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ABSTRACT
The design of a manufacturing supply network (MSN) requires the consideration of

decisions made by different groups at multiple levels and their interactions that include
potential conflicts. Decisions are typically made based on information from computational
simulations that are abstractions of reality and, therefore, embody uncertainty. This
necessitates focusing on design space exploration to identify robust satisficing solution
sets that are relatively insensitive to uncertainty. Current frameworks that support robust
satisficing design space exploration are limited by their capability to support the efficient
exploration of multilevel design spaces simultaneously.

In this paper, we present the Framework for Robust Multilevel Co-Design Exploration
(FROMCoDE), a decision support framework that allows designers to i) model decision
problems across multiple levels and their interactions, ii) consider uncertainties in the
decision problems, and ii) visualize and systematically carry out simultaneous exploration
of multilevel design spaces, termed co-design exploration. In FRoMCoDE, we combine the
coupled compromise Decision Support Problem construct, where a combination of the
Preemptive and Archimedean formulations is used, with robust design constructs and
interpretable-Self Organizing Maps (iSOM) based visualization to facilitate robust co-
design. We use a steel MSN problem with decisions made at two levels to test the
framework. Using the problem, we demonstrate FRoOMCoDE’s efficacy in supporting
designers in i) modeling multilevel decision problems and their interactions, considering
the uncertainties, and ii) the efficient co-design exploration of multilevel design spaces.
FRoMCoDE is generic and supports designers in the robust co-design exploration of

multilevel systems.
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GLOSSARY
Manufacturing Supply Network (MSN): A network of independent, interrelated

stakeholders, such as suppliers, manufacturers, and customers, that work collaboratively
to produce products.

Group: Collection of all stakeholders that perform the same role in the MSN. Example:
Collection of all suppliers that provide the materials required by manufacturers constitute
the ‘Supplier Group.’

Level: Group or groups in the MSN that occupy the same position in a design decision-
making hierarchy.

Robust Design: A design that is relatively insensitive to uncertainties.

Co-design: A design that facilitates collaboration among a network of stakeholders
distributed across multiple levels by supporting the consideration of their interrelations
to ensure the satisfaction of the stakeholder’s goals.

Robust Co-design: A co-design that is relatively insensitive to uncertainties.

Robust Satisficing Solutions: Solutions that are relatively insensitive to uncertainties and
‘satisfy’ and ‘suffice’ the design requirements.

Service Level (SL): A measure of the capability to meet delivery expectations in terms of
lead times. Mathematically, SL is defined as the ratio of expected lead time to actual lead
time, where actual lead time is computed as the sum of the order processing time and

time for transporting materials or products from the source to the destination.
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1. FRAME OF REFERENCE

Manufacturing systems are characterized by multiple stakeholders, such as suppliers,
manufacturers, and customers, interacting and making decisions to meet individual and
system goals. These stakeholders are interdependent by the flow of materials and
information, forming a network, which we define as a manufacturing supply network
(MSN). We define the collection of all stakeholders that perform the same role in an MSN
as ‘groups.’ For example, the set of all manufacturers is termed as “Manufacturer Group.”
In Figure 1, we depict an MSN composed of manufacturer, supplier, and customer groups
interrelated by the flow of information and materials.

The design of MSN is complex as it involves formulating and solving independent but
interdependent design problems focused on the different stakeholders across multiple
levels of the design hierarchy. We consider a ‘level’ in the MSN to be composed of a group
or a set of groups that occupy the same position in the design hierarchy. For example, in
the MSN depicted in Figure 1, manufacturer group decisions are being made first and,
therefore, are categorized as design level 1. Supplier and customer groups are depicted
as making independent decisions based on level 1 decisions, hence categorized as design
level 2. The design of such MSN’s is challenging as it requires designers with specialized
knowledge to focus on the different stakeholder disciplines, consider their interactions,
and coordinate the multilevel couplings to identify solutions that satisfy the individual

stakeholder and overall system goals.
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FIGURE 1: An example of an MSN that includes manufacturer, supplier, and
customer groups located across two design levels and their interactions in terms of
the flow of material and information

1.1 Requirements for the simulation-based design of MSN’s
We identify the following issues in the simulation-based design of MSN’s:

(1) Given the group interrelations, decisions made by one group impact the decisions
of other related groups and thereby define the overall MSN performance. Hence, the
satisfaction of the group’s goals and ensuring MSN performance requires facilitating
collaboration between groups.

(2) Independent group decisions across levels can lead to design conflicts, where
decisions made by a group may not align with the decisions of an interrelated group. For
example, the purchase quantity decisions by the manufacturer group at level 1 may differ
from the supply quantity decisions by the supplier group at level 2, leading to design
conflicts, see Figure 1. These conflicts adversely impact MSN performance.

(3) The simulation-supported design of MSN’s is subject to various uncertainties [10],
including (i) natural uncertainty inherent in the system, (ii) model parameter uncertainty
associated with the parameters in the MSN models, (iii) model structure uncertainty
associated with the models used in the MSN design problem, and the (iv) propagation of

these uncertainties across design levels.
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Hence, the design of MSN’s requires support for the consideration of group
interrelations and management of conflicts and uncertainties to ensure identifying

solutions that satisfy MSN performance.

Towards this, we identify the need to facilitate ‘robust co-design’ that supports MSN
designers (group decision-makers) distributed across multiple levels to consider their
interrelations and the various uncertainties involved in MSN design. Robust co-design
facilitates collaboration among group decision-makers and thereby ensures the
satisfaction of the group’s goals and the MSN performance under conditions of
uncertainty. Collaboration is achieved by supporting ‘co-design exploration’ - the
simultaneous exploration of the multilevel design spaces to identify a set of common
‘robust satisficing solutions’ for the groups across different levels. Robust satisficing
solutions are solutions that are relatively insensitive to uncertainties and ‘satisfy’ and
‘suffice’ the design requirements.

1.2 Design foundations and constructs
From a systems design perspective, we consider design a goal-oriented, decision-

based process supported by simulations. We, therefore, follow the Decision-Based Design
(DBD) paradigm advocated by Mistree and co-authors [1], where designing is considered
a decision-making process wherein designers make a series of decisions, some
sequentially while others concurrently. We anchor our work in the Decision Support
Problem Technique [2, 3], rooted in the notion of bounded rationality proposed by
Herbert A. Simon [4]. Given that the models employed in simulations are incomplete,

inaccurate, of different fidelity, and are approximations of reality, designers seek
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‘satisficing solutions’ for the design problem at hand by exploring the solution space. A
satisficing solution [5] ‘satisfies’ and ‘suffices’ the design requirements often specified by
many conflicting goals. The compromise Decision Support Problem (cDSP) [6] is a well-
established construct in the literature to model decision problems involving many
conflicting goals and explore satisficing solutions. The use of the coupled cDSP (c-cDSP)
construct to model multilevel decision problems and their interactions, with multiple
conflicting goals at each level, has been discussed in the literature [7, 8]. The coupling is
vertical when the decisions are made sequentially along a hierarchy or horizontal when
the decisions are made concurrently. The solution spaces generated by executing
Decision Support Problems (DSP’s) are explored to identify satisficing solutions.

Management of uncertainties is achieved by designing the system to be relatively
insensitive to uncertainties without reducing or eliminating them, which is termed as
‘robust design’. Three types of robust designs - Type |, Type Il, and Type Il are discussed
in the literature to deal with uncertainties related to noise, design variables, and models,
respectively; see [9]. The use of robust design indices, namely, the Design Capability Index
(DCI) [10] and Error Margin Index (EMI) [11], in conjunction with the DSP construct, has
been proposed to help designers identify robust satisficing solutions. DCl is employed for
Type | and Il robust designs, whereas EMI is employed for Type Il robust designs.

1.3. Existing approaches in the literature for the design of multilevel systems
Different approaches have been proposed in the literature to support the co-design

of multilevel systems. This includes approaches like bi-level integrated system synthesis
(BLISS), analytical target cascading (ATC), and collaborative optimization (CO) from the

multi-disciplinary optimization (MDO) [12] domain. Sobieski and co-authors [13-15]

7
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present BLISS, where multilevel engineering systems are designed by decomposing the
system-level optimization into many subsystem optimizations that seek to minimize their
contribution to the system-level objective under local constraint. Kim and co-authors
propose the ATC [16] approach that embodies a hierarchical multilevel optimization
formulation where the objective at each level is to minimize the discrepancy between the
targeted optimal values calculated at the previous level and the response at the level.
Kroo and co-authors [17] present CO, where multilevel systems are modeled using a bi-
level optimization formulation consisting of system-level and subspace optimizations,
with the sub-space objectives related to the system objective being satisfied while also
satisfying constraints locally. The computationally expensive nature of MDO approaches
[18] arising from repeated iterations of passing single-point solutions between the levels
makes them unsuitable for supporting early-stage design exploration when the
information is incomplete and inaccurate, and models are not of equal fidelity. All-in-one
(AlO) optimization formulations [19, 20] are also proposed to design MSN’s, where
multiple levels of the MSN are designed simultaneously and in an integrated manner. The
AlO approach fails to consider the decision-making independence of groups across
different levels in the MSN. The MDO and AIO approaches are based on optimization
formulations where the fundamental assumption is that the models used are complete,
all the required information is available, and the objective function is perfect. Given that
during the early stages of the design of MSN’s, the models employed are incomplete and
inaccurate, the information available is incomplete, and the objective functions are

imperfect, optimization approaches are not suitable for the early-stage design. Our focus
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is on ‘satisficing’ rather than ‘optimizing,” and we seek a ranged set of ‘robust satisficing
solutions’ during the early-stage design of MSN’s.

