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Abstract 
 

On System Engineering a Barter-Based Re-allocation of Space System Key 

Development Resources 

 

NASA has had a decades-long problem with cost growth during the 

development of space science missions.  Numerous agency-sponsored studies 

have produced average mission level development cost growths ranging from 23 

to 77%.    

A new study of 26 historical NASA science instrument set developments 

using expert judgment to re-allocate key development resources has an average 

cost growth of 73.77%.   Twice in history, during the Cassini and EOS-Terra 

science instrument developments, a barter-based mechanism has been used to re-

allocate key development resources.  The mean instrument set development cost 

growth was -1.55%.  Performing a bivariate inference on the means of these two 

distributions, there is statistical evidence to support the claim that using a barter-

based mechanism to re-allocate key instrument development resources will result 

in a lower expected cost growth than using the expert judgment approach. 

Agent-based discrete event simulation is the natural way to model a trade 

environment.  A NetLogo agent-based barter-based simulation of science 

instrument development was created.  The agent-based model was validated 

against the Cassini historical example, as the starting and ending instrument 

development conditions are available.  The resulting validated agent-based barter-

based science instrument resource re-allocation simulation was used to perform 
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300 instrument development simulations, using barter to re-allocate development 

resources.  The mean cost growth was -3.365%.  A bivariate inference on the 

means was performed to determine that additional significant statistical evidence 

exists to support a claim that using barter-based resource re-allocation will result 

in lower expected cost growth, with respect to the historical expert judgment 

approach. 

Barter-based key development resource re-allocation should work on science 

spacecraft development as well as it has worked on science instrument 

development.  A new study of 28 historical NASA science spacecraft 

developments has an average cost growth of 46.04%.  As barter-based key 

development resource re-allocation has never been tried in a spacecraft 

development, no historical results exist, and an inference on the means test is not 

possible.   

A simulation of using barter-based resource re-allocation should be 

developed.  The NetLogo instrument development simulation should be modified 

to account for spacecraft development market participant differences.  The 

resulting agent-based barter-based spacecraft resource re-allocation simulation 

would then be used to determine if significant statistical evidence exists to prove a 

claim that using barter-based resource re-allocation will result in lower expected 

cost growth.  (Kosmann, Sarkani, & Mazzuchi, 2013)
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1 INTRODUCTION 

1.1 Statement of the Problem 

NASA space mission development cost and schedule growth has been a 

problem for decades.  A number of cost and schedule growth studies have been 

done by numerous government agencies, to first quantify the problem, then 

attempt to determine its sources and solutions.  Most studies have focused on total 

mission cost growth and/or schedule growth (Gebicke, 1992), (Bitten, 2006), 

(Unknown, 2007), (Freaner, 2008), (Mlynczak, 2009), (Bitten, 2010), (Unknown, 

2010).  Various sets of NASA space science missions have been used for the 

various studies.  The number of space science missions in each study has been 

different.  Some missions have appeared in more than one study (Unknown, 

2010).   As a result, the various studies cited reported mean cost growth ranging 

from 23 – 77%, and mean schedule growth ranging from 22 – 56%.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

As an example of the cost and schedule growth problem that NASA space 

science mission developments have experienced, a 2010 National Academies of 

Science study (Unknown, 2010) plotted the data from a 2006 NASA/Aerospace 

Corporation study (Bitten, 2006), adding in the name (acronym) of each mission.  

Those plots are replicated as Figure 1-1 and Figure 1-2.  For this representative 

set of 40 NASA Science Mission developments, per cent schedule growth is 

plotted on the X axis and percent cost growth is plotted on the Y axis.  Total 
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mission cost includes both the development and the operations cost for all three 

segments (ground, launch and space).  (Kosmann, Sarkani, & Mazzuchi 2013) 

For this particular set of NASA Science mission developments, mission level 

cost growth averaged +27%, and mission level schedule growth averaged +22%.  

Total initial development cost for all 40 missions was about $6.2 billon.  The 

+27% cost growth represents wasting about $1.6 billion dollars due to inefficient 

allocation/re-allocation of scarce key development resources.  This amounts to the 

cost of developing two to four new NASA Science Missions.  (Kosmann, Sarkani, 

& Mazzuchi, 2013) 

 

Figure 1-1:  NASA Space Science Mission Cost and Schedule Growth Example.  Copyright © 

National Academy of Sciences.  (Unknown, 2010) 
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Figure 1-2:  NASA Space Science Mission Cost and Schedule Growth Example.  Copyright 

© National Academy of Sciences.  (Unknown, 2010) 
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The data from the various studies are not directly comparable, as various 

study authors defined cost growth or schedule growth differently (Unknown, 

2010).   Some studies included all cost growth from the very beginning of a 

program until its operational termination.  Total mission cost would include the 

costs of conceptual design (NASA Program Phase A), preliminary design (Phase 

B), detailed design & fabrication (Phase C), integration & test through launch 

(Phase D), and mission operations (Phase E),  for all three segments (ground, 

launch and space).  Most cost growth studies start at Phase B and end at Phase D.  

Some studies include only the space segment development costs, while others 

include both the space and launch segment costs.  Some studies calculate cost 

growth after the application of program reserves, and some do not.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

For purposes of this work, studies that include only space segment 

development costs, starting at Phase B and ending at Phase D, and calculate cost 

growth including the application of any budget reserves provide the right data.  

Even more useful is breaking the space segment development costs down one 

more level via the publication of science instrument development cost growth and 

science spacecraft development cost growth.  One such study (Bitten, 2010) and 

one paper (Wessen, 1998) have been found that provided data that meet the above 

criteria, at the mission, spacecraft and science instrument levels.  These data are 

provided in Sections 3.1 and 3.5.   (Kosmann, Sarkani, & Mazzuchi, 2013) 
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1.2 Barter-Based Resource Re-allocation 

Trade-based resource re-allocation has at its heart the idea that self interested 

independent individuals, when presented with a proper reward structure to 

incentivize desired behavior, will optimally allocate resources.  In 1961 Vickrey 

first suggested the use of auctions to allocate scarce resources (Vickrey, 1961) 

(Smith, 1976).   He received the Nobel Prize in Economics in 1986 for this work.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

The performance of a resource re-allocation experiment can be tested in a 

microeconomic environment.  Resource re-allocation experiments have been 

developed and discussed as examples of microeconomic systems (Smith, 1982).  

A microeconomic system consists of two distinct elements: an environment and 

an institution.   The environment consists of economic agents, commodities, agent 

utility functions, agent knowledge endowment, and agent commodity endowment.  

The institution consists of the set of rules defining agent interaction for the 

purpose of commodity exchange, such as language rules, allocation rules, cost 

imputation rules, and adjustment process rules.  In such a system, alternative 

resource re-allocation mechanisms can be evaluated (Smith, 1982).  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

1.3 Approach 

The primary objective of this line of inquiry is to provide additional 

justification for the use of barter-based key development resource re-allocation as 

a project management tool for the development of NASA space science missions.  

Barter -based key development resource re-allocation can be used during the 

development of both science instruments and science spacecraft.  A bivariate 
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statistical inference on the means is used to provide the additional justification, by 

offering a measure of statistical validity to the claim that the expected cost growth 

developing either science instruments is less when using barter -based resource 

re-allocation than when using expert judgment resource re-allocation.  In order to 

perform the bivariate statistical inference on the means, a mean cost growth for a 

distribution of science instrument developments using barter -based resource re-

allocation and a mean cost growth for a distribution of science instrument 

developments using expert judgment resource re-allocation must exist.  Hence, an 

objective is to create this pair of distributions for NASA science instrument 

development, and an additional pair of distributions for NASA science spacecraft 

development.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

1.4 Organization of the Document 

This document is comprised of 6 Chapters. Chapter 1 is an introductory 

section stating the overall problem being considered and providing background, 

purpose, scope, and limitations on the subject matter. Chapter 2 provides an in 

depth literature review of barter-based key development resource re-allocation 

including historical utilization of the concept during space system development. 

Chapter 3 provides a contribution section describing the NetLogo agent-based 

barter-based NASA science instrument development resource re-allocation 

simulation used in the research. The research methodology is described in Chapter 

4 including the research framework, factors, and analysis procedures. Chapter 5 

reviews the NetLogo simulation validation, and results interpretation. Chapter 6 

lists conclusions and opportunities for future research. 
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1.5 Background 

The purpose of System Engineering is to enable, or at least assist, efficient 

technological system development.  Those system development efforts that do not 

employ Systems Engineering tend to be less efficient in the expenditure of 

development resources by taking longer to conclude development, costing more 

to develop, and/or not meeting technical performance requirements at the end of 

development.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

The principle systems engineering functions for space system development 

and operation are:  

 systems architecture,  

 requirements management,  

 interface definition,  

 technical resource management,  

 system design and analysis,  

 system verification and validation,  

 risk management,  

 technical peer reviews,  

 design process management, and  

 systems engineering task management (Jansma, 2006). 

 

Usually, key technical and programmatic resources are initially allocated by 

expert system engineering and/or program management judgment.  The 

expenditure of these resources over the program’s development phase has 

typically been managed by system engineering/program management committee 
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decision, often in Engineering Review Board or Configuration Control Board 

formal meeting settings (Wessen, 1998).   The committee consists of a 

combination of senior and mid-level program and engineering management, and 

is usually chaired by the lead mission systems engineer or the chief engineer.  

Payload or spacecraft subsystem developers come to the committee, requesting 

additional key development resource(s), providing material to make their case as 

to why the re-allocation is justified.  The committee then decides yes or no in 

terms of development resource re-allocation.  (Kosmann, Sarkani, & Mazzuchi, 

2013) 

The second portion of the historical allocation and re-allocation mechanism 

has been the establishment of resource margins, reserves and contingencies.  Not 

all of a given key resource is initially allocated.  Some is held back, for later 

application in the event a subsystem’s development effort has consumed all of the 

initial allocation of a key resource.  The percentage held back is a function of the 

heritage of each subsystem design, where in the development cycle the program 

is, and how mature each subsystem design is.  The current NASA standard for key 

programmatic resources is 30% budget reserve, and one month of schedule 

reserve for each year of development.  In terms of key technical resources, both 

mass margin and power margin should be at 30% at the beginning of the 

preliminary design phase (Phase B).  Other key technical development resources 

have different margin requirements. The historical result of this expert judgment 

key development resource allocation and re-allocation mechanism plus the use of 

reserves has been large average development cost growth, schedule slip, and key 
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development resource consumption, far beyond initial allocation.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

Twice in the last 20 years, a radically different approach has been taken.  The 

initial allocation of key development resources was made by system 

engineering/program management expert judgment, as usual.  All key 

development resources were initially allocated.  None were held back in reserve.  

