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Abstract— The demand for the kidney transplants is growing and 
far outweighs the supply of kidneys. With approximately 20 
percent of kidneys discarded each year, there is an opportunity to 
develop a methodology to analyze the key performance attributes 
of the complex kidney transplant system of systems. In this paper 
we design and analyze a meta-architecture for the organ 
procurement system with a use case in the kidney transplant 
system. The complex systems and interfaces create emergent 
behavior that will affect the key performance attributes of 
Performance, Discard Rate, Observed over Expected Kidney 
Transplants, Affordability, and Acceptability. These key 
performance attributes, interfaces, and rules were developed from 
multiple interviews and events with the stakeholders of the 
systems. Fuzzy membership functions were used to assess the 
performance of the systems and then optimized using genetic 
algorithms. Two use cases were chosen with one donor and three 
donors to demonstrate the flexibility of the methodology to 
determine the meta-architecture for a given number of systems. 
The maximum overall value was obtained for each system of 
systems and participating systems were shown on a map. Future 
work includes development and integration of a systems of systems 
simulation to determine the effect of policy changes on the organ 
procurement systems. 

Keywords—Complex Systems, Organ Transplant, System of 
Systems, Meta Architectures 

I. INTRODUCTION  
According to the U.S. Renal Data System approximately 
750,000 are affected by end-stage renal disease (ESRD) [1]. 
Two primary treatments for ESRD are dialysis and kidney 
transplant. While both treatments are required to meet the 
demand of treatment for ERSD, transplantation results in an 
improved quality of life and better survival outcomes on average 
[2].  The demand for kidney transplant far outpaces supply. In 
the US over 145,000 people are on the waiting list for kidney 
transplants, but in 2019 only 24,273 kidneys were transplanted 

[3]. As seen in Figure 1 the number of kidney transplant 
registrations as far outweighed supply. The demand for kidneys 
is expected to continually increase based upon the pervious 
years of 2010-2020.  

 
Fig. 1. Kidney Tranplants and # of people on waiting list [1] 

Even with the large demand for kidney transplants, 
approximately 20% of procured deceased donors’ kidneys are 
discarded in current practice [4]. Some of the discarded kidneys 
are medically necessary but even lower quality kidneys have 
been proven to be life-extending and cost effective for the 
appropriate candidates [5]. The discard rate of kidneys rises with 
measures of Kidney Donor Profile Index, which is a calculation 
utilizing several parameters of the kidney [6]. The high discard 
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rate of high discard rate for higher KDPI scores indicates a 
potential opportunity for increased kidney utilization and 
optimization of the kidney transplant system of systems [7]. A 
brief analysis of literature could assist in the development of an 
optimized meta-architecture with a well-defined transplant 
system of systems. 

 The literature suggests multiple approaches that have been 
utilized to optimize systems of systems even in the organ 
transplant domain. Beliën et al develop a mixed integer linear 
programming long-term decision model to optimize the location 
of organ transplant centers [8]. The Lagrange theory related to 
the model is studied and presented as a mathematical model, 
based on networks, which addresses optimization of cost [9]. A 
bi-objective mathematical programming model that optimizes 
cost and time while considering organs priorities [10]. While 
these models optimize certain parts of the organ transplant 
systems of systems, they do not attempt to optimize the entirety 
of the systems of systems and identify an optimal meta-
architecture.  Haris and Dagli utilize architecture alternatives 
using genetic algorithms with fuzzy logic to optimizes multi-
objective Key Performance Attributes with rule changes and 
constraints [11]. The SoS Explorer following methods defined 
by [12] utilize genetic algorithms of non-gradient descent with 
the use of fuzzy inference rules support selecting the optimal 
meta-architecture for KPAs. This approach has been used in 
other domains with complex system of systems such as 
cybersecurity[13], inspection systems [14], and the Department 
of Defense [15], but not in the healthcare space.  

