,1C"2C7€]11 1[11,2C"2C7€]11,2[ 12,3C 2C7€]11,3[11,4C'5€] 11,4[11,5C 5€] 11,5 [1

1,6€'3C'6€]11,6[11,7C"1C'6€]11,7[11,8C"1C'6€] 11,8[12,9C"1€]11,0[11,10C"4€]11,10[11,11C"4€]11,11[11,12€] 11, 12[11,13€] 11,13[ 11, 148] 12,1
4[11,15€]11,15[11,16€]11,16[12,17€]11,17]0

[ok7[1,18]1,1[1,28]1,2[1,38]1,3[1,48D]1,4[1,58] 1 5[1,68]1,6[1,7] 1,7 [7,18]7,1[7 28] 7 2[7,38]7,3[7 48] 7,4[ 7 5a] 7 5[7.62) 7 67, 78] 7,7[
8,1C1°foe] g 1[8,2C2 fa€] s 2[8.3C3*f6€] 8 3[8,4C45F11€] 8 4[ 8, 5C5Fs€] 8 5[8,6C6>fae] s 66, 7C7 F2€] 8 79,187 9,1[9,28%] 9, 2[0,38°] 0,3[0
o1 4a%]9,4[05a*]05[0,68%]0,6[0,7%]9,7[10,1a"*]10,1[10,28"*]10,2[10,32"*] 10,3[ 10,42 "] 10 4[ 10,5210 5[ 10,68"*] 10,6[10, 78] 10,7[ 10,88
J108[10,988"%]109[10,108"*]10,10[10,118"*] 10,11[10,128%2T10,12[ 10,1388 ] 10,13 10,1483 ] 10,14[ 10,158%8] 10,15[ 10,1688 ] 10,16 10,1
78%a10,17[11,1C2C7€]11,1[11,2C2C7€]11,2[11,3C2C7€]11,3[11,4C5€]11,4[11,5C5€] 11,5[11,6C3C6€] 11,6[11,7C1C6€]11,7[11,8C1C6€ 11,8
[11.9C1€]11,0[11,10C4€]11,10[11,11C4€] 11 11[11 12€]11,12[ 11 13811, 13[11,14€]11,14[11,15€]11,15[11,16€] 11, 16[11,17€] 11,17]0

5. Conclusion

This paper constructs a P system to solving RCPSP through the serial schedule generation scheme.
This P system is suitable for solving RCPSP by example test, but it needs to be further studied
whether it is suitable for solving RCPSP of large amount of data. Speaking from a theoretical point of
view, owing to the great parallelism that P system has, it can reduce the time complexity of
computing and increases the computational efficiency. The application in RCPSP proposed in this
paper is only one example, There are many method to solving RCPSP and this paper only use the
serial schedule generation scheme. Membrane computing can be applied to a variety of other methods
to solving RCPSP.

Acknowledgements

The research work was supported by Humanities and Social Sciences Project of Ministry of
Education, China (No0.12YJA630152), Social Science Fund of Shandong Province, China (No0.16
BGLJ06).

References
[1] Turner J R. The handbook of project-based management[M]. McGraw-hill, 2014.

66




International Journal of Science Vol.4 No.2 2017 ISSN: 1813-4890

[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

Flyvbjerg B. What you should know about megaprojects and why: an overview[J]. Project
Management Journal, 2014, 45(2): 6-19.

Blazewicz J, Lenstra J K, Kan A H G R. Scheduling subject to resource constraints: classification
and complexity[J]. Discrete Applied Mathematics, 1983, 5(1): 11-24.

Paun G. A quick introduction to membrane computing[J]. The Journal of Logic and Algebraic
Programming, 2010, 79(6): 291-294.

Jiang K, Song B, Shi X, et al. An overview of membrane computing[J]. Journal of
Bioinformatics and Intelligent Control, 2012, 1(1): 17-26.

Kolisch R, Padman R. An integrated survey of deterministic project scheduling[J]. Omega, 2001,
29(3): 249-272.

Kolisch R. Serial and parallel resource-constrained project scheduling methods revisited: Theory
and computation[J]. European Journal of Operational Research, 1996, 90(2): 320-333.

Kelley J E. The critical-path method: Resources planning and scheduling[J]. Industrial
scheduling, 1963, 13: 347-365.

Wu T, Zhang Z, Paun G, et al. On the Universality of Colored One-Catalyst P Systems[J].
Fundamenta Informaticae, 2016, 144(2): 205-212.

[10]Metta V P, Raghuraman S, Krithivasan K. Spiking neural P systems with cooperating rules[J].

International Conference on Membrane Computing. Springer International Publishing, 2014:
314-329.

67