Different approaches have been proposed from the satisficing domain that support
the identification of robust satisficing solution sets during multilevel system design. Choi
and co-authors propose the Inductive Design Exploration Method (IDEM) [21] to support
multilevel system design, where a ranged set of robust satisficing solutions are identified
individually at each level and subsequently propagated sequentially between the multiple
levels. IDEM has limitations such as restrictions on the number of design variables that
can be considered, discretization errors, increased computational expense for improved
accuracy, and limited design flexibility, as discussed in [22]. Nellippallil and co-authors
[23] present an inverse robust design method - Goal-oriented Inverse Design (GolD), that
supports the integrated multilevel design of the material, product, and associated
manufacturing processes. In GolD, the focus is on design exploration of the individual
levels separately to identify satisficing solutions and propagating these solutions as
targets in an inverse manner along the hierarchical process chain. The sequential nature
of decisions in the IDEM and GolD approach can result in design conflicts. This is because
these sequential design exploration methods do not sufficiently consider the couplings
across the multilevel, such as shared variables, related constraints, and many conflicting
objectives. Due to these limitations, the existing approaches do not facilitate co-design
exploration, resulting in design conflicts and reduced system performance across levels.
Sharma and co-authors [7, 24] propose using coupled DSP to facilitate the consideration

of the coupling across levels and thereby support the co-design of multilevel engineered
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systems. Here, ternary plots are employed to visualize and explore the design spaces
separately at each level to identify satisficing solutions for the level. This sequential
nature of design exploration can still result in design conflicts. The approach also does not
support co-design exploration. All the above approaches only allow consideration of goal
relations and tradeoffs at a level and do not support the consideration of tradeoffs among
the goals across multiple levels of the decision hierarchy. Hence, these approaches
require compromises on lower-level goals to satisfy the requirements identified at higher
levels, thereby limiting design flexibility. These approaches are also limited to
simultaneously visualizing and exploring a maximum of three design goals, hence
unsuitable for many goal scenarios.

1.4. Framework to support robust, multilevel, co-design exploration
In this paper, we focus on supporting various group decision-makers in making

decisions during the simulation-supported design of MSN’s operating under uncertainty.
From a DBD perspective, we hypothesize that this can be achieved by facilitating robust
co-design using a decision support framework that supports i) modeling individual group
decision problems and their interactions across levels in terms of the flow of information,
ii) consideration of uncertainties in the decision problems, and iii) co-design exploration
of the multilevel design spaces to identify common robust satisficing solutions and
thereby manage conflicts and uncertainties. We propose modeling the group decision
problems and their interactions using the c-cDSP construct, where a combination of
Preemptive and Archimedean formulations is used, see Section 3.1.1. Using the
Preemptive formulation, designers are able to consider hierarchical relations among

group decision problems at multiple levels. Using the Archimedean formulation,

10
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designers can consider many conflicting goals for decision problems at a level. By
combining the two, group decision-makers are able to account for many conflicting goals
at a level and group relations across levels in a single coupled decision problem
formulation. The DCI metric is employed in c-cDSP to identify robust satisficing solutions
across multiple levels, see Section 3.1.2. The multilevel design spaces are visualized using
interpretable-Self Organizing Maps (iSOM) [25] to facilitate co-design exploration, see
Section 3.1.3. In this paper, we present the Framework for Robust Multilevel Co-Design
Exploration (FRoOMCoDE), a decision support framework that enables group decision-
makers to i) model group decision problems across multiple levels and their interactions,
ii) consider uncertainties, and iii) visualize and efficiently explore multilevel design spaces
simultaneously to support robust co-design. The novelty of FROMCoDE lies in two aspects:
a) facilitating the formulation of multilevel design problems that involve many conflicting
goals at a level and group interactions across levels, using a coupled decision problem
formulation that combines the Preemptive and Archimedean formulations, and b)
supporting the combined management of conflicts and uncertainties across multiple
levels by facilitating co-design exploration - the simultaneous exploration of high-
dimensional (more than 3) design spaces across multiple levels to identify common robust
satisficing solutions across the levels. Co-design exploration is realized by exploiting the
correlated nature and inherent interpretability of iSOM plots to efficiently identify
common robust satisficing solution regions. Co-design exploration also helps enhance

design flexibility by allowing designers to consider tradeoffs among goals across multiple

11
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levels rather than just goals at the same level, as in sequential multilevel design
exploration approaches presented in Section 1.3.

In Section 2, a description of the problem is presented. The FRoMCoDE framework to
support the robust co-design of multilevel MSN’s is presented in Section 3. In Section 4,
we showcase the efficacy of FROMCoDE in supporting robust co-design using a steel MSN
test problem. In the test problem, we focus on the interactions between supplier and
manufacturer groups. We end the paper with our key findings and closing remarks in
Section 5. In Appendix A, we present the mathematical models that relate the design
variables and goals in the coupled manufacturer-supplier cDSP formulation.

2. PROBLEM DESCRIPTION

Consider a MSN comprising the Manufacturer group (j), Supplier group (i), and
Customer group (k) located across two levels: i) Level 1: composed of the Manufacturer
group, and ii) Level 2: composed of the Supplier and Customer groups, see Figure 2. The

customers in the customer group are considered to be individual enterprises.

Manufacturer Group (j) (with multiple goals) P e --| LTki =

¥
Production Row Materials Purchase Decisions Product Distribution Decisions
_ Decisions Raw material {m) and purchase guantities P Product Sale Price (Price)
requirement Q" oky) =
iy ife <k Product supply quantity to

quantity Production [ PO ) rice, af |
i i i customers {Q7) T
estimate {Df) quantity (P) { Expected prices for raw materials (syy) ] i

Product

Lead time expected for raw material delivery Product Trans_portat)i,nn mode J
frem suppliers (LT77) selection (¥y)
LEVEL 1 i
——————————————— mo s me _ie O N e e e e e e e e T TR
| Qéle(j;LTjj . Sm |
LEVEL 2 i Customer Group (k) {with multiple goals)
5 ..
Information flow s lier G - - § Qkkj Sales Decisions
> within group upplier Group {i) (with muttiple goals) i Fraction of product purchase that is available as scrap (£,
——s | Information flow Sales Decisions ! Scrap Sale for scrap (sk¥) ]
-
between levels Raw material {(m) Sale Price .
] ] tsh) Purchase Decisions
X Design Variables = Lead time expected for delivery of products from
Raw material Transportation mode selection \ manufacturer (LTk%)
\ Uncertainties (i, v [ Order guantity (gk,) ]

FIGURE 2: Flow of information connecting the Manufacturer, Supplier, and
Customer groups across Levels 1 and 2 in a Manufacturing Supply Network (MSN)

12
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The design of MSN involves the different group decision-makers across two levels
making decisions to achieve group-specific goals. The groups are interrelated by the flow
of information within and between groups, as depicted in Figure 2. In Figure 2, the flow
of information within a group is indicated by solid arrows at Level 1, and the dashed
arrows connecting Levels 1 and 2 show the flow of information between groups at
different levels. The manufacturer group at Level 1, based on the estimates of the
customer product requirement quantity (Dy) and expected product delivery lead times
(LTk{) from the customers, makes decisions related to production, raw-material (m)
sourcing, and product distribution to customers. The production decision involves
estimating the production quantity (P). The product distribution decisions include
estimating the sale price for products (Price), determining the product supply quantities
(Q]’-‘), and selecting the mode of transportation to deliver the products to the customers
(Yj{). The raw-material sourcing decisions include the estimation of the amount of

different raw materials to be procured (QZ?, Qisj, Qk,ij) and the estimation of the prices

at which the raw materials should be purchased (S,i,’le). We assume that part of the raw
material required is sourced from the customers and is transported using the same mode
as the products. At the supplier group at Level 2, sales decisions are made related to the
choice of mode of transportation (Y;]n Y) and sale prices (s,in) for the various raw materials
(m). The above decisions are made based on the expected delivery lead times for raw
materials from suppliers (LTi’]-”e), expected prices for raw materials (s,i,'f), and order
guantities for different raw materials from the manufacturer level (Qg-l, Qisj). Hence, the

supplier and manufacturer groups at Levels 2 and 1, respectively, are interrelated by the

13
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flow of information, see Figure 2. At the customer group, sales decisions are made with
regard to the prices at which products at the end of life or scrap are returned to the
manufacturer (sk¥). Based on the price that the product is sold to the customers by the
manufacturer (Price) and the quantity available for sale from the manufacturers (Q]’-‘),
the customers make purchase decisions in terms of quantity of product to be purchased
(qkj‘k). Hence, the manufacturer and customer groups at Levels 1 and 2, respectively, are
interrelated by the flow of information, see Figure 2. Given the relations between the
group decision problems (modeled as cDSP’s) across different levels (two) in the MSN,
decisions by a group decision-maker can adversely impact the decision of another group
decision-maker, resulting in design conflicts. Hence, there is a need to facilitate ‘co-
design’ to consider the relations between the multilevel decision problems. A summary
of the variables for each group is provided in Table 1.

