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The human short term memory span and working capacity is limited to three to five items, especially if they are organized complex “chunks” of information. The impression of complexity occurs when a system is simply difficult to understand, where there is no apparent pattern to predict its behavior. Hierarchical systems design can reduce perceived complexity and increase the amount of information that can be managed. The SCM was developed to measure complexity and help compare proposed overall system architectures before detailed design information is available. The SCM is defined as the sum of the number of major nodes, N, in the system block diagram plus the number of one-way interactions, I, between the nodes. SCM = N + I. SCM’s are easily determined by direct inspection of high-level block diagrams of life support systems. Axiomatic design develops a hierarchy of subsystem requirements and designs together in a top-down, back-and-forth process. A coupling matrix is used to control the relationships between the subsystem functions and design concepts. Axiomatic design can improve system design by decoupling requirements and designs. Axiomatic design was applied to the planning of a closed life support system, similar to that used on the International Space Station. A materially open as opposed to a closed system design was created by removing the interconnections required to close the system. The open system had the same number of designed subsystems as the closed system, but it had many fewer interconnections and its SCM was lower by about half. The costs were estimated and the MTBF (Mean Time Before Failure) tabulated for open and closed space life support systems. The estimated costs were linearly proportional to SCM for the wide variations of SCM in life support, but small differences may not be significant. The flight and preflight MTBF’s both declined exponentially with increasing MTBF, faster than MTBF-2, even though the preflight estimated MTBF’s were about ten times higher than the flight MTBF’s. 
I. [bookmark: _Toc84243910]Nomenclature
AMCM	=	Advanced Missions Cost Model
BVAD		=	Baseline Values and Assumptions Document
DDT&E	=	Design, Development, Test and Evaluation
DP	=	Design Parameter in axiomatic design
ECLSS	=	Environmental Control and Life Support System
FR	=	Functional Requirement in axiomatic design
I	=	Number of one-way Interconnections in SCM
LiOH		=	Lithium hydroxide
MTBF	=	Mean Time Before Failure
N	=	Number of nodes or subsystems in SCM
ORU	=	Orbital Replacement Unit
SCM	=	System Complexity Metric, SCM = N + I
II. [bookmark: _Toc84243911]Introduction
Complexity is a fundamental cause of problems in engineering. The system design process must accommodate the human short term memory capacity of three to five items of information. The basic definition of complexity is the property of having a large number of different parts and interconnections between them. More parts and more interconnections create design difficulty, increase cost, and decrease reliability. The System Complexity Metric (SCM) was defined to be the sum of the number of nodes, N, in the system block diagram plus the number of one-way interactions, I, between the nodes. SCM = N + I. The SCM increases at least linearly with N, and possibly as rapidly as the square of N, since each node may be connected to all the other nodes. The SCM is easily determined by direct inspection of schematics or block diagrams. and can provide an early indication of relative system cost and reliability. Only larger differences in SCM should be considered meaningful in technology selection. 
The usual top-down system design process produces a hierarchy of vertically interconnected systems with subsystems and subsubsystems at lower levels, creating a structure like an inverted tree. The objective of this approach is to reduce complexity by eliminating horizontal interfaces between subsystems on the same level. If a system has N = 100 nodes and is not divided into subsystems, the maximum SCM is N2 = 10,000. If the system is divided into five subsystems, each has N = 20 nodes and each of them has a maximum SCM = 400. All five subsystems in the second level have a total subsystem SCM = 5 * 400 = 2,000 and the top-level system has five nodes and a maximum SCM =25. By dividing the system into five subsystems, the maximum complexity has been reduced from 10,000 to 2,025, roughly by factor of five. 
Axiomatic design is a methodical approach used to develop the usual hierarchy of vertically interconnected subsystems. Rather than developing full system requirements before and independently of the design, axiomatic design develops the requirements and design together in a top-down back-and-forth process. Axiomatic design uses a coupling matrix to control the relations between requirements and subsystem functions. The two axioms of axiomatic design are, to maintain the independence of the functional requirements, and to minimize the information content (complexity) of the design. Separating a system into largely isolated subsystems is a familiar technique, but the interpretation of the information in a design has been difficult. The SCM is used here as the measure to be minimized. 
Axiomatic design was used to systematize the architecture planning of a closed space station life support system, similar to the traditional closed design. Interconnections in the coupling matrix were removed, ultimately creating a fully open system that had an SCM that was reduced by about half. 
Previously, the life support development costs were estimated and the failure rates tabulated. [1]  The estimated system development cost was found to be directly proportional to SCM. The system MTBF (Mean Time Before Failure) is the inverse of the system failure rate. The system MTBF was found to be proportional to SCM-2.2 for estimated preflight MTBF’s. As is typical for systems that are not extensively tested and redesigned to eliminate unexpected failure modes, the life support flight failure rates were about ten times higher than the preflight estimates and the MTBF’s one-tenth the preflight estimates. The system MTBF was found to be proportional to SCM-2.6 for observed flight MTBF’s. 
III. [bookmark: _Toc84243912]The human span of cognition 
There is a well-known limit on human short-term memory capacity and simultaneous data handling. In 1956 Miller published, “The Magical Number Seven, Plus or Minus Two: Some Limits on Our Capacity for Processing Information.” [2] [3]  The key concept is that human short-term memory can hold no more than five to nine objects. Miller and others considered how the nature of the remembered objects affected the short-term memory span. Miller defined the remembered objects as chunks, which are the largest and most complex concepts in the material that the person understands. For random letters, each letter is a chunk, while for familiar words, each word is a chunk with several letters. Simpler chunks are easier to recall. The memory span for letters is about six but for words is less, about five. After Miller, “Others have since suggested that there is a more precise capacity limit, but that it is only three to five chunks.” [4]  The limit on working memory capacity is not always due to inability to recall information. Some multi-variable discrimination tests provide all the required data in written form but still the relations between more than three variables cannot be easily understood. [5]  
The chunks are often labels that point to organized information such as sentences and plans that are stored in long-term memory. For a chess master, a standard opening sequence is a chunk. Analysis based on chunking is consistent with most of the data on chess players memory, but a theory also using templates performs better. [6] Chunks describe low-level aspects of cognition but high-level aspects such as schematic knowledge and sequential planning provide a fuller explanation of short-term memory and working capacity. Chunks can be combined into complex templates that are specific to a particular problem type. 
Building larger more complex chunks increases both short-term memory capacity and cognitive processing capacity. The ability to access information from long-term memory is improved. Conversely, dividing a large, unified aggregate into many random smaller parts would increase the difficulty of understanding. The process of creating subsystems in a hierarchical systems design creates smaller organized chunks that are logically organized top-down. The purpose of systems design is to reduce conceptual complexity and thereby increase the real-world span of working memory and thus improve comprehension and decision making. 


