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ABSTRACT 44 

The design of a manufacturing supply network (MSN) requires the consideration of 45 

decisions made by different groups at multiple levels and their interactions that include 46 

potential conflicts. Decisions are typically made based on information from computational 47 

simulations that are abstractions of reality and, therefore, embody uncertainty. This 48 

necessitates focusing on design space exploration to identify robust satisficing solution 49 

sets that are relatively insensitive to uncertainty. Current frameworks that support robust 50 

satisficing design space exploration are limited by their capability to support the efficient 51 

exploration of multilevel design spaces simultaneously.  52 

In this paper, we present the Framework for Robust Multilevel Co-Design Exploration 53 

(FRoMCoDE), a decision support framework that allows designers to i) model decision 54 

problems across multiple levels and their interactions, ii) consider uncertainties in the 55 

decision problems, and ii) visualize and systematically carry out simultaneous exploration 56 

of multilevel design spaces, termed co-design exploration. In FRoMCoDE, we combine the 57 

coupled compromise Decision Support Problem construct, where a combination of the 58 

Preemptive and Archimedean formulations is used, with robust design constructs and 59 

interpretable-Self Organizing Maps (iSOM) based visualization to facilitate robust co-60 

design. We use a steel MSN problem with decisions made at two levels to test the 61 

framework. Using the problem, we demonstrate FRoMCoDE’s efficacy in supporting 62 

designers in i) modeling multilevel decision problems and their interactions, considering 63 

the uncertainties, and ii) the efficient co-design exploration of multilevel design spaces. 64 

FRoMCoDE is generic and supports designers in the robust co-design exploration of 65 

multilevel systems.  66 
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GLOSSARY 69 

Manufacturing Supply Network (MSN): A network of independent, interrelated 70 

stakeholders, such as suppliers, manufacturers, and customers, that work collaboratively 71 

to produce products.  72 

Group: Collection of all stakeholders that perform the same role in the MSN. Example: 73 

Collection of all suppliers that provide the materials required by manufacturers constitute 74 

the ‘Supplier Group.’ 75 

Level: Group or groups in the MSN that occupy the same position in a design decision-76 

making hierarchy. 77 

Robust Design: A design that is relatively insensitive to uncertainties. 78 

Co-design: A design that facilitates collaboration among a network of stakeholders 79 

distributed across multiple levels by supporting the consideration of their interrelations 80 

to ensure the satisfaction of the stakeholder’s goals. 81 

Robust Co-design: A co-design that is relatively insensitive to uncertainties. 82 

Robust Satisficing Solutions: Solutions that are relatively insensitive to uncertainties and 83 

‘satisfy’ and ‘suffice’ the design requirements. 84 

Service Level (SL): A measure of the capability to meet delivery expectations in terms of 85 

lead times. Mathematically, SL is defined as the ratio of expected lead time to actual lead 86 

time, where actual lead time is computed as the sum of the order processing time and 87 

time for transporting materials or products from the source to the destination. 88 

 89 
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1. FRAME OF REFERENCE 90 
 91 
Manufacturing systems are characterized by multiple stakeholders, such as suppliers, 92 

manufacturers, and customers, interacting and making decisions to meet individual and 93 

system goals. These stakeholders are interdependent by the flow of materials and 94 

information, forming a network, which we define as a manufacturing supply network 95 

(MSN). We define the collection of all stakeholders that perform the same role in an MSN 96 

as ‘groups.’ For example, the set of all manufacturers is termed as “Manufacturer Group.” 97 

In Figure 1, we depict an MSN composed of manufacturer, supplier, and customer groups 98 

interrelated by the flow of information and materials.   99 

The design of MSN is complex as it involves formulating and solving independent but 100 

interdependent design problems focused on the different stakeholders across multiple 101 

levels of the design hierarchy. We consider a ‘level’ in the MSN to be composed of a group 102 

or a set of groups that occupy the same position in the design hierarchy. For example, in 103 

the MSN depicted in Figure 1, manufacturer group decisions are being made first and, 104 

therefore, are categorized as design level 1. Supplier and customer groups are depicted 105 

as making independent decisions based on level 1 decisions, hence categorized as design 106 

level 2. The design of such MSN’s is challenging as it requires designers with specialized 107 

knowledge to focus on the different stakeholder disciplines, consider their interactions, 108 

and coordinate the multilevel couplings to identify solutions that satisfy the individual 109 

stakeholder and overall system goals. 110 

 111 
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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 
 112 

1.1 Requirements for the simulation-based design of MSN’s 113 

We identify the following issues in the simulation-based design of MSN’s:  114 

(1) Given the group interrelations, decisions made by one group impact the decisions 115 

of other related groups and thereby define the overall MSN performance. Hence, the 116 

satisfaction of the group’s goals and ensuring MSN performance requires facilitating 117 

collaboration between groups.  118 

(2) Independent group decisions across levels can lead to design conflicts, where 119 

decisions made by a group may not align with the decisions of an interrelated group. For 120 

example, the purchase quantity decisions by the manufacturer group at level 1 may differ 121 

from the supply quantity decisions by the supplier group at level 2, leading to design 122 

conflicts, see Figure 1. These conflicts adversely impact MSN performance.  123 

(3) The simulation-supported design of MSN’s is subject to various uncertainties [10], 124 

including (i) natural uncertainty inherent in the system, (ii) model parameter uncertainty 125 

associated with the parameters in the MSN models, (iii) model structure uncertainty 126 

associated with the models used in the MSN design problem, and the (iv) propagation of 127 

these uncertainties across design levels.  128 
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Hence, the design of MSN’s requires support for the consideration of group 129 

interrelations and management of conflicts and uncertainties to ensure identifying 130 

solutions that satisfy MSN performance. 131 

 Towards this, we identify the need to facilitate ‘robust co-design’ that supports MSN 132 

designers (group decision-makers) distributed across multiple levels to consider their 133 

interrelations and the various uncertainties involved in MSN design. Robust co-design 134 

facilitates collaboration among group decision-makers and thereby ensures the 135 

satisfaction of the group’s goals and the MSN performance under conditions of 136 

uncertainty. Collaboration is achieved by supporting ‘co-design exploration’ - the 137 

simultaneous exploration of the multilevel design spaces to identify a set of common 138 

‘robust satisficing solutions’ for the groups across different levels. Robust satisficing 139 

solutions are solutions that are relatively insensitive to uncertainties and ‘satisfy’ and 140 

‘suffice’ the design requirements.  141 

1.2 Design foundations and constructs 142 

From a systems design perspective, we consider design a goal-oriented, decision-143 

based process supported by simulations. We, therefore, follow the Decision-Based Design 144 

(DBD) paradigm advocated by Mistree and co-authors [1], where designing is considered 145 

a decision-making process wherein designers make a series of decisions, some 146 

sequentially while others concurrently. We anchor our work in the Decision Support 147 

Problem Technique [2, 3], rooted in the notion of bounded rationality proposed by 148 

Herbert A. Simon [4]. Given that the models employed in simulations are incomplete, 149 

inaccurate, of different fidelity, and are approximations of reality, designers seek 150 
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‘satisficing solutions’ for the design problem at hand by exploring the solution space. A 151 

satisficing solution [5] ‘satisfies’ and ‘suffices’ the design requirements often specified by 152 

many conflicting goals. The compromise Decision Support Problem (cDSP) [6] is a well-153 

established construct in the literature to model decision problems involving many 154 

conflicting goals and explore satisficing solutions. The use of the coupled cDSP (c-cDSP) 155 

construct to model multilevel decision problems and their interactions, with multiple 156 

conflicting goals at each level, has been discussed in the literature [7, 8]. The coupling is 157 

vertical when the decisions are made sequentially along a hierarchy or horizontal when 158 

the decisions are made concurrently. The solution spaces generated by executing 159 

Decision Support Problems (DSP’s) are explored to identify satisficing solutions.  160 

Management of uncertainties is achieved by designing the system to be relatively 161 

insensitive to uncertainties without reducing or eliminating them, which is termed as 162 

‘robust design’. Three types of robust designs - Type I, Type II, and Type III are discussed 163 

in the literature to deal with uncertainties related to noise, design variables, and models, 164 

respectively; see [9]. The use of robust design indices, namely, the Design Capability Index 165 

(DCI) [10] and Error Margin Index (EMI) [11], in conjunction with the DSP construct, has 166 

been proposed to help designers identify robust satisficing solutions. DCI is employed for 167 

Type I and II robust designs, whereas EMI is employed for Type III robust designs.  168 

1.3. Existing approaches in the literature for the design of multilevel systems 169 

Different approaches have been proposed in the literature to support the co-design 170 

of multilevel systems. This includes approaches like bi-level integrated system synthesis 171 

(BLISS), analytical target cascading (ATC), and collaborative optimization (CO) from the 172 

multi-disciplinary optimization (MDO) [12] domain. Sobieski and co-authors [13-15] 173 
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present BLISS, where multilevel engineering systems are designed by decomposing the 174 

system-level optimization into many subsystem optimizations that seek to minimize their 175 

contribution to the system-level objective under local constraint. Kim and co-authors 176 

propose the ATC [16] approach that embodies a hierarchical multilevel optimization 177 

formulation where the objective at each level is to minimize the discrepancy between the 178 

targeted optimal values calculated at the previous level and the response at the level. 179 

Kroo and co-authors [17] present CO, where multilevel systems are modeled using a bi-180 

level optimization formulation consisting of system-level and subspace optimizations, 181 

with the sub-space objectives related to the system objective being satisfied while also 182 

satisfying constraints locally. The computationally expensive nature of MDO approaches 183 

[18] arising from repeated iterations of passing single-point solutions between the levels 184 

makes them unsuitable for supporting early-stage design exploration when the 185 

information is incomplete and inaccurate, and models are not of equal fidelity. All-in-one 186 