II.      METHODOLOGY 

A. Design-A-Thons and Interviews with Stakeholders 
The first step was to understand and analyze the stakeholders, 
work processes, impactful capabilities, metrics, and current 
frustrations.  The research team conducted three Design-a-thons 
to host tens of stakeholders from the kidney transplant 
community. The Design-A-Thons were two hours meetings 
with significant representation from the stakeholders. The first 
Design-A-Thon was used to define the systems and validate the 

initial workflows of the kidney transplant system based on tens 
of interviews conducted with the stakeholders. The second 
Design-A-Thon adjusted the workflows and introduced 
decision support systems [16]. The last design-a-thon we 

proposed metrics that would summarize the kidney 
procurement system for validation.  

The stakeholders involved in the kidney transplant system 
are Organ Procurement Organizations (OPOs), Transplant 
Centers (TCs), and patients. The OPO is the system that owns 
the capability of providing kidney offers to the transplant 
centers. The OPO consist of several key personnel that were 
involved in the Design-a-thon including directors, manager, 
and kidney coordinators. The OPO wants to maximize the 
amount of kidney transplanted and sends the offers to various 
TCs in the designated area depicted by the United Network for 
Organ Sharing (UNOS). UNOS is the governing body of the 
entire kidney systems of systems and provide policy in addition 
to the patient merit list for the order in which patients are 
offered kidney transplants. The transplant center primary 
capability is to provide the kidney transplant. The primary 
personnel involved are the kidney coordinator and the 
transplant surgeon. These stakeholders and personnel formed 
the basis of the development of the KPAs and the capabilities 
of the systems. 

B. Key Performance Attributes 
The KPAs were developed and defined from the Design-A-

Thons and the interviews with stakeholders of the kidney 
transplant system. KPAs are calculated by equations 1-6 
defined as: systems, 𝑆𝑆 (𝑋𝑋, 𝑖𝑖) =1 if the I system is participating 
in chromosome X, meta-architecture, and 0 if not. Interfaces, 𝐼𝐼 
(𝑋𝑋, 𝑖𝑖, 𝑗𝑗) = 1 if the i and j system have an interface connection in 
chromosome X, and 0 if not. System characteristics are 
represented by the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 𝑖𝑖 value of performance where ‘xxx, i’ 
indicates the characteristic value for system I. Variable δ 
represents the interfaces between active systems to be 
calculated in the objective function. 
The performance KPA calculates the overall kidneys 
transplanted for the given participating systems. The Discard 
Rate KPA is the number of kidneys discarded by the system of 
systems. The OoverE is the observed kidney transplanted 

divided by the expected number of kidneys provided by UNOS. 
The credibility KPA is the Fscore of the Decision Support 
Systems. The Affordability KPA is a function of the initial and 
upkeep costs of each participating system and its interfaces. The 



Acceptability KPA is calculated by the feedback score given by 
each participating system and stakeholders. The optimal meta-
architecture is calculated using a Simple SOGA genetic 
algorithm with 10,000 maximum evaluations. 

C. Systems of Systems Explorer 
SoS Explorer is a software tool written by the Engineering 

Management and Systems Engineering Department at Missouri 
S&T.  It provides a framework for defining system of systems 
problems such that optimal architectures may be produced 
computationally.  The overall performance of the architecture 
is determined by the objectives.  These objectives may be 
defined using Python, MATLAB, or F#.  The selected optimizer 
can then be used to generate optimum architectures which are 
displayed in the Graphical User Interface (GUI) and may be 
interacted with by the user.  Solutions may also be stored as 
Excel Open XML files (XLSX) or graphically as Portable 
Network Graphics (PNG) images.  For evaluation, the 
objectives require an architecture which, in this framework, is 
a set of systems and interfaces and information about the 
systems in terms of their characteristics, capabilities, and 
feasible interfaces.  The objectives are evaluated by an 
optimizer, of which three evolutionary algorithms are included: 
NSGA-III, MaOEA-DM, and Simple SOGA.  Both single and 
multiple objective optimizations are supported.  Furthermore, 
constrained optimization is supported, and constraints may be 
added using Python, MATLAB, or F#. 