IV. [bookmark: _Toc84243913]The System Complexity Metric (SCM)
The basic definition of complexity is the property of having many different parts and many interconnections between them. More parts and more interconnections impair understanding, create design difficulty, increase cost, and decrease reliability. The SCM is equal to the number of different subsystems or nodes in the system plus the total number of one-way interconnections between them. If there are N different nodes, the minimum number of internal one-way interconnections is I = N – 1, and the minimum SCM for a system of N subsystems is SCM = N + I = 2 N – 1. The maximum number of one-way connections is I = N*(N - 1), and the maximum SCM = N + I = N2. The SCM is found by counting the major nodes and their interconnections in the system block diagram. The SCM is intended to compare the complexity of different system architectures, especially in preliminary design where only top-level schematics are available. SCM is correlated with cost and reliability. One difficulty in measuring SCM is counting only the major subsystems and not the smaller parts such as sensors, valves, fans, and pumps that have less effect on cost and reliability and should not be counted. [1] [7].  
A. [bookmark: _Toc84243914]Reducing the SCM using a two-level hierarchy system
Suppose as an extreme illustration, that an inexperienced engineer lays out an electronic system without using the standard subsystems. A multi-voltage power supply is implemented in components and has multiple outputs. Several distributed and interconnected sensors and controllers are also implemented in discrete components having many connections. The processing electronics are sequential, but they have multiple feed backs. Understanding the schematic is unnecessarily difficult and the system should be redesigned using subsystems. The SCM shows how this redesign reduces complexity. 
Suppose that the original system level that has N nodes can be divided into S subsystems. Each subsystem has N/S nodes and each node itself has a maximum SCM = (N/S)2. Since there are S subsystems, the maximum total complexity of the subsystem level is S (N/S)2 = N2/S. The higher system level has S subsystems, so the maximum SCM of the system level is S2. The maximum total SCM of the partitioned two-level system is SCM = S2 + N2/S. Since S is designed to be less than N, the partitioned two-level system has lower maximum complexity than the original system. S2 + N2/S < N2. Table 1 shows the maximum System Complexity Metric, SCM, for two level systems with different numbers of nodes, N, and subsystems, S. 

Table 1. Maximum SCM for two level systems with different N and S. 
	N, number of nodes =
	10
	30
	100
	SCM reduction
~ 1/S, N large

	N2 =
	100
	900
	10,000
	

	S = 2
	4 + 50 = 54
	4 + 450 = 454
	4 + 5,000 = 5,004
	1/2

	S = 3
	9 + 33 = 42
	9 + 300 = 309
	9 + 3,333 = 3,342
	1/3

	S = 4
	16 + 25 = 41
	16 + 225 = 241
	16 + 2,500 = 2,516
	1/4

	S = 5
	25 + 20 = 45
	25 + 180 = 205
	25 + 2,000 = 2,025
	1/5



Consider the case for N = 100 and maximum SCM = N2 = 10,000. If the system is divided into two subsystems, S = 2, each has N = 50 and maximum SCM = 2,500. The two subsystems combined have maximum total SCM = 5,000 and the top layer of two subsystems has maximum SCM = 4, for the total of 5,004. If S = 5, each has N = 20 and a maximum SCM = 400. The five subsystems have a combined maximum total SCM = 2,000 and the top layer of five subsystems has maximum SCM = 25, for the total of 2,025. The SCM reduction achieved by dividing a system into S subsystems is approximately 1/S for many nodes, N. 
The formula for maximum SCM for N nodes, L levels, and S subsystems at each level is given in Equation 1. 
	Maximum total SCM = (L-1) S2 + N2/SL-1 	(1)
B. [bookmark: _Toc84243915]Reducing the System Complexity Metric (SCM) by using two or three levels
The process of dividing the system into subsystems can be continued by dividing each subsystem into subsubsystems to further reduce the complexity of the smallest units and the total complexity. Table 2 shows the maximum SCM for a system with 100 nodes organized into different numbers of levels, L = 1 to 3, and split into S = 5 subunits at each level. 