(AIO) optimization formulations [19, 20] are also proposed to design MSN’s, where 187 

multiple levels of the MSN are designed simultaneously and in an integrated manner. The 188 

AIO approach fails to consider the decision-making independence of groups across 189 

different levels in the MSN. The MDO and AIO approaches are based on optimization 190 

formulations where the fundamental assumption is that the models used are complete, 191 

all the required information is available, and the objective function is perfect. Given that 192 

during the early stages of the design of MSN’s, the models employed are incomplete and 193 

inaccurate, the information available is incomplete, and the objective functions are 194 

imperfect, optimization approaches are not suitable for the early-stage design. Our focus 195 
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is on ‘satisficing’ rather than ‘optimizing,’ and we seek a ranged set of ‘robust satisficing 196 

solutions’ during the early-stage design of MSN’s. 197 

Different approaches have been proposed from the satisficing domain that support 198 

the identification of robust satisficing solution sets during multilevel system design. Choi 199 

and co-authors propose the Inductive Design Exploration Method (IDEM) [21] to support 200 

multilevel system design, where a ranged set of robust satisficing solutions are identified 201 

individually at each level and subsequently propagated sequentially between the multiple 202 

levels. IDEM has limitations such as restrictions on the number of design variables that 203 

can be considered, discretization errors, increased computational expense for improved 204 

accuracy, and limited design flexibility, as discussed in [22]. Nellippallil and co-authors 205 

[23] present an inverse robust design method - Goal-oriented Inverse Design (GoID), that 206 

supports the integrated multilevel design of the material, product, and associated 207 

manufacturing processes. In GoID, the focus is on design exploration of the individual 208 

levels separately to identify satisficing solutions and propagating these solutions as 209 

targets in an inverse manner along the hierarchical process chain. The sequential nature 210 

of decisions in the IDEM and GoID approach can result in design conflicts. This is because 211 

these sequential design exploration methods do not sufficiently consider the couplings 212 

across the multilevel, such as shared variables, related constraints, and many conflicting 213 

objectives. Due to these limitations, the existing approaches do not facilitate co-design 214 

exploration, resulting in design conflicts and reduced system performance across levels. 215 

Sharma and co-authors [7, 24] propose using coupled DSP to facilitate the consideration 216 

of the coupling across levels and thereby support the co-design of multilevel engineered 217 
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systems. Here, ternary plots are employed to visualize and explore the design spaces 218 

separately at each level to identify satisficing solutions for the level. This sequential 219 

nature of design exploration can still result in design conflicts. The approach also does not 220 

support co-design exploration. All the above approaches only allow consideration of goal 221 

relations and tradeoffs at a level and do not support the consideration of tradeoffs among 222 

the goals across multiple levels of the decision hierarchy. Hence, these approaches 223 

require compromises on lower-level goals to satisfy the requirements identified at higher 224 

levels, thereby limiting design flexibility. These approaches are also limited to 225 

simultaneously visualizing and exploring a maximum of three design goals, hence 226 

unsuitable for many goal scenarios. 227 

1.4. Framework to support robust, multilevel, co-design exploration 228 

In this paper, we focus on supporting various group decision-makers in making 229 

decisions during the simulation-supported design of MSN’s operating under uncertainty. 230 

From a DBD perspective, we hypothesize that this can be achieved by facilitating robust 231 

co-design using a decision support framework that supports i) modeling individual group 232 

decision problems and their interactions across levels in terms of the flow of information, 233 

ii) consideration of uncertainties in the decision problems, and iii) co-design exploration 234 

of the multilevel design spaces to identify common robust satisficing solutions and 235 

thereby manage conflicts and uncertainties. We propose modeling the group decision 236 

problems and their interactions using the c-cDSP construct, where a combination of 237 

Preemptive and Archimedean formulations is used, see Section 3.1.1. Using the 238 

Preemptive formulation, designers are able to consider hierarchical relations among 239 

group decision problems at multiple levels. Using the Archimedean formulation, 240 
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designers can consider many conflicting goals for decision problems at a level. By 241 

combining the two, group decision-makers are able to account for many conflicting goals 242 

at a level and group relations across levels in a single coupled decision problem 243 

formulation. The DCI metric is employed in c-cDSP to identify robust satisficing solutions 244 

across multiple levels, see Section 3.1.2. The multilevel design spaces are visualized using 245 

interpretable-Self Organizing Maps (iSOM) [25] to facilitate co-design exploration, see 246 

Section 3.1.3. In this paper, we present the Framework for Robust Multilevel Co-Design 247 

Exploration (FRoMCoDE), a decision support framework that enables group decision-248 

makers to i) model group decision problems across multiple levels and their interactions, 249 

ii) consider uncertainties, and iii) visualize and efficiently explore multilevel design spaces 250 

simultaneously to support robust co-design. The novelty of FRoMCoDE lies in two aspects: 251 

a) facilitating the formulation of multilevel design problems that involve many conflicting 252 

goals at a level and group interactions across levels, using a coupled decision problem 253 

formulation that combines the Preemptive and Archimedean formulations, and b) 254 

supporting the combined management of conflicts and uncertainties across multiple 255 

levels by facilitating co-design exploration - the simultaneous exploration of high-256 

dimensional (more than 3) design spaces across multiple levels to identify common robust 257 

satisficing solutions across the levels. Co-design exploration is realized by exploiting the 258 

correlated nature and inherent interpretability of iSOM plots to efficiently identify 259 

common robust satisficing solution regions. Co-design exploration also helps enhance 260 

design flexibility by allowing designers to consider tradeoffs among goals across multiple 261 
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levels rather than just goals at the same level, as in sequential multilevel design 262 

exploration approaches presented in Section 1.3. 263 

In Section 2, a description of the problem is presented. The FRoMCoDE framework to 264 

support the robust co-design of multilevel MSN’s is presented in Section 3. In Section 4, 265 

we showcase the efficacy of FRoMCoDE in supporting robust co-design using a steel MSN 266 

test problem. In the test problem, we focus on the interactions between supplier and 267 

manufacturer groups. We end the paper with our key findings and closing remarks in 268 

Section 5. In Appendix A, we present the mathematical models that relate the design 269 

variables and goals in the coupled manufacturer-supplier cDSP formulation.  270 

2. PROBLEM DESCRIPTION 271 

 272 

Consider a MSN comprising the Manufacturer group (j), Supplier group (i), and 273 

Customer group (k) located across two levels: i) Level 1: composed of the Manufacturer 274 

group, and ii) Level 2: composed of the Supplier and Customer groups, see Figure 2. The 275 

customers in the customer group are considered to be individual enterprises. 276 

 

FIGURE 2:  Flow of information connecting the Manufacturer, Supplier, and 
Customer groups across Levels 1 and 2 in a Manufacturing Supply Network (MSN) 
 277 



ASME Journal of Mechanical Design 

13 

 

The design of MSN involves the different group decision-makers across two levels 278 

making decisions to achieve group-specific goals. The groups are interrelated by the flow 279 

of information within and between groups, as depicted in Figure 2. In Figure 2, the flow 280 

of information within a group is indicated by solid arrows at Level 1, and the dashed 281 

arrows connecting Levels 1 and 2 show the flow of information between groups at 282 

different levels. The manufacturer group at Level 1, based on the estimates of the 283 

customer product requirement quantity (𝐷𝑘
𝑒) and expected product delivery lead times 284 

(𝐿𝑇𝑘𝑘
𝑒) from the customers, makes decisions related to production, raw-material (𝑚) 285 

sourcing, and product distribution to customers. The production decision involves 286 

estimating the production quantity (𝑃). The product distribution decisions include 287 

estimating the sale price for products (𝑃𝑟𝑖𝑐𝑒), determining the product supply quantities 288 

(𝑄𝑗
𝑘), and selecting the mode of transportation to deliver the products to the customers 289 

(𝑌𝑗𝑘
𝑦

). The raw-material sourcing decisions include the estimation of the amount of 290 

different raw materials to be procured (𝑄𝑖𝑗
𝑚, 𝑄𝑖𝑗

𝑠 , 𝑄𝑘𝑘𝑗
𝑠 ) and the estimation of the prices 291 

at which the raw materials should be purchased (𝑠𝑚
𝑖,𝑒). We assume that part of the raw 292 

material required is sourced from the customers and is transported using the same mode 293 

as the products. At the supplier group at Level 2, sales decisions are made related to the 294 

choice of mode of transportation (𝑌𝑖𝑗
𝑚, 𝑦

) and sale prices (𝑠𝑚
𝑖 ) for the various raw materials 295 

(𝑚). The above decisions are made based on the expected delivery lead times for raw 296 

materials from suppliers (𝐿𝑇𝑖𝑗
𝑚𝑒), expected prices for raw materials (𝑠𝑚

𝑖,𝑒), and order 297 

quantities for different raw materials from the manufacturer level (𝑄𝑖𝑗
𝑚, 𝑄𝑖𝑗

𝑠 ). Hence, the 298 

supplier and manufacturer groups at Levels 2 and 1, respectively, are interrelated by the 299 
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flow of information, see Figure 2. At the customer group, sales decisions are made with 300 

regard to the prices at which products at the end of life or scrap are returned to the 301 

manufacturer (𝑠𝑘𝑠
𝑘). Based on the price that the product is sold to the customers by the 302 

manufacturer (𝑃𝑟𝑖𝑐𝑒) and the quantity available for sale from the manufacturers (𝑄𝑗
𝑘), 303 

the customers make purchase decisions in terms of quantity of product to be purchased 304 