Subsequent key resource re-allocation was accomplished via a barter -based 

resource re-allocation mechanism.  Both times this barter-based resource re-

allocation approach has been used key development resource growth has been 

nearly non-existent or actually negative over the development phase of the 

program.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

1.6 Purpose 

The principal purpose of the study is to examine the effects of free market-

based key technical and programmatic resource re-allocation to the efficiency of 

the science instrument portion space segment system development.  To date, the 

free market-based resource re-allocation mechanism has only been applied to the 

development of payload instruments on two NASA scientific missions: Cassini 

and EOS Terra (Porter, 2007).  It has not been applied to the development of any 

spacecraft, and has not been applied to control either schedule or risk.  The results 

of this study, along with the results of related research in the field, intend to 

provide the findings necessary to extend the use of free market-based key 

technical resource re-allocation to the entire space segment development of any 

space mission.   
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1.7 Significance 

Controlling development cost, development schedule, and technical 

performance is at the heart of efficient technological development.  Any 

mechanism that furthers cost control, holds schedule and/or promotes technical 

performance that meets requirements furthers efficiency.  Examples of other 

space system development mechanisms that contribute to efficient development 

are Earned Value Management Systems, Integrated Master Schedules, Risk 

Management Systems, rigorous requirement definition and validation, and 

technical Peer Reviews (Jansma, 2006).  It is expected that the free market-based 

re-allocation of key technical and programmatic resources during system 

development should be generally applicable to all system development in any 

mission’s space segment, and could be generally applicable to the space 

segment’s operational phase as well. 

1.8 Scope and Limitations 

The general principle of a barter-based key development resource re-

allocation can be used for any type of technological development.  It would take a 

very long time indeed to prove that this general principle results in at least a more 

optimal re-allocation of key development resources in any system development.  

As a result, the subject of this dissertation is limited to a small portion of 

technological system development, that of space system development.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

Classically, space systems are comprised of three segments: the ground 

segment, the launch segment, and the space segment.  Every single subsystem of a 

space system can be mapped to one and only one of the above segments.  The 
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present work is limited to the space (also known as the flight) segment.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

Many different entities develop space systems.  The author has 37 years of 

experience in space system development, with most of that experience 

concentrated in NASA science mission development or operations.  As a result, in 

this study barter-based key development resource re-allocation is limited to 

NASA space science system, space segment application.  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

Typically, a NASA space science mission space segment consists of one (or 

more) spacecraft plus each spacecraft’s science instrument payload.  The 

historical key development resource re-allocation via expert judgment with 

margin/reserve/contingency approach outlined above has been used on all NASA 

Space Science mission development, for both the spacecraft and science 

instruments, with two very illuminating exceptions, both on the science 

instrument development side.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Within the context of NASA space science mission spacecraft and science 

instrument development, the key development resources that system engineers 

initially allocate and subsequently re-allocate are development funds, 

development time, mass, power, data rate, pointing knowledge and accuracy, 

memory, CPU processing power, mounting location, mounting area, development 

risk, plus a host of others.  This barter-based key development resource re-

allocation work will concentrate on more optimally reallocating development 

funds.  If barter-based resource re-allocation can be shown to result in lower cost 
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growth, then showing lower mass growth, lower power growth, or lower any-

other-key-development-resource growth is a straight-forward extension. 

(Kosmann, Sarkani, & Mazzuchi, 2013)  

Finally, pioneering NASA space science mission developments are excluded 

from this study.  Pioneering missions are those where almost all components are 

developed as new components.  This is contrasted with non-pioneering NASA 

Space Science mission development, where most spacecraft components are 

purchased off-the-shelf, and many science instrument off-the-shelf parts are also 

used.  Examples of NASA pioneering missions are all manned missions, all of the 

Great Observatories, and each of the Mars rovers.  Barter -based key development 

resource re-allocation can be applied to pioneering mission development.  Proving 

more optimal development resource re-allocation in pioneering mission 

developments is a much more daunting task (Porter, 2000), and hence, excluded 

from this study.  (Kosmann, Sarkani, & Mazzuchi, 2013) 
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2 LITERATURE REVIEW 

 

2.1 Introduction 

One of the key areas in system engineering of space system development is 

the initial allocation and re-allocation of key technical and programmatic 

development resources.  Such resources include, but are not limited to, mass, 

power, memory storage, CPU processing power, pointing, data rate, surface 

mounting area, development risk, cost and schedule.  The classical method for 

initial allocation is the expert judgment of senior program management, usually 

the lead Mission System Engineer or Chief Engineer, in combination with the 

Program Manager.  Usually, not all of any given key development resource is 

allocated.  A portion, called a margin or reserve, is held back, to provide resources 

for use when problems arise, as they invariably do.  The percentage held back is a 

function of the heritage of each subsystem design, where in the development 

cycle the program is, and how mature each subsystem design is.  Typical initial 

margin values are in the 20 to 30% range, depending on the resource, and 

depending on the design heritage.   

The classical method for reallocating key development resources is via expert 

judgment, either by the same senior program management responsible for the 

initial allocation, or by committee.  The committee consists of a combination of 

senior and mid-level program and engineering management, and is usually 

chaired by the Lead Mission System Engineer or the Chief Engineer.  Payload or 

spacecraft subsystem developers come to the committee, requesting additional 
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key development resource(s), providing material to make their case as to why the 

re-allocation is justified.  The problem with the classical method is that the 

historical increase in key development resources, such as cost and mass, has been 

astronomical, leading to massive budget overruns, late development, and 

development of space systems that do not meet technical performance 

requirements. 

Twice, a completely novel approach to the re-allocation of scarce key 

development resources has been attempted.  A market-based resource exchange 

for payload instrument development key resources has been used for instrument 

development on the Cassini Saturn orbiter mission, and on the Terra Earth orbiter 

mission, both NASA science missions.  In the case of the Cassini instrument 

development, cost increases, over the course of the development, were miniscule.  

Instrument mass increase was negative.  On EOS-Terra, the instrument cost 

growth was also negative at the conclusion of development.  The market-based 

key development resource re-allocation technique has not been used on a 

spacecraft development to date.  This work intends to offer additional proof that 

the use of market-based key development resource re-allocation during science 

instrument development results in lower expected cost growth.  In addition, this 

work intends to begin the application of market-based key development resource 

re-allocation to the development of spacecraft.  All of the relevant research in the 

area of using market-based resource re-allocation mechanisms in space system 

development is quite recent, starting in the 1960s. 
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2.2 Graphical Timeline or Concept Map 

Figure 2-1 illustrates a concept map describing research and development in 

the application of market-based key resource management to space segment 

system development or operations.  On the left, the idea of resource allocation 

being a key system engineering function was discussed by Jansma, 2006.  The 

rest of the map traces the historical development of the resource re-allocation 

mechanism, then its recommendation for application and/or application in space 

segment system development.  Each separate example of recommendation or use 

of resource re-allocation by market-based mechanisms is the subject of the 

succeeding paragraphs in this literature review. 
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2.3 Review of Relevant Literature 

A short review of some literature summarizing key space system development 

system engineering key functions occurs first.  Then a review of literature related 

to market-based resource re-allocation related to space system development takes 

place.  Such use has fallen into six topical areas: market-based development 

resource re-allocation mechanisms, the application of market-based re-allocation 

mechanisms to Deep Space Network scheduling,  the application of market-based 

re-allocation mechanisms to space instrument payload development, the 

application of market-based re-allocation mechanisms to space instrument science 

operations planning, the application of market-based re-allocation mechanisms to 

Space Shuttle secondary payload manifesting, and the application of market-based 

re-allocation mechanisms to risk as a key spacecraft development resource.  These 

six areas are reviewed in turn. 

A review of the literature pertaining to NASA resource growth studies occurs 

next, followed by a review of literature discussing the use of agent-based 

modeling to simulate a barter-based trading environment. 

2.3.1 Key Space System Development System Engineering Functions 

 

(Jansma, 2006) summarized the complete re-invention of systems 

engineering at the Jet Propulsion Laboratory (JPL) starting in 2004, following 

a series of spectacular JPL space system failures in the last decade of the 20th 

century.  The Systems Engineering Advancement project (SEA) was set up to 

“significantly advance the practice and capabilities of systems engineering at 

JPL”, the lead NASA Center for Solar System Exploration.  The SEA’s scope 
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included full program life cycle, full program depth (top 5 levels from 

program down to element), and full program breadth (launch, ground and 

space segments).  The principle systems engineering functions for space 

system development and operation are:  

 systems architecture,  

 requirements management,  

 interface definition,  

 technical resource management,  

 system design and analysis,  

 system verification and validation,  

 risk management,  

 technical peer reviews,  

 design process management, and  

 systems engineering task management. (Jansma, 2006)   

 

The SEA compiled a list of highly desirable characteristics of successful 

systems engineers.  Its charter extended to reproduce these characteristics in 

young JPL systems engineers.  A natural extension of this effort was to 

identify and produce products, services and training materials, and to deploy 

these products into the systems engineering community.  The SEA project 

placed a priority on both organizational change management, and customer 

relationship management. 
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2.3.2 Market-Based Mechanisms For Resource Re-allocation 

 

Market-based resource re-allocation has at its heart the idea that self 

interested independent individuals, when presented with a proper reward 

structure to incentivize desired behavior, will optimally allocate resources.  

(Vickrey, 1961) first suggested the use of auctions to allocate scarce 

resources.  Five cases were studied: a state agency might be able to create the 

conditions where optimal resource re-allocation could occur, a small number 

of discrete indivisible units (the limit being one indivisible item) auctioned via 

a common or progressive (English) auction in a small market with limited 

participants, the situation of contracts let or sales made via competitive 

bidding or tenders, the auction of several identical items, and the sale of 

identical items under sealed bids.  The common auction was found to result in 

close to optimal re-allocation of scare resources, in both the single item and 

multiple item cases, as was the sealed bid case.  In all these cases, setting the 

item’s price at the “first rejected bid” (the bid immediately below the highest 

bid) results in optimal re-allocation of scarce resources.  (Vickrey, 1961) 

A key is to induce valuation, that is, to induce prescribed monetary value 

in actions. (Smith, 1976)  Induced valuation depends on the principle of non-

satiation: a free individual, when presented with two choices, will always 

select the choice that returns the higher reward medium (usually monetary), 

without limit.  This can be tested using suitably motivated individuals or 

groups in controlled settings.  “There are three important qualifications to 

non-satiation:  the activities (subjective burden) associated with decision 
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making must be negligible in relation to the value returned, participants may 

attach game value to experimental outcomes, and individuals may not be 

autonomous own-reward maximizers (subject i’s utility may depend on both 

i’s and k’s reward).” (Smith, 1976)  The performance of a resource re-

allocation experiment can be tested in a microeconomic environment.   

Resource re-allocation experiments were developed and discussed as 

examples of microeconomic systems.  (Smith, 1982)  A microeconomic 

system consists of distinct elements: an environment (economic agents, 

commodities, agent utility functions, agent knowledge endowment, and agent 

commodity endowment) and an institution (the set of rules defining agent 

interaction for the purpose of commodity exchange, such as language rules, 

allocation rules, cost imputation rules, and adjustment process rules).  In such 

a system, alternative resource re-allocation mechanisms can be evaluated. 

(Smith, 1982) 

(Ledyard, 1994) suggested the use of voluntary trading to solve the 

resource re-allocation problem in the case of developing a set of science 

instruments for the Cassini mission to Saturn.  The principle of voluntary 

trading is that two principals only trade resources if each is better off after the 

trade.  The resources in the microeconomic system must be initially 

inefficiently allocated, or no trading would take place.  If all principals had 

optimum resource initial allocation, then any trade would leave both 

principals worse off after the trade.  If the trading process is not burdensome, 

the micro-economy should converge (after a series of trades) to an efficient re-
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allocation of resources.  A simple computerized bulletin board, use of a 

universal medium of exchange (not monetary) for pricing resources, and a 

computer-assisted resource exchange were offered as technologies to run the 

voluntary trade mechanism.  After a series of microeconomic experiments 

testing the efficiency of the three exchange types under consideration, the 

computer-assisted resource exchange was chosen to run the Cassini 

instrument development resource voluntary trading system.  Any 

experimenter could post a trade offer.  All potential trading partners could see 

the offer and counteroffer.  Chains of trades were permitted. 