D. Membership Functions & Fuzzy Assessor 
To quantify the ambiguity of the KPAs a fuzzy 

assessor and membership functions were developed using 
MATLAB’s fuzzy designer. The membership functions were 
chosen based upon the Design-A-Thons and interviews with 
stakeholders but can be updated with additional KPAs or update 
the membership functions based upon how the stakeholders’ 
definitions of Low, Below Average, Average, Above Average, 
and High for the KPAs. The process is repeated with each KPA 
with the group of stakeholders to quantify the KPA.  
 The output example is a similar exercise with the 
stakeholder group, but in this case we are determining the 
fuzziness memebership for the overall objective, which is a 
function of all the KPAs. The membership function can  

represent membership functions such as very unacceptable, 
unacceptable, tolerable, desirable, and very desirable to 
represent the overall assessment of the meta-architecture 
chosen by SoS explorer. These membership functions have set 
rules such as if Performance, Discard Rate, and OoverE are low 
and Credibility, Affordability, and Acceptability are below 
average, then the overall output of the system is unacceptable. 
Thes rules are created to determine the output desirability of the 
overall systems of systems.  

E. Rules 
A set of rules are generated based upon stakeholder input for 
the fuzzy assessment of the objective function is created based 
upon each of the KPAs. Each of the KPAs are assessed to assess 
the desirability of the meta-architecture. An example would be 
if performance is low, discard rate is low, OoverE is low, 
credibility is low, affordability is below average, and 
acceptability is low, then the overall assessment is that the 
meta-architecture is very unacceptable. Another side of the 
spectrum example is if performance is high, discard rate is high, 
OoverE is high, credibility is above average, affordability is 
above average, acceptability is high, then the meta-architecture 
is very desirable. These rules create a KPA dimensional surface 
to determine the objective function of the meta-architecture of 
the system of systems 

III. RESULTS 
Two use cases will be examined, the first where there 

is only one donor kidney, every only system has 2 options to 
choose from, and the optimal meta-architecture is calculated. 
The second use case there are 3 kidneys, three systems to select 
and the optimal meta-architecture is selected.  The general 
methodology described previously is applied to both use-cases. 

Figure 2 shows the gaussian membership function plot 
for the performance KPA. The fuzzy gaussian membership 
function plot shows the low, below average, average, above 
average, and high fuzzy membership functions. The 
performance is calculated using the equations previously 
discussed and rated based upon the fuzzy membership 
functions. The remaining KPAs were developed in using a 
similar methodology. 

Fig. 2 Membership Functions for the Performance Key Performance Attribute 



The objective function is illustrated in Figure 3 using 
a triangular fuzzy membership. The overall desirability is either 
very unacceptable, unacceptable, tolerable, desirable or very 
desirable based upon the rules and fuzzy memberships of the 

KPAs. Both the KPA memberships functions and the overall 
desirability of the meta-architecture were used is both use case 
1 and use case 2. 

Use case 1 utilizes a system of systems consisting of 
one kidney donor, two OPOs, two TCs, two OPHs, two ground 

transportations, two air transportations, and two decisions 
support systems. Figure 4 shows each system, and their 
interfaces and interactions will each other. Each blue line shows 
a connection of Each of the systems were chosen to flex each 
of capabilities required for the system of systems. Each circle 
within Figure 4 that is shaded in blue represents that the system 
is participating in the meta-architecture. Each circle that is not 
shaded is not participating in the meta-architecture. Figure 5 
shows which systems flex the capabilities required by the 

system of systems. UNOS provides the policy to attempt to 
optimize through constraints of the behaviors of the systems. 
OPO 2 provides the kidney offer to TC 2. These flexed 
capabilities are represented as True in the matrix. Figure 6 

shows a map representation of Figure 5. The selected 
connections and system are show in green and the unselected 
systems are shaded in red. 