(𝑞𝑘𝑗𝑘
𝑎 ). Hence, the manufacturer and customer groups at Levels 1 and 2, respectively, are 305 

interrelated by the flow of information, see Figure 2. Given the relations between the 306 

group decision problems (modeled as cDSP’s) across different levels (two) in the MSN, 307 

decisions by a group decision-maker can adversely impact the decision of another group 308 

decision-maker, resulting in design conflicts. Hence, there is a need to facilitate ‘co-309 

design’ to consider the relations between the multilevel decision problems. A summary 310 

of the variables for each group is provided in Table 1. 311 

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

Supplier Group 

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

2. m ϵ M, set of all raw materials 

3. 𝑌𝑖𝑗
𝑚, 𝑦

, selection of transportation mode for raw materials ‘m’ from supplier ‘i' to 

manufacturer ‘j’ 

4. 𝑠𝑚
𝑖 , sale price for raw materials ‘m’ at supplier ‘i' 

Manufacturer Group 

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

2. P, production quantity 

3. 𝑄𝑖𝑗
𝑚, quantity of raw material ‘m’ to be procured from supplier ‘i' by manufacturer ‘j’ 

4. 𝑄𝑖𝑗
𝑠 , quantity of scrap ‘s’ to be procured from supplier ‘i' by manufacturer ‘j’ 

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

6. 𝑌𝑗𝑘
𝑦

, selection of transportation mode for: 

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

7. 𝑠𝑚
𝑖,𝑒, estimated price for raw materials ‘m’ sourced from supplier ‘i' 

8. 𝑃𝑟𝑖𝑐𝑒, estimated sale price of the product 
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9. 𝑄𝑗
𝑘, product supply quantities to customer ‘k’ from manufacturer ‘j’ 

10. 𝐿𝑇𝑖𝑗
𝑚𝑒, expected delivery lead times for raw material ‘m’ from supplier ‘i’ by 

manufacturer ‘j’ 

Customer Group 

1. k (customer index) ϵ K, set of all customers 

2. 𝐷𝑘
𝑒, product requirement quantity estimate from customer ‘k’ 

3. 𝐿𝑇𝑘𝑘
𝑒, expected product delivery lead times from the customers ‘k’ 

4. 𝑠𝑘𝑠
𝑘, estimated sale prices of scrap ‘s’ by customers ‘k’ 

5. 𝑞𝑘𝑗𝑘
𝑎 , 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) 312 

production variability due to machine breakdowns and labor shortages and ii) supply 313 

variability due to material shortages at suppliers and transportation delays. These 314 

uncertainties impact the achievement of the group’s goals and MSN performance. Hence, 315 

there exists the need to manage these uncertainties by identifying ‘robust solutions.’ The 316 

focus in the simulation-supported design of MSN’s operating under uncertainty is on 317 

design exploration to identify a ranged set of ‘robust satisficing solutions.’ Therefore, the 318 

need is for the facilitation of robust co-design and co-design exploration of the group 319 

design spaces across different levels. 320 

3. A DECISION SUPPORT FRAMEWORK FOR ROBUST MULTILEVEL CO-DESIGN 321 

EXPLORATION OF MSN’s 322 

 323 

The Framework for Robust Multilevel Co-Design Exploration (FRoMCoDE) to support 324 

robust co-design of multilevel MSN’s is presented in this section. The various constructs 325 

and tools used in FRoMCoDE are discussed first, followed by a discussion on decision 326 

support using FRoMCoDE. 327 

3.1. Constructs and tools used in FRoMCoDE 328 
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We use three constructs/tools in FRoMCoDE, namely, the coupled-compromise 329 

Decision Support Problem (c-cDSP) construct, the Design Capability Index (DCI) robust 330 

design construct, and the interpretable Self-Organizing Map (iSOM) visualization tool. 331 

They are discussed in detail as follows. In Figure 3, we depict how the constructs/tools 332 

are combined in FRoMCoDE.   333 

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

 334 

i. coupled-compromise Decision Support Problem (c-cDSP) construct 335 

The c-cDSP [7, 24] is a DSP construct used to model the relations among group 336 

compromise decision problems at different levels, some of which are made sequentially 337 

across a hierarchy and others concurrently. The relations between individual-level cDSP’s 338 

in the c-cDSP, see Levels 1 and 2 in Step 1 of Figure 3, are modeled as either a vertical or 339 

horizontal coupling [7, 8]. Vertical coupling is used for decisions made sequentially along 340 

a hierarchy, whereas horizontal coupling is used for decisions made concurrently.  341 

In c-cDSP’s, the level-specific information in MSN’s, such as design variables, goals, 342 

and constraints, is captured using the keywords – ‘Given, Find, and Satisfy.’ The focus in 343 
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using the c-cDSP is to find solutions that ‘Minimize’ the total deviation of all the goals 344 

from their target values, termed the ‘deviation function,’ Z; see Minimize in Step 1 of 345 

Figure 3. The deviation function is a function of deviation variables (𝑑𝑞) that represent 346 

the distance (deviation) between the set goal target (aspiration level) and the actual 347 

attainment of the goal. The deviations can be either i) under-achievements (𝑑𝑞
−), where 348 

the achieved goal values are less than set goal targets, or ii) over-achievements (𝑑𝑞
+), 349 

where the achieved goal values are greater than set goal targets. The deviation function 350 

in the c-cDSP is modeled using the combination of Preemptive and Archimedean 351 

formulations based on the coupling between the multilevel decision problems. A 352 

Preemptive formulation [6] is used when the coupling is vertical, and this permits the 353 

assignment of different priority levels for the goals at different levels, as depicted in Step 354 

1 of Figure 3. A higher priority level signifies the need for the goals at that level to be 355 

achieved first before looking at achieving the goals at any of the lower priority levels. At 356 

a priority level, the Archimedean formulation allows assigning different weights to the 357 

many goals at a level with a higher weight value indicating greater relative importance; 358 

see expression for ‘fl’ in Step 1 of Figure 3. 359 

ii. Design Capability Index (DCI) construct 360 

Uncertainty in design variables can be considered in decision problems using the DCI 361 

[10] construct. The DCI value is computed as per Equation 1 for a ‘larger is better’ case 362 

where the designer aims to keep the mean response away from a lower requirement 363 

limit, see Figure 4.  364 
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FIGURE 4:  Mathematical constructs of DCI [23] 
 365 

 366 

𝐷𝐶𝐼 =  
μ𝑦 − 𝐿𝑅𝐿

ΔY
 

(1) 

where,  367 

ΔY: response variation for small variations in design variables  368 

𝜇𝑦: Mean responses 369 

LRL: Lower requirement limit 370 

ΔY is computed as per Equation 2. 371 

𝑌 = ∑ |
𝜕𝑓

𝜕𝑥𝑝
|

𝑛

𝑝=1

. 𝛥𝑥𝑝 (2) 

where, 372 

p= 1,2,…,n (index of design variables) 373 

Δx𝑝: variation (uncertainty) in design variable x𝑝 374 

𝜕𝑓

𝜕𝑥𝑝
: variation of the response, 𝑓, with respect to the design variable x𝑝 375 
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A value of DCI ≥1 is required for the solutions identified to be robust. The higher the 376 

value of DCI, the higher the measure of safety against failure due to design variable 377 

uncertainties. The equations for computing DCI value for the smaller is better and nominal 378 

is better cases are shown in Figure 4. In FRoMCoDE, we use DCI in conjunction with the c-379 

cDSP construct to identify robust satisficing solutions across multiple levels; see Levels 1 380 

and 2 in Step 1 of Figure 3. 381 

iii. Interpretable-Self Organizing Maps (iSOM) 382 

iSOM [25] is used as a tool to visualize high-dimensional data in 2D. It is an 383 

unsupervised learning algorithm – an artificial neural network and a modified form of the 384 

conventional SOM (cSOM) [26]. Modifications to cSOM help avoid self-intersection of the 385 

iSOM grid, thus preserving the co-relatability among the 2D iSOM plots and making them 386 

inherently interpretable. Using the iSOM plots, designers can visualize the relations 387 

among input design variables and output responses. By exploiting the above 388 

characteristics, designers are able to carry out forward (from inputs to outputs) and 389 

inverse (from outputs to inputs) design exploration. The utility of the tool in visualizing i) 390 

high dimensional design spaces and ii) the relations among inputs and outputs in 391 

multilevel systems is demonstrated in the work by Sushil and co-authors [27]. More 392 

details on iSOM and its application for decision support in design can be found in [28, 29]. 393 

In FRoMCoDE, we use iSOM to support the co-design exploration of multiple levels in the 394 

MSN; see Step 3 in Figure 3. 395 

3.2. Decision support using FRoMCoDE 396 

 397 
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The use of FRoMCoDE is described in this section. FRoMCoDE is executed in three 398 

steps, as depicted in Figure 3 and described in detail below. In the framework, we only 399 

consider the interactions between two levels to demonstrate the idea.  400 

a. Step 1: In this step, the decision problems (cDSP's) at two levels - Level 1 and 2, and 401 

their interactions are modeled as a c-cDSP. This requires the different group decision-402 

makers (designers corresponding to the level) to first establish the individual cDSP’s 403 

for the two interacting levels by identifying the decision problem-specific information 404 

at each level using the keywords - Given, Find, and Satisfy, as shown in Step 1, Figure 405 

3. The problem-specific information at each level includes i) design variables - their 406 

bounds and variability or uncertainty estimate, ii) goals - DCI formulation used for 407 

goals impacted by design variable uncertainty, iii) goal targets, and iv) level-specific 408 

constraints.  409 

Next, the group decision-makers establish the flow of information connecting the 410 

two cDSP’s by identifying any shared design variables between the two levels and 411 

sharing the same between the levels; see the dashed arrow connecting Levels 1 and 412 