Table 2. Maximum SCM for a system with N = 100, S = 5, and L = 1 to 3. 
	L =
	1
	2
	3
	Maximum total SCM
	SCM reduction
~ 1/S L-1

	1
	N2 = 10,000
	
	
	10,000
	

	2
	S2 = 25
	N2/S = 2,000
	
	2,025
	0.203 ~ 1/5

	3
	S2 = 25
	S2 = 25
	N2/S2 = 400
	450
	0.045 ~ 1/25



A single level, L = 1, has maximum SCM = N2 = 10,000. A two-level system, L = 2, has a maximum system level (L = 1) SCM = S2 = 25, and combined maximum total subsystem level (L = 2) SCM = N2/S = 2,000 as in Table1. As levels are successively added, each has a maximum SCM = N2/SL-1 and the higher levels each have S = 5 nodes or units and a maximum SCM = S2 = 25. For N = 100 original nodes and successive splitting into S = 5 subunits at each lower level, a hierarchy of level L = 3 reduces the number of components in each subsubsystem to N = 4. The reductions in maximum SCM are close to 1/S L-1. 
V. [bookmark: _Toc84243916]Axiomatic design
Axiomatic design is a methodical approach used to develop system requirements and designs. Rather than developing full system requirements before and independently of the design, axiomatic design develops the requirements and design together in a top-down back-and-forth process. Axiomatic design uses a coupling matrix to control the relations between requirements and subsystem functions. 
The top-down design process is very well known. “The whole idea of systems engineering is the implementation of a top-down process.” [8] The requirements are initially defined at the top level and then are expanded top-down. The requirements are usually implemented in a hierarchy of system, subsystems, and components. 
“Broadly defined, system engineering is the effective application of scientific and engineering efforts to transform an operational need into a defined system configuration through the top-down iterative process of requirements definition, functional analysis, synthesis, optimization, design, test, and evaluation.” [9] 
Using an axiomatic mathematical model to develop a systems design is surprising since it is usually assumed that this requires “great creativity.” [10]  According to The Art of Systems Architecting, it requires great talent, knowledge, and judgment. [11] However, the usual approach is difficult. “(W)e rarely know enough to write the requirements without exploring concepts, building models and prototypes, or performing analysis and trade studies.” [12]  In reality, “iteration between requirement definition and design is inevitable.” [12]  The axiomatic design approach does not try to develop the requirements before and independently of the design concept, but rather develops requirements and design together in a top-down process. 
A. [bookmark: _Toc469913220][bookmark: _Toc500948190][bookmark: _Toc502233299][bookmark: _Toc84243917]Axiomatic design theory
Axiomatic design theory was developed by Suh at MIT in 1990 and has been used and extended. [13] [14 [15] Axiomatic design uses a matrix to analyze the transformation of functional requirements (FRs) into design parameters (DPs). This is shown in Figure 1.

	FR1
	=
	A11
	A12
	x
	DP1

	FR2
	
	A21
	A22
	
	DP2


Figure 1. Functional requirements (FRs), design parameters (DPs), and the design coupling matrix A.

A functional requirement (FR) is what we want to achieve, what the system must perform. A design parameter (DP) defines how the FRs will be achieved, the key descriptors that characterize the design solution. 
The two-by-two design matrix A indicates that the functional requirement FR1 is satisfied by a combination of design parameters DP1 and DP2. FR1 = A11 DP1 + A12 DP2, and similarly for FR2. 
The two axioms of axiomatic design are formally stated as: 
Axiom 1: The Independence Axiom. Maintain the independence of the functional requirements (FRs).
Axiom 2: The Information Axiom. Minimize the information content (complexity) of the design. [15] 
Axiom 1 seems obvious since it is generally understood that reducing interconnections can improve reliability and reduce integration and test problems. “(A) separation of a system into noninteracting subsystems is an extremely important technique known to all developed sciences – and to systems theorists as well.” [16]  “In partitioning, choose the elements so that they are as independent as possible.” [10]  
[bookmark: _Toc469913221][bookmark: _Toc500948191][bookmark: _Toc502233300]Axiom 2 has been much more difficult to understand and apply. “In a real design field, applying the Information Axiom is not easy because calculation of the information content in a multi-functional requirement problem is difficult.” [17] The new System Complexity Metric (SCM) can be used to measure and minimize the complexity as required by axiom 2. 
B. [bookmark: _Toc84243918]Axiom 1: Minimize design matrix coupling
A design is described as uncoupled, decoupled, or coupled, according to the pattern of zero entries in the design matrix. According to the independence axiom, an uncoupled design is best and a decoupled design is not as good, while a coupled design is the least satisfactory. [15]  Figure 2 shows the design matrix of an uncoupled design.

	FR1
	
	A11
	
	
	DP1

	FR2
	=   
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										Figure 2. Uncoupled design.

An uncoupled design is described by a diagonal design matrix. Each of the FRs is satisfied by a single DP without being affected by any other DP. Figure 3 shows a decoupled design.
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	DP1

	FR2
	=
	A21
	A22
	x
	DP2


										Figure 3. Decoupled design.

