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Abstract: In allusion to the characteristics of the open complex giant system, an open multilevel hierarchic

intelligent control system is established for the eco-industrial system. With the idea of the open engineering

system, using the hall for workshop of metasynthetic engineering (HWME), intelligent control techniques, the

expert system and the design of experiments are integrated within the framework of the nonlinear multi-

objective decision support system to develop a robust, top-level design specification so as to make the system

have the quality of adaptive control, self-organizing, self-learning and robustness. Finally, an illustrative example

is given to clarify the effectiveness of the method.

Key words: eco-industry; complex giant systems; hall for workshop of metasynthetic engineering; open

engineering system; intelligent control; nonlinear multi-objective

The development of eco-industry is holding the
balance to be good for the utilization of resources and

=21 " Quantita-

the sustainable development of humans
tive eco-industrial system analysis has been a weakness
all along"'. There are methods mostly in the present:
input-output analysis'*', system simulant analysis'”’,
limited network analysis'”, MINLP model'”’, and so
on. The eco-industrial system is argued to be an open

complex giant system'"’

. The characteristics of the sys-
tem are openness, complexity, evolution, emergence, hi-
erarchy and giant etc. At the same time, the disagree-
ments between the system’s whole aims and each
enterprise’s local aims result in the instable accrete re-
lationships among enterprises. These questions are the
study emphases for eco-industry from theory to prac-
tice, but they are very difficult to solve using existing
decision-making analysis methods. An open multilevel
hierarchic intelligent control system is established in
this paper. With the idea of the open engineering sys-
tem, using the hall for workshop of metasynthetic engi-
neering ( HWME), intelligent control techniques, the
expert system and the design of experiments are inte-
grated within the framework of the nonlinear multi-ob-
jective decision support system (DSS) to develop a ro-
bust, top-level design specification so as to make the
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system have the quality of adaptive control, self-organi-
zing, self-learning and robustness.

1 Design Ideology of Open Multilevel Hier-
archic Intelligent Control System

1.1 Hall for workshop of metasynthetic engineering
By an ideology of “from qualitative to quantita-
tive”, the HWME was advanced by Prof. Qian Xuesen
in 1992. The eco-industrial system was an open sys-
tem, which keeps qualitative and quantitative exchan-
ges (matter, energy and information) from the outside
environment. There are a lot of human activities a-
mong each subsystem. Using the HWME to design the
eco-industrial system is to integrate expert system, ad-
vanced management thinking, communication technol-
ogy, computer, network technology, manufacture, all
kinds of information, data, successful cases before and
correlated knowledge to the hall for workshop, so as
to enhance the best qualities of human beings and
computers, respectively.
1.2 Open engineering systems

The idea of the open engineering system is
strongly tied to the concept of accomplishing more
with fewer resources in a globally competitive market-
place. The definition of an open engineering system is
as follows"" .

Open engineering systems are systems of indus-
trial products, services, and/or processes that are read-
ily adaptable to changes in their environment and ena-
ble producers to remain competitive in a global mar-
ketplace. The key to this definition is the concept of a
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system being readily adaptable to changes in its envi-
ronment. An adaptable eco-industrial system is able to
compete for a longer period of time than a rigid one
since adaptable systems can be changed to meet the
needs of a changing market. Being readily adaptable
can often lead to families of products. The concept be-
hind a family of products is to have one base product
from which many other versions of that product are
made. In designing the families, many aspects of the
design process can be eliminated since the base prod-
uct already exists. Therefore, a family of products can
accommodate the same customers as several closed
systems while using fewer resources.

Benefits gained from designing systems to be
open engineering systems can only be seen from a
long-term perspective. Development of open engineer-

ing systems may seem costly in the initial stages of
design, but being able to adapt to changes in a
system’s environment they will lead to greater success
over a longer period of time. The long-term benefits
of designing systems to be readily adaptable are de-
creased time-to-market, increased return on invest-
ment, and increased quality.

2 Structure of Open Multilevel Hierarchic
Intelligent Control System

2.1 Constitution of eco-industrial system

From the angle of the system, and for the sake of
briefness, well and true, an eco-industrial system in a
local zone is taken into account. It is a multilevel
complex system (see Fig.1).