Most research on using market-based systems to allocate scare resources 

assumes all the participants have perfect knowledge of each other, and each 

participant acts in his or her own self interest using that knowledge.  (An, 

2007) studied the effects of participant imperfect knowledge on the results of 

the resource re-allocation.  A deal optimizing mechanism is introduced 

whereby participants can recursively update their bids with new information.  

An e-market was simulated in a series of experiments, allowing participants to 

make bids, gain new information, and re-submit bids.  The three cases of 

resource re-allocation in a sparse market (2-20 participants), resource re-

allocation in a dense market (100-200 participants), and resource re-allocation 

in a moderate market (800-1000 participants) were simulated as a function of 

optimization deadline.  As the optimization deadline is extended in time, the 

markets with incomplete participant information have longer to gain 
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information, and the resource re-allocation result approaches that of markets 

with complete information. 

2.3.3  Application of Market-based Resource Re-allocation To Deep 

Space Network (DSN) Antenna Time Scheduling 

The very first application of market-based resource re-allocation in the 

field of space exploration was an application to schedule time on one or more 

of the antennae of the Deep Space Network (DSN).  (Wessen, 2001)  The 

DSN is heavily oversubscribed, and has been for decades.  The process of 

scheduling antennae time is totally manual, highly iterative, and highly 

conflict laden.  In 1991, work commenced on designing an experimental 

market-based re-allocation system.  The system was never approved to move 

from the experimental phase to the operational phase. 

Applied mechanism design was used to examine various alternative 

scheduling processes in an experimental setting.  (Ledyard, 1996)  The 

measure of efficiency was defined to be the value obtained by a particular 

scheduling mechanism divided by the total value possible to obtain.  Manual 

scheduling processes, using an experienced committee approach, are efficient 

in low conflict scenarios, but are very inefficient in high conflict scenarios.  

The Adaptive User Selection Mechanism (AUSM) is highly efficient in both 

low and high conflict scenarios, but the net surplus available to users is less 

than from the committee mechanism.  Thus, users highly dislike the AUSM.  

A modified AUSM, which uses tokens instead of real money for bidding, is 

also highly efficient in both low and high conflict scenario, and does not 

extract user’s surplus. 
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2.3.4 Application of Market-based Resource Re-allocation To Space 

segment Instrument Development  

The first use of market-based resource re-allocation in space system 

development was to manage the science instrument key development 

resources on the Cassini mission. (Wessen, 1998)  The Cassini program 

accepted the recommendation of Porter (Ledyard, 1994) and set up the Cassini 

Resource Exchange (CRE) to manage the re-allocation of instrument cost, 

mass, power and data rate over the five year science instrument development.  

Packaged bids for resources (A could bid for mass and power, offering data 

rate and money) were permitted.  Chains of bids (A could offer B funding for 

mass, and B could offer C mass for power, and C could offer A power for 

funding) were also permitted.  The trading of resources was regulated by the 

Cassini instrument development lead.   The lead would check to make sure 

that any proposed resource trade would not cause technical development 

problems for the spacecraft. 

The CRE was the first voluntary trading mechanism, used for resource re-

allocation, to use the Internet as the communication medium.  The CRE 

operated from late 1993 into 1998.  29 successful trades were made, all but 

two involving mass and money.  For a series of eight contemporary NASA 

space segment developments, the mean cost growth was +121%.  For Mars 

Observer, the only mission for which instrument mass growth was available, 

mean instrument mass growth was +27.4%.   On Cassini, the mean instrument 

cost growth was +0.9%, and the mean mass growth was -3.4%.  
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The only other space segment development that has used a market based 

resource re-allocation system was EOS Terra, an Earth orbiting science 

mission.  (Wessen, 2007)  Mass, power, and volume were resources available 

for trade.  Unfortunately, the results of the Terra market-based resource re-

allocation system have not been published.  Quantitative instrument 

development mass and power growth results have not been found, although 

the EOS Terra instrument accommodation manager recalls that no appreciable 

instrument mass or power growth occurred during development. (Wessen, 

2007) 

2.3.5 Application of Market-based Resource Re-allocation To Space 

Instrument Science Operations Planning 

Market-based resource re-allocation systems can be used to resolve 

resource conflicts that naturally arise during science mission operations when 

supply (time, spacecraft attitude, download data rate, power, computer 

commands) normally exceed supply.  Such a system was developed to 

perform instrument operations planning for the NASA LightSAR Earth 

orbiting mission.  (Hilland, 2004)  The computer-assisted human-generated 

serial draft approach, and both simple market and priority market approaches 

were analyzed, with the priority market approach producing the best results.  

A generalized “monetary unit”, called Priority Points, was used to price 

resources, and also was used for bidding.  Rounds of bidding occurred for 

specific instrument observations to be included in the mission timeline.  

Bidding continued until the “value” of the n+1th iteration was <10% greater 

than the value of the nth iteration. Five development stages were defined for 



 24 

the prototype; create an economy, allocate required resources, generate 

requests for resources, iterate the bidding/scheduling process, and conduct 

aftermarket trading.  All five stages function simultaneously in the operational 

model. 

As the applications of market-based resource re-allocation in space system 

development or operations increased over time, efficiency in the application 

of the technique increased.  The original application for the Cassini Resource 

Exchange used a simple auction mechanism to allocate resources.  The highest 

bidder won.  The problem with simple markets is the number of rounds of 

bidding that have to occur to determine a winner, as each bidder will only 

increase his or her bid a small amount, many times, to try to win as 

inexpensively as possible.  (Porter, 2007)  Priority auctions solve this 

problem.  In a priority auction, bids are submitted based on priority level.  

Higher priority levels are more expensive, encouraging participants to not set 

all bids at the highest priority level.  Priority auctions converge on the optimal 

answer much more rapidly than simple auctions do.  (Porter, 2007) 

2.3.6 Application of Market-based Resource Allocation To Space Shuttle 

Secondary Payload Manifesting 

Space Shuttle secondary payloads, defined as those that fit into one or 

more Shuttle Mid-deck lockers, were manifested by committee, based on 

experimenter submitted requests to be manifested.  For Shuttle missions, 

demand vastly exceeded supply.  A market-based payload manifesting 

(allocation) system was proposed and developed to accomplish manifesting 

more efficiently.  (Wessen, 1999)  The resources allocated over six Shuttle 
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missions per year included the number of Mid-deck lockers, experiment 

power, and the astronaut time to run experiments.  A fully manual process was 

set up, to imitate the NASA process actually used.  Two experienced payload 

manifest engineers manifested (by hand) the set of payloads on a year’s worth 

of six Shuttle missions, using experiment priority criteria, the experiment 

resources required, and the secondary payload resources available on each of 

the six missions.  The hand-created manifest was the control experiment. 

A market-based resource allocation system was set up by recruiting a 

series of experimenters (students) who were each given priority points to 

allocate between experiments.  The experimenter would assign more points to 

an experiment that was more important.  A three level priority system was set 

up to indicate which payloads were the most important, which were of 

medium importance, and which were least important.  The system manifested 

as many of the highest importance payloads first, consistent with available 

Shuttle resources, then manifested as many of the medium priority payloads as 

possible, then moved on to the low priority payloads.  Experimenters would 

their bid their points to get their most important experiments manifested first.  

Payloads that did not get manifested in the first round were returned to the 

experimenters with a status of “un-manifested”.  This told the experimenter to 

up the number of points bid, decrease the priority of the experiment, or 

replace it with some other less resource intensive experiment.  Only bids for 

payloads not yet manifested could be changed.  
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Comparing the results of the hand-based manifest with the market-based 

manifest, the market-based manifest more efficiently utilized the available 

number of mid-deck lockers and experiment power on each mission.  No 

discernible difference in utilization of astronaut crew time was observed 

between the two manifesting systems.  Even though the market-based 

allocation system proved to be more efficient manifesting with respect to two 

out of three of the experiment resources, the Space Shuttle Program chose not 

to use the market-based secondary payload manifesting system. 

The application of a market-based secondary payload manifesting system 

broke new ground in the use of auctions for resource allocation.  

Organizational constraints were considered for the first time in the design of 

the auction system.  (Ledyard, 2000)  NASA imposed a constraint that no 

money could transfer between payload user Codes.  Tokens were chosen as 

the medium of exchange as a result.  All resources were priced in tokens.  

Each experimenter was given a set of tokens to start the auction process.  The 

extremely complex Space Shuttle manifesting caused the creation of new 

algorithms for scheduling.  A sequential packing algorithm was ultimately 

chosen.  (Ledyard, 2000) 

2.3.7 Application of Market-based Resource Re-allocation To Risk As a 

Key Spacecraft Development Resource 

Market-based re-allocation management of risk as a key spacecraft 

development resource has been proposed (Guikema, 2007).  A literature 

search uncovered the only example of using a market-based resource re-

allocation for any space system: the Cassini payload instrument Resource 
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Exchange.  The search also uncovered the use of market-based allocation 

proposed for Space Shuttle secondary payloads, and two examples of use for 

the management of environmental pollutants.  The main mechanisms for an 

emissions control market are emission charges (imposing a fee for emissions) 

and tradable emission permits (establishing a right to pollute).  The author 

concludes that a risk-permit system would be a better choice for a spacecraft 

risk resource trading system.  A risk permit would convey to the holder the 

right to a “unit” of system failure.  Probabilistic Risk Analysis (PRA), 

managed by the lead spacecraft systems engineer (SE), would establish the 

spacecraft system level failure rates as result of each subsystem failing.  The 

lead SE would also manage the risk permit trading system.  Trades of money 

for the right to increase a subsystems failure rate, as well as chains of trades 

would be permitted and managed by the trade system.  This proposed market-

based risk management system has not been used to date in any spacecraft 

development. 

2.3.8 NASA Space System Development Cost Growth History 

Over its entire history, NASA has had a problem with the final cost of 

space system development far exceeding the initial approved, budgeted cost 

estimate.  This phenomenon is known as development cost growth.  The US 

Government has commissioned numerous studies to quantify previous NASA 

development cost growth, and to identify possible solutions.  The earliest such 

study was commissioned by the US Congress, and conducted by the 

Government Accounting Office (Gebicke, 1992).  Twenty Nine NASA 
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development programs were analyzed.  A number of types of programs were 

analyzed, including NASA Science missions, launch vehicles, and technology 

developments.  Program development costs were collected for programs that 

completed development, programs that were cancelled during development, 

and for programs that had not yet completed development at the time of the 

study.  Total program cost only was tabulated for each program, i.e., costs 

were not broken down to the launch, ground and space segments, much less 

broken down to the science instrument or spacecraft level.  Total program 

development cost growth ranged from a low of -44% to a high of +426%.  

The median program development cost growth was +77%.  The data collected 

illustrated and quantified the development cost problem, but could not be used 

in this author’s work, as not science instrument or spacecraft level 

development cost data was provided. 

The next study to be published was a private effort (Wessen, 1998) by a 

JPL engineer (Dr. Randii Wessen), collaborating with a Cal Tech colleague 

(Dr. David Porter).  The NASA Science mission cost growth study looked at 

eight contemporaneous missions, some not yet having completed 

development, and documented the development cost growth mostly at the 

mission level, but in a couple of cases at the science instrument and spacecraft 

level.  The Mars Observer science instrument development cost growth data 

point is from Wessen, 1998.  The NASA Science mission cost growth study in 

this paper was done to illustrate the development cost growth problem that the 
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Cassini Resource Exchange, i.e. key development resource re-allocation via 

an auction-based mechanism, was designed to help solve. 