2 in Step 1, Figure 3. At the lower level - Level 2, copies of the shared design variables 413 

are used as the level-specific design variable. In FRoMCoDE, the group decision-414 

makers seek to propagate a ranged set of shared design variables rather than single-415 

point values to allow increased design flexibility. To facilitate the same, ‘shared design 416 

variable relaxation constraints’ are added to the cDSP at Level 2. This allows the 417 

shared design variable copy at Level 2 to take a value between a predefined upper 418 

and lower percentage (as per designer preference) of the original shared design 419 
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variable value identified at Level 1. The shared design variable relaxation constraint is 420 

mathematically represented as in Equation 3. 421 

𝐽𝑧 ∗ 𝑋𝑧,𝑠ℎ𝑎𝑟𝑒𝑑 ≤  𝑋𝑧,𝑠ℎ𝑎𝑟𝑒𝑑 
𝑐𝑜𝑝𝑦

 ≤  𝐾𝑧 ∗ 𝑋𝑧,𝑠ℎ𝑎𝑟𝑒𝑑 (3) 

where, 422 

 z: index of the shared design variable, z= 1,2, …,n 423 

 𝑋𝑧,𝑠ℎ𝑎𝑟𝑒𝑑: shared design variable at Level 1 424 

𝑋𝑧,𝑠ℎ𝑎𝑟𝑒𝑑 
𝑐𝑜𝑝𝑦

: copy of the shared design variable at Level 2 425 

 𝐽𝑧: lower relaxation bound multiplier (0 < 𝐽𝑧 < 1) 426 

 𝐾𝑧: upper relaxation bound multiplier (𝐾𝑧 > 1) 427 

Using the above information, the c-cDSP for the MSN is established with the 428 

deviation function modeled using a combination of Preemptive and Archimedean 429 

formulations. We consider vertical coupling between the cDSP’s at Levels 1 and 2, 430 

given the sequential manner in which group decisions are made across the hierarchy. 431 

Hence, the Preemptive formulation is used to assign two separate priority levels for 432 

the goals at the two levels; see ‘Minimize’ in Step 1 of Figure 3. Level 1 cDSP is given 433 

higher priority as it is at the top of the hierarchy, followed by the cDSP at Level 2. The 434 

difference in preferences of the many goals in a level is modeled using the 435 

Archimedean formulation, where different weights (values between 0 and 1, such that 436 

the sum of the weights assigned on all goals is equal to 1) are assigned to the goals at 437 

a level to indicate differences in preference, see ‘Archimedean formulation’ in Step 1 438 

of Figure 3. Hence, the deviation function (Z) of the c-cDSP is modeled as an ordered 439 

set (Preemptive) of Archimedean formulations for Levels 1 and 2, respectively; see 440 
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Step 1 of Figure 3. By combining the Preemptive and Archimedean formulations in the 441 

c-cDSP, designers are able to account for many conflicting design goals at a level, and 442 

relations across levels into a single coupled decision problem formulation, which is 443 

further executed, and the solution space is explored. 444 

b. Step 2: The c-cDSP from Step 1 is executed for different multilevel design scenarios to 445 

generate design solutions across the levels, including robust solutions. The multilevel 446 

design scenarios are created by combining individual-level (Levels 1 and 2) design 447 

scenarios. Level 1 and 2 design scenarios are created by assigning different weights 448 

(values between 0 and 1, such that the sum of the weights assigned on all goals at a 449 

level is equal to 1) to the different goals at the level using uniform sampling. Using the 450 

individual-level design scenarios, designers are able to account for differences in 451 

preference among the many conflicting goals in the Archimedean formulations at 452 

Levels 1 and 2 of the c-cDSP; see ‘Archimedean formulation’ in Step 1 of Figure 3. Level 453 

1 and 2 design scenarios are combined in all possible combinations to generate 454 

multilevel design scenarios; see Step 2 in Figure 3 (for two levels). If there are ‘a’ 455 

distinct individual level design scenarios across two levels, a2 distinct multilevel (two) 456 

design scenarios can be generated. Using the multilevel design scenarios, designers 457 

are able to consider different combinations of individual-level design scenarios at 458 

Levels 1 and 2 in the Preemptive formulation of the c-cDSP. By considering a 459 

combination of individual-level design scenarios, designers are able to account for 460 

differences in goal preferences across multiple levels simultaneously. The solutions 461 
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generated by executing the c-cDSP for the multilevel design scenarios, therefore, 462 

account for the coupling among the decisions at multiple levels. 463 

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

c-cDSP for the multilevel design scenarios are visualized by the group decision-makers 465 

(designers) using iSOM. By combining iSOM with the c-cDSP (that uses the combined 466 

Preemptive and Archimedean formulations), designers are able to simultaneously 467 

visualize the individual design spaces across multiple levels. Using iSOM, separate 2-468 

dimensional (2D) plots are generated for each of the inputs (weights corresponding 469 

to the multilevel design scenarios of the c-cDSP) and outputs (achieved values of 470 

individual goals) across the levels. First, the c-cDSP is executed for different multilevel 471 

design scenarios defined in terms of the different weights assigned to the goals at 472 

each level (as detailed in Step 2). iSOM is trained for the input c-cDSP weight 473 

combinations and the output goal values generated for the different multilevel design 474 

scenarios. Using the iSOM plots for the goals, the group decision-makers explore the 475 

solution spaces to identify satisficing solution regions (identified by the hexagonal 476 

iSOM grid points) for the individual goals by setting satisficing limits. Only the grid 477 

points with multilevel design scenarios mapped against them, indicated by the dots 478 

at the center of the hexagonal iSOM grid points, are considered. The larger the size of 479 

the dots, the greater the number of multilevel design scenarios being mapped to the 480 

iSOM grid point; see Step 3 iSOM plots in Figure 3. Using the solution space 481 

visualization capability offered by iSOM, designers are able to seek common satisficing 482 

regions for all goals across multiple levels. If no common satisficing region is identified, 483 
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the designers are able to make necessary relaxations to the satisficing limits of the 484 

individual goals across the levels till a common satisficing region is realized; see the 485 

plot labeled ‘common satisficing design region for all goals’ in Step 3, Figure 3. A 486 

‘systematic approach for satisficing limit relaxation of goals’ is discussed below. 487 

The designer begins by identifying a single goal whose satisficing limit cannot be 488 

relaxed due to its critical nature. The critical goal is chosen based on the designer’s 489 

preference from amongst i) goals formulated as DCI’s or EMI’s with low satisficing 490 

limit values, typically less than 1.5, or ii) other goals deemed critical by the designers. 491 

All the remaining goals, collectively called ‘non-excluded’ goals, are grouped into two 492 

sets: i) Set 1 - all non-excluded goals formulated as DCI’s or EMI’s with satisficing limit 493 

values greater than 1.5, and ii) Set 2 - all remaining non-excluded goals. The relaxation 494 

of satisficing limits of non-excluded goals begins with Set 1 non-excluded goals, 495 

followed by Set 2 non-excluded goals. In Set 1, the goal with the highest DCI or EMI 496 

satisficing limit value is relaxed first, followed by the goals with subsequently lower 497 

DCI or EMI satisficing limit values. Next, goals in Set 2 are relaxed similarly, starting 498 

with the goal that has the largest scope for relaxation as determined by the designer. 499 

The satisficing limit of every goal in Sets 1 and 2 is relaxed one goal at a time until a 500 

common satisficing region (iSOM grid points) with the critical goal is identified. 501 

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

corresponding satisficing multilevel design scenarios (identified by the weights assigned 503 

to the c-cDSP) and the corresponding design variable values. Using iSOM, designers are 504 

able to simultaneously visualize and explore the multilevel solution spaces and thereby 505 
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facilitate efficient co-design exploration. This is a distinct advantage over the conventional 506 

approaches for multilevel design exploration, where design exploration is carried out 507 

sequentially across the individual levels.  508 

 509 
4. TEST PROBLEM: STEEL MANUFACTURING SUPPLY NETWORK 510 

 511 

The test problem considered is a steel MSN composed of the steel manufacturer 512 

group (𝑗) at Level 1 that produces steel slabs, the supplier group composed of the 513 

suppliers (𝑖) of raw materials (𝑚) for steel production, and the customer group composed 514 

of the individual enterprise customers (𝑘) for the steel slabs at Level 2, see Figure 5.  515 

  

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

 516 

The steel manufacturer purchases raw materials from suppliers to produce steel slabs, 517 

which are then sold directly to the customers. The steel production quantity is 518 

determined based on an estimate of expected customer requirement that is assumed to 519 

be known. We consider the supplier group at Level 2 to be composed of 2 suppliers (𝑖 =520 

1,2) capable of supplying both coal and steel scrap. At Level 1, we consider a single 521 
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manufacturer (𝑗 = 1) operating a single manufacturing facility to manufacture steel slabs 522 

using the integrated Blast Furnace (BF) – Basic Oxygen Furnace (BOF) technology [30, 31]. 523 

We consider the customer group at Level 2 to be constituted by two customers (𝑘 = 1, 2) 524 

who purchase steel slabs from the manufacturer and sell steel scrap produced after their 525 

use back to the manufacturer. The material flow between the groups at the two levels is 526 

facilitated by employing logistics services, the cost for which is borne by one of the 527 

interacting groups. The group’s decision-makers have a choice between 2 modes of 528 

transportation: i) Road – faster but relatively expensive (𝑦 = 2), and ii) Rail - less 529 

expensive but slower (𝑦 = 1).  530 

Decisions are made by the manufacturer, supplier, and customer group decision-531 

makers at Levels 1 and 2 to meet their goals and satisfy their constraints, see Section 4.1. 532 