The meta-architecture for use case one was calculated 
at an overall value of 75.5 and is desirable overall architecture 

based upon the fuzzy membership functions.  
Use Case two expands on the flexibility of the meta-

architecture demonstrating three donors and three of each of the 
systems. Figure 7 shows the meta-architecture, participating 
systems, and the connections between each of the systems. 
Figure 8 shows the capabilities provided to the overall systems 
of system by each individual system. Last, Figure 9 gives a 
visual example of what the optimal meta-architecture would 
look like to a user of the system. The map would identify the 

Fig 3. Membership Function of the Overall Assessment of the Selected Architecture 

Fig 4. Meta Architecture Use Case 1 



optimal OPH, OPO, and TC to maximize the KPAs for a given 

Provide Policy Provide Kidney Offer Transplant Kidney Manage Donor Kidney Transport Kidney Provide Prediction Recover Kidney Provide Kidney
UNOS TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

OPO (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
OPO (2) FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE

TC (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
TC (2) FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE

OPH (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
OPH (2) FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE

Ground Transportation (GT) (1) FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE
GT (2) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Air Transportation (AT) (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
AT (2) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Decision Support (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
Decision Support (2) FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

Capability Flexed

Fig. 5. Capabilities Provided By Systems in Meta-Architecture Use Case 1 

Fig. 6. Map of Meta-Architecture with selected participating systems Use Case 1 

Fig 7 Meta-Architecture of Use Case 2 



kidney donor. The meta-architecture for use case 2 was 
optimized with a value of 73.8 based upon the KPAs. The 
optimized meta-architecture is deemed desirable due to its 73.8 
overall desirability value.  

IV. CONCLUSION AND FUTURE WORK 
A methodology was created for the organ procurement 

systems of systems to optimize a meta-architecture for selecting 
the best participating systems for a given set of donor kidneys. 
Utilizing the KPAs, fuzzy membership functions, rules, and 
genetic algorithms, two use cases were optimized for the most 
objective value to the systems. The methodology allows for 

organ procurement stakeholders to further develop or create 
new KPAs and fuzzy membership functions to optimize their 
system of systems. Future work is incorporating and integrating 
the meta-architecture methodology into Anylogic to perform 
predictive simulation as an agent-based simulation. Two use 

cases were developed with one have one donor and another 
consisting of three donors. The meta-architecture was 
developed and optimized with fuzzy rules set and a genetic 
algorithm to optimize the desirability as a function of the KPAs. 
This methodology can be changed with an expanding list of 
stakeholders among the organ transplant community and can be 
run in real time to create an optimal meta-architecture for 
numerous kidney in hoped to reduce kidney discard. 

Provide Policy Provide Kidney Offer Transplant Kidney Manage Donor Kidney Transport Kidney Provide Prediction Procure Kidney Provide Kidney
UNOS TRUE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

OPO (1) FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE
OPO (2) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
OPO (3) FALSE TRUE FALSE TRUE FALSE FALSE FALSE FALSE

TC (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
TC (2) FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE
TC (3) FALSE FALSE TRUE FALSE FALSE FALSE FALSE FALSE

OPH (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
OPH (2) FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE
OPH (3) FALSE FALSE FALSE FALSE FALSE FALSE TRUE FALSE

Ground Transportation (GT) (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
GT (2) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
GT (3) FALSE FALSE FALSE FALSE TRUE FALSE FALSE FALSE

Air Transportation (AT) (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
AT (2) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
AT (3) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE

Decision Support (1) FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE
Decision Support (2) FALSE FALSE FALSE FALSE FALSE FALSE FALSE FALSE
Decision Support (3) FALSE FALSE FALSE FALSE FALSE TRUE FALSE FALSE

Donor (1) FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
Donor (2) FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE
Donor (3) FALSE FALSE FALSE FALSE FALSE FALSE FALSE TRUE

Capability Flexed

Fig. 8. Capabilities Provided By Systems in Meta-Architecture Use Case 2 

Fig. 9. Map of Meta-Architecture with selected participating systems Use Case 1 
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