In this decoupled but not fully uncoupled design matrix, FR1 is satisfied by DP1 alone, but FR2 is affected by DP1 even though it may be largely satisfied by DP2. In the design process, DP1 can be designed independently to satisfy FR1 and then DP2 can be designed to satisfy DP2 while also considering its effect on the existing DP1. Independence is desirable and coupling is to be avoided because with coupling, any change in the design or operation one DP will affect the performance of the other coupled DP. Figure 4 shows a coupled design.

	FR1
	
	A11
	A12
	
	DP1

	FR2
	=
	A21
	A22
	x
	DP2


										Figure 4. Coupled design.

The design in Figure 4 is fully coupled. Even though DP1 can be designed largely to meet FR1, and similarly so DP2 largely meets FR2, both DPs affect both FRs and the design process must consider their interactions. In the worst case of a fully coupled design matrix, any change in the design or operation of any of the DPs will affect all the FRs. Any later adjustments or failures will perturb the entire system. A fully independent design characterized by an entirely uncoupled design matrix is best. Meeting the independence axiom requires maintaining the independence of the FRs. In the ideal case, the design matrix is square and the number of DPs equals the number of FRs. A good design must be either uncoupled or decoupled, and therefore, the design must have either a diagonal or a lower triangular pattern of entries. [15] 
C. [bookmark: _Toc84243919]Axiom 2: Minimize complexity
Suh’s Axiom 2 is simply, “Minimize the information content of the design.” The information axiom is used to select the best design. Suh defines information using the familiar bits of data communication and computer storage, but it is computed based on the estimated probability that all the FRs will be satisfied. A design is considered complex if its probability of success is low. [15] Using this measure of information has been found difficult. “Axiom 2: Minimize Information Content is difficult to understand and apply. There are many approaches to interpreting Axiom 2. Some designers use it to mean complexity of parts, others use it to mean reliability of parts, still others have considered it to refer to the ability to maintain the tolerances on parts. Axiom 2 has not been used by the design community as much as Axiom 1, leading to questions about its usefulness, or about the axiomatic approach in general.” [18]  SCM can be used as the measure of information for axiom 2.  The reduction in complexity can be measured and alternate designs can be compared using the SCM. 
D. [bookmark: _Toc84243920]Top-down mapping of requirements to design concepts
In the matrices in Figures 1 to 4, the functional requirements (FRs) are related to design parameters (DPs) at a single level, but much of the power of axiomatic design is gained by mapping requirements to designs at successively lower levels. Figure 5 shows the FR decomposition process of developing detailed requirements and concepts by moving back and forth, zigzagging, between the functional (FR) and physical (DP) domains. 
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Figure 5. Decomposing FRs and DPs by zigzagging between successively lower system levels. 

From FR1 in the functional domain, we go to the design domain to conceptualize a design as DP1. Then the process comes back to the functional domain to create FR11 and FR12 at the next level down.  Together FR11 and FR12 satisfy the highest level FR1. FR11 and FR12 are the decomposed FRs for the next level DPs. In the design domain, DP11 is found to satisfy FR11. It in turn is used to create FR111 and FR112 at the third level. The process of division is continued until the lowest-level FRs can be satisfied without further decomposition. 
To analyze the design decision, the design equation FR = A x DP is examined at each level of decomposition. For example, in Figure 5, after FR1 and DP1 are decomposed into FR11, FR12 and DP11, DP12, the design equation describes the design concept at this level. At the higher levels of the process, the requirements and design lack detail, but the design matrix can be examined to see how well it satisfies the first axiom, independence. [15] 
VI. [bookmark: _Toc469913230][bookmark: _Toc84243921]Axiomatic design analysis of space life support
Two basic systems architectures are used in space life support. Brief missions in low Earth orbit such as Apollo and shuttle have used open loop life support, with atmosphere gas, water, and food directly supplied rather than recycled and with carbon dioxide removed by lithium hydroxide (LiOH) rather than by a regenerative chemical processor. The closed atmosphere and water systems architecture now used on the space station is like the recycling systems architecture first developed in the 1960’s. The top level FRs and DPs are similar for both direct supply and recycling systems, but the coupling between systems becomes stronger as life support closure increases. 
[bookmark: _Toc469913231][bookmark: _Toc84243922]Level 1 and 2 life support requirements 
The axiomatic design process will be used to consider the design of space life support. The zigzag design process of Figure 5 is described using a table that shows the top-down process of expanding the level 1 requirement into level 2 requirements and the design implementation of the different requirements. A table shows the process better than going between one tree for the requirements and another identical tree for the systems. Table 3 shows the two top levels of space life support requirements and systems. 



Table 3. Life support level 1 and 2 requirements and systems 
	Level 1
	Requirement
	FR1: Support human life in space

	
	System
	DP1: Life support system

	Level 2
	Requirement 
	FR11: Provide atmosphere
	FR12: Provide Water
	FR13: Handle waste
	FR14: Suppress fire
	FR15: Provide food

	
	System
	DP11: Atmosphere system 
	DP12: Water system 
	DP13: Waste system 
	DP14: Fire system 
	DP15: Food system 



There is one level 1 requirement, to support human life in space. This requirement is allocated to one level 1 system, the life support system. The level 1 requirement is partitioned into five level 2 requirements to provide atmosphere, provide water, handle waste, suppress fire, and provide food. The five level 2 requirements are allocated to five level 2 systems, the atmosphere, water, waste, fire, and food systems. Axiomatic design matches each requirement with its design implementation at each stage of the top-down method. The lower-level requirements are more specific and detailed. The extent of decoupling obtainable can be limited by the requirements and the available hardware. 
[bookmark: _Toc469913232][bookmark: _Toc84243923]The coupling of the level 2 life support requirements and systems
The five life support requirements and the five life support systems are represented by five-by-one matrices. They are related to each other by the five-by-five coupling matrix shown in Figure 6. 
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	Provides condensate
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Figure 6. Life support requirements, systems, and coupling matrix. (Closed system couplings are shown in italics.) 