Hence, the steel MSN is characterized by decisions being made by various group decision-533 

makers across multiple levels. The multilevel group decisions are connected by the flow 534 

of information and materials, see Figure 5. Hence, group decisions made at one Level will 535 

impact the group decisions at another level and can result in conflicts that adversely affect 536 

the steel MSN performance. Therefore, it becomes vital to consider the group interactions 537 

across Levels 1 and 2 and manage conflicts to ensure steel MSN performance. This 538 

requires the facilitation of ‘co-design’ of the multilevel steel MSN. Uncertainties in design 539 

variables that arise from production delays, quality control issues, and damage to 540 

products in transit impact the steel MSN performance. Hence, it is also necessary to 541 

manage these uncertainties to ensure steel MSN performance. Therefore, a need exists 542 
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to support the ‘robust co-design’ of the multilevel steel MSN to help manage uncertainties 543 

and conflicts and thereby ensure steel MSN performance. 544 

In this paper, we demonstrate the efficacy of FRoMCoDE in facilitating the robust co-545 

design of the multilevel steel MSN by considering the interactions between the 546 

manufacturer and supplier groups across Levels 1 and 2. We consider the group decision 547 

to be made sequentially across a hierarchy, with the manufacturer group at Level 1 being 548 

the lead decision-maker.  549 

4.1. Group decisions across multiple levels and their interactions in the steel MSN 550 

The decisions made by the manufacturer and supplier groups at Levels 1 and 2, 551 

respectively, and their interactions are discussed below. 552 

4.1.1. Decisions at Level 1 553 

 554 

The manufacturer group at Level 1 is involved in manufacturing and supplying the 555 

products required by the customers by using raw materials sourced from the supplier and 556 

customers. Hence, interactions at this level occur with both the supplier and customer 557 

groups at Level 2, see the dashed arrows depicting the flow of information between Levels 558 

1 and 2 in Figure 6. The solid arrows within the manufacturer group in Figure 6 depict the 559 

flow of information within Level 1. The dashed arrows represent the flow of information 560 

from external sources, including other interacting groups. 561 
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FIGURE 6: Flow of information connecting the manufacturer and supplier groups at 

Levels 1 and 2, respectively, in the steel MSN 

 562 

The manufacturer group decision-maker at Level 1 makes production, materials 563 

sourcing, and product distribution decisions; see manufacturer group decisions at Level 1 564 

in Figure 6. These decisions are aimed at fulfilling three level-specific end-requirements: 565 

i) maximization of service level (SL), ii) maximization of profits, and iii) minimization of 566 

greenhouse gas (GHG) emissions, which are conflicting in nature. A focus on maximizing 567 

the SL results in the reduction of profits and an increase in GHG emissions. The quantities 568 

indicated in the dashed boxes at the manufacturer group in Figure 6 depict the design 569 

variables at Level 1. We consider a 2 percent variability (of the variable value range) in all 570 

the continuous design variables.  571 

The basic assumptions for group decisions at Level 1 follow. 572 

a) The manufacturer employs the Made-to-Stock (MTS) approach to manufacturing and 573 

makes products based on customer demand estimates.  574 

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

customers are borne by the manufacturer. 576 
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c) The mode of transport used to deliver products is also used to transport scrap 577 

purchased from customers.  578 

d) There is sufficient capacity at the suppliers to meet the manufacturer's demand. 579 

e) Scrap availability from customers is 10% of the sale quantity to customers. 580 

f) All modes of transportation have sufficient capacity to supply the required quantity 581 

of products together. 582 

Next, we describe the decisions made by group decision-makers for the supplier group 583 

at Level 2. 584 

4.1.2. Decisions at Level 2  585 

The supplier group at Level 2 supplies the required raw materials - coal and steel 586 

scrap, to the manufacturer as per requirement. Hence, the supplier group interacts only 587 

with the manufacturer group at Level 1. These interactions are represented by the flow 588 

of information, as depicted in Figure 6. The arrow flowing into the supplier group shows 589 

the flow of information from Level 1. The decisions at Level 2 are aimed at fulfilling three 590 

level-specific end-requirements: i) maximization of profit, ii) maximization of SL, and iii) 591 

minimization of GHG emissions, which are conflicting in nature as described for Level 1. 592 

The quantities indicated in the dashed boxes at the supplier group in Figure 6 depict 593 

design variables at Level 2. We consider a 2 percent variability in all the continuous design 594 

variables at Level 2. 595 

The basic assumptions for supplier group decisions made at Level 2 follow. 596 

a) There is sufficient capacity at the suppliers to meet the manufacturer's demand. 597 

b) The cost of transportation of raw materials to the manufacturer is borne by the 598 

suppliers. 599 
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c) All the suppliers can supply both coal and steel scrap as required.  600 

d) All modes of transportation have sufficient capacity to supply the required quantity 601 

of raw materials together. 602 

The manufacturer and supplier groups at Levels 1 and 2 in the steel MSN are related 603 

by the shared design variables (prices for the raw materials) and propagated parameters 604 

(raw material purchase quantities and expected lead times); see the arrow connecting 605 

the manufacturer and supplier groups in Figure 6 606 

4.2. Steel MSN: Decision support using FRoMCoDE 607 

 608 

We demonstrate the efficacy of FRoMCoDE in supporting the robust co-design of 609 

multilevel MSN’s by applying it to the steel MSN test problem described in Sections 4 and 610 

4.1. The group decision-makers start with Step 1, where the decisions at manufacturer 611 

and supplier groups at Levels 1 and 2 and their interactions described in Section 4.1 are 612 

modeled as a c-cDSP. 613 

4.2.1. Step 1 614 

Given that decisions are made sequentially across a hierarchy, with the manufacturer 615 

group at Level 1 making decisions first, followed by the supplier group at Level 2, to meet 616 

their many conflicting goals, the decision problem is modeled as a vertically coupled cDSP. 617 

The goals in the c-cDSP impacted by design variable uncertainties are formulated as 618 

robust goals using the DCI construct. The deviation function of the c-cDSP is modeled 619 

using a combination of Preemptive and Archimedean formulation, with Level 1 goals 620 

taking higher priority than Level 2 goals. A condensed version of the c-cDSP word 621 

formulation for the steel MSN follows, with additional details provided in Appendix A. 622 

Given 623 
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a) Level 1 specific information (see Appendix A3 for details) 624 

• Manufacturer group (j) and Customer group (k) Information 625 

b) Level 2 specific information (see Appendix A3 for details) 626 

• Manufacturer group (j) and Customer group (k) Information  627 

c) Design variables, their bounds, and variability  628 

➢ At Level 1: Sixteen continuous and four binary variables.  629 

➢ At Level 2: Four continuous and eight binary variables.  630 

The design variables and their bounds at Levels 1 and 2 are provided in Appendix A4. 631 

Assuming a +/- 2% variability in the continuous design variables at Levels 1 and 2. 632 

d) End requirements at Level 1 633 

i. Maximize Service Level (SL)  634 

ii. Maximize Profit (in $) 635 

iii. Minimize GHG emissions (in kgs of CO2) 636 

Corresponding requirements on the cDSP goals (𝐺q)  637 

i. Goal G1: Maximize Service Level (SL) 638 

ii. Goal G2: Maximize DCI for Profit 639 

iii. Goal G3: Maximize DCI for GHG emission 640 

End requirements at Level 2 641 

i. Maximize Profit (in $) 642 

ii. Minimize GHG emissions (in kgs of CO2) 643 

iii. Maximize Service Level (SL) 644 

Corresponding requirements on the cDSP goals at Level 2 (𝐺q)  645 
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i. Goal G4: Maximize DCI for Profit 646 

ii. Goal G5: Minimize GHG emission 647 

iii. Goal G6: Maximize Service Level (SL) 648 

The mathematical equations for the end requirements at Levels 1 and 2 are provided 649 

in Appendix A1 and A2, respectively.  650 

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

Requirement Limit (URL) for GHG emission goal (3,250 tons of CO2) 652 

At Level 2: LRL for the profit goal ($575,000). 653 

Find 654 

At Level 1: 655 

a) Design variable values: 656 

i. Continuous: Production quantity in tons (P), Coal and scrap purchase quantities 657 

from suppliers in tons (𝑄𝑖𝑗
𝑚), Scrap purchase quantities from customers in tons 658 

(𝑄𝑘𝑘𝑗
𝑠 ), Product supply quantities to customers in tons (𝑄𝑗

𝑘), Steel selling price 659 

(Price) in $, Estimated selling price of material ‘𝒎’ at supplier ‘𝒊’ in $ (𝒔𝒎
𝒊𝒆), and 660 

estimated selling price of material ‘𝑚’ at customer ‘𝑘’ in $ (𝑠𝑘𝑚
𝑘𝑒)  661 

ii. Binary: Transportation mode selection (𝑌𝑗𝑘
𝑦

) 662 

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

b) Deviation variable values: (𝑑𝑞
+, 𝑑𝑞

−) for all 𝑞 = 1, 2, 3 664 

At Level 2: 665 

a) Design variable values: 666 

i. Continuous: Selling price of material ‘𝒎’ at supplier ‘i’ (𝒔𝒎
𝒊 )  667 
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ii. Binary: Transportation mode selection (𝑌𝑖𝑗
𝑚𝑦

)  668 

Here, 𝑚 = 1, s, 𝑖 = 1, 2, 𝑗 = 1 and 𝑦 = 1, 2 669 

b) Deviation variable values: (𝑑𝑞
+, 𝑑𝑞

−) for all 𝑞 = 4, 5, 6 670 

Shared Design variables: 𝒔𝒎
𝒊𝒆 and 𝒔𝒎

𝒊  are the shared design variables. 𝒔𝒎
𝒊  is a copy of 𝒔𝒎

𝒊𝒆 671 

at the supplier group. 672 

Satisfy 673 

a) Constraints at Level 1: (ten linear and four non-linear constraints) 674 

i. Total production less than production capacity: 𝑃 ≤ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 675 

ii. Total production greater than total demand/demand forecast: 𝑃 ≥ ∑ 𝐷𝑘
𝑒2

𝑘=1  676 

iii. and iv. Scrap purchased from customers less than the scrap available at 677 

customers: 𝑄𝑘𝑘𝑗
𝑠 ≤ 𝐵𝑘𝑄𝑗

𝑘, for 𝑘 = 1, 2 678 

v.  Minimum amount of coal (𝑚 = 1) to be purchased: ∑ 𝑄𝑖𝑗
𝑚 ≥ 𝐴𝑚 ∗2

𝑖=1 𝑃 679 

vi.      Minimum amount of scrap (m=s) to be purchased: ∑ 𝑄𝑖𝑗
𝑚 + ∑ 𝑄𝑘𝑘𝑗

𝑠2
𝑘=1 ≥2

𝑖=1680 

𝐴𝑚 ∗ 𝑃 681 

vii.  and viii Product supply quantity equal to demand/demand forecast: 𝑄𝑗
𝑘 = 𝐷𝑘