TABLE 1: List of variables, their notations, and descriptions for the different groups

Supplier Group

1. i (supplier index) €1, set of all suppliers

2. me M, set of all raw materials

m, . . . . .
3. Yij Y selection of transportation mode for raw materials ‘m’ from supplier ‘' to
manufacturer j’

4. s},, sale price for raw materials ‘m’ at supplier ‘i’

Manufacturer Group

1. j (manufacturer index) € J, set of all manufacturers

2. P, production quantity

3. Ql?j-‘, qguantity of raw material ‘m’ to be procured from supplier ‘i' by manufacturer j’

4, Ql-sj, guantity of scrap ‘s’ to be procured from supplier ‘i' by manufacturer j’

5. Qk,ij, quantity of scrap ‘s’ to be procured from customer ‘k' by manufacturer ‘j’

6. Y]%, selection of transportation mode for:

i) raw materials procurement from customer ‘k,” and
ii) product delivery to the customer ‘k’

7.s,?, estimated price for raw materials ‘m’ sourced from supplier ‘'

8. Price, estimated sale price of the product

14
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9. Q]’-‘, product supply quantities to customer ‘k’ from manufacturer ‘j’

10. LTi’]'-’e, expected delivery lead times for raw material ‘m’ from supplier ‘i’ by

manufacturer j’

Customer Group
1. k (customer index) € K, set of all customers
2. D, product requirement quantity estimate from customer ‘k’
3. LTk;,, expected product delivery lead times from the customers ‘k’
4. sk¥, estimated sale prices of scrap ‘s’ by customers ‘k’
5. qkj‘k, the quantity of product purchased by customer ‘k’ from manufacturer ‘j’

The design variables in the group cDSP’s are subject to uncertainties arising from i)
production variability due to machine breakdowns and labor shortages and ii) supply
variability due to material shortages at suppliers and transportation delays. These
uncertainties impact the achievement of the group’s goals and MSN performance. Hence,
there exists the need to manage these uncertainties by identifying ‘robust solutions.” The
focus in the simulation-supported design of MSN’s operating under uncertainty is on
design exploration to identify a ranged set of ‘robust satisficing solutions.” Therefore, the
need is for the facilitation of robust co-design and co-design exploration of the group
design spaces across different levels.

3. A DECISION SUPPORT FRAMEWORK FOR ROBUST MULTILEVEL CO-DESIGN
EXPLORATION OF MSN’s

The Framework for Robust Multilevel Co-Design Exploration (FRoMCoDE) to support
robust co-design of multilevel MSN’s is presented in this section. The various constructs
and tools used in FROMCOoDE are discussed first, followed by a discussion on decision
support using FRoMCoDE.

3.1. Constructs and tools used in FRoOMCoDE

15
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We use three constructs/tools in FRoOMCoDE, namely, the coupled-compromise

Decision Support Problem (c-cDSP) construct, the Design Capability Index (DCI) robust

design construct, and the interpretable Self-Organizing Map (iISOM) visualization tool.

They are discussed in detail as follows. In Figure 3, we depict how the constructs/tools

are combined in FRoMCoDE.

START STEP 1: Modeling the multi-level decisions and their interactions as coupled cDSP [ STEP 2: Creating Multilevel De-‘;g: Scenarios to execute coupled ]
G
Level 1 Sample Design Scenarios
Given Design Level 1 Design Level 2
;.In(;’urmat‘\un specific to Level 1; Goals and goal targets; Design variables— bounds and variability. Sn'::::': Weights ZW° Weights Z w,
n w, | w, | w w, | ws | W,
* Design variables (including shared design variables) and Deviation variable values ! : . ! : ‘
Satisfy 1 1 0 0 1 1 0 0 1
a.Level 1 Goals (including DCI goals for robustness) 2 1 ] 0 1 Q 1 0 1
b.Level 1 Design variable bounds - - - - - - - - 1
c.Level 1 Constraints n 0 05 | 05 1 0 0.75 [ 0.25 1

&
é Shared Design Variables

Level 2
Given
= Information specific to Level 2; Goals and goal targets; Design variables— bounds and variability.
Find
« Design variables (including a copy of shared design variables) and Deviation variable values
Satisfy
a.Level 2 Goals (including DCI goals for robustness)
b.Level 2 Design variable bounds
c. Level 2 Constraints

d.Shared design variable ion constraints (to ensure that the shared design variables are within acceptable limits)

Minimize: Deviation function (Z) (using Preemptive formulation)
a.At Level 1 (higher priority) - Archimedean formulation
b.At Level 2 (lower priority) - Archimedean formulation
Preemptive formulation
Z=[f,(d,, ), F,(d,, d.)]
Archimedean formulation
fi=IW,(d, +d,):1=1,2, 0= W, < 1,and W= 1

¥
STEP 3: Co-design exploration of robust design/solution spaces ]

across levels

@»
€
S

2

2
]

)
®
3

2
[}
4

RPN S

Z Weighton Goal 1 Weight on Goal n ‘Welght on Goal 1 Weight on Goal
LEVEL1 LEVEL2

1] 815 [2]96]a

ool 2 s [ [ ) u
BTk ID0OEIO0C
1200000
-~ 4 11 18 | 25 32 39| 46
Goal1 LEVELL
5 12 |19 26 | 33 | 39 | 47
6 (132027 [3a |28
m
I 7T 3] 2] e
Goal1l LEVEL2 Goal n ‘Common satisficing design region
for all goals

FIGURE 3: Framework for Robust Multilevel Co-Design Exploration (FRoOMCoDE)

i. coupled-compromise Decision Support Problem (c-cDSP) construct

The c-cDSP [7, 24] is a DSP construct used to model the relations among group

compromise decision problems at different levels, some of which are made sequentially

across a hierarchy and others concurrently. The relations between individual-level cDSP’s

in the c-cDSP, see Levels 1 and 2 in Step 1 of Figure 3, are modeled as either a vertical or

horizontal coupling [7, 8]. Vertical coupling is used for decisions made sequentially along

a hierarchy, whereas horizontal coupling is used for decisions made concurrently.

In c-cDSP’s, the level-specific information in MSN’s, such as design variables, goals,

and constraints, is captured using the keywords — ‘Given, Find, and Satisfy.” The focus in
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using the c-cDSP is to find solutions that ‘Minimize’ the total deviation of all the goals
from their target values, termed the ‘deviation function,’ Z; see Minimize in Step 1 of
Figure 3. The deviation function is a function of deviation variables (d,) that represent
the distance (deviation) between the set goal target (aspiration level) and the actual
attainment of the goal. The deviations can be either i) under-achievements (d; ), where
the achieved goal values are less than set goal targets, or ii) over-achievements (d;),
where the achieved goal values are greater than set goal targets. The deviation function
in the c-cDSP is modeled using the combination of Preemptive and Archimedean
formulations based on the coupling between the multilevel decision problems. A
Preemptive formulation [6] is used when the coupling is vertical, and this permits the
assignment of different priority levels for the goals at different levels, as depicted in Step
1 of Figure 3. A higher priority level signifies the need for the goals at that level to be
achieved first before looking at achieving the goals at any of the lower priority levels. At
a priority level, the Archimedean formulation allows assigning different weights to the
many goals at a level with a higher weight value indicating greater relative importance;
see expression for ‘f/’ in Step 1 of Figure 3.
ii. Design Capability Index (DCl) construct

Uncertainty in design variables can be considered in decision problems using the DCI
[10] construct. The DCI value is computed as per Equation 1 for a ‘larger is better’ case
where the designer aims to keep the mean response away from a lower requirement

limit, see Figure 4.
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AYupper i ) ' AYIower Uy AYupper AYIower
URL-y, H,-LRL URL-p, ~ WLRL
Smaller is better Nominal is better Larger is better
_ URL—py DCI = Min [DCI,, DCI,] _ Hy—LRL
DCl = AY where, Dl = AY
DCI >1 DCl, = 'uy_LRL DCI 2 1
I URAI?, U
s —Hy
DCl, = —
FIGURE 4: Mathematical constructs of DCI [23]
W, — LRL 1
pCcl= 2"~ (1)
AY
where,
AY: response variation for small variations in design variables
Uy: Mean responses
LRL: Lower requirement limit
AY is computed as per Equation 2.
n af
Y=Z|—|.Axp )
Xp

where,
p=1,2,...,n (index of design variables)

Ax,,: variation (uncertainty) in design variable x,,

0 .. . . .
#: variation of the response, f, with respect to the design variable x,,
p
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A value of DCI 21 is required for the solutions identified to be robust. The higher the
value of DCI, the higher the measure of safety against failure due to design variable
uncertainties. The equations for computing DCl value for the smaller is better and nominal
is better cases are shown in Figure 4. In FRoMCoDE, we use DCl in conjunction with the c-
cDSP construct to identify robust satisficing solutions across multiple levels; see Levels 1
and 2 in Step 1 of Figure 3.

iii. Interpretable-Self Organizing Maps (iSOM)

iSOM [25] is used as a tool to visualize high-dimensional data in 2D. It is an
unsupervised learning algorithm — an artificial neural network and a modified form of the
conventional SOM (cSOM) [26]. Modifications to cSOM help avoid self-intersection of the
iSOM grid, thus preserving the co-relatability among the 2D iSOM plots and making them
inherently interpretable. Using the iSOM plots, designers can visualize the relations
among input design variables and output responses. By exploiting the above
characteristics, designers are able to carry out forward (from inputs to outputs) and
inverse (from outputs to inputs) design exploration. The utility of the tool in visualizing i)
high dimensional design spaces and ii) the relations among inputs and outputs in
multilevel systems is demonstrated in the work by Sushil and co-authors [27]. More
details on iSOM and its application for decision support in design can be found in [28, 29].
In FROMCoDE, we use iSOM to support the co-design exploration of multiple levels in the
MSN; see Step 3 in Figure 3.