Eight years later the next study to be published determined NASA Science 

mission development cost and schedule growth (Emmons, 2006) for 40 

missions.  This study was performed by one individual at the NASA 

Headquarters Science Mission Directorate, and by two individuals working 

for the Aerospace Corporation.  The primary development growth data 

reported was at the mission level.  The average cost growth for this mission 

set was +26.9%, with a low of – 21.4%, and a high of +150%.  Sources of 

mission level cost growth were segmented into external and internal (with 

respect to program control).  Internal sources included both science instrument 

and spacecraft level cost growth.  Science instrument development cost 

growth was reported to be the leading cause of mission cost growth.  Although 

the authors collected development cost growth data at the instrument and 

spacecraft level, cost and schedule growth data for individual missions were 

not provided in the paper.  One of the authors was contacted, and the science 

instrument and spacecraft level cost growth data was requested.  The author 

refused to provide the data, citing proprietary concerns.  The mission level 

data from this study could not be used in this dissertation. 

A year later, another NASA Science mission cost and schedule growth 

study was completed, but not published (Perry, 2007).  This study was 

commissioned by the NASA Headquarters Science Mission Directorate, and 

performed under the auspices of the Science Support Office at the NASA 
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Langley Research Center by personnel at the Science Applications 

International Corporation.  Development cost and schedule growth data was 

collected for fifteen NASA Science missions.  Growth data was provided at 

the mission level for all fifteen of the missions, and at the science instrument 

and spacecraft development level for eight of the missions.  A more 

comprehensive cost growth study was found (Mlynczak, 2009) whose data 

included not only the same eight missions at the instrument and spacecraft 

level, but included such data for an additional twenty missions.  As a result, 

the cost growth data from this study was not used in this dissertation.   

As an interesting aside, the (Perry, 2007) study was updated in 2008, but 

also has never been published.  An additional six missions, for a total of 

twenty one missions, were added to the data set.  Average cost growth, at the 

science instrument and spacecraft development level were provided, for the 

entire dataset, but not at the individual instrument set or spacecraft level.  The 

average science instrument development cost growth was +91%, and the 

average science spacecraft development cost growth was +44%.  These cost 

growths agree reasonably well with the average cost growths of the twenty six 

science instrument and twenty eight science spacecraft development cost 

growths reported later in this dissertation. 

The authors of the 2006 study (Emmons, 2006) undertook a new study of 

10 NASA Science missions, and published the results two years later 

(Freaner, 2008).  The purpose of the study was to attempt to correlate cost 

growth, schedule growth, mass growth and power growth with each other, and 
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with increase in system complexity over time.  The study reported cost, 

schedule and resource (mass, power) growth at the mission development level, 

so the data could not be used in this dissertation.  The authors reported an 

average mission level cost growth of +76%, an average mission level mass 

growth of +43%, and an average mission level power growth of +42%.  These 

resource growths were not reported at the instrument and spacecraft level.  

(Mass growth data was provided at the spacecraft subsystem level for the set 

of 10 spacecraft as a whole.  Minimum, mean, and maximum data were 

provided for each spacecraft subsystem. )  In addition, the individual missions 

were not explicitly named.  Finally, the one author contacted refused to 

correlate the mission names with the data points.  One major conclusion of the 

study was that the general industry guideline of starting a science mission 

development with +30% mass and power margins was insufficient to account 

for the average mass growth of +43% and the average power growth of +42% 

seen on these ten mission developments. 

The NASA Science Mission Directorate (SMD) commissioned yet another 

study to attempt to determine Earth and Space Mission development cost 

drivers about a year later (Mlynczak, 2009).  This study utilized many of the 

individuals from all of the past studies cited, except those who performed the 

first two studies.  A thirty mission set of NASA Science mission 

developments was studied, with cost, schedule, mass and power growth at the 

mission, individual science instrument, and individual science spacecraft 

reported.  Development cost growth by mission type (Earth, Heliophysics, 
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Astrophysics, or Planetary), by launch date, by flight system dry mass, by 

mission complexity, by acquisition method (Directed versus AO Acquired), 

by contractor type (NASA Center version Industry), by preliminary design 

investment amount, and by budget reserve level were investigated at the 

mission level, the instrument level, and at the spacecraft level.  Of the thirty 

missions studied, useful development cost growth data was provided for 

twenty seven science instrument set developments, and for twenty seven 

science spacecraft developments.  (The twenty eighth science instrument set 

development cost growth datum, for Mars Observer, came from Wessen, 

1998,  The twenty eighth science spacecraft development cost growth datum 

came from a private conversation with the Cassini spacecraft lead system 

engineer.) 

In 2010, the National Research Council (NRC) published the results of a 

two year study on NASA Science mission development cost growth 

(Unknown, 2010).  This study produced no new development cost growth 

data, but instead reviewed all of the NASA Science mission development 

studies cited in this dissertation, except Wessen, 1998.  The references from 

the NRC study were how this author learned of all of the previous cost growth 

studies.  The NRC study chose the Emmons, 2006 forty mission development 

cost growth study to illustrate NASA’s cost growth problem, plotting the cost 

growth against the schedule growth for all forty missions.  The study noted the 

extreme difficulty a researcher has of comparing cost growth data from 

different studies, as each study has a tendency to define cost growth in a 
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different manner.  Past cost growth studies have found average cost growth 

ranging from +23% to +77%, often including some of the same missions in 

the studies.  The NRC study found that the most common cost growth factors 

include very poor initial cost estimates, program funding issues and 

instability, instrument development issues, spacecraft technology development 

issues, and launch vehicle cost issues.  As the NRC study did not provide any 

new NASA Science mission cost growth data, no data from this study was 

used in this dissertation. 

Also in 2010, the authors of the 2006 study (Emmons, 2006) and the 2008 

study (Freaner, 2008) updated the 2008 study.  What had been a ten NASA 

Science mission development cost growth study now expanded to a twenty 

mission development cost growth study (Bitten, 2010).   All of the comments 

from the 2008 study apply to the 2010 update.  The purpose of the update was 

to attempt to correlate cost growth, schedule growth, mass growth and power 

growth with each other, and with increase in system complexity over time.  

The study reported cost, schedule and resource (mass, power) growth at the 

mission development level, so the data could not be used in this dissertation.  

The authors reported an average mission level cost growth of +76%, an 

average mission level mass growth decreased to +37%, and an average 

mission level power growth decreased to +41%.  This time the mass and 

power resource growths were reported at the instrument and spacecraft level.  

The study found an average instrument mass growth of +61%, and an average 

spacecraft mass growth of +33%.  Once again, the individual missions were 
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not explicitly named.  And, the one author contacted refused to correlate the 

mission names with the data points.  No data from this update could be used in 

this dissertation, which was unfortunate as new instrument set and spacecraft 

development cost growth data points could have been added to the author’s 

twenty eight mission database. 

Finally, in 2011, the results of a study investigating the correlation of 

development resource growth and mission complexity was released (Bearden, 

2011).  This study updated an earlier study from 2001 on the same topic.  A 

large database of NASA and DOD space mission development resource 

growth has been assembled over the last decade at the Aerospace Corporation.  

This database includes 111 NASA Science missions and forty DOD and other 

non-NASA missions.  Eight NASA science mission developments were 

selected from the database for the study.  Mission level cost growth versus 

development complexity results were provided in the paper.  No science 

instrument level or science spacecraft level cost growth information was 

provided.  No data from this study was used in this dissertation. 

 

2.3.9 Simulating a Science Instrument Set Development Using an Auction-

Based Key Development Resource Re-allocation Mechanism 

 

Two types of simulation were investigated: a static Leontief input-output 

simulation approach and a dynamic agent-based simulation approach.  The 

first historical example of an auction-based key development resource re-

allocation, on the Cassini science instrument development, used a static 
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Leontief input-output simulation to help prove to the Cassini Program Office 

that the technique would work (Ledyard, 1994).  The static Leontief input-

output model is an example of linear programming relating the input to a 

system with the outputs from the system.  In a static model, the input-output 

relationships are constants.  In the instrument development case, the inputs are 

the resources needed to develop a set of science instruments for a NASA 

science mission.  The outputs are the science instruments, having consumed a 

specific set of resources.  A Leontief input-output model can be optimized 

using a solver in linear programming (Dorfman, 1958).  This would allow the 

determination of the minimum set of resources needed to create a set of 

science instruments, in principle.   

Science instruments for new NASA Science missions are usually either 

completely new instrument development, or at least major modifications of 

existing science instruments.  As a result, there is normally much uncertainty 

as to the resources needed to develop each new science instrument, and as to 

the relationship between the science instrument inputs and outputs in a 

Leontief model.  Such developments could be considered examples of small 

pioneering system developments.  A paper was found discussing the 

application of a Leontief model to a large pioneering system development.  A 

static Leontief input-output simulation was created for the International Space 

Station (ISS), during its development phase, to aid in the determination of 

whether the solar dynamic or solar photo-voltaic technology should be used to 

design the ISS’ power production subsystem (Quirk, 1989).  Standard design 
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practice is to design to minimize life cycle cost.  In pioneering programs, 

major uncertainty exists as to the characteristics of technological component 

characteristics, and as to the various development and operational costs.  

Probability distributions were used to account for uncertainty in the input-

output relationships.  The Leontief input-output model recommended 

selecting photovoltaic solar arrays for electricity production on the ISS, as this 

design would be a lower cost design for a risk averse set of decision makers. 

 In a pioneering development project, uncertainty is greatest at the 

beginning of the development, and decreases with time as design decisions are 

made.  Before all such decisions have been made, other decisions on amounts 

to charge for utilization of various system resources must be made.  

Optimization of the expected income, in the face of major design uncertainty 

is discussed in a second paper on the application of static Leontief input-

output models to the ISS design process (Porter, 2000).  The author concludes 

that utilization contracts should not be based on the expected marginal cost of 

the utilization of resources, as is the standard practice.  Such contract pricing 

should be based on the use of contingent contracts, i.e. contracts whose 

execution is based on the contingent availability of future resources.  Signing 

contingent contracts influences design decisions related to future resource 

availability as the pioneering system design evolves over time. 

A second approach to simulating using auction-based resource re-

allocation in a set of science instrument developments is using a dynamic 

agent-based model.  In a heavily cited paper, Axtel laid out the various types 
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of problems were an agent-based model would be most useful (Axtel, 2000).  

The first case is where mathematical equations exist (or can be formulated) to 

cover the behavior in the system being studied.  In this case, an agent-based 

model can serve as an alternative method of displaying results on how the 

system operates.  The second case is when mathematical models exist, but are 

not completely soluble.  An agent-based system model can illuminate certain 

properties of the system, properties that would not be obtainable from the 

unsolved mathematical equations.  The agent-based model can be used to 

uncover certain system dynamic properties, to discover emergent behavior, to 

show the relationship between assumptions and results, and to provide 

counter-examples of system behavior.  The third case is to examine systems 

where no mathematical formulation is possible.  In this case, an agent-based 

model may be the only way to examine system properties and deduce results.  

Simulating using an auction-based resource re-allocation mechanism in a set 

of science instrument developments represents an example of the second 

Axtel case. 