𝑒, 682 

for 𝑘 = 1, 2 683 

ix.       and x. Only one mode of transportation can be selected for product/scrap 684 

shipment (to both customers): ∑ 𝑌𝑗𝑘
𝑦2

𝑦=1 = 1, for 𝑘 = 1, 2 685 

xi.     Minimum DCI for Profit, 𝐺2 ≥ 1  686 

xii.    Minimum DCI for GHG emission, 𝐺3 ≥ 1 687 

xiii.   Minimum value of Profit= $400,000 688 

xiv.   Maximum value of GHG emissions= 3,250 tons of CO2 689 
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b) Design variable bounds at Level 1; see Appendix A4  690 

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

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

shipment:  693 

∑ 𝑌𝑖𝑗
𝑚𝑦2

𝑦=1 = 1, for I =1,2 and all m=1 694 

         v. to xii. Maximum and minimum value for all shared design variables (Shared 695 

design variable relaxation constraints: Assuming +/- 10 % relaxation)  696 

• 0.9𝑠1
1𝑒 ≤ 𝑠1

1 ≤ 1.1𝑠1
1𝑒 697 

• 0.9𝑠1
2𝑒 ≤ 𝑠1

2 ≤ 1.1𝑠1
2𝑒 698 

• 0.9𝑠𝑠
1𝑒 ≤ 𝑠𝑠

1 ≤ 1.1𝑠𝑠
1𝑒 699 

• 0.9𝑠𝑠
2𝑒 ≤ 𝑠𝑠

2 ≤ 1.1𝑠𝑠
2𝑒 700 

         xiii.    Minimum DCI for Profit, 𝐺4 ≥ 1 701 

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

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

Minimize  704 

Deviation function, Z: a combination of Preemptive and Archimedean formulations.  705 

Level 1 is at higher priority - Priority 1, followed by Level 2 at lower priority - Priority 2. 706 

Z =  [ 𝑓1, 𝑓2 ] 707 

where,  708 

𝑓1 and 𝑓2 are the Archimedean formulation at Levels 1 and 2, respectively. 709 

 𝑓1 =  ∑ 𝑊𝑞 (𝑑𝑞
+ + 𝑑𝑞

−)3
𝑞=1  where 𝜮 Wq =1 and q =1,2,3 710 

𝑓2 =  ∑ 𝑊𝑞 (𝑑𝑞
+ + 𝑑𝑞

−)6
𝑞=4  where 𝜮 Wq =1 and q =4,5,6 711 
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4.2.2. Step 2 712 

The multilevel design scenarios for executing the c-cDSP are created by combining 713 

the design scenarios at Levels 1 and 2 created using uniform sampling. A total of 132 714 

multilevel design scenarios are created and used in the Preemptive formulation of the c-715 

cDSP established in Step 1. The c-cDSP is executed for these 132 multilevel design 716 

scenarios to generate design solutions across the levels. Some sample multilevel design 717 

scenarios are listed in Table 2. 718 

 719 

TABLE 2:  Sample multilevel design scenarios 

Scenario 
number 

Level 1 Weights 
𝜮 Wq 

Level 2 Weights 
𝜮 Wq 

𝑊1 𝑊2 𝑊3 𝑊4 𝑊5 𝑊6 

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 

 720 

4.2.3. Step 3 721 

Using iSOM, the design solutions corresponding to the 132 multilevel design scenarios 722 

across the manufacturer and supplier groups at Levels 1 and 2 are simultaneously 723 

visualized for co-design exploration. Six input plots corresponding to the design scenarios 724 

weights - W1 to W6, and six output plots corresponding to the six goals across Levels 1 and 725 

2 are generated; see Figures 7a and 7b, respectively. 726 
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FIGURE 7: The iSOM plots for input (design scenario weights, 𝑾𝒊) and output (Goals, 

Gi) for the steel MSN problem before relaxation of satisficing limits. 
NOTE: For DCI Goals G2, G3, and G4, the yellow regions indicate regions of high robustness, 

and the blue regions indicate regions of comparatively lower robustness 
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 727 

The co-design exploration starts with the group decision-makers identifying the 728 

satisficing limits for the goals across the levels to identify satisficing solution regions for 729 

each goal (indicated by the iSOM grid points highlighted with red hexagonal border), as 730 

shown in Figure 7b. For the DCI goals at Levels 1 and 2, the designer focuses on higher 731 

DCI value regions to ensure a greater degree of safety against design variables 732 

uncertainties. The designer seeks to maximize the SL and hence picks regions where the 733 

values are high. Regions of low values of GHG emission are preferred at Level 2 to reduce 734 

GHG emissions. Initially, the satisficing limits for the goals at Levels 1 and 2 are set as 735 

follows. 736 

At Level 1 737 

i. SL, G1≥ 2.5 738 

ii. DCI Profit, G2≥ 12 739 

iii. DCI GHG emission, G3≥ 14 740 

At Level 2 741 

i. DCI Profit, G4≥ 20 742 

ii. GHG emission, G5≤ 20000 kg of CO2 743 

iii. SL, G6≥ 2.4 744 

No common regions are identified for all goals across Levels 1 and 2 for the above 745 

satisficing limits. Hence, the group decision-makers look at relaxing the satisficing limits 746 

for the goals using the ‘systematic approach for satisficing limit relaxation of goals.’  747 

The group decision-makers start by identifying a critical goal whose satisficing limits 748 

cannot be relaxed. Here, G5 is identified as the critical goal. Goals formulated as DCI goals 749 
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- G2, G3, and G4 fall into ‘Set 1’ and remaining goals - Goals G1 and G6 fall into ‘Set 2.’ To 750 

begin, the satisficing limits of Set 1 goals are relaxed in the order of decreasing satisficing 751 

limits (G4 > G3 > G2), until common iSOM grid points are identified with G5. G4’s limit of 20 752 

is first relaxed to 10. G3, with a limit of 14, has common grid points with G5, and hence its 753 

limit is not relaxed. G2’s limit of 12 is then relaxed to 9. Next, the satisficing limits of Set 2 754 

goals are relaxed, starting with the goal with the largest scope for relaxation according to 755 

the decision-makers (G1 > G6). First, G1’s limit of 2.5 is relaxed to 2.2. Finally, G6’s limit of 756 

2.4 is relaxed to 2.3. With the relaxed satisficing limits, the updated satisficing regions for 757 

all the goals are identified, see Figure 8. 758 

 
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 iSOM grid points 30 and 31 highlighted using thick hexagonal 

borders 
NOTE: 

• iSOM grid point locations are indicated by the number in the hexagons. 

• Common satisficing regions are identified by the iSOM grid numbers of the common 
grid points (30 and 31, in this example) 

 760 

With the updated satisficing regions, iSOM grid points 30 and 31, see Figure. 9, are 761 

identified to be the common satisficing region for all the goals. Grid points 30 and 31 have 762 

two and seven multilevel design scenarios mapped against them, respectively. Therefore, 763 

nine common robust satisficing solutions are identified for Levels 1 and 2 of the steel MSN 764 

design problem. The nine design scenarios and the corresponding goal values at Levels 1 765 

and 2 are listed in Table 3. Hence, using the iSOM plots, designers are able to 766 

simultaneously explore the solution spaces across Levels 1 and 2 and thereby support the 767 

co-design exploration of the steel MSN. 768 

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

Multilevel 
design   

scenarios 

Level 1 Level 2 Level 1 Level 2 

W1 W2 W3 W4 W5 W6 G1 G2 G3 G4 
G5 

(Kgs of 
CO2) 

G6 

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 



ASME Journal of Mechanical Design 

40 

 

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 0.33 0.34 0.33 0.5 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 

 769 

In Table 3, each multilevel design scenario depicts the differences in the various 770 

group decision-makers preferences for their respective goals. For example, Multilevel 771 

Design Scenario 123 represents a situation where manufacturer group decision-makers 772 

at Level 1 have equal preference for all their goals - G1, G2, and G3, as indicated by the 773 

weight values of 0.33, 0.34, and 0.33, respectively. For the same scenario, at Level 2, the 774 

supplier group decision-makers have a full preference for one goal and zero on the other 775 

two; see weight values of 1, 0, and 0 on their goals G4, G5, and G6, respectively. Analyzing 776 

the goal values for the manufacturer group at Level 1 in Table 3, it is observed that the 777 

relaxed satisficing limits for all the goals were satisfied. This is due to the higher priority 778 

assigned to Level 1 in the c-cDSP, using the Preemptive formulation. From the goal values 779 

achieved for the supplier group at Level 2, see G4 to G6 in Table 3, it is observed that G5 780 

and G6 values meet the relaxed satisficing limits, and G4 (Profit DCI maximization) failed 781 

to satisfy the relaxed satisficing limit of G4≥ 10. This is expected as the LRL for profit at 782 

the supplier group is set high, see Section 4.2.1, which results in low DCI values. However, 783 

the solutions identified are still robust since the DCI values are greater than 1. The design 784 

variables values corresponding to the nine common robust satisficing solutions are listed 785 

in Tables 4 and 5, respectively. 786 

 787 
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TABLE 4. Key design variable values for the manufacturer group corresponding to robust satisficing 
solutions identified 

Design 
Scenario 

P 
(tons) 

𝑸𝟏𝟏
𝟏  

(tons) 
𝑸𝟐𝟏

𝟏  
(tons) 