3.2. Decision support using FRoOMCoDE
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The use of FROMCoDE is described in this section. FROMCoDE is executed in three
steps, as depicted in Figure 3 and described in detail below. In the framework, we only
consider the interactions between two levels to demonstrate the idea.

a. Step 1: In this step, the decision problems (cDSP's) at two levels - Level 1 and 2, and
their interactions are modeled as a c-cDSP. This requires the different group decision-
makers (designers corresponding to the level) to first establish the individual cDSP’s
for the two interacting levels by identifying the decision problem-specific information
at each level using the keywords - Given, Find, and Satisfy, as shown in Step 1, Figure
3. The problem-specific information at each level includes i) design variables - their
bounds and variability or uncertainty estimate, ii) goals - DCI formulation used for
goals impacted by design variable uncertainty, iii) goal targets, and iv) level-specific
constraints.

Next, the group decision-makers establish the flow of information connecting the
two cDSP’s by identifying any shared design variables between the two levels and
sharing the same between the levels; see the dashed arrow connecting Levels 1 and
2 in Step 1, Figure 3. At the lower level - Level 2, copies of the shared design variables
are used as the level-specific design variable. In FRoMCoDE, the group decision-
makers seek to propagate a ranged set of shared design variables rather than single-
point values to allow increased design flexibility. To facilitate the same, ‘shared design
variable relaxation constraints’ are added to the cDSP at Level 2. This allows the
shared design variable copy at Level 2 to take a value between a predefined upper

and lower percentage (as per designer preference) of the original shared design
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420 variable value identified at Level 1. The shared design variable relaxation constraint is
421 mathematically represented as in Equation 3.

J2 * Xpsnarea < Xyonarea < Kz * Xz snared (3)
422 where,
423 z: index of the shared design variable, z= 1,2, ...,n
424 X sharea: Shared design variable at Level 1
425 X, ohareq : COPY of the shared design variable at Level 2
426 J,: lower relaxation bound multiplier (0 < J, < 1)
427 K,: upper relaxation bound multiplier (K, > 1)
428 Using the above information, the c-cDSP for the MSN is established with the
429 deviation function modeled using a combination of Preemptive and Archimedean
430 formulations. We consider vertical coupling between the cDSP’s at Levels 1 and 2,
431 given the sequential manner in which group decisions are made across the hierarchy.
432 Hence, the Preemptive formulation is used to assign two separate priority levels for
433 the goals at the two levels; see ‘Minimize’ in Step 1 of Figure 3. Level 1 cDSP is given
434 higher priority as it is at the top of the hierarchy, followed by the cDSP at Level 2. The
435 difference in preferences of the many goals in a level is modeled using the
436 Archimedean formulation, where different weights (values between 0 and 1, such that
437 the sum of the weights assigned on all goals is equal to 1) are assigned to the goals at
438 a level to indicate differences in preference, see ‘Archimedean formulation’ in Step 1
439 of Figure 3. Hence, the deviation function (Z) of the c-cDSP is modeled as an ordered
440 set (Preemptive) of Archimedean formulations for Levels 1 and 2, respectively; see
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b.

Step 1 of Figure 3. By combining the Preemptive and Archimedean formulations in the
c-cDSP, designers are able to account for many conflicting design goals at a level, and
relations across levels into a single coupled decision problem formulation, which is
further executed, and the solution space is explored.

Step 2: The c-cDSP from Step 1 is executed for different multilevel design scenarios to
generate design solutions across the levels, including robust solutions. The multilevel
design scenarios are created by combining individual-level (Levels 1 and 2) design
scenarios. Level 1 and 2 design scenarios are created by assigning different weights
(values between 0 and 1, such that the sum of the weights assigned on all goals at a
level is equal to 1) to the different goals at the level using uniform sampling. Using the
individual-level design scenarios, designers are able to account for differences in
preference among the many conflicting goals in the Archimedean formulations at
Levels 1 and 2 of the c-cDSP; see ‘Archimedean formulation’ in Step 1 of Figure 3. Level
1 and 2 design scenarios are combined in all possible combinations to generate
multilevel design scenarios; see Step 2 in Figure 3 (for two levels). If there are ‘@’
distinct individual level design scenarios across two levels, a? distinct multilevel (two)
design scenarios can be generated. Using the multilevel design scenarios, designers
are able to consider different combinations of individual-level design scenarios at
Levels 1 and 2 in the Preemptive formulation of the c-cDSP. By considering a
combination of individual-level design scenarios, designers are able to account for

differences in goal preferences across multiple levels simultaneously. The solutions
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462 generated by executing the c-cDSP for the multilevel design scenarios, therefore,
463 account for the coupling among the decisions at multiple levels.

464 c. Step 3: The design spaces corresponding to the solutions generated by executing the

465 c-cDSP for the multilevel design scenarios are visualized by the group decision-makers
466 (designers) using iSOM. By combining iSOM with the c-cDSP (that uses the combined
467 Preemptive and Archimedean formulations), designers are able to simultaneously
468 visualize the individual design spaces across multiple levels. Using iSOM, separate 2-
469 dimensional (2D) plots are generated for each of the inputs (weights corresponding
470 to the multilevel design scenarios of the c-cDSP) and outputs (achieved values of
471 individual goals) across the levels. First, the c-cDSP is executed for different multilevel
472 design scenarios defined in terms of the different weights assigned to the goals at
473 each level (as detailed in Step 2). iSOM is trained for the input c-cDSP weight
474 combinations and the output goal values generated for the different multilevel design
475 scenarios. Using the iSOM plots for the goals, the group decision-makers explore the
476 solution spaces to identify satisficing solution regions (identified by the hexagonal
477 iSOM grid points) for the individual goals by setting satisficing limits. Only the grid
478 points with multilevel design scenarios mapped against them, indicated by the dots
479 at the center of the hexagonal iISOM grid points, are considered. The larger the size of
480 the dots, the greater the number of multilevel design scenarios being mapped to the
481 iSOM grid point; see Step 3 iSOM plots in Figure 3. Using the solution space
482 visualization capability offered by iSOM, designers are able to seek common satisficing
483 regions for all goals across multiple levels. If no common satisficing region is identified,
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484 the designers are able to make necessary relaxations to the satisficing limits of the
485 individual goals across the levels till a common satisficing region is realized; see the
486 plot labeled ‘common satisficing design region for all goals’ in Step 3, Figure 3. A
487 ‘systematic approach for satisficing limit relaxation of goals’ is discussed below.

488 The designer begins by identifying a single goal whose satisficing limit cannot be
489 relaxed due to its critical nature. The critical goal is chosen based on the designer’s
490 preference from amongst i) goals formulated as DCI’'s or EMI’s with low satisficing
491 limit values, typically less than 1.5, or ii) other goals deemed critical by the designers.
492 All the remaining goals, collectively called ‘non-excluded’ goals, are grouped into two
493 sets: i) Set 1 - all non-excluded goals formulated as DCI’s or EMI’s with satisficing limit
494 values greater than 1.5, and ii) Set 2 - all remaining non-excluded goals. The relaxation
495 of satisficing limits of non-excluded goals begins with Set 1 non-excluded goals,
496 followed by Set 2 non-excluded goals. In Set 1, the goal with the highest DCI or EMI
497 satisficing limit value is relaxed first, followed by the goals with subsequently lower
498 DCI or EMI satisficing limit values. Next, goals in Set 2 are relaxed similarly, starting
499 with the goal that has the largest scope for relaxation as determined by the designer.
500 The satisficing limit of every goal in Sets 1 and 2 is relaxed one goal at a time until a
501 common satisficing region (iISOM grid points) with the critical goal is identified.

502 For the common satisficing region identified, designers are further able to identify the

503  corresponding satisficing multilevel design scenarios (identified by the weights assigned
504  to the c-cDSP) and the corresponding design variable values. Using iSOM, designers are

505 able to simultaneously visualize and explore the multilevel solution spaces and thereby
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facilitate efficient co-design exploration. This is a distinct advantage over the conventional
approaches for multilevel design exploration, where design exploration is carried out

sequentially across the individual levels.

4. TEST PROBLEM: STEEL MANUFACTURING SUPPLY NETWORK

The test problem considered is a steel MSN composed of the steel manufacturer
group (j) at Level 1 that produces steel slabs, the supplier group composed of the
suppliers (i) of raw materials (m) for steel production, and the customer group composed

of the individual enterprise customers (k) for the steel slabs at Level 2, see Figure 5.