A number of papers describing the use of agent-based models to examine 

the auction mechanism have been written.  (Smith, 1962) first deduced that 

the auction mechanism is highly efficient in extracting the maximum 

exploitable surplus in an economy.  He found that using human traders and a 

double auction mechanism resulting in nearly 100% allocative efficiency.   

Gode and Sunder (Gode, 1993) studied the effect of rationality of the 

market traders in double auctions on the efficiency of extracting surplus.  The 



 38 

double auction mechanism is highly efficient, in and of its self, at allocative 

efficiency (ratio of actual to possible profit in a trade) in a market.  This high 

efficiency is primarily a consequence of imposing a budget constraint, i.e. not 

allowing traders to trade at a loss.  The intelligence of the traders has a 

secondary or tertiary effect on market allocative efficiency.  The authors 

created a computer simulation of double auction market traders, and gave each 

trader zero intelligence.  Each trader generated random bids (if a buyer) or 

offers (if a seller) using a uniform distribution of bid an offer amounts over an 

arbitrary range of all possible prices from 1 to 2000.  The probability of any 

bid was 1/200 = 0.005.  Zero intelligence traders have no memory, and cannot 

learn from one trade to the next.  A set of human traders was used to set a 

benchmark allocative efficiency to measure against.  The average allocative 

efficiency (over five trading sessions) of the human traders was 97.9%.  The 

average allocative efficiency of the zero intelligence computer simulation 

traders (over five simulations) was 98.7%. 

The same two authors examined the characteristics of the double auction 

mechanism with respect to allocative efficiency (Gode, 1997).  They set up a 

computer model of zero intelligence traders.  Computing market allocative 

efficiency requires explicit knowledge of the market demand and supply 

functions.  These functions are almost never known, so the efficiency 

computation is rarely possible.  The every high allocative efficiency of double 

auction mechanism is a consequence of its rules.  Rule #0: traders trade to 

make profits, i.e. traders are not allowed to execute trades that result in losses.  
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Rule #1: traders must follow the rules.  Rule #2: buyers must live with their 

bids, and sellers must live with their asks, i.e. contracts are binding.  Rule #3: 

higher bids take precedence over lower bids, and lower asks take precedence 

over higher asks.  Rule #4: multiple rounds of biding increase efficiency over 

a single round. 

Mehta and Bhattacharyya created an agent-based model of a business to 

consumer electronic auction marketplace (Mehta, 2006).  They describe the 

process of creating the agent-based model, including deriving the behavior 

rules for each of the agents in the auction (sellers, buyers, and auctioneers).  

Each agent is given the appropriate behavior rules.  The simulation is then 

run, until equilibrium occurs.  Equilibrium is defined as an allocation of 

resources, such that any new trade would leave the traders in a worse position 

than before the trade.  A key to success is validating the agent-based model, 

against some known model of analytical equivalence.  If no model of 

analytical equivalence exists, then agent-based model validation becomes 

much more difficult.  It may have to be accomplished in stages, with parts of 

the model validated against available research.  Without model validation, the 

results of running simulations cannot be trusted. 

In the case of using an agent-based model to simulate the use of an 

auction-based key resource re-allocation in the development of a science 

instrument set, the initial and final resource allocations are known in the 

Cassini example.  These include the initial and final values of each 

instruments development cost, mass allocation and power allocation.  An 
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agent-based model could be used to make a number of “Monte Carlo” 

simulations by randomly varying both the initial resource allocations and the 

resource usage rate.  An average instrument set cost growth close to that 

experienced during the Cassini science instrument development would 

validate the agent-based model. 

2.4 Gaps or Problem Areas 

In space segment development and operations, market-based resource re-

allocation systems have been developed for the payload instrument development, 

payload instrument operations, and payload manifesting areas of space system 

development and operations.  Only twice, in the payload instrument development 

area, on the Cassini and EOS Terra missions, has a market-based resource re-

allocation system been used.  Both times, the results were spectacular in terms of 

limiting key resource growth during the development phase.  In space segment, 

spacecraft development, a market-based resource re-allocation system has never 

been developed.  In ground segment development and operations, only once has a 

market-based resource re-allocation system been developed.  This was for DSN 

antenna time scheduling, and the system was not used.  In launch segment 

development and operations, a market-based resource re-allocation system has 

never been developed. 

2.5 Need for a New Study 

All of the examples to date of the development of market-based resource re-

allocation systems have been for situations where the participants were 

independent entities.  In the Cassini instrument development case, for example, 
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each instrument development was independent of all the other instrument 

developments.  The mission was dependent on no one instrument.  Market-based 

key development resource re-allocation has been proven to work for science 

instrument development.  But there are only two historical successes.  This is not 

a high enough number of successes to use statistical analysis to add additional 

proof to support the validity.  A new study is needed to simulate the effect of 

using a barter-based key development resource re-allocation mechanism during 

science instrument development. This increases the number “missions” that have 

used the technique, allowing a bi-variate inference on the means statistical 

analysis to be applied. 

2.6 Areas For Further Research 

There has been no work done to date with regards to the effects of the 

application of market-based key development resource re-allocation on the 

development of either the launch segment or the ground segment.  There has been 

no work done to date with regards to the effects of the application of market-

based key resource re-allocation on the operation of the launch segment or of the 

operation of any aspect of the ground segment, save for DSN antenna time 

scheduling.  Almost the entire launch and ground segment development and 

operations is rife with opportunity for application of market-based resource re-

allocation principles.  There has also been no work done to date with regards to 

the effects of the application of market-based key development resource re-

allocation on the development of spacecraft. 
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2.7 Literature Review Summary 

The history of space system development shows that major cost growth, 

schedule delay, and key development and operational resource growth is rampant.  

Twice, market-based key development resource re-allocation has been tried in the 

payload instrument development area.  Once, on the Cassini mission instrument 

development, spectacular results were documented, with the cost growth of the 

entire instrument suite development equaling +0.9%, and the mass growth of the 

entire instrument suite development equaling -3.4%.  In the second example, on 

the EOS Terra mission instrument development, anecdotally the results were the 

same, but unfortunately they have never been documented.  Simulating the 

application of market-based key development resource re-allocation would allow 

the use of standard two factor statistical analysis, to determine if significant 

statistical evidence exists to support a claim that a lower mean cost growth is 

expected. 
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3 CONTRIBUTION 

 

 The contribution is to offer the first significant statistical evidence that using a 

barter-based mechanism to re-allocate key development resources results in a lower 

expected mean cost growth during science instrument development.  Two factors are 

involved: 1) science instrument development using expert judgment to re-allocate key 

development resources, and 2) science instrument development using a barter-based 

mechanism to re-allocate key development resources.  The appropriate statistical 

analysis is a bi-variate inference on the means, inferring that the mean cost growth 

from using barter to re-allocate resources is less than using expert judgment to re-

allocate resources.   

 In order to perform such an analysis, a sample distribution with a sufficient 

number of samples of development cost growth using expert judgment to re-allocate 

resources must exist.  Also, a sample distribution with a sufficient number of samples 

of development cost growth using barter to re-allocate resources must exist.  A 

distribution of cost growth (using resource re-allocation via expert judgment) of 

developing sets of science instruments for 26 NASA science missions was created 

from historical resource growth studies available in the open literature.  A distribution 

of cost growth (using resource re-allocation via barter) of developing science 

instruments for 300 mythical NASA science missions was created by running a newly 

created NetLogo agent-based simulation.  The mean cost growth and standard 

deviation of each distribution was calculated, and a bi-variate inference on the means 

was performed.  The test was successful, offering significant statistical evidence to 
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support a claim that using barter to re-allocate key development resources during 

science instrument development should result in a lower expected cost growth with 

respect to using the standard expert judgment technique of re-allocating resources. 

 In addition, a start was made towards performing the same bi-variate inference on 

the means when using barter to re-allocate key development resources when 

developing a NASA science spacecraft.  A distribution of cost growth (using resource 

re-allocation via expert judgment) of developing spacecraft for 28 NASA science 

missions was created from historical growth studies available in the open literature.  

Since using barter to re-allocate key development resources has never been tried 

during a spacecraft development, no historical case studies exist. 

 The barter-based resource re-allocation science instrument development NetLogo 

simulation must be modified to account for spacecraft development differences in 

order to simulate a reasonable number of barter-based resource re-allocation 

spacecraft developments.  Then a bi-variate inference on the means test can be run to 

determine if there is significant statistical evidence to support a claim that using 

barter to re-allocate resources during a spacecraft development should result in a 

lower mean cost growth than using expert judgment to re-allocate resources. 

3.1 Theory 

3.1.1 Cost Growth 

 

For each NASA Science Mission, a number of science instruments are 

developed.  The number typically ranges from three to twelve instruments.  

The science instrument cost growth XI, for the number of instruments 
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developed, is defined as the average of the cost growth of the development of 

each of the science instruments. 

XI = (ΣCi)/n, for i = 1 to n,               (3.1) 

Where n is the number of instruments in the instrument set, and Ci is the 

cost growth for the ith instrument.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Please see the List of Symbols for the definition of all statistical symbols 

used in this work. 

3.1.2 Sample Parameter Interval Estimates 

 

Insight can be gained from comparing the instrument development cost 

growth sample mean interval estimate for the key development resource re-

allocation using expert judgment with the sample mean interval estimate for 

the key development resource re-allocation using a barter mechanism.  For 

both samples, the number of values in the sample (n) is less than 30.  As a 

result, a t-distribution is used to calculate the mean interval estimates 

according to: 

xbar – tα/2, n-1 (s/√n) <  µ <  xbar + tα/2, n-1 (s/√n)             (3.2) 

where Xbar is the sample mean, s is the sample standard deviation, α is the 

level of confidence chosen, and µ is the sample mean cost growth.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

The instrument development cost growth sample mean interval estimate 

for the key development resource re-allocation using expert judgment on 

historical developments is calculated in Section 3.2.  The instrument 

development cost growth sample mean interval estimate for key development 
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resource re-allocation using barter on the Cassini and EOS Terra 

developments is calculated in Section 3.3.  The instrument development cost 

growth sample mean interval estimate for the key development resource re-

allocation using simulation results is calculated in Section 3.5.  The spacecraft 

development cost growth sample mean interval estimate for the key 

development resource re-allocation using expert judgment on historical 

developments is calculated in Section 3.6.  (Kosmann, Sarkani, & Mazzuchi, 

2013) 

 

3.1.3 Inference on the Means 

 

The two samples drawn from the population of all NASA science mission 

instrument development cost growth include different methods of re-

allocating key development resources during instrument development: expert 

judgment versus barters.  A bivariate analysis is performed, to determine if the 

claim that one sample mean (barter-based resource re-allocation) is lower than 

the other mean (expert judgment-base resource re-allocation) is supported.  In 

a bivariate analysis, if the population standard deviation is unknown (in this 

case it is unknown), first a test must be performed to determine if the sample 

variances are unequal (s
2

IB ≠ s
2

IE).  The following equation shows that the test 

statistic is simply the ratio of the two sample variances: 

FTEST = s
2

IE/ s
2

IB                 (3.3) 

The critical statistic comes from the F distribution, and is given by: 

FCRITICAL = Fα/2, n1-1, n2-1                (3.4) 
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Where n1 = number of elements in sample IE, and n2 = number of 

elements in sample IB 

If FTEST > FCRITICAL is true, then the null hypothesis (s
2

IB = s
2

IE) is rejected, 

and the claim (s
2

IB ≠ s
2

IE) is accepted. 