𝑸𝟏𝟏
𝒔  

(tons) 
𝑸𝟐𝟏

𝒔  
(tons) 

𝑸𝒌𝟏𝟏
𝒔  

(tons) 
𝑸𝒌𝟐𝟏

𝒔  
(tons) 

𝑸𝟏
𝟏 

(tons) 
𝑸𝟏

𝟐 
(tons) 

Price 
($/ton) 

𝒀𝟏𝟏
𝟏  𝒀𝟏𝟏

𝟐  𝒀𝟏𝟐
𝟏  𝒀𝟏𝟐

𝟐  

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 
Scenario 

𝒔𝟏
𝟏 

($/ton) 
𝒔𝟏

𝟐 
($/ton) 

𝒔𝒔
𝟏 

($/ton) 
𝒔𝒔

𝟐 
($/ton) 

𝒀𝟏𝟏
𝟏𝟏 𝒀𝟏𝟏

𝟏𝟐 𝒀𝟐𝟏
𝟏𝟏 𝒀𝟐𝟏

𝟏𝟐 𝒀𝟏𝟏
𝒔𝟏  𝒀𝟏𝟏

𝒔𝟐  𝒀𝟐𝟏
𝒔𝟏  𝒀𝟐𝟏

𝒔𝟐  

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 

The design variable values corresponding to the common robust satisficing solutions 790 

identified are similar to each other, see Tables 4 and 5. For the manufacturer group at 791 

Level 1 to meet the large satisficing limits for G2 and G3, the group decision-makers look 792 

at design scenarios with higher weightage on G2 and G3. This results in designers choosing 793 

solutions that have similar design variable values. For the supplier group at Level 2, the 794 

decisions made at Level 1 by the manufacturer group, along with the high LRL set for G4, 795 

will restrict the design space at Level 2. This will lead to the choice of design solutions that 796 

will result in similar design variable values.  797 
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Based on the design variables values for the manufacturer group in Table 4, the 798 

manufacturer group decisions are as follows: (i) produce 2040 tons of steel slab (see, P) 799 

by sourcing almost all of the coal and scrap steel required from Supplier 2 in the Supplier 800 

group (see 𝑄21
1  and 𝑄21

𝑠 ), (ii) use the slower mode of transportation to transport the steel 801 

slabs to the customers and steel scrap from the customers to the manufacturer group 802 

(see 𝑌11
1  and 𝑌12

1 ), and (iii) sell 1020 tons of steel slabs each to Customers 1 and 2 in the 803 

customer group (see 𝑄1
1 and 𝑄1

2), at a selling price of $1200 per ton (see Price). 804 

Based on the design variables values for the supplier group in Table 5, the following 805 

decisions are made by the suppliers in the supplier group: (i) Supplier 1 estimates a selling 806 

price of $320 per ton for coal and $210 per ton for steel (see 𝑠1
1 and 𝑠𝑠

1), (ii) Supplier 2 807 

estimates a selling price of $330 per ton for coal and $220 per ton for steel (see 𝑠1
2 and 808 

𝑠𝑠
2), (iii) Suppliers 1 and 2 choose the slower mode of transportation to transport coal and 809 

steel scrap to the manufacturer group (see 𝑌11
11, 𝑌21

11, 𝑌11
s1and 𝑌21

s1).  810 

Using FRoMCoDE, group decision-makers are able to model the decision problem in 811 

the steel MSN using a single c-cDSP with a combination of Preemptive and Archimedean 812 

formulations, considering the decisions made at Levels 1 and 2 and their interactions. 813 

Uncertainties in design variables are accounted for by formulating goals affected by 814 

design variable uncertainties as robust DCI goals in the c-cDSP. Shared design variable 815 

relaxation constraints are used in the c-cDSP to facilitate the sharing of a ranged set of 816 

shared design variable values from Level 1 to Level 2. By exercising the c-cDSP for various 817 

multilevel design scenarios, the design and solution spaces are generated across Levels 1 818 

and 2. The solution spaces across Levels 1 and 2, including robust solution space for DCI 819 
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goals, are simultaneously visualized using iSOM plots. By setting satisficing limits for each 820 

goal and simultaneously exploring the solutions spaces across the levels using the iSOM 821 

plots, designers are able to carry out co-design exploration and identify 'satisficing or 822 

robust satisficing solutions’ for all the goals across Levels 1 and 2 in the steel MSN. 823 

Conflicts that occur when no common solutions are identified across Levels 1 and 2 are 824 

managed during co-design exploration by relaxing the satisficing limits for the goals as 825 

deemed appropriate by the group decision-makers till a common solution region is 826 

identified. Hence, using FRoMCoDE, the robust co-design of the multilevel steel MSN is 827 

achieved. 828 

5. CLOSING REMARKS 829 

The simulation-supported design of MSN’s requires support for consideration of the 830 

group interaction across multiple levels and the management of uncertainties and design 831 

conflicts that influence MSN performance. Computational models employed in the 832 

simulation-supported design of MSN’s are abstractions of reality. Hence, our focus is on 833 

design exploration to identify a ranged set of robust satisficing solutions. This requires the 834 

facilitation of visualization and co-design exploration. 835 

In this paper, we present the decision support framework, namely ‘FRoMCoDE,’ 836 

where we combine the following construct or tools: i) the c-cDCP construct, ii) DCI robust 837 

design construct, and iii) iSOM-based visualization to support the ‘robust co-design’ of 838 

MSN’s. Using FRoMCoDE, the group decision-makers are able to i) model group decision 839 

problems across multiple levels and their interactions using a single coupled decision 840 

problem formulation, ii) consider uncertainties, and iii) visualize and efficiently explore 841 

multilevel design spaces simultaneously to support robust co-design.  842 
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The key contributions in this paper are the functionalities offered by FRoMCoDE, 843 

which include: 844 

a) Facilitating the formulation of multilevel design problems involving many 845 

conflicting goals at each level and interactions among multiple decision levels. The 846 

functionality is achieved by combining the Preemptive and Archimedean formulations in 847 

the c-cDSP. By combining the Preemptive and Archimedean formulations in the c-cDSP, 848 

designers are able to account for many conflicting design goals at a level and relations 849 

across levels into a single coupled decision problem formulation. 850 

b) Facilitating the co-design visualization and exploration of high-dimensional (more 851 

than 3) design spaces across multiple levels. Efficient co-design exploration is realized by 852 

simultaneously exploring the multilevel design spaces formulated using the coupled cDSP 853 

(c-cDSP) by means of the interpretable self-organizing map (iSOM) construct. This is 854 

achieved by training iSOM using the input c-cDSP weight combinations (weights 855 

corresponding to the multilevel design scenarios of the c-cDSP) and the generated output 856 

design goal values (achieved values of individual goals) for different multilevel design 857 

scenarios. Two-dimensional (2D) plots for each of the inputs and outputs across the levels 858 

are generated via iSOM. Using the simultaneous design space visualization capability 859 

offered by iSOM, designers are further able to explore and seek common satisficing 860 

robust regions for the many goals across multiple levels. The co-design exploration 861 

approach supports the management of design conflicts and uncertainties across levels, 862 

ensuring system performance. Co-design exploration also allows designers to consider 863 

tradeoffs among goals across multiple levels. This enhances design flexibility by allowing 864 
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designers to compromise goals at any level in the design hierarchy while still accounting 865 

for the impact of such compromises on goals at other levels. These are advantages over 866 

other multilevel design exploration approaches that are based on the sequential 867 

exploration of the individual levels, as discussed in Section 1.  868 

The efficacy of FRoMCoDE is tested for the above functionalities using the steel MSN 869 

problem. Using FRoMCoDE, robust co-design of the steel MSN with interactions between 870 

the manufacturer and supplier groups at Levels 1 and 2 is demonstrated. The conflicts 871 

arising between manufacturer and supplier groups at different levels are managed by 872 

simultaneously exploring the solution spaces to identify common robust satisficing 873 

solutions for all the goals across the levels. Using the framework, we facilitate the robust 874 

co-design of multilevel systems characterized by hierarchical relations across multiple 875 

levels.  876 

The FRoMCoDE framework is flexible and can be adapted to model and solve a variety 877 

of design problems involving decisions being made across one or more levels of a decision 878 

hierarchy, with each level constituted by one or more decision-makers. The flexibility of 879 

the framework comes from i) the inherent flexibility in modeling the deviation function 880 

of the c-cDSP construct using the Preemptive and Archimedean formulations to suit the 881 

problem structure and ii) the generic nature of the tools and constructs used. The 882 

framework can be modified to account for additional design levels in the MSN (more than 883 

the two depicted in Figure 3) by appropriately adding the required priority levels in the 884 

Preemptive formulation of the deviation function. Consequently, the multilevel design 885 

scenarios need to be modified to account for the new design levels in the MSN. The goals 886 
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of multiple groups at the same level can be considered using the Archimedean 887 

formulation at each Preemptive priority level in the deviation function. The ability to 888 

support modeling and solving a variety of design problems makes FRoMCoDE framework 889 

generic.  890 
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APPENDIX A: Mathematical models for the end requirements, level-specific 995 

information, and design variables at Levels 1 and 2 of the c-cDSP for the steel MSN 996 

problem 997 

 998 

What follows is an amplification of what is presented in Section 4.2. The 999 

mathematical models for the end requirements of the manufacturer and supplier groups 1000 

at Levels 1 and 2 of the steel MSN c-cDSP are listed below in A1 and A2, respectively. In 1001 

A3, the information specific to Levels 1 and 2 of the c-cDSP for the steel MSN is provided. 1002 