The purpose of DP11: Atmosphere is to meet the specific atmosphere maintenance requirement FR11, and similarly for the other systems. These direct requirement-to-system relations are indicated by the X’s on the main diagonal of the five-by-five matrix. If the requirements and systems are completely uncoupled, as in the ideal case, the five-by-five matrix would have only the diagonal X’s and no other entries. As in matrix multiplication, the matrix entries indicate the effect on meeting the requirements, in the left five-by-one column, that is caused by the design and operation of the systems, in the right five-by-one column. An off-diagonal matrix entry indicates a coupling, where the design and operation of one system impacts meeting another system’s requirement, possibly affecting the second system’s design and operation. Coupling leads to iterations to refine design and to complex cascade effects if operations are disturbed. 
The top row shows how each system affects the atmosphere requirement, FR11. The atmosphere system DP11 maintains the atmosphere. The water system DP12 will probably have little direct effect on the atmosphere but in a recycling system DP12 may be required to provide water for electrolysis into oxygen to meet FR11. Such possible couplings that occur only in a closed recycling system, as opposed to an open system, are shown in italics. The waste system DP13 may provide water evaporated into the cabin. The fire system DP14 may use fire suppressant gas and will probably require depressurization and repressurization of the cabin after a fire. This increases the stored atmosphere gas requirement, for an open or closed system. The food system DP15 does not impact the atmosphere directly. Crew metabolism is the source of the FR11 atmosphere requirements to provide oxygen and remove carbon dioxide, but the design of the food system should not impact meeting FR11. The atmosphere system DP11 can be largely designed to meet the crew support atmosphere requirement FR11, but its coupling with the other level 2 life support systems generates additional requirements that affect its design implementation. 
The DP12 water system may receive humidity condensate from the DP11 atmosphere system. The DP13 waste system will probably require water for urine flush or other waste processing, but this is an anticipated requirement for the DP12 water system. The DP13 waste system may provide urine and flush water recovered to the DP12 water system for recycling. The DP14 fire system will probably not use water and have no coupling to the DP12 water system. The DP15 food system can have very important couplings with the water system. If the food is dehydrated, it will need significant amounts of water. If the food is normally hydrated, some water may be required in preparation. Hydrated food can improve the water balance of a water recycling system, as the respired or excreted water may be recovered. A simple storage-based life support suitable for a brief mission can be largely uncoupled, but adding recycling to close the loop increases coupling. 
The DP13 waste system may be constrained by the DP11 atmosphere system’s ability to produce oxygen and remove carbon dioxide. It may also be constrained by the DP12 water system’s ability to produce water or its need to receive wastewater to recycle. The DP14 fire system may have no coupling with the waste system. The DP15 food system is probably the major source of waste, including food packaging and uneaten food. 
The spacecraft design for fire reduction and fire suppression depends on the oxygen level required by FR11 but is not affected by the implementation of the DP11 atmosphere system. The FR14 fire suppression requirement seems to have little coupling with the water, waste, and food systems.
If the DP12 water system is designed before the food system, the food system will be constrained by the availability of water to rehydrate food or by the need to provide water in the food for ultimate recycling. The food and water systems are strongly coupled through the water balance, if water is recycled. It could be argued that the food system should be designed first to meet the FR15 requirements and the water system designed afterwards to accommodate the food system. If the food is fully hydrated and the water is supplied rather than recycled, the food and water systems are uncoupled. A resupply, non-plant growing food system seems to have little coupling with the atmosphere, waste, and fire systems. 
Figure 6 shows one and two-way interactions. The atmosphere system DP11 may require clean water from the water system DP12 to produce oxygen and may provide humidity condensate to the water system DP12 for purification, forming a possible loop. Food hydration affects water balance and influences the water system design, while the water system design may enable use of dehydrated food, another loop. The atmosphere – water, food - water, and water - waste couplings form reciprocal interactions with complementary entries across the diagonal. 
The SCM for the overall life system can be computed from the coupling matrix of Figure 6. There are 5 DPs which are level 2 subsystems or nodes, so N = 5. The interconnections are shown in the coupling matrix and there are sometimes two to a cell. The matrix element interconnections not including the diagonal X’s are I = 11, so SCM = 16. 
[bookmark: _Toc469913233][bookmark: _Toc84243924]Decoupling level 2 life support systems by eliminating closure
An open loop design that has oxygen, water, and lithium oxide (LiOH) all directly supplied and stored has minimal coupling as shown in Figure 7. The matrix has been decoupled by reordering the requirements so that all coupling between subsystems is below the diagonal. The requirements that are listed first can be designed for without the need to change the design after later systems are designed. 
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Figure 7. A decoupled open loop life support system. 