I:l Eco-industry system
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Fig.1 A multilevel eco-industrial system

2.2 Steps of open multilevel hierarchic intelligent
control system

In allusion to the structure of the eco-industrial
system, an open multilevel hierarchic intelligent con-
trol system is devised. A graphical flow chart depic-
tion is provided (see Fig.2), with the relationship be-
tween steps and actions taken show that:

(D Engineers and experts decide the collective re-
quests and aims of the eco-industrial system.

) Classify factors ( control factors, noise factors
and output factors) and ranges. Additionally, the ranges
of the control variables are defined with an initial con-

Overall design Top-level design
requirements specifications

(H) Intelligent
control wares

by

( (F) The compromise DSS
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(D) Simulation
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Fig.2 Steps for complex eco-industrial system

cept exploration space. The identified design parame-
ters are classified as either control or noise factors.

@ Information engineers choose all kinds of
modeling methods and the erect control system model
by computers.

@) The corresponding aim functions are con-
firmed by expert systems based on collective requests
and aims.

(5 Intelligent accommodation wares establish ex-
pert systems and simulation programs based on envi-
ronment. Significant design parameters are identified
as the design drivers; insignificant parameters are
fixed.

(6) The screening experiments are used to eliminate
control factors without significant effects on the respon-
ses. Higher order experiments are designed and conduc-
ted as necessary and the results analyzed (number and
order of the experiments are increased while the size of
the problem is reduced). The results ate cycled in steps
C to E to develop exact model parameters.

(D The nonlinear multi-objective decision support
system is established by experts based on environ-

10
t[ 1

men in intelligent harmonized wares, by which the

values of control factors are identified to be the top
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level design specifications. Ranges of solutions are Tab.1 Unitary exploration points
identified to increase the flexibility of the system. Points w A s f
The optimal control factors are chosen by ex- Base points 10 2 61.20
pert systems from the satisfying sets of solutions and 2 10.5 2 2 63. 25
are passed to intelligent control wares to control the 3 10.5 2 2.2 63.47
4 10.5 2 2.5 64.30
run of each subsystem.
. e 5 10.5 2.5 2 64.25
(© Generate top-level design specifications. 6 0.5 )5 > 6167
Synthetically, an open multilevel hierarchic intel- 7 10.5 25 25 65.30
ligent control system is established. 8 10.5 2.8 2 64.85
. . o . 9 10.5 2.8 2.2 65.27
3 Strategies for Satisfying Sets of Solutions 10 0.5 )8 5 s 65. 90
(SSS) Exploration 11 1 2 2 65. 30
) i 12 11 2 2.2 65.72
The reasons for pursuing a ranged set of solutions 13 " ) 5 s 66. 35
are tied to open engineering systems. One of the key 14 1 25 5 66. 30
tenets of open engineering systems that are applicable 15 11 2.5 2.2 66. 72
to the design of eco-industrial systems is the need for 16 11 2.5 2.5 67.35
flexibility and adaptability in a design. Ranged sets of 17 1 2.8 2 66. 90
solutions are inherently more flexible and adaptable 8 H 28 22 67.32
. . ) 19 11 2.8 2.5 67.95
than point solutions. The ranged sets of solutions that 20 10 5 s ) 62.20
result from the method used in this paper are satisfy- 21 10 25 22 62. 62
ing solutions to the design problem. Since a model of 22 10 2.5 2.5 63.25
the real system is used, an optimal point solution in a 23 10 2.8 2 62. 80
model has little chance of being an optimal solution in 24 10 2.8 2.2 63.22
a real system. A satisfying solution from a model, de- 2 10 28 2.5 63.85
i . . 26 10 2 2.2 61.62
fined by a plateau of “good enough” solutions, is 7 10 5 5 s .