In A4, we list the design variables and their bounds for Levels 1 and 2 of the c-cDSP for 1003 

the steel MSN. 1004 

A1. Models for the Manufacturer Group end requirements at Level 1 in the steel MSN c-1005 

cDSP (see Given in Section 4.2.1) 1006 

i. Maximize Service Level (SL)  1007 

G1 = ∑ {2
𝑘=1 𝐿𝑇𝑘𝑘

𝑒/(∑
𝐷𝑗𝑘

𝑦

𝑆𝑝𝑒𝑒𝑑𝑦 ∗2
𝑦=1 𝑌𝑗𝑘

𝑦
+ 𝐿𝑇𝑜

𝑗
)} 1008 

ii. Maximize Profit (in $) 1009 

G2 = (𝑃𝑟𝑖𝑐𝑒 ∗ {∑ 𝑄𝑗
𝑘}2

𝑘=1 ) – (𝑃 ∗ 𝐶𝑜𝑠𝑡𝑛  + ∑ ∑ 𝑠𝑚
𝑖2

𝑖=1 𝑄𝑖𝑗
𝑚

𝑚=1,𝑠  + ∑ 𝑠𝑘𝑠
𝑘2

𝑘=1 𝑄𝑘𝑘𝑗
𝑠  + 1010 

∑ ∑ 𝑄𝑗
𝑘𝐷𝑗𝑘

𝑦
𝑇𝑗𝑘

𝑦
𝑌𝑗𝑘

𝑦2
𝑦=1

2
𝑖=1  + ∑ ∑ 𝑄𝑘𝑘𝑗

𝑠 𝐷𝑗𝑘
𝑦

𝑇𝑗𝑘
𝑦

𝑌𝑗𝑘
𝑦2

𝑦=1
2
𝑘=1  1011 

iii. Minimize GHG emissions (in kgs of CO2) 1012 

G3 = (𝑃 ∗ 𝐸+ ∑ ∑ 𝑄𝑗
𝑘𝐷𝑗𝑘

𝑦
𝐸𝑗𝑘

𝑦
𝑌𝑗𝑘

𝑦2
𝑦=1

2
𝑖=1  + ∑ ∑ 𝑄𝑘𝑘𝑗

𝑠 𝐷𝑗𝑘
𝑦

𝐸𝑗𝑘
𝑦

𝑌𝑗𝑘
𝑦2

𝑦=1
2
𝑘=1 ) 1013 

A2. Models for the Supplier Group end requirements at Level 2 in the steel MSN c-cDSP 1014 

(see Given in Section 4.2.1) 1015 

i. Maximize Profit (in $) 1016 

G4 = ∑ (∑ 𝑠𝑚
𝑖 𝑞𝑖𝑗

𝑚2
𝑖=1𝑚=1,𝑠 – (𝐶𝑚

𝑖 𝑞𝑖𝑗
𝑚 + ∑ 𝑑𝑖𝑗

𝑚𝑦2
𝑦=1 𝑞𝑖𝑗

𝑚 𝑡𝑖𝑗
𝑚𝑦

𝑌𝑖𝑗
𝑚𝑦

)) 1017 
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ii. Minimize GHG emissions (in kgs of CO2) 1018 

G5 = ∑ ∑ ∑ 𝑑𝑖𝑗
𝑚𝑦

𝑞𝑖𝑗
𝑚 𝑒𝑖𝑗

𝑚𝑦
𝑌𝑖𝑗

𝑚𝑦2
𝑦=1

2
𝑖=1𝑚=1,𝑠  1019 

iii. Maximize Service Level (SL) 1020 

G6 = {∑ (
1

𝑚
∗ ∑ (

𝐿𝑇𝑖𝑗
𝑚𝑒

∑ (
𝐷

𝑖𝑗
𝑚𝑦

𝑆𝑝𝑒𝑒𝑑𝑦 ∗2
𝑦=1 𝑌

𝑖𝑗
𝑚𝑦

+ 𝐿𝑇𝑜
𝑖)

)𝑚=1,𝑠
2
𝑖=1 } 1021 

A3. Level Specific information for the c-cDSP (see Given in Section 4.2.1) 1022 

At Level 1 1023 

• Manufacturer group (j) Information: Set of manufacturers (j = 1), Production 1024 

capacity (Capacity) in tons, Production cost (𝐶𝑜𝑠𝑡) in $ per ton, the raw material 1025 

(m) requirement in tons per ton of steel produced {𝐴𝑚} (coal, m=1 and steel scrap, 1026 

m=s), transportation information – (modes {y = 1,2}, speed in km/hr. {𝑆𝑝𝑒𝑒𝑑𝑦}, 1027 

distance to customers in km {𝐷𝑗𝑘
𝑦

}, transportation costs in $ per ton per km {𝑇𝑗𝑘
𝑦

}, 1028 

Greenhouse gas {GHG} emission in kgs of CO2 per ton transported per km {𝐸𝑗𝑘
𝑦

}), 1029 

and demand estimate at customer k (𝐷𝑘
𝑒). 1030 

• Customer group (k) Information: Set of customers (k = 1, 2), Steel scrap availability 1031 

– a fraction of tons of steel purchased (𝐵𝑘), steel scrap prices in $ per ton (𝑠𝑘𝑠
𝑘), 1032 

and expected lead time in hrs. (𝐿𝑇𝑘𝑘
𝑒). 1033 

At Level 2 1034 

• Manufacturer group Information: Actual order quantity of material 𝑚 (𝑄𝑖𝑗
𝑚), 1035 

expected lead time for material 𝑚 in hrs (𝐿𝑇𝑖𝑗
𝑚𝑒) from supplier i 1036 

• Supplier group Information: Set of suppliers (i = 1, 2), Materials supplied {𝑚, = 1 1037 

(coal), = s (scrap)}, forecasted demand estimate for material ‘m’ at manufacturer 1038 



ASME Journal of Mechanical Design 

53 

 

in tons (𝑑𝑚
𝑒 ), Material cost of material ‘m’ in $ per ton, (𝐶𝑚

𝑖 ), transportation 1039 

information – (modes {y = 1,2}, speed in km/hr {𝑆𝑝𝑒𝑒𝑑𝑦}, distance to customers 1040 

in km {𝑑𝑖𝑗
𝑚𝑦

}, transportation costs in $ per ton per km {𝑡𝑖𝑗
𝑚𝑦

}, Greenhouse gas {GHG} 1041 

emission in kgs of CO2 per ton transported per km {𝑒𝑖𝑗
𝑚𝑦

})  1042 

A4. Design variables and their bounds at Levels 1 and 2 of the c-cDSP for steel MSN (see, 1043 

Given in Section 4.2.1) 1044 

At Level 1  1045 

• 2000 ≤ Production quantity in tons (P) ≤ 4000 1046 

• Coal and steel scrap purchase quantities from suppliers in tons (𝑄𝑖𝑗
𝑚), where 𝑖 =1047 

 1, 2; 𝑗 =  1; and 𝑚 =  1, 𝑠 1048 

• 0 ≤ 𝑄11
1 , 𝑄21

1  ≤ 3200 1049 

• 0 ≤ 𝑄11
𝑠 , 𝑄21

𝑠  ≤1600 1050 

• Scrap purchase quantities from customers in tons (𝑄𝑘𝑘𝑗
𝑠 ), where 𝑘 =  1, 2; 𝑗 =  1 1051 

• 0 ≤ 𝑄𝑘11
𝑠 , 𝑄𝑘21

𝑠  ≤500 1052 

• Product supply quantities to customers in tons (𝑄𝑗
𝑘), where 𝑘 =  1, 2; 𝑗 =  1 1053 

• 1000 ≤ 𝑄1
1, 𝑄1

2 ≤ 1200 1054 

• 1000 ≤ Steel selling price in $ per ton (Price) ≤ 1200 1055 

• The estimated selling price of material ‘𝑚’ at supplier ‘𝑖’ (𝑠𝑚
𝑖𝑒) in $ per ton, for all 1056 

𝑚 =  1, 𝑠 and 𝑖 =  1, 2 1057 

• 310 ≤ 𝑠1
1𝑒 , 𝑠1

2𝑒 ≤ 330 1058 

• 210 ≤ 𝑠𝑠
1𝑒 , 𝑠𝑠

2𝑒 ≤ 230 1059 
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• The estimated selling price of material ‘𝑚’ at customer ‘𝑘’ (𝑠𝑘𝑚
𝑘𝑒) in $ per ton, for 1060 

all 𝑚 =  𝑠 and 𝑘 =  1, 2 1061 

• 30 ≤ 𝑠𝑘𝑠
1𝑒 ≤ 50 1062 

• 40 ≤ 𝑠𝑘𝑠
2𝑒 ≤ 60 1063 

• Transportation mode selection (𝑌𝑗𝑘
𝑦

) for transporting the products to customers 1064 

and steel scrap from customers, where 𝑘 = 1, 2; 𝑗 =  1; and 𝑦 =  1, 2 1065 

• 𝑌11
1 , 𝑌11

2 , 𝑌12
1 , 𝑌12

2 = 0, 1 1066 

At Level 2 1067 

• The selling price of material ‘𝑚’ at supplier ‘𝑖’ (𝑠𝑚
𝑖 ) in $ per ton, for all 𝑚 =  1, 𝑠 1068 

and 𝑖 =  1, 2 1069 

• 300 ≤ 𝑠1
1 ≤ 320 1070 

• 310 ≤ 𝑠1
2 ≤ 330 1071 

• 190 ≤ 𝑠𝑠
1 ≤ 210  1072 

• 200 ≤ 𝑠𝑠
2 ≤ 220  1073 

• Transportation mode selection (𝑌𝑖𝑗
𝑚𝑦

) for transportation of materials to the 1074 

manufacturer, for all 𝑚 = 1, 𝑠; 𝑖 = 1, 2, and 𝑦 = 1, 2 1075 

• 𝑌11
11, 𝑌11

12, 𝑌11
𝑠1, 𝑌11

𝑠2 = 0, 1 1076 

• 𝑌21
11, 𝑌21

12, 𝑌21
𝑠1, 𝑌21

𝑠2 = 0, 1 1077 