In this open loop system, the food and fire systems can be designed first and independently, the waste system is then designed to include food and packaging waste, the atmosphere system is designed to provide repressurization, and the water system is designed to also provide flush water to the waste system. There are still 5 DPs which are level 2 subsystems or nodes, so N = 5. The interconnections shown in the coupling matrix are many fewer. The matrix element interconnections not including the diagonal X’s are I = 3, so SCM = 8, a reduction by half. 
The closed loop system in Figure 6 is much more coupled, and the existence of reciprocal interactions across the diagonal make it impossible to decouple the matrix so it has all entries on or below the diagonal. The five life support requirements and systems for a closed system are reordered as shown in Figure 8.
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Figure 8. Reordered closed loop life support requirements, systems, and coupling matrix. 

The reordering does not provide a below-the-diagonal decoupling but it does help understand the design process. The three open loop requirements-system pairs not in italics remain below the diagonal. The reordered matrix indicates that there are three design loops, similar to the clusters identified in the DSM. There is a food-water loop since dehydrated food requires water, hydrated food provides water in the atmosphere and waste for recycling, and this affects water system design. There is a water-waste loop where the waste system requires flush water and provides urine and flush for recycling. And there is a third wider atmosphere-water loop where humidity derived from crew metabolism and perhaps waste is removed from the atmosphere and provided to the water system for recycling. 
The open system of Figure 7 achieves decoupling to meet the independence axiom but the closed system of Figure 8 does not. The closed system obviously is more complex and difficult to design. Its coupling can be reduced, for instance by using fully hydrated food. Such food contains nearly enough water for crew survival and the recycling water system would need much less closure because of the water from food entering the recycling system. If the food was fully hydrated, the next step in opening up the system would be to eliminate oxygen recycling. The amount of oxygen consumed is small relative to the water and oxygen can be produced from surplus water if available. Water recycling produces the major mass saving in a recycling system and would be the last recycling to be eliminated to simplify the life support system. 
[bookmark: _Toc469913234][bookmark: _Toc84243925]The coupling of level 3 life support atmosphere requirements and systems
Figure 9 shows the level 3 atmosphere requirements and systems. 
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Figure 9. Level 3 atmosphere requirements and systems. 

The nitrogen, pressure, temperature, and ventilation requirements can be provided using independent systems. The requirements and systems were ordered to create a decoupled, all below the diagonal matrix. A logical sequence for atmosphere processing is trace contaminant removal, humidity reduction, and carbon dioxide removal. [19] The trace contaminant removal provides clean atmosphere to the humidity removing condenser and the condenser provides clean dry air to the carbon dioxide removal. Oxygen could be directly supplied from storage. If oxygen is recycled in a closed system design, the carbon dioxide would first be reduced to water and the water provided to an oxygen generator that produces water by electrolysis. Additional water could come from the water system DP12. The repressurization system DP1111 requires nitrogen and oxygen. The requirements, couplings, and systems for recycling are shown in italics. Increasing the system closure by recycling oxygen requires the atmosphere and water loops to be coupled and the systems integrated. [19] There are N = 11 atmosphere subsystems. The closed loop interconnections are I = 8 and SCM = 19. The open loop interconnections are I = 4 and SCM = 15. 
[bookmark: _Toc469913235][bookmark: _Toc84243926]The coupling of level 3 life support water requirements and systems
The water system has only one basic requirement, to provide a sufficient quantity of potable water, but the water has several uses and, if it is recycled, can derive from different sources. Figure 10 shows the level 3 water requirements and systems. 
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Figure 10. Level 3 water requirements and systems. 

These requirements are based on the original space station requirements but are revised to attempt to identify the essential requirements and expand the implementation alternates. The space station crew uses wash water but does not wash clothes or dishes, as originally anticipated for space station. Separate recycling loops provide maximum independence in meeting the requirements, but a combined system is an obvious alternative. The shower, clothes wash water and dish wash water would probably not be provided unless they were recycled. Storage is not a realistic option. Since some of the wash water for crew, clothes, and dishes will evaporate, it must be replaced by filtered condensate or alternately distilled urine and flush. 
Stored water could be provided for all crew needs, food, drink, and flush. Some water will probably be provided in the food, even if it is not fully hydrated. If recycling is used instead of storage, a small amount of additional food and food preparation water could be provided by humidity recycling. 
If there is no recycling, the crew consumed water and flush water must be provided from storage. Urine and flush recycling can provide enough water for urine flush. Both humidity recycling and urine and flush recycling are needed to provide enough drinking water for the crew. 
The atmosphere humidity removal system DP116 would provide the condensate for recycling. The waste system DP13 would provide the urine and flush for recycling. Since the matrix is not square, redundancy and coupling are usual. 
The water needed for crew survival can be all, or nearly all provided in fully hydrated food. Any additional survival water should probably be provided by water stored in tanks. The other water consumed by the crew includes normal drinking and food preparation water and the water consumed in strenuous exercise and EVA, which would be curtailed in an emergency.
For brief missions, these other water needs will be small and all of the needed water can be provided from storage. For a long mission, the water needs will be large and some of the recycling processors shown in italics will be needed. The humidity condensate derived from crew perspiration and respiration is relatively easy to purify by filtering but it is not enough to meet the crew consumption demand, so urine derived from crew metabolism must be distilled. For maximum decoupling, the filter and distillation process are separate loops as originally proposed for space station, rather than combined to reduce cost as in the final space station. [19]  The closed loop SCM has N = 6 water subsystems and I = 9 internal and external interconnections for SCM = 15. The open loop system has N = 1 subsystem and three interconnections, I = 3, to food, crew, and flush. SCM = 4. Various partial closure interconnections are possible. 