If the sample variances are not equal, then the second part of the bivariate 

test, testing whether one sample mean (xbarIB) is less than the other sample 

mean (xbarIE), may be undertaken.  This portion of the bivariate test is 

illustrated schematically in Figure 3-1 . 

 

Figure 3-1:  Illustration of Inference On The Sample Means 

 

The claim is that xbarIE > xbarIB.  The test statistic is given by: 

tTEST = (xbarIE - xbarIB)/ √[(s
2

IE/nIE) + (s
2

IB/nIB)]           (3.5) 

As each sample has less than 30 values, the critical statistic comes from 

the t distribution, and is given by: 

tCRITICAL = tα/2, γ                 (3.6) 

Where γ = [(s
2

IE/nIE) + (s
2

IB/nIB)]
2
/[{(s

2
IE/nIE)

2
/(nIE -1)} +{( s

2
IB/nIB)

2
/(nIB -

1)}]                     
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If either tTEST < - tα/2, γ or tTEST > tα/2, γ is true, then the null hypothesis 

(xbarIE < xbarIB) is rejected, and the claim (xbarIE > xbarIB) is accepted.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

3.2 Historical (Resource Re-allocation via Expert Judgment) NASA Science 

Instrument Development Cost Growth 

Cost and schedule growth data for the science instrument development on 28 

NASA science missions have been found in the literature (Wessen, 1998), 

(Mlynczak, 2009).  These cost growth data include only the science instrument 

development costs, from the start of preliminary design (NASA Phase B) through 

launch (NASA Phase D), including the application of program cost reserves.  

Each science mission instrument set’s development cost growth is calculated 

according to Equation 3.1.  Information about the 28 NASA science missions are 

summarized in Table 3-1 by providing the name of the mission, the common 

acronym (where applicable), and the year of launch.  The science instrument 

development of all missions in Table 3-1, except Cassini and EOS Terra, was 

done using the standard initial allocation and subsequent re-allocation of key 

development resources via expert judgment, plus the use of budget reserve and 

technical margins.  The launch dates in bold indicate that these missions failed 

during the launch phase.  (Kosmann, Sarkani, & Mazzuchi, 2013) 
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Table 3-1: NASA Science Instrument Development Mission Set.  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

 

 
 

Each NASA science mission will typically have from three to twelve science 

instruments.  The science instruments on an individual science mission are 

referred to as a science instrument set.  The science instrument set development 

cost growth data for the missions in Table 3-1 are plotted in Figure 3-2, except 

for the Cassini and EOS Terra instrument set developments.  For each mission 

science instrument set, the Phase B through D science instrument development 

cost growth in percentage, including application of available program budget 

reserve, is shown.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Mission Name Acronym Launch

Messenger 2004

CLOUDSAT 2006

Galexy Explorer GALEX 2003

Swift Gamma Ray Burst Mission 2004

Spitzer Space Telescope SIRTF 2003

Mars Reconnaissance Orbiter MRO 2005

Solar Terrestrial Relations Observer STEREO 2006

Comet Nucleus Tour CONTOUR 2002

Deep Impact 2005

Earth Observation System-Aqua EOS-Aqua 2002

Mars Exploration Rover MER 2003

Reuven Ramaty High Energy Solar Spectral Imager RHESSI 2002

Earth Observing-1 EO-1 2000

Earth Observation System-Aura EOS-Aura 2004

Gravity Recovery and Climate Experiment GRACE 2002

Landsat-7 1999

Earth Observation System-Terra EOS-Terra 1999

New Horizons 2006

Chandra Gamma-Ray Space Telescope AXAF 1999

Dawn 2007

Fermi Gamma-Ray Space Telescope GLAST 2008

Interstellar Boundary Explorer IBEX 2008

Cassini 1997

Phoenix 2007

Aeronomy of Ice in Mesosphere AIM 2007

Magellan 1989

Mars Observer MO 1992

Solar Dynamics Observatory SDO 2008
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Figure 3-2: NASA Science Instrument Set Development Cost Growth. (Kosmann, Mazzuchi 

& Sarkani, 2013) 

 

The science instrument set cost growth data in Figure 3-2 are from the 2009 

NASA Science Mission Directorate study (Mlynczak, 2009), with the exception 

of the Mars Observer data, which are from Wessen’s 1998 paper (Wessen, 1998).  

The mean cost growth (xbarIE) of the 26 standard science instrument set 

developments is +73.77% and the standard deviation (sIE) of this sample is 60.27.  

The resulting degrees of freedom are 25.  From Equation 3.2, at a 95% level of 

confidence, the mean instrument set development cost growth, using expert 

judgment to re-allocate key development resources, (xbarIE) is between +49.42% 

and +98.12%.  (Kosmann, Sarkani, & Mazzuchi, 2013) 
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3.3 Barter-Based Resource Re-allocation NASA Space Science Instrument 

Development Cost Growth 

For the Cassini and EOS Terra science instrument set developments, a 

radically different approach to key development resource re-allocation was taken.  

The initial allocation of key development resources was made by system 

engineering/program management expert judgment, as on all other instrument set 

developments.  Subsequent key resource re-allocation was accomplished using a 

barter-based resource re-allocation mechanism.  The details of the Cassini 

resource re-allocation system have been published in several papers (Wessen, 

1998), (Ledyard, 1994).  The details of the EOS Terra system have never been 

published, although the cost growth results have been determined (Mlynczak, 

2009).  As a result, only a discussion of the Cassini application of barter-based 

resource re-allocation follows.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Ledyard suggested the use of voluntary trading to solve the resource re-

allocation problem in the case of developing a set of science instruments for the 

Cassini mission to Saturn (Ledyard, 1994).  The principle of voluntary trading is 

that two principals only trade resources if each is better off after the trade.  The 

resources in the microeconomic system must be initially inefficiently allocated, or 

no trading would take place.
 
  If the initial resource allocation was optimal, any 

trade would leave both principals worse off after the trade.  If the trading process 

is not burdensome, the micro economy should converge (after a series of trades) 

to an efficient re-allocation of resources (Ledyard, 1994).  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 
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A simple computerized bulletin board, use of a universal medium of exchange 

(not monetary) for pricing resources, and a computer assisted resource exchange 

were offered as technologies to run the Cassini voluntary trade mechanism.  After 

a series of microeconomic experiments testing the efficiency of the three 

exchange types under consideration, the computer assisted resource exchange was 

chosen to run the Cassini instrument development resource voluntary trading 

system.  Any experimenter could post a trade offer.  All potential trading partners 

could see the offer and counteroffer.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

In the Cassini science instrument set development application, 100% of each 

key programmatic and technical resource was initially allocated via expert 

judgment.  No margin, reserve or contingency was held back, and the science 

instrument developers were made aware of this fact.  Further, instrument 

developers were told that if their instruments were over budget, late, or did not 

meet technical requirements, their instruments could be either de-scoped or 

removed from the spacecraft (Wessen, 1998).  The “all resources allocated” and 

the “instrument late, no launch” incentives were the only behavioral incentives 

used in the Cassini Science instrument development resource re-allocation 

system.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

As an instrument development used up all of its initial allocation of a key 

resource, it could submit a bid for more, at some $/(unit resource) price to the 

trade-based resource re-allocation system.  If no takers were found, the bid would 

have to be increased, or the instrument developer would have to solve the 
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resource problem within the instrument development project.  (Kosmann, Sarkani, 

& Mazzuchi, 2013) 

Packaged bids for resources (A could bid for mass and power, offering 

money) were permitted.  Chains of bids (A could offer B funding for mass, and B 

could offer C mass for power, and C could offer A power for funding) were also 

permitted.  The trading of resources was regulated by the Cassini instrument 

development system engineering lead.  The lead would check to make sure that 

any proposed trade would not cause technical development problems for the 

spacecraft.  The instrument development lead had veto power over any proposed 

trade.  Any proposed trade causing harm to the Cassini spacecraft was vetoed.  

The Cassini barter-based resource re-allocation application was the first voluntary 

trading mechanism to use the Internet as the communication medium (Wessen, 

1998).  (Kosmann, Sarkani, & Mazzuchi, 2013) 

In the Cassini science instrument set development application of barter-based 

resource re-allocation, the resources available for trade were fiscal year 

development funds, instrument mass, and instrument power.  Over the five year 

science instrument set development, twenty-nine resource trades were 

consummated.  Sixteen trades exchanged current year development funds for 

future year development funds.  Eleven trades exchanged either current year or 

future year development funds for instrument mass.  Two trades exchanged 

development funds for instrument power.  In addition, the spacecraft development 

project held one trade to exchange instrument mass for development funds in 

order to solve a spacecraft/instrument interface problem.  The project sold a total 



 54 

of 4.643 kg of mass to several instrument developers to raise $326k of spacecraft 

development funds (Wessen, 1998).  (Kosmann, Sarkani, & Mazzuchi, 2013) 

The results for the Cassini twelve science instrument set five year 

development were +0.9% total cost growth (Wessen, 1998).    (As an aside, the 

mass growth over the development of the twelve instruments was -3.4 %.)  

(Wessen, 1998)  The results for the EOS Terra five science instrument set 

development were -4% total cost growth (Mlynczak, 2009).  The mean of this two 

point science instrument set development cost growth sample is -1.55%.  There is 

1 degree of freedom.  From Equation 3.2, at a 95% level of confidence, the 

expected instrument development cost growth, using a barter mechanism to re-

allocate key development resources, (xbarIB) is between -32.68% and +29.58%.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

Comparing the barter-based science instrument set development mean cost 

growth interval estimate (-32.68% to +29.58%) to that from using expert 

judgment (+49.42% to +98.12%) yields no overlap in the interval estimates.  This 

is shown in Figure 3-3.  At a 95% level of confidence, the highest barter-based 

cost growth mean is +29.58%, while the lowest expert judgment-based cost 

growth mean is +49.42%.  This provides the first statistical evidence that using a 

barter-based key development resource re-allocation mechanism should result in a 

lower expected NASA science instrument set development cost growth, as 

compared to the standard (expert judgment) method of re-allocating key 

development resources.  (Kosmann, Sarkani, & Mazzuchi, 2013) 
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Figure 3-3: Historical Barter-Based Versus Expert Judgment Resource Re-allocation Mean 

Cost Growth Interval Estimate Comparison 

 

3.4 Bivariate Inference On The Means 

A bivariate test was performed to determine if there is statistical evidence to 

support a claim that the mean science instrument set development cost growth 

using the standard budget reserves and expert judgment approach resource re-

allocation is less than the mean using barter-based resource re-allocation (xbarIE > 

xbarIB  ).  N1 =26, SIE = 3632.56, n2 = 2 and SIB = 12.005.   

For the first half of the test, the claim is that sIB ≠ sIE.  From Equation 3.3, 

FTEST = 302.6.  The level of confidence selected was 90%.  From Equation 3.4, 

the critical statistic, FCRITICAL = Fα/2, n1-1, n2-1= F0.05, 25, 1 = 249.16.  As FTEST > 

FCRITICAL the null hypothesis (sIB = sIE) is rejected, and the claim (sIB ≠ sIE) is 

accepted.  The second part of the test may proceed.  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

As n is less than 30, a Student t-test was used.  From Equation 3.5, the test 

statistic tTEST = 6.2395.  The Degrees of Freedom γ = 25.99.  From Equation 3.6, 

the critical value t0.05, 26 = 1.706.  Is either tTEST  < - t0.05,26 or is tTEST  > t0.05,26?  