more likely to result in the desired behavior in a real

system. It is for these reasons that a ranged set of so- Tab.2 Unitary exploration points in producer

lutions is sought. Points M Mo M3 D,
Definition 1 The control variable ;" (7) (i =1, Base point 10 [2.4] 2 40.00
. . . 2 10.5 41. 50
2,1..., n) of the optimal control factor u ™ = {u, (1), 3 0.5 55 4L 50
Wy (), ...,m, (1)} is called the base point of each 4 0.5 25 41.50
control variable u;(#) (i=1,2,...,n). 5 10.5 2 41.50
Definition 2 The set is called the satisfying set 6 10.5 2.2 41.50
. . e 7 10.5 2.5 41.50
of a solution if the capability index values of any solu- g 0.5 5 LS50
tion in this set are to be in a certainty scope of the ca- 9 10.5 22 41. 50
pability index value f of the optimal control factors 10 10.5 2.5 41.50

* * * * T

moo={u (D,u, (D, cm, (D). 11 11 2 43.00
Upon selection of a design scenario, regions of :i :1 ;2 jz'gg
control variables for further exploration are deter- 14 1 ) 43.00
mined. The determination of the ranges of each con- 15 11 2.2 43.00
trol variable for exploration is based on two simple 16 11 2.5 43.00
principles (see Tabs. 1 to 4): 17 1 2 43.00
. . . 18 1 2.2 43.00
@D If the Pase point of* a control varlalh)le is not on 1o " 5 s .00
a bound, that is a,(t) <u, (1) <b,(t) (i=1,2, ..., 20 10 2 40.00
n), then some points which lie to either side of the 21 10 2.2 40.00
base point, are heuristically selected for further explo- 22 10 2.5 40.00
ration. These points do not have to be the same dis- 23 10 2 40.00
i . 24 10 2.2 40. 00
tance from the base point. On the other hand, if a base 25 10 25 40.00
point of a control variable is on a bound, then some 26 10 2.2 40.00
points with- 27 10 2.2 40. 00
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Tab.3 Unitary exploration points in customer

Points M Mo M3 D,
Base point 14 2 3.5 13.00
2 13.5 2 3.5 13.00
3 13.5 2 3.2 13.00
4 13.5 2 3 13.00
5 13.5 2.5 3.5 14.00
6 13.5 2.5 3.2 14.00
7 13.5 2.5 3 14.00
8 13.5 2.8 3.5 14. 60
9 13.5 2.8 3.2 14. 60
10 13.5 2.8 3 14. 60
11 13 2 3.5 13.00
12 13 2 3.2 13.00
13 13 2 3 13.00
14 13 2.5 3.5 14.00
15 13 2.5 3.2 14.00
16 13 2.5 3 14.00
17 13 2.8 3.5 14. 60
18 13 2.8 3.2 14. 60
19 13 2.8 3 14. 60
20 14 2.5 3.5 14.00
21 14 2.5 3.2 14.00
22 14 2.5 3 14.00
23 14 2.8 3.5 14. 60
24 14 2.8 3.2 14. 60
25 14 2.8 3 14. 60
26 14 2 3.2 13.00
27 14 2 3 13.00

Tab.4 Unitary

exploration points

in recycler

Points My M2 M3 D,
Base point 10 [2,4] 2 10.00
2 10.5 10.00
3 10.5 2.2 10. 30
4 10.5 2.5 10.75
5 10.5 2 10.00
6 10.5 2.2 10. 30
7 10.5 2.5 10.75
8 10.5 2 10.00
9 10.5 2.2 10. 30
10 10.5 2.5 10.75
11 11 2 10.00
12 11 2.2 10. 30
13 11 2.5 10. 75
14 11 2 10.00
15 11 2.2 10. 30
16 11 2.5 10. 75
17 11 2 10. 00
18 11 2.2 10. 30
19 11 2.5 10.75
20 10 2 10. 00
21 10 2.2 10. 30
22 10 2.5 10.75
23 10 2 10.00
24 10 2.2 10. 30
25 10 2.5 10.75
26 10 2.2 10. 30
27 10 2.2 10.75

in the bound are explored. The points used for further
analysis, called exploration points, are determined heu-
ristically.