Manufacturer Group

Manufacturer (j =1)

Level 1

Buy: Coal and Scrap Steel
Sell: Steel slabs

Material Flow:
(steel slabs and
steel scrap)

Material Flow:
(coal and steel Information Flow:
scrap) Demand, Supply

\

Supplier Group
Supplier 1 (i=1)
Supplier 2 (i =2)

Customer Group

Customer 1 (k=1)
Customer 2 (k = 2)

Level 2
Both suppliers Sell:
Coal {m=1)and
Scrap Steel (m=s)

Buy: Steel slabs
Sell: Scrap Steel

\ J

FIGURE 5: Flow of material and information between levels in the Steel
Manufacturing Supply Network

The steel manufacturer purchases raw materials from suppliers to produce steel slabs,
which are then sold directly to the customers. The steel production quantity is
determined based on an estimate of expected customer requirement that is assumed to
be known. We consider the supplier group at Level 2 to be composed of 2 suppliers (i =

1,2) capable of supplying both coal and steel scrap. At Level 1, we consider a single
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manufacturer (j = 1) operating a single manufacturing facility to manufacture steel slabs
using the integrated Blast Furnace (BF) — Basic Oxygen Furnace (BOF) technology [30, 31].
We consider the customer group at Level 2 to be constituted by two customers (k = 1, 2)
who purchase steel slabs from the manufacturer and sell steel scrap produced after their
use back to the manufacturer. The material flow between the groups at the two levels is
facilitated by employing logistics services, the cost for which is borne by one of the
interacting groups. The group’s decision-makers have a choice between 2 modes of
transportation: i) Road — faster but relatively expensive (y = 2), and ii) Rail - less
expensive but slower (y = 1).

Decisions are made by the manufacturer, supplier, and customer group decision-
makers at Levels 1 and 2 to meet their goals and satisfy their constraints, see Section 4.1.
Hence, the steel MSN is characterized by decisions being made by various group decision-
makers across multiple levels. The multilevel group decisions are connected by the flow
of information and materials, see Figure 5. Hence, group decisions made at one Level will
impact the group decisions at another level and can result in conflicts that adversely affect
the steel MSN performance. Therefore, it becomes vital to consider the group interactions
across Levels 1 and 2 and manage conflicts to ensure steel MSN performance. This
requires the facilitation of ‘co-design’ of the multilevel steel MSN. Uncertainties in design
variables that arise from production delays, quality control issues, and damage to
products in transit impact the steel MSN performance. Hence, it is also necessary to

manage these uncertainties to ensure steel MSN performance. Therefore, a need exists
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to support the ‘robust co-design’ of the multilevel steel MSN to help manage uncertainties
and conflicts and thereby ensure steel MSN performance.

In this paper, we demonstrate the efficacy of FRoOMCoDE in facilitating the robust co-
design of the multilevel steel MSN by considering the interactions between the
manufacturer and supplier groups across Levels 1 and 2. We consider the group decision
to be made sequentially across a hierarchy, with the manufacturer group at Level 1 being
the lead decision-maker.

4.1. Group decisions across multiple levels and their interactions in the steel MSN
The decisions made by the manufacturer and supplier groups at Levels 1 and 2,

respectively, and their interactions are discussed below.
4.1.1. Decisions at Level 1

The manufacturer group at Level 1 is involved in manufacturing and supplying the
products required by the customers by using raw materials sourced from the supplier and
customers. Hence, interactions at this level occur with both the supplier and customer
groups at Level 2, see the dashed arrows depicting the flow of information between Levels
1 and 2 in Figure 6. The solid arrows within the manufacturer group in Figure 6 depict the
flow of information within Level 1. The dashed arrows represent the flow of information

from external sources, including other interacting groups.
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Manufacturer Group Decisions
{Goals: G; — Maximize Service Level, G, — Maximize Profit (DCI), G; — Maximize GHG emission (DCI))

Production Materials Sourcing Decisions Procdluct Distribution Decisions
Product . fmmmmmm e mm— e — =D = - ————————— == -
requirement Decisions i Raw material purchase quantities 1 i Product Sale Price (Price) 1
. ———————— Q. 97, Qkz ;) 1 ——TTmTTETET TR
quannt(\‘ge) = |r Production SR AN AL R f Product supply quantity (Q¥) |
estimate quantity (P) 1 : : ie —LTL.T— .. TT—TTT—=T—
i R S =’ . _E’E'e_de_dﬂrfeifcf Ewinlat_erl_als_(.sz,_i ! f Product Transportation mode 1
Lead time expected {LT]*°) 1 selection (V) ]

S TERReeSE -
————————————————— T e il iute
1

LEVEL2 Supplier Group Decisions Other inputs
(Goals: G, — Maximize Profit (DCI), G; — Minimize. GHG emission, G, — Maximize. Service Level) (from
Sales Decisions Cléstomer
T e rou
:( Raw material and scrap sale Price \| |’ Transportation mode selection k P
1 {sm,m = L) B (v, Y7) I

FIGURE 6: Flow of information connecting the manufacturer and supplier groups at
Levels 1 and 2, respectively, in the steel MSN

562
563 The manufacturer group decision-maker at Level 1 makes production, materials
564  sourcing, and product distribution decisions; see manufacturer group decisions at Level 1
565 in Figure 6. These decisions are aimed at fulfilling three level-specific end-requirements:
566 i) maximization of service level (SL), ii) maximization of profits, and iii) minimization of
567 greenhouse gas (GHG) emissions, which are conflicting in nature. A focus on maximizing
568  the SLresults in the reduction of profits and an increase in GHG emissions. The quantities
569 indicated in the dashed boxes at the manufacturer group in Figure 6 depict the design
570  variables at Level 1. We consider a 2 percent variability (of the variable value range) in all
571  the continuous design variables.
572 The basic assumptions for group decisions at Level 1 follow.
573 a) The manufacturer employs the Made-to-Stock (MTS) approach to manufacturing and
574 makes products based on customer demand estimates.

575 b) The cost of transportation of products to customers and the steel scrap from the

576 customers are borne by the manufacturer.

28



577

578

579

580

581

582

583

584

585
586

587

588

589

590

591

592

593

594

595

596

597

598

599

ASME Journal of Mechanical Design

c¢) The mode of transport used to deliver products is also used to transport scrap
purchased from customers.

d) There is sufficient capacity at the suppliers to meet the manufacturer's demand.

e) Scrap availability from customers is 10% of the sale quantity to customers.

f) All modes of transportation have sufficient capacity to supply the required quantity
of products together.
Next, we describe the decisions made by group decision-makers for the supplier group

at Level 2.

4.1.2. Decisions at Level 2
The supplier group at Level 2 supplies the required raw materials - coal and steel

scrap, to the manufacturer as per requirement. Hence, the supplier group interacts only
with the manufacturer group at Level 1. These interactions are represented by the flow
of information, as depicted in Figure 6. The arrow flowing into the supplier group shows
the flow of information from Level 1. The decisions at Level 2 are aimed at fulfilling three
level-specific end-requirements: i) maximization of profit, ii) maximization of SL, and iii)
minimization of GHG emissions, which are conflicting in nature as described for Level 1.
The quantities indicated in the dashed boxes at the supplier group in Figure 6 depict
design variables at Level 2. We consider a 2 percent variability in all the continuous design
variables at Level 2.
The basic assumptions for supplier group decisions made at Level 2 follow.
a) There is sufficient capacity at the suppliers to meet the manufacturer's demand.
b) The cost of transportation of raw materials to the manufacturer is borne by the

suppliers.
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c) All the suppliers can supply both coal and steel scrap as required.
d) All modes of transportation have sufficient capacity to supply the required quantity
of raw materials together.

The manufacturer and supplier groups at Levels 1 and 2 in the steel MSN are related
by the shared design variables (prices for the raw materials) and propagated parameters
(raw material purchase quantities and expected lead times); see the arrow connecting
the manufacturer and supplier groups in Figure 6
4.2. Steel MSN: Decision support using FRoOMCoDE

We demonstrate the efficacy of FROMCoDE in supporting the robust co-design of
multilevel MSN’s by applying it to the steel MSN test problem described in Sections 4 and
4.1. The group decision-makers start with Step 1, where the decisions at manufacturer
and supplier groups at Levels 1 and 2 and their interactions described in Section 4.1 are
modeled as a c-cDSP.

42.1. Stepl
Given that decisions are made sequentially across a hierarchy, with the manufacturer

group at Level 1 making decisions first, followed by the supplier group at Level 2, to meet
their many conflicting goals, the decision problem is modeled as a vertically coupled cDSP.
The goals in the c-cDSP impacted by design variable uncertainties are formulated as
robust goals using the DCI construct. The deviation function of the c-cDSP is modeled
using a combination of Preemptive and Archimedean formulation, with Level 1 goals
taking higher priority than Level 2 goals. A condensed version of the c-cDSP word
formulation for the steel MSN follows, with additional details provided in Appendix A.

Given
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a)

b)

c)

d)

Level 1 specific information (see Appendix A3 for details)

e Manufacturer group (j) and Customer group (k) Information
Level 2 specific information (see Appendix A3 for details)

e Manufacturer group (j) and Customer group (k) Information
Design variables, their bounds, and variability

» At Level 1: Sixteen continuous and four binary variables.

» At Level 2: Four continuous and eight binary variables.

The design variables and their bounds at Levels 1 and 2 are provided in Appendix A4.
Assuming a +/- 2% variability in the continuous design variables at Levels 1 and 2.
End requirements at Level 1

i. Maximize Service Level (SL)

ii. Maximize Profit (in S)

iii. Minimize GHG emissions (in kgs of CO>)

Corresponding requirements on the cDSP goals (Gq)

i. Goal Gi: Maximize Service Level (SL)

ii. Goal G2: Maximize DCI for Profit

iii. Goal G3: Maximize DCI for GHG emission

End requirements at Level 2

i. Maximize Profit (in S)

ii. Minimize GHG emissions (in kgs of CO3)

iii. Maximize Service Level (SL)

Corresponding requirements on the cDSP goals at Level 2 (Gq)
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646 i. Goal G4: Maximize DCI for Profit

647 ii. Goal Gs: Minimize GHG emission

648 iii. Goal Gs: Maximize Service Level (SL)

649 The mathematical equations for the end requirements at Levels 1 and 2 are provided
650 in Appendix Al and A2, respectively.