[bookmark: _Toc84243927]System Complexity Metric (SCM) results
The SCM results from the analysis of the three-level axiomatic design of life support are shown in Table 1. 

Table 1. SCM’s from the life support axiomatic design 
	 
	 
	Closed
	Open

	Level 2
	Level 2
	16
	8

	Level 3
	Level 3
	 
	 

	 
	Atmosphere
	18
	15

	 
	Water
	15
	4

	 
	Total
	49
	27



If the five life support systems at level 2 are closed, the SCM is 16, but going to a full open system reduces SCM by half to 8. The atmosphere and water subsystems at level 3 also have lower SCM’s if a closed system is replaced by an open one. For the system and subsystems considered here, going from a closed to an open system reduces the total SCM by about half, from 49 to 27. 
VII. [bookmark: _Toc84243928]SCM predicts relative cost and failure rate
Previous studies have used the SCM to predict relative cost, and failure rate. Some results are summarized. 
1. [bookmark: _Toc84243929]The space station life support System Complexity Metrics (SCM’s), costs, and MTBF’s
The space station life support System Complexity Metrics (SCM’s)were computed from block diagrams of the full system and the major subsystems, the urine processor, water processor, oxygen generator, carbon dioxide removal assembly, and carbon dioxide reduction system. [1]  These apply to the current substantially closed space station life support system. The SCM’s were also found for LiOH (lithium hydroxide) cannisters, oxygen tanks, and water tanks that would be used in a fully open system. The SCM and other data are shown in Table 2.  

Table 2. The SCMs, estimated costs, preflight MTBF’s, and flight MTBF’s for space station and storage systems. 
	Name
	System Complexity Metric, SCM
	Costs, $M
	Preflight MTBF’s, hours
	Flight MTBF’s, hours

	Urine Processor Assembly
	19
	126
	5,473
	557

	Water Processor Assembly
	41
	300
	5,270
	3,850

	Oxygen Generator Assembly
	33
	116
	8,437
	3,104

	Carbon Dioxide Removal Assembly
	33
	170
	14,110
	4,380

	Carbon Dioxide Reduction System
	31
	13.8
	 
	 

	Total life support subsystems
	157
	726
	1,780
	384

	Life support system level
	29
	0
	
	

	System level plus subsystems
	186
	726
	
	

	LiOH canister
	3
	0.7
	3,066,000
	175,200

	Oxygen tank
	3
	2.0
	3,066,000
	175,200

	Water tank
	3
	6.3
	3,066,000
	175,200

	Total storage subsystems
	9
	 9.0
	1,022,000
	58,400



The average of the five life support subsystems is SCM = 31. The two-layer space station life support system including its five major subsystems have a total SCM = 157 + 29 = 186. 
The development cost was estimated using the Advanced Missions Cost Model (AMCM). The model is a single equation using mass, quantity, mission type, number of design generations, and technical difficulty to estimate the total cost for (Design, Development, Test and Evaluation) DDT&E and production. 
The AMCM formula for the cost of DDT&E and production in millions of 1999 dollars is: 
	Cost = 5.65 * 10 - 4 Q 0.59 M 0.66 80.6 S (3.81 * 10 - 55) (1/(IOC-1900) B -0.36 1.57 D	(2)
Q is the total quantity of development and production units, M is the system dry mass in pounds, S is the specification according to the type of mission (2.13 for human habitat, 2.39 for planetary base, 2.46 for crewed planetary lander), IOC is the year of initial operation capability, B is the block or hardware design generation (1 for new design, 2 for second generation), and D is the estimated difficulty (0 for average, 2.5 for extremely difficult, and -2.5 for extremely easy). [20] [1]  
The sum of the unit design costs for a LiOH canister, oxygen tank, and water tank is 9.0 million 1999 dollars. The sum of the unit design costs for an ISS ECLSS carbon dioxide removal subsystem, carbon dioxide reduction subsystem, oxygen generation subsystem, water processing subsystem, and urine processing subsystem is 726 million 1999 dollars. This number seems in the right order of magnitude according to a previous analysis, which estimated the cost of ISS ECLSS spares for the years 2010 to 2020 at 407 million 2011 dollars. [21] No cost was included for life support system level integration, which can sometimes be similar to the total cost of the subsystems. Figure 11 shows he estimated costs versus ESM.

Figure 11. Estimated costs versus SCM. 
The costs are linearly proportional to the SCM over two or three orders of magnitude. The coefficient of determination, R2, is 0.93. A system with an SCM that is x times higher can be expected to cost x times as much. The costs for the ISS space station subsystems vary widely for SCM 20 to 40, reflecting differences in basic technology. 
The preflight Urine Processor Assembly, Water Processor Assembly, and Oxygen Generator Assembly MTBF’s are from the ISS Maintenance & Analysis Data Set. [22] [1] This data set gives the estimated MTBF’s before flight experience was acquired. The Carbon Dioxide Removal Assembly MTBF is from an early BVAD (Baseline Values and Assumptions Document) and were also estimated before flight. [23] [1]  These MTBF’s vary from 5,000 to 14,000 hours. Considering only these subsystems, the space station life support would have at most an MTBF of 1,780 hours, or 0.20 years. The flight MTBF’s are estimated from a paper by Bagdigian et al. [24] which allowed estimating the Orbital Replacement Units (ORU) failure rates based on about eight years of flight experience. [1] The storage tanks and cannisters have been used on many flights and they have much higher reliabilities than complex physical-chemical systems. The preflight MTBF’s are based on an oxygen tank accelerated life test. The flight MTBF’s are based on twenty years of space station use. [1] Figure 12 shows space station life support and storage preflight MTBF’s versus SCM. Figure 13 shows the flight MTBF’s versus SCM.