Yes, tTEST (6.2395) > t0.05, 26 (1.706) .  There is statistical evidence to support the 

claim that the historical expected science instrument set development cost growth 

Expert Judgment Resource ReallocationBarter-based Resource Reallocation

+49.42% < xbarIE < +98.12%-32.68% < xbarIB < +29.58%

Cost Growth
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using expert judgment-based resource re-allocation is greater than the expected 

cost growth using barter-based resource re-allocation.  As the sample size of the 

number of missions having used barter-based resource re-allocation for science 

instrument set development is only two, a weak statistical argument is being made 

at this point.  Solving this problem is discussed in the next section.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

The bivariate test was also tried at a 95% level of confidence.  The first part 

failed, due to n2 = 2.  With one or two additional historical examples of barter-

based resource re-allocation, Fα/2, n1-1,n2-1 would be much lower, allowing the first 

part of the bivariate test to pass, and allowing the second part to be performed at 

the higher level of confidence.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

3.5 Simulating Barter-Based Instrument Key Development Resource Re-

allocation 

3.5.1 Approach 

The approach is to simulate science instrument set development cost 

growth expected using barter-based resource re-allocation (xbarIB) then 

perform a bivariate inference on the means of the simulation results and the 

actual expert judgment-based resource re-allocation historical cost growth 

(xbarIE).  A dynamic agent-based discrete event simulation appears to be the 

natural way to simulate a trading environment. The interactions between the 

various market participants are not solvable in closed mathematical form 

(Axtell, 2000).   

NetLogo (http://ccl.northwestern.edu.netlogo) is a freely available agent-

based programming environment, and was chosen to develop the simulation.  

http://ccl.northwestern.edu.netlogo/
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An agent-based model can be set up to capture the initial conditions including 

preferences of each agent (instrument development lead).  Such initial 

conditions include the initial allocation of resources (ΣCi, ΣMi, ΣPi, etc.), and 

the utilization rate (dCi/dt, dMi/dt, dPi/dt, etc.) of each resource needed to 

complete development.  By running the model, the results of the interactions 

of the market participants are recorded.  These results include the cost growth 

of each instrument during development, the mass growth of each instrument, 

etc.  (Kosmann, Sarkani, & Mazzuchi, 2013)  From this data, the mean 

instrument set cost growth, mass growth and power growth can be calculated, 

according to Equation 3.1. 

In order to validate the agent-based model of science instrument set 

development, the instrument developer incentives used during the Cassini 

science instrument set development are used in the model.  The model is given 

the starting conditions of the Cassini science instrument development then run 

to development conclusion.  If the model closely predicts the actual Cassini 

science instrument cost growth and mass growth, then it is considered 

validated.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Once the agent-based science instrument development barter-based 

resource re-allocation model has been validated, the model is perturbed by 

varying the starting conditions of a series of science instrument set 

developments, then run to calculate science instrument set cost growth, mass 

growth, and power growth.  A series of Monte Carlo runs produce a 

distribution of science instrument development set cost growths that has its 
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own mean (xbarIB).  A statistical inference on the means of two distributions 

(barter-based resource re-allocation cost growth (xbarIB) versus historical 

expert judgment-based resource re-allocation cost growth (xbarIE)) is 

performed. The claim that the mean science instrument development cost 

growth actually experienced on science instrument development missions 

using budget reserves and expert judgment to re-allocate key development 

resources is greater than the cost growth using barter-based key development 

resource re-allocation (xbarIE > xbarIB) is tested via a bivariate inference on 

the means, as in Section 3.4.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

3.5.2 Model Design 

The NetLogo agent-based barter-based resource re-allocation simulation 

uses one agent for each instrument being developed.  The number of 

instruments (agents) created for each run is provided by the user, via an input 

slider.  A minimum of three up to a maximum of fourteen instrument set 

developments can be simulated.  The second user input is the barter threshold.  

This threshold is the fraction of the original resource allocation that must be 

exceeded in order to make an agent eligible for barter.  Most runs were made 

using a 1% barter threshold.  The agents are zero intelligence agents.  They 

look for opportunities to barter, and simply exchange resources.  The agents 

have no knowledge of any other transactions, and no knowledge of even their 

own previous transactions.  Agents make no attempt to “get the best deal”.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 
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The key instrument set development resources simulated include cost, 

mass, and power.  Each agent created is given both an initial allocation of 

each resource, and a resource utilization rate.  Initial resource allocations are 

always positive.  Resource utilization rates are either positive or negative.  

Random variables are used to provide varying initial allocations and 

utilization rates.  Uniform random variables are used for initial resource 

allocations.  The range is arbitrarily selected to be 50 to 100 units of resource.  

This arbitrary selection is of no consequence, as the ultimate output is cost, 

mass and power growth, which is dependent only on the resource utilization 

rates and any barter activity that takes place, and not the initial resource 

allocations.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Normal random variables are used for resource utilization rates.   The 

mean of each normal random variable is zero.  This is justified by noting that 

the two historical examples of instrument set development using a barter-

based resource re-allocation mechanism (Cassini and EOS Terra) ended up 

with cost growths of +0.9% and -4%, respectively.   Zero is in between these 

historical cost growth values.  The standard deviation for the cost utilization 

rate is 60, for the mass utilization rate is 46, and for the power utilization rate 

is 47.  The cost standard deviation is the same as the standard deviation for the 

historical (expert judgment) distribution of instrument developments 

discussed in Section 3.2.  The mass and power standard deviations come from 

the 2010 resource growth study (Bitten, 2010).  In the absence of a real 

distribution of cost growths of instrument developments using a barter-based 
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resource re-allocation mechanism, using standard deviations from samples of 

instrument set developments using an expert judgment resource re-allocation 

mechanism is the best we can do.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Each resource starts with the initial allocation at time t = 0.  For each time 

step beyond t = 0 to t = 75% of max time, a resource either increases or 

decreases linearly, dependent on its utilization rate.  From time t = 75% of 

max time to time t = max time, each resource stays at a constant value.  This is 

done for two reasons.  The 2010 NASA Science mission development cost 

and schedule growth study (Bitten, 2010) provided an extended discussion of 

the time utilization of cost, mass and power.  The overwhelming vast majority 

of a resource’s utilization was completed shortly after CDR.  In a four year 

development, this would equate to three years of resource utilization 

increasing or decreasing, with the fourth year constant.  The second reason 

resource utilization rates go to zero in the last year is to allow all potential 

barters to occur, and everything to settle down before the simulation run ends.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

An agent-based model is a discrete event type of simulation.  A four year 

development is simulated. The unit of time step is one day.  There are 1461 

days in four years.  Each run executes 1461 time steps.  Within each time step, 

all other actions are event based.  Time is used to both start and stop each 

simulation run.  Once the maximum time is reached, the cost, mass and power 

growth are calculated and displayed (see Figure 3-5).  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 
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In an environment where cost, mass and power are the only resources 

simulated, five types of barter are possible.  An agent with an over utilization 

of mass and under utilization of cost is eligible to perform a bi-lateral barter 

with an agent under utilizing mass and over utilizing cost.  An agent with an 

over utilization of cost and under utilization of power is eligible to perform a 

bi-lateral barter with an agent under utilizing cost and over utilizing power. 

Finally, an agent with an over utilization of mass and under utilization of 

power is eligible to perform a bi-lateral barter with an agent under utilizing 

mass and over utilizing power.   

Two types of tri-lateral (also known as multi-lateral or chain) trade are 

also possible.  An agent over utilizing mass and under utilizing power is 

eligible to trade power with an agent over utilizing power and under utilizing 

cost.  This second agent is eligible to trade cost with a third agent who is over 

utilizing cost and under utilizing mass.  The third agent is eligible to then 

trade mass with the first agent.  This three-way unilateral trade (called multi-

lateral 1) ends up leaving all three agents better off than before the trade.   

Similarly, the inverse multi-lateral barter is possible.  An agent under 

utilizing mass and over utilizing power is eligible to trade power with an agent 

under utilizing power and over utilizing cost.  This second agent is eligible to 

trade cost with a third agent who is under utilizing cost and over utilizing 

mass.  The third agent is eligible to then trade mass with the first agent. This 

second type of multi-lateral trade is called multi-lateral 2.  Multi-lateral 

barters have more restrictive trading conditions, so they are searched for first.  
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After all multi-lateral trading possibilities are exhausted then the simulation 

searches for bi-lateral barter opportunities.  (Kosmann, Sarkani, & Mazzuchi, 

2013) 
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Figure 3-4:  Agent-based Barter-based Key Development Resource Re-allocation 

(Kosmann, Sarkani, & Mazzuchi, 2013) 
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3.5.3 Simulation Logic Flow Diagram 

 

The logic flow diagram of the simulation is shown in Figure 3-4.  When 

the user presses the Setup button, an instrument breed of agents is defined, the 

agents are given certain properties (instrument variables), and necessary 

global variables are defined.  All variables are given initial values.  At time 

step t = 0, each instrument (agent) is given its initial allocation of each 

resource (cost, mass, power) and each resource’s utilization rate.   (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

The simulation first determines the current values of each instrument’s 

resources.  The simulation then determines which agents are eligible for cost-

mass, cost-power, and/or mass-power trades.  Any agent can be eligible for 

zero, one, or two of the three trade types at any instant in time.  All eligible 

agents are placed in a candidate agent list.  The multi-lateral 1 procedure then 

looks for a set of instruments that can execute a multi-lateral 1 barter.  If it 

finds such a set, the procedure exchanges cost, mass, and power between the 

appropriate agents.   

For each resource exchange, the average of the applicable over and under 

utilizations is calculated, and this amount is exchanged (subtracted from the 

over utilizing instrument, and added to the under utilizing instrument.)  If any 

multi-lateral 1 barter occurs, flow is passed back to the beginning of the barter 

procedure, and a new list of barter eligible agents is determined.  A new 

candidate list has to be calculated because the previous barter has changed 
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some of the agent resource values.  The multi-lateral 1 barter portion of the 

barter procedure then looks for and executes any available multi-lateral 1 

barter.  This loop continues until all possible multi-lateral 1 barters at this time 

step are executed.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

If no multi-lateral 1 trade is executed, then flow moves on to the multi-

lateral 2 barter procedure.  If any multi-lateral 2 trades occur, flow goes back 

to the beginning of the barter procedure, until all multi-lateral 1 and 2 barter 

has been executed.  Once all multi-lateral barters have been executed, mass-

cost bi-lateral barter opportunities are determined and executed.  Flow 

continues as before, dependent on whether a mass-cost bi-lateral trade has 

occurred.  In turn, mass-cost, mass-power, and cost-power bi-lateral barters 

are executed.  Only when all multi-lateral and bi-lateral barters at this time 

step have been executed, is time increased to the next value.   

Whenever time is incremented, the current agent resource values are 

recalculated before entering the barter procedure, as the resource utilization 

rates will change resource values with change in time.  When time equals the 

max time (1461), the final results (cost, mass, and power growth) are 

calculated and displayed.  Also displayed are the beginning and final cost, 

mass, and power totals for the instrument set.  Running displays that 

continually update include the tickcount (time step value), the number of 

barter eligible agents, the total number of multi-lateral barters executed, and 

the total number of each type of bi-lateral barter executed.  Once all the final 

results are displayed, execution ends for that run.  A screen capture of the user 



 65 

interface of the simulation is shown as Figure 3-5.  (Kosmann, Sarkani, & 

Mazzuchi, 2013)  The code for the random variable input version of the 

simulation is provided in Appendix B. 