651 e) At Level 1: Lower Requirement Limit (LRL) for profit goal ($400,000), and Upper

652 Requirement Limit (URL) for GHG emission goal (3,250 tons of CO3)
653 At Level 2: LRL for the profit goal (5575,000).
654  Find

655 At Level 1:

656 a) Design variable values:

657 i. Continuous: Production quantity in tons (P), Coal and scrap purchase quantities
658 from suppliers in tons (Qi’;‘), Scrap purchase quantities from customers in tons
659 (Qk,ij), Product supply quantities to customers in tons (Q]'-‘), Steel selling price
660 (Price) in S, Estimated selling price of material ‘m’ at supplier ‘i’ in $ (s%€), and
661 estimated selling price of material ‘m’ at customer ‘k’ in $ (skk¢)

662 ii. Binary: Transportation mode selection (in)

663 Here,i=1,2,j=1,k=1,2,y=1,2andm=1,s.

664 b) Deviation variable values: (d}, d;) forallg =1,2,3
665 At Level 2:
666 a) Design variable values:

667 i. Continuous: Selling price of material “m’ at supplier ‘' (s%,)

32



668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

ASME Journal of Mechanical Design

ii. Binary: Transportation mode selection (Yij

Here m=1,s,i=1,2,j=1andy =1,2

b) Deviation variable values: (d/, dg) forallq = 4,5,6

Shared Design variables: s and s, are the shared design variables. s, is a copy of si¢

at the supplier group.

Satisfy

a) Constraints at Level 1: (ten linear and four non-linear constraints)

Vi.

Total production less than production capacity: P < Capacity

Total production greater than total demand/demand forecast: P > Y.2_, D¢
and iv. Scrap purchased from customers less than the scrap available at
customers: Qkj; < BkQ]'-‘, fork =1,2

Minimum amount of coal (m = 1) to be purchased: ¥.7_; Qf} = Ay, * P
Minimum amount of scrap (m=s) to be purchased: Y% ; Qi + Vi1 Qkyj =

An *P

vii. and viii Product supply quantity equal to demand/demand forecast: Q]'-‘ = D;,

iX.

Xi.

Xii.

xiii.

Xiv.

fork=1,2
and x. Only one mode of transportation can be selected for product/scrap
shipment (to both customers): Z§1=1 Y]% =1,fork=1,2
Minimum DCI for Profit, G, = 1
Minimum DCI for GHG emission, G3 > 1

Minimum value of Profit= $400,000

Maximum value of GHG emissions= 3,250 tons of CO;
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690 b) Design variable bounds at Level 1; see Appendix A4

691 c¢) Constraints at Level 2: (twelve linear and two non-linear constraints)

692 i. to iv. Only one mode of transportation can be selected for coal/steel scrap
693 shipment:

694 A Y;ny =1, for1=1,2 and all m=1

695 v. to xii. Maximum and minimum value for all shared design variables (Shared
696 design variable relaxation constraints: Assuming +/- 10 % relaxation)
697 e 0.9s{¢ <sf <11s{

698 e 09sf¢ <s?<1.1sf¢

699 e 009si¢<s!<1.1sle

700 e 009s2¢ <s?<1.1s2¢

701 xiii. Minimum DClI for Profit, G, = 1

702 xiv. Minimum value of Profit= $575,000

703  d) Design variable bounds at Level 2; see Appendix A4.

704  Minimize

705  Deviation function, Z: a combination of Preemptive and Archimedean formulations.
706  Level 1is at higher priority - Priority 1, followed by Level 2 at lower priority - Priority 2.
707 Z=[fif]

708  where,

709  fi and f, are the Archimedean formulation at Levels 1 and 2, respectively.

710 fi= Yo-1 W, (d} + dg) where £ Wq=1and q=1,2,3

711 fo= Yo=aW, (dj +d7) where £ Wg=1and q=4,5,6
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4.2.2. Step?2
The multilevel design scenarios for executing the c-cDSP are created by combining

the design scenarios at Levels 1 and 2 created using uniform sampling. A total of 132
multilevel design scenarios are created and used in the Preemptive formulation of the c-
cDSP established in Step 1. The c-cDSP is executed for these 132 multilevel design
scenarios to generate design solutions across the levels. Some sample multilevel design

scenarios are listed in Table 2.

TABLE 2: Sample multilevel design scenarios

i Level 1 Weights Level 2 Weights
o G 7 gl 7
Wi W, W3 W, Ws We
1 1 0 0 1 1 0 0 1
2 1 0 0 1 0 1 0 1
55 0 0.5 0.5 1 0 0.75 0.25 1
131 0.33 0.34 0.33 1 0 0.25 0.75 1
132 0.33 0.34 0.33 1 0 0.75 0.25 1
4.23. Step3

Using iSOM, the design solutions corresponding to the 132 multilevel design scenarios
across the manufacturer and supplier groups at Levels 1 and 2 are simultaneously
visualized for co-design exploration. Six input plots corresponding to the design scenarios
weights - W1 to W5, and six output plots corresponding to the six goals across Levels 1 and

2 are generated; see Figures 7a and 7b, respectively.
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0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

32.W2 a3.W3
LEVEL 1 (W, to Wy)

0.8
0.6
0.4
4 0.2

ad.W, a5.Ws ab.Wg
LEVEL 2 (W, to W,)

7a. Plots for input weights corresponding to the multilevel design scenarios

0.8
0.6
0.4
0.2

. 12 14
2.6 10
13
25 8
24
’s 6 12
' 4
bl.G;= 2.5
LEVEL 1 (G to G3)
G4 35 as ><‘|O4
. 30 4
25 2.4
20 3
15
10 ) 2.3
5
b4. Gu= 20 b5. Gs< 20000 b6. Gs= 2.4

LEVEL 2 (G. to Gs)
7b. Plots for goals before relaxation of satisficing limits. The satisficing region for each goal
is identified and represented using the red hexagonal borders on the iISOM grids
FIGURE 7: The iSOM plots for input (design scenario weights, W;) and output (Goals,
Gi) for the steel MSN problem before relaxation of satisficing limits.
NOTE: For DCI Goals G3, G3, and Gg, the yellow regions indicate regions of high robustness,
and the blue regions indicate regions of comparatively lower robustness
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The co-design exploration starts with the group decision-makers identifying the
satisficing limits for the goals across the levels to identify satisficing solution regions for
each goal (indicated by the iSOM grid points highlighted with red hexagonal border), as
shown in Figure 7b. For the DCI goals at Levels 1 and 2, the designer focuses on higher
DCl value regions to ensure a greater degree of safety against design variables
uncertainties. The designer seeks to maximize the SL and hence picks regions where the
values are high. Regions of low values of GHG emission are preferred at Level 2 to reduce
GHG emissions. Initially, the satisficing limits for the goals at Levels 1 and 2 are set as
follows.

At Level 1

i. SL Gi=25

ii. DCI Profit, Go= 12

iii. DClI GHG emission, G3= 14
At Level 2

i. DCI Profit, Ga= 20

ii. GHG emission, Gs< 20000 kg of CO;

iii. SL, Ge= 2.4

No common regions are identified for all goals across Levels 1 and 2 for the above
satisficing limits. Hence, the group decision-makers look at relaxing the satisficing limits
for the goals using the ‘systematic approach for satisficing limit relaxation of goals.’

The group decision-makers start by identifying a critical goal whose satisficing limits

cannot be relaxed. Here, Gs is identified as the critical goal. Goals formulated as DCI goals
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750 -Gy, G3, and G fall into ‘Set 1’ and remaining goals - Goals G1 and Gg fall into ‘Set 2.” To
751  begin, the satisficing limits of Set 1 goals are relaxed in the order of decreasing satisficing
752 limits (G4 > G3 > G3), until common iSOM grid points are identified with Gs. G4’s limit of 20
753 s first relaxed to 10. Gs3, with a limit of 14, has common grid points with Gs, and hence its
754  limitis not relaxed. Gy’s limit of 12 is then relaxed to 9. Next, the satisficing limits of Set 2
755  goals are relaxed, starting with the goal with the largest scope for relaxation according to
756  the decision-makers (G1 > Gg). First, G1’s limit of 2.5 is relaxed to 2.2. Finally, G¢’s limit of
757  2.4isrelaxed to 2.3. With the relaxed satisficing limits, the updated satisficing regions for

758 all the goals are identified, see Figure 8.