Figure 12. Space station life support and storage preflight MTBF’s versus SCM.
[bookmark: OLE_LINK1]The preflight MTBF is also well correlated with the SCM. MTBF declines exponentially as SCM-2.2. 
The flight MTBF’s behave similarly to the preflight MTBF’s Both are well correlated with the SCM and have an exponential decline. For flight, MTBF declines as SCM-2.6. This is interesting because the flight MTBF’s are much lower, by factors of up to 90 percent. The combined life support MTBF drops from 1,780 to 384 hours, about 89 percent. The flight MTBF’s are harder to predict than the preflight estimated MTBF’s. 

Figure 13. Space station life support and storage flight MTBFs versus SCM
The estimated MTBF’s are based on the component MTBF’s and assume that no system level failure modes will be introduced. In actual experience, errors occur in requirements definition, design, and human operation. It is well known that the initial flight failure rate of a system is often about ten times the preflight estimated rate, exactly as we have seen here. [25] However, any unexpected high failure rate modes appear early in test and operations and they can determine the initial MTBF, which can be highly variable. 
VIII. [bookmark: _Toc84243930]Conclusion
A. [bookmark: _Toc84243931]The span of human cognition
The human short term memory span and working capacity is limited to three to five items, especially if they are organized complex “chunks” of information. The impression of complexity occurs when a system is simply difficult to understand, where there is no apparent pattern to predict its behavior. Hierarchical systems design can reduce perceived complexity and increase the amount of information that can be managed. Understanding human cognitive limits helps understand the usual hierarchical system design process. 
B. [bookmark: _Toc84243932]The SCM (System Complexity Metric)
The SCM was developed to measure complexity and help compare overall system architectures before detailed design information is available. The SCM is defined as the sum of the number of major nodes, N, in the system block diagram plus the number of one-way interactions, I, between the nodes. SCM = N + I. SCM’s are easily determined by direct inspection of high-level block diagrams of life support systems. 
The SCM quantifies the human intuitive appreciation of complexity. It helps measure how hierarchical systems design reduces complexity and can be used as the of measure of complexity for axiom 2 of axiomatic design. Working to reduce the SCM implements the first three rules of systems engineering, “Simplify, simplify, simplify.” 
The life support example suggests that SCM can be a good indicator of the relative cost as estimated by a well-known cost model, without the need to estimate the mass and other parameters required by the cost model. The example also suggests that SCM can give a good relative prediction of the preflight failure rate as the usual sum of the parts’ failure rates method. Interestingly in the example, SCM also can give a good relative prediction of the flight failure rate, suggesting that SCM does reflect not just parts but also the effects of system level complexity. The SCM can usefully complement other quantitative metrics and qualitative assessments in technology ranking and preliminary screening. 
C. [bookmark: _Toc84243933]Axiomatic design
Axiomatic design develops a hierarchy of subsystem requirements and designs together, in a top-down, back-and-forth process. A coupling matrix is used to control the relationships between the subsystem functions and design implementation. Axiomatic design can improve system design by decoupling requirements and designs. 
The benefits of axiomatic design include a disciplined design process, a common framework for communication, and improved decision making. This process prevents design solutions from influencing the requirements. The independence axiom reduces the problems caused by coupled designs. The complexity axiom reduces system complexity. The hierarchical design process reduces requirements changes. Axiomatic design theory increases the shared understanding of projects and improves decision making. Without a logical, open, cooperative process, design decisions may be made using intuition and gut feel. Axiomatic design instead provides an objective, open, logical, and cooperative process that can produce a better design than the usual process of defining all the requirements first. 
[26]  
D. [bookmark: _Toc84243934]Axiomatic design of life support
Axiomatic design was applied to the analysis of a closed life support system, similar to the one developed over decades and used on the International Space Station. The system complexity was reduced by removing the interconnections used to materially close the life support system. This created a materially open as opposed to a largely closed system. The open system had the same number of level 2 requirements and designed systems as the closed system, but it had many fewer interconnections and its SCM was lower by about half. Transitioning from a closed to an open system decreases SCM. This analysis showed that decreasing coupling as recommended by axiomatic design reduces SCM, which is corelated with cost and failure rate. 
E. [bookmark: _Toc84243935]SCM predicts cost and failure rate 
The costs were estimated and the MTBF (Mean Time Before Failure) tabulated for open and closed space life support systems. The estimated costs were linearly proportional to SCM for the wide variations of SCM in life support, but small differences may not be significant. The system MTBF was found to be proportional to SCM-2.2 for the estimated preflight MTBF’s that were based on component failure rates. Although the actual life support flight failure rates were about ten times higher than the preflight estimates, the observed flight system MTBF was found to be proportional to SCM-2.6. The SCM in this example provides a useful indication of relative costs and failure rates. 
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