) The decision-maker sets up a definite scope
for the capability index value f of the optimal control
factor ™ = {u,” (t}" w, (), ..., w, (1)) " (such as
5% ). A certain exploration point is chosen in the non-
linear multi-objective decision-making support sys-
tem. If the capability index value of the exploration
point is within the scope, the exploration point belongs
to the satisfying sets of solutions, whereas it is not the
satisfying solution.

4 Constitution of Nonlinear Multi-Objec-
tive Intelligent Harmonized Subsystem

It is at the core of the control system that a multi-
level intelligent harmonized subsystem is needed for
the open multilevel hierarchic intelligent control sys-
tem so as to harmonize the aims between the whole
system and each process (see Fig. 3). Through the
nonlinear multi-objective decision-making support sys-
tem established among the harmonized ware and each
decision-making cell, the decision-making final prod-
uct is or approximate to the whole optimization.

Harmonized ware g * = )
{/11*( l),;lz*( t),;t;( t)}T
J
A
M, C C .
M. 2 n Harmonized
[ ? l M, subsystem
Decision-making Decision-making| .| Decision-making
cell H; cell H, cell H,
A |
M, / "1 MZ‘ “2 Mn‘ Hn
Direct control Direct control | ... [Direct control | Control
cell 1 cell 2 cell n ware

Fig.3 Running steps of the intelligent harmonized ware

Running steps of the intelligent harmonized ware
are as follows (see Fig.3):

1) The respective optimal control factor u* =
(0,5 (8), ...y ()} and the capability index
values f of the harmonized ware and each decision-
making cell are found by the nonlinear multi-objective
decision-making support system.

2) The respective satisfying sets of solution of
the harmonized ware and each decision-making cell
are found, which are based on the base points and a
certainty scope of the capability index values f.

3) The satisfying sets of solution M, of each de-
cision-making cell are passed to the harmonized ware.
If there are intersections between M, and the satisfying
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sets of solution M of the harmonized ware, the inter-
sections are regarded as the final satisfying set of solu-
tions. The decision maker in the intersections chooses
a synthetically optimal control factor gt * = {f,” (1),
@y (1), ..., i, (1) }". If there are not intersections, the
harmonized ware (1) utters interferential signal C, and
readjusts base point or enlarges the scope of the capa-
bility index value f so as to find a new satisfying set
of solutions; (2) pays benefits on taxes or policies to
the process who sacrifice their local capability index
values according to the fact.

S Applications

The structure of the industrial system is divided

into three parts by eco-industry: producer, customer
and recycler. An eco-industrial system is established
with a master production—resorcin in the new devel-
oped industrial area of Wuxi ( see Fig.4). The dynam-
ic input-output feedback control model and the corre-
sponding nonlinear multi-objective decision-making
support system are established. The satisfying set of
solution M, of each decision-making cell and the satis-
fying sets of solution M of the harmonized ware are
found by using the Hooke-Jeeves’ method""" ( see
Tabs. 1 to 4). A synthetically optimal satisfying set of
solutions is chosen by the decision maker (see Tab.
5).

Yoo = castoff

f11 = reclaim

| f12 = reclaim

fa1 = resorcin

Z1p = raw materials

33 = reclaimi
fa = benzene

:>| H, = customer H; = recycler L

I ? Y03 = benzene

f31 = benzene

v?’m = resorcin

Zy = Tesorcin Z3p = raw materials

Fig.4 One simple eco-industrial system

Tab.5 Satistying sets of solution M, and M

Control variable

SSS

[l Mo M3
M [10, 10.5] 2 [2, 2.2]
M, [10, 10.5] [2, 4] [2, 2.5]
M, [13, 14] 3 [3, 3.5]
M, [10, 11] [2, 4] [2, 2.2]
M, [10, 10.5] 2 [2, 2.2]

6 Conclusion

Ecological industry is a kind of new and develo-
ping mode of industrial sustainable development. In
this paper, the foundational principles behind industrial
ecology and its design are presented. Motivation for a
shift industry’s perspective is given along with gener-
al, background information such as HWME, open en-
gineering systems. Meanwhile a broad framework of
design is introduced and a layout for answering the re-
search questions is outlined. Additionally a graphical
representation of this paper is used to guide readers to
fluidly understand the method presented in this paper.
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