G1

12 14
2.6 10
2.5 8 13
2.4 5
2.3 12
4
G,= 9
LEVEL 1 (G; to G3)
35 G5 X104 G6
30 . v
25
15
10 2 23
5

Ga= 10 Gs< 20000 Ge= 2.3
LEVEL 2 (Gs to Ge)
FIGURE 8: iSOM plots depicting the satisficing solution regions for goals after
relaxation of satisficing limits; see iSOM grid points highlighted using red hexagonal
border
759
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FIGURE 9: Common satisficing solution region for all goals after relaxation of

satisficing limits; see iISOM grid points 30 and 31 highlighted using thick hexagonal

NOTE:

borders

e iSOM grid point locations are indicated by the number in the hexagons.
e Common satisficing regions are identified by the iSOM grid numbers of the common
grid points (30 and 31, in this example)

With the updated satisficing regions, iISOM grid points 30 and 31, see Figure. 9, are

identified to be the common satisficing region for all the goals. Grid points 30 and 31 have

two and seven multilevel design scenarios mapped against them, respectively. Therefore,

nine common robust satisficing solutions are identified for Levels 1 and 2 of the steel MSN

design problem. The nine design scenarios and the corresponding goal values at Levels 1

and 2 are listed in Table 3. Hence, using the iSOM plots, designers are able to

simultaneously explore the solution spaces across Levels 1 and 2 and thereby support the

co-design exploration of the steel MSN.

TABLE 3. Goal values at the manufacturer and supplier groups for the common
robust satisficing solutions identified

. Level 1 Level 2 Level 1 Level 2
Multilevel G
design >
. W, W2 | W3 | Wag | Ws | We G1 G2 Gs Ga (Kgs of Ge
scenarios
CO2)
105 0 0.25 | 0.75 0 0 1 2.23 | 12.35 | 14.05 | 1.37 | 14793.16 | 2.23
107 0 0.25 | 0.75 | 0.25 0 0.75 | 2.23 | 12.35 | 14.05 | 1.37 | 14793.16 | 2.23
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108 0 0.25 | 0.75 0 0.25 | 0.75 | 2.23 | 12.35 | 14.05 | 1.61 | 14787.02 | 2.23
123 0.33 | 0.34 | 0.33 1 0 0 2.23 | 12.36 | 14.05 | 1.09 | 14777.69 | 2.23
125 0.33 | 0.34 | 0.33 0 0 1 2.23 | 12.35 | 14.05 | 1.37 | 14793.16 | 2.23
127 033 | 034|033 | 05 0 0.5 | 2.23 | 12.35 | 14.05 | 1.19 | 14782.91 | 2.23
129 0.33 | 0.34 | 0.33 | 0.25 0 0.75 | 2.23 | 12.35 | 14.05 | 1.37 | 14793.16 | 2.23
130 0.33 | 0.34 | 0.33 | 0.75 0 0.25 | 2.23 | 12.36 | 14.05 | 1.09 | 14777.69 | 2.23
131 0.33 | 0.34 ] 0.33 0 0.25 | 0.75 | 2.23 | 12.35 | 14.05 | 1.36 | 14793.37 | 2.23

In Table 3, each multilevel design scenario depicts the differences in the various
group decision-makers preferences for their respective goals. For example, Multilevel
Design Scenario 123 represents a situation where manufacturer group decision-makers
at Level 1 have equal preference for all their goals - Gi1, G2, and Gs, as indicated by the
weight values of 0.33, 0.34, and 0.33, respectively. For the same scenario, at Level 2, the
supplier group decision-makers have a full preference for one goal and zero on the other
two; see weight values of 1, 0, and 0 on their goals Gs, Gs, and Gs, respectively. Analyzing
the goal values for the manufacturer group at Level 1 in Table 3, it is observed that the
relaxed satisficing limits for all the goals were satisfied. This is due to the higher priority
assigned to Level 1 in the c-cDSP, using the Preemptive formulation. From the goal values
achieved for the supplier group at Level 2, see G4 to Ge in Table 3, it is observed that Gs
and Ge values meet the relaxed satisficing limits, and Ga (Profit DCI maximization) failed
to satisfy the relaxed satisficing limit of Ga= 10. This is expected as the LRL for profit at
the supplier group is set high, see Section 4.2.1, which results in low DCl values. However,
the solutions identified are still robust since the DCl values are greater than 1. The design
variables values corresponding to the nine common robust satisficing solutions are listed

in Tables 4 and 5, respectively.
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TABLE 4. Key design variable values for the manufacturer group corresponding to robust satisficing
solutions identified

Design

P

1
Q11

1
Q21

Qi1

Q31

Qki,

Qk3,

Qi

Q3

Price

Y | Y3 | YL, | Y3
Scenario | (tons) | (tons) | (tons) | (tons) | (tons) | (tons) | (tons) | (tons) | (tons) | ($/ton) | ~ 11| "11 | "12 | "12
105 2040 1.6 1610.5 0.6 612.0 0.1 0.1 1020.0 | 1020.0 | 1199.9 1 0 1 0
107 2040 1.6 1610.5 0.6 612.0 0.1 0.1 1020.0 | 1020.0 | 1199.9 1 0 1 0
108 2040 0.1 1612.6 0.0 612.0 0.0 0.0 1020.0 | 1020.0 | 1200.0 1 0 1 0
123 2040 0.4 1610.7 0.1 612.0 0.0 0.0 1020.0 | 1020.0 | 1200.0 1 0 1 0
125 2040 1.6 1610.5 0.6 612.0 0.1 0.1 1020.0 | 1020.0 | 1199.9 1 0 1 0
127 2040 0.8 1610.6 0.3 612.0 0.0 0.0 1020.0 | 1020.0 | 1200.0 1 0 1 0
129 2040 1.6 1610.5 0.6 612.0 0.1 0.1 1020.0 | 1020.0 | 1199.9 1 0 1 0
130 2040 0.4 1610.7 0.1 612.0 0.0 0.0 1020.0 | 1020.0 | 1200.0 1 0 1 0
131 2040 1.6 1610.5 0.6 611.9 0.1 0.2 1020.0 | 1020.0 | 1199.9 1 0 1 0
788
TABLE 5. Design variable values for the supplier group corresponding to robust satisficing
solutions identified
Design s1 st Ss s3 11| y12 | p11| y12| pys1 | ys2 | pysl | ys2
Scenario | ($/ton)| ($/ton)| ($/ton)| ($/ton) Yii| Yii| Yai| Yoi| Yap| Vit Yo1 | Voi
105 319.9 330.0 210.0 220.0 1 0 1 0 1 0 1 0
107 319.9 330.0 210.0 220.0 1 0 1 0 1 0 1 0
108 300.0 | 330.0 | 209.9 | 220.0 1 0 1 0 1 0 1 0
123 320.0 | 330.0 | 210.0 | 220.0 1 0 1 0 1 0 1 0
125 319.9 | 330.0 | 210.0 | 220.0 1 0 1 0 1 0 1 0
127 320.0 | 330.0 | 210.0 | 220.0 1 0 1 0 1 0 1 0
129 319.9 330.0 210.0 220.0 1 0 1 0 1 0 1 0
130 320.0 330.0 210.0 220.0 1 0 1 0 1 0 1 0
131 319.9 330.0 210.0 220.0 1 0 1 0 1 0 1 0
789
790 The design variable values corresponding to the common robust satisficing solutions
791 identified are similar to each other, see Tables 4 and 5. For the manufacturer group at
792  Level 1 to meet the large satisficing limits for G2 and Gs, the group decision-makers look
793  at design scenarios with higher weightage on G, and Gs. This results in designers choosing
794  solutions that have similar design variable values. For the supplier group at Level 2, the
795  decisions made at Level 1 by the manufacturer group, along with the high LRL set for Gg,
796  will restrict the design space at Level 2. This will lead to the choice of design solutions that
797  will result in similar design variable values.
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Based on the design variables values for the manufacturer group in Table 4, the
manufacturer group decisions are as follows: (i) produce 2040 tons of steel slab (see, P)
by sourcing almost all of the coal and scrap steel required from Supplier 2 in the Supplier
group (see Q;, and Q5,), (ii) use the slower mode of transportation to transport the steel
slabs to the customers and steel scrap from the customers to the manufacturer group
(see Y} and Y7,), and (iii) sell 1020 tons of steel slabs each to Customers 1 and 2 in the
customer group (see Q1 and Q2), at a selling price of $1200 per ton (see Price).

Based on the design variables values for the supplier group in Table 5, the following
decisions are made by the suppliers in the supplier group: (i) Supplier 1 estimates a selling
price of $320 per ton for coal and $210 per ton for steel (see si and s2), (ii) Supplier 2
estimates a selling price of $330 per ton for coal and $220 per ton for steel (see s and
s2), (iii) Suppliers 1 and 2 choose the slower mode of transportation to transport coal and
steel scrap to the manufacturer group (see Yiit, Y.L, Yitand Y51).

Using FROMCoDE, group decision-makers are able to model the decision problem in
the steel MSN using a single c-cDSP with a combination of Preemptive and Archimedean
formulations, considering the decisions made at Levels 1 and 2 and their interactions.
Uncertainties in design variables are accounted for by formulating goals affected by
design variable uncertainties as robust DCI goals in the c-cDSP. Shared design variable
relaxation constraints are used in the c-cDSP to facilitate the sharing of a ranged set of
shared design variable values from Level 1 to Level 2. By exercising the c-cDSP for various
multilevel design scenarios, the design and solution spaces are generated across Levels 1

and 2. The solution spaces across Levels 1 and 2, including robust solution space for DCI
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goals, are simultaneously visualized using iSOM plots. By setting satisficing limits for each
goal and simultaneously exploring the solutions spaces across the levels using the iSOM
plots, designers are able to carry out co-design exploration and identify 'satisficing or
robust satisficing solutions’ for all the goals across Levels 1 and 2 in the steel MSN.
Conflicts that occur when no common solutions are identified across Levels 1 and 2 are
managed during co-design exploration by relaxing the satisficing limits for the goals as
deemed appropriate by the group decision-makers till a common solution region is
identified. Hence, using FROMCoDE, the robust co-design of the multilevel steel MSN is
achieved.

5. CLOSING REMARKS
The simulation-supported design of MSN’s requires support for consideration of the

group interaction across multiple levels and the management of uncertainties and design
conflicts that influence MSN performance. Computational models employed in the
simulation-supported design of MSN’s are abstractions of reality. Hence, our focus is on
design exploration to identify a ranged set of robust satisficing solutions. This requires the
facilitation of visualization and co-design exploration.

In this paper, we present the decision support framework, namely ‘FRoMCoDE,’
where we combine the following construct or tools: i) the c-cDCP construct, ii) DCI robust
design construct, and iii) iSOM-based visualization to support the ‘robust co-design’ of
MSN’s. Using FRoMCoDE, the group decision-makers are able to i) model group decision
problems across multiple levels and their interactions using a single coupled decision
problem formulation, ii) consider uncertainties, and iii) visualize and efficiently explore

multilevel design spaces simultaneously to support robust co-design.
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The key contributions in this paper are the functionalities offered by FRoMCoDE,
which include:

a) Facilitating the formulation of multilevel design problems involving many
conflicting goals at each level and interactions among multiple decision levels. The
functionality is achieved by combining the Preemptive and Archimedean formulations in
the c-cDSP. By combining the Preemptive and Archimedean formulations in the c-cDSP,
designers are able to account for many conflicting design goals at a level and relations
across levels into a single coupled decision problem formulation.

b) Facilitating the co-design visualization and exploration of high-dimensional (more
than 3) design spaces across multiple levels. Efficient co-design exploration is realized by
simultaneously exploring the multilevel design spaces formulated using the coupled cDSP
(c-cDSP) by means of the interpretable self-organizing map (iSOM) construct. This is
achieved by training iSOM using the input c-cDSP weight combinations (weights
corresponding to the multilevel design scenarios of the c-cDSP) and the generated output
design goal values (achieved values of individual goals) for different multilevel design
scenarios. Two-dimensional (2D) plots for each of the inputs and outputs across the levels
are generated via iSOM. Using the simultaneous design space visualization capability
offered by iSOM, designers are further able to explore and seek common satisficing
robust regions for the many goals across multiple levels. The co-design exploration
approach supports the management of design conflicts and uncertainties across levels,
ensuring system performance. Co-design exploration also allows designers to consider

tradeoffs among goals across multiple levels. This enhances design flexibility by allowing
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designers to compromise goals at any level in the design hierarchy while still accounting
for the impact of such compromises on goals at other levels. These are advantages over
other multilevel design exploration approaches that are based on the sequential
exploration of the individual levels, as discussed in Section 1.

The efficacy of FROMCOoDE is tested for the above functionalities using the steel MSN
problem. Using FRoOMCoDE, robust co-design of the steel MSN with interactions between
the manufacturer and supplier groups at Levels 1 and 2 is demonstrated. The conflicts
arising between manufacturer and supplier groups at different levels are managed by
simultaneously exploring the solution spaces to identify common robust satisficing
solutions for all the goals across the levels. Using the framework, we facilitate the robust
co-design of multilevel systems characterized by hierarchical relations across multiple
levels.

The FRoMCoDE framework is flexible and can be adapted to model and solve a variety
of design problems involving decisions being made across one or more levels of a decision
hierarchy, with each level constituted by one or more decision-makers. The flexibility of
the framework comes from i) the inherent flexibility in modeling the deviation function
of the c-cDSP construct using the Preemptive and Archimedean formulations to suit the
problem structure and ii) the generic nature of the tools and constructs used. The
framework can be modified to account for additional design levels in the MSN (more than
the two depicted in Figure 3) by appropriately adding the required priority levels in the
Preemptive formulation of the deviation function. Consequently, the multilevel design

scenarios need to be modified to account for the new design levels in the MSN. The goals
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of multiple groups at the same level can be considered using the Archimedean
formulation at each Preemptive priority level in the deviation function. The ability to
support modeling and solving a variety of design problems makes FRoOMCoDE framework
generic.
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APPENDIX A: Mathematical models for the end requirements, level-specific
information, and design variables at Levels 1 and 2 of the c-cDSP for the steel MSN
problem

What follows is an amplification of what is presented in Section 4.2. The
mathematical models for the end requirements of the manufacturer and supplier groups
at Levels 1 and 2 of the steel MSN c-cDSP are listed below in A1 and A2, respectively. In
A3, the information specific to Levels 1 and 2 of the c-cDSP for the steel MSN is provided.
In A4, we list the design variables and their bounds for Levels 1 and 2 of the c-cDSP for

the steel MSN.

Al. Models for the Manufacturer Group end requirements at Level 1 in the steel MSN c-

cDSP (see Given in Section 4.2.1)

i. Maximize Service Level (SL)

y

D’ :
jk y J
Speedy * Yfk +LT5)}

G1=Xi=1{LTki/(Z}=1
ii. Maximize Profit (in S)
Gz = (Price * {Xf_; Qf}) = (P % CoSt™ + Yynoy s Xy Sy QI + Xiimy Sk QK +
b 332 OF DTN + B Ko QK DTV

iii. Minimize GHG emissions (in kgs of CO3)

Gs = (P *E+ 21'2=1 Z§’=1 Q}(DjjlzcEj}I]ch% + 212(=12§’=1 Qki]DﬁI/cEj)I/cY;%

A2. Models for the Supplier Group end requirements at Level 2 in the steel MSN c-cDSP

(see Given in Section 4.2.1)

i. Maximize Profit (in S)

Ga= Yom=1,s(Di=1 Srinqir;'l_ (Crlnqlr;l + 251 dZ-ly qij tlr]nyyljny))

51



1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

ASME Journal of Mechanical Design

Minimize GHG emissions (in kgs of CO;)
Gs —Zm 1521 123/ 1dU qu lmle;ny
Maximize Service Level (SL)

Ge = {27 1( * Lm=1,s( DmLyTlGne )}

my +LTY)

Zy 1(Speedy

A3. Level Specific information for the c-cDSP (see Given in Section 4.2.1)

At Level 1

Manufacturer group (j) Information: Set of manufacturers (j = 1), Production

capacity (Capacity) in tons, Production cost (Cost) in $ per ton, the raw material
(m) requirement in tons per ton of steel produced {4,,} (coal, m=1 and steel scrap,
m=s), transportation information — (modes {y = 1,2}, speed in km/hr. {Speed?”},
distance to customers in km {D; k} transportation costs in $ per ton per km {7}%},
Greenhouse gas {GHG} emission in kgs of CO; per ton transported per km {E H,
and demand estimate at customer k (Dy).

Customer group (k) Information: Set of customers (k =1, 2), Steel scrap availability

— a fraction of tons of steel purchased (By,), steel scrap prices in $ per ton (sk¥),
and expected lead time in hrs. (LTkp).
At Level 2

Manufacturer group Information: Actual order quantity of material m (Q{;‘),

expected lead time for material m in hrs (LT[}‘e) from supplier i

Supplier group Information: Set of suppliers (i = 1, 2), Materials supplied {m, =1

(coal), = s (scrap)}, forecasted demand estimate for material ‘m’ at manufacturer
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in tons (d%,), Material cost of material ‘m’ in $ per ton, (CL,), transportation
information — (modes {y = 1,2}, speed in km/hr {Speed?}, distance to customers
inkm {dg.ly}, transportation costs in S per ton per km {tg.ly}, Greenhouse gas {GHG}
emission in kgs of CO; per ton transported per km {el.rj'.ly})

A4. Design variables and their bounds at Levels 1 and 2 of the c-cDSP for steel MSN (see,

Given in Section 4.2.1)
At Level 1
e 2000 < Production quantity in tons (P) < 4000
e Coal and steel scrap purchase quantities from suppliers in tons (Q{’j‘), where i =
1,2;j = 1;andm = 1,s
e 0<0Qi,03% <3200
e 0<0Q5,05, <1600
e Scrap purchase quantities from customers in tons (Qk,ij), wherek = 1,2;j = 1
e 0<Qkj;,Qk3, <500
e Product supply quantities to customers in tons (Q}‘), wherek = 1,2;j = 1
e 1000 < Qf, Q# <1200
e 1000 < Steel selling price in S per ton (Price) < 1200
e The estimated selling price of material ‘m’ at supplier ‘i’ (s¥¢) in $ per ton, for all
m = 1,sandi = 1,2
e 310 <s]% 552 <330

e 210<sl¢552¢ <230
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e The estimated selling price of material ‘m’ at customer ‘k’ (skX¢) in $ per ton, for
alm = sandk = 1,2
e 30<skl®<50
e 40<sk2®<60
e Transportation mode selection (Yj%) for transporting the products to customers
and steel scrap from customers, where k = 1,2;j = 1;andy = 1,2
o YL, YA, Yh Y5 =01
At Level 2
e The selling price of material ‘m’ at supplier ‘i’ (s},) in $ per ton, forallm = 1,s
andi = 1,2
e 300<s{<320
e 310<s#<330
e 190<s! <210
e 200<sZ<220
e Transportation mode selection (Yl.;.ny) for transportation of materials to the
manufacturer, forallm =1,s;i =1,2,andy =1,2
o Y Y12 YSLYS?2=0,1

11 y12 ysl ys2 _
o V51,V Yo1, 57 =0, 1
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