 

 
Figure 3-5:  Agent-based Barter-based Key Development Resource Re-allocation 

Simulation User Interface (Kosmann, Sarkani, & Mazzuchi, 2013) 

 

3.5.4  Model Validation 

A separate version of the simulation was created for the model validation.  

The random variable agent initial resource allocations and resource utilization 

rates were not needed to model the Cassini instrument development.  Instead, 

the Cassini instrument development actual initial resource allocations and 

resource utilization rates were substituted in place of the random variables.  

All other aspects of the simulation remained the same.  Cassini had twelve 

instruments, so twelve instrument agents were hard coded in for all Cassini 

validation runs.  The barter threshold was initially set at 1% then varied from 
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0.1% to 10%, to see if any change in the number of barters occurred.  None 

did, so the barter threshold was set back to 1%.  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

The Cassini instrument development initial resource allocations and final 

resource values for cost and mass for each instrument were made available, 

under the condition that they not be publically disclosed.   No power 

allocations, utilization rates, or final resource values were made available, 

probably because they have long since been lost.  A total of two mass-power 

trades were made in the actual Cassini instrument development, and these 

trades were not modeled in the validation runs.  Cassini instrument cost and 

mass initial resource allocations and utilization rates for each instrument were 

hard coded into the software.  (Kosmann, Sarkani, & Mazzuchi, 2013)  The 

code for the Cassini validation version of the simulation is provided in 

Appendix A. 

Recall that the actual Cassini barter-based resource re-allocation 

instrument development resulted in a cost growth of +0.9%, and a mass 

growth of -3.2% (Wessen, 1998).  The Cassini development simulation runs 

resulted in a cost growth of +0.7499% and a mass growth of -3.464%.  This is 

excellent agreement with the historical results.  On this basis, claim is made 

that the simulation is anchored in reality, and that the design approach is 

sound.  (Kosmann, Sarkani, & Mazzuchi, 2013) 
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3.6 NASA Space Science Spacecraft Development Cost Growth 

Cost growth data for the spacecraft developments on 28 NASA science 

missions have been found in the literature (Wessen, 1998), (Mlynczak, 2009), and 

via private interview (one mission).  These cost growth data include only the 

science spacecraft development costs, from the start of preliminary design (NASA 

Phase B) to launch (NASA Phase D), including the application of program 

reserves.  Information about the 28 NASA science missions is summarized in 

Table 3-2 by providing the name of the mission, the common acronym (where 

applicable), and the year of launch.  The science spacecraft development of all 

missions in Table 3-2 was done using the standard initial allocation and 

subsequent re-allocation of key development resources via expert judgment, plus 

the use of budget reserve and technical margins.  The launch dates in bold 

indicate the missions that failed during launch.  (Kosmann, Sarkani, & Mazzuchi, 

2013) 
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Table 3-2:  NASA Science Spacecraft Development Mission Set (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

 

 
 

The science spacecraft development cost growth data for the missions in 

Table 3-2 are plotted in Figure 3-6.  For each spacecraft development, the Phase 

B through D cost growth in percentage, including application of available 

program budget reserve, is shown.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

The cost growth data in Figure 3-6 are from the 2009 SMD study (Mlynczak, 

2009), except for the Cassini, Magellan, and Mars Observer spacecraft 

Mission Name Acronym Launch

Messenger 2004

CLOUDSAT 2006

Galexy Explorer GALEX 2003

Swift Gamma Ray Burst Mission 2004

Spitzer Space Telescope SIRTF 2003

Mars Reconnaissance Orbiter MRO 2005

Solar Terrestrial Relations Observer STEREO 2006

Comet Nucleus Tour CONTOUR 2002

Deep Impact 2005

Earth Observation System-Aqua EOS-Aqua 2002

Mars Exploration Rover MER 2003

Reuven Ramaty High Energy Solar Spectral Imager RHESSI 2002

Earth Observing-1 EO-1 2000

Earth Observation System-Aura EOS-Aura 2004

Gravity Recovery and Climate Experiment GRACE 2002

Landsat-7 1999

Transition Region And Coronal Explorer TRACE 1998

Earth Observation System-Terra EOS-Terra 1999

New Horizons 2006

Chandra Gamma-Ray Space Telescope AXAF 1999

Dawn 2007

Fermi Gamma-Ray Space Telescope GLAST 2008

Interstellar Boundary Explorer IBEX 2008

Cassini 1997

Phoenix 2007

Aeronomy of Ice in Mesosphere AIM 2007

Magellan 1989

Solar Dynamics Observatory SDO 2008
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developments.  The cost growth data of these three spacecraft developments are 

from the 1998 paper (Wessen, 1998), or from a private interview with the paper’s 

author.  The mean cost growth (xbarSE) of the 28 science spacecraft developments 

is +46.04%, and the standard deviation (sSE) of this sample is +40.93.  The 

resulting degrees of freedom are 27.  From equation 2, at a 95% level of 

confidence, the expected NASA science spacecraft development cost growth, 

using expert judgment to re-allocate key development resources, (xbarSE) is 

between +30.17% and +61.91%.  (Kosmann, Sarkani, & Mazzuchi, 2013) 
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Figure 3-6:  NASA Science Spacecraft Development Cost Growth (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

. 

 

Barter-based key development resource re-allocation has never been used on a 

spacecraft development.  Thus is there is no sample of the results of such usage, 

and an inference on the sample means analysis is not possible.  Extending the use 
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of barter-based key development resource re-allocation to science spacecraft 

development is the ultimate goal of this line of inquiry, and the subject of the next 

paper in this series.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

3.7 Extending Barter-Based Key Development Resource Re-allocation from 

Instrument To Spacecraft Development 

The claim is made that barter-based key development resource re-allocation 

will work at least as well on science spacecraft development as it has worked on 

science instrument development.  Except for the case of pioneering mission 

development, it is generally easier to design and develop a science spacecraft than 

it is to design and develop science instruments for that spacecraft.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

There are eleven standard subsystems on a spacecraft (although various 

spacecraft design/manufacture entities sometimes combine certain subsystems and 

end up with a total of fewer than eleven).  Radio Frequency telecom, mechanical 

mechanism, command & data handling, attitude control, propulsion, and electrical 

power are primarily designed using off-the-shelf components, with little to no 

modification.  (There are, to be certain, custom sizing aspects of each subsystem’s 

design, such as solar array sizes, propellent line routing, communication antenna 

size, etc.)  Structure, thermal control and the wiring harness are almost always 

custom designs.  However, these custom designs use off-the-shelf materials and 

processes in standard time-tested manners.  The final two spacecraft subsystems, 

flight software and fault management are typically modifications of existing 

software, to take into account unique mission-specific features needed or new 
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interfaces due to changes in spacecraft or payload components.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

Contrast this with the design and development of science instruments, which 

are almost always major modifications of previous instruments, or new 

developments altogether.  Specific electronic, optical or other off-the-shelf parts 

are used as much as possible.  But compared to a science spacecraft, there is a 

much higher percentage of new design/new components in a typical science 

instrument development.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

The expectation of higher science instrument development cost growth is 

borne out in comparing the historical cost growth of NASA spacecraft 

development versus the historical cost growth of NASA science instrument 

development, both using expert judgment to re-allocate key development 

resources.  In a study of the development of twenty NASA science missions 

(Bitten, 2010), the mean science instrument cost growth was +101%, versus the 

mean science spacecraft cost growth of +44%.   In the same study, the mean 

science instrument mass growth was 60%, versus the mean science spacecraft 

mass growth of +33%.  In both the cost growth case and the mass growth case, the 

ratio of science instrument growth to spacecraft growth is approximately 2:1.  In 

the study of 26 expert judgment-based resource re-allocation science instrument 

set developments presented in this dissertation, the mean science instrument cost 

growth was +73.77%.   In the study of 28 expert judgment-based resource re-

allocation science spacecraft developments presented in this dissertation, the mean 
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spacecraft cost growth was +46.04%.  The ratio of cost growths is approximately 

1.6:1.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

From a barter-based resource re-allocation point of view, the primary 

difference between science instrument set development and science spacecraft 

development is that the market participants in the former are independent 

participants, and in the latter are dependent participants.  The successful 

development of each science instrument (the barter market participant) is 

independent of the successful development of any other science instrument.  From 

the science mission point of view, if one science instrument’s development fails, 

the rest of the science instruments can be integrated with the spacecraft, and a very 

successful science mission can still be the result.  This has happened numerous 

times in NASA science mission development history, with the Dawn mission to 

the Main Asteroid Belt being a current example.  Two of the original five science 

instruments were de-scoped from the mission during instrument development.  

Yet Dawn is in the middle of a very successful orbit around and scientific 

investigation of the second largest asteroid in the Main Asteroid Belt, Vesta.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

On a science spacecraft, all the subsystems must successfully complete 

development, or the spacecraft as a whole does not work.  Each subsystem (the 

barter market participant) is dependent on all the other spacecraft subsystems (the 

other market participants) for ultimate spacecraft development success.  The 

incentives needed to induce the desired behavior may be different between 

independent participant markets and dependent participant markets.  The desired 
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behavior in both cases is optimal distribution of the key development resources.  

Success in making barter-based key development resource re-allocation work in a 

dependent participant market will come as a result of determining the proper 

incentives for that market type.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

An issue with making barter-based key development resource re-allocation 

work in a dependent participant market is free riding.  Free riding occurs in a 

situation where A and B have tasks. A completes her task early, and sees that B 

is having trouble completing his task on time.  A realizes that her success is 

dependent upon B completing his task on time. A devotes resources to helping B 

complete his task.  Free riding results in non-optimal allocation of resources, as 

A ends up using up all her resources accomplishing her task and helping B 

accomplish his task, and B uses up all his resources not accomplishing his task. 

Upon initial consideration, free riding does not seem to apply to spacecraft 

development.  The skills needed to develop each spacecraft subsystem are unique 

to that subsystem.  A structural engineer, finishing the design of the spacecraft’s 

structure early, will not have the proper skill set to assist the flight software 

engineer complete design and testing of the flight software on time, or to assist 

any other spacecraft subsystem engineer to complete their tasks on time.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 
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4 METHODOLOGY 

4.1 Research Framework 

4.1.1  Introduction 

All of the examples to date of use of space system development market-

based resource re-allocation mechanisms have been applied in situations 

where the market participants were independent entities.  In both the Cassini 

and EOS Terra instrument development cases, for example, each instrument 

development was independent of all the other instrument developments.  Each 

mission was dependent on no one instrument.  Market-based key development 

resource re-allocation has been shown to work for independent entity 

situations in space system development  (Ledyard, 1994)  (Wessen, 1998)  

(Wessen, 2007).  Independence also covers almost all space system 

operational situations, where each request for resources is not dependent on 

any other entity.  (Wessen, 2001)  (Ledyard, 1996)  (Hilland, 2004)  (Porter, 

2007)  (Wessen, 1999)  (Ledyard, 2000)  Yet, in spite of two historical 

examples of rather amazing success, market-based resource re-allocation of 

key development resources has not been used on any subsequent space system 

development, or to allocate resources during any space system operations. 

4.1.2 Graphical Conceptual Model 

This proposed research is to offer additional proof that key development 

resource re-allocation via market-based mechanisms is valid and works.  The 

intent is that additional proof will spur additional usage in future space system 

developments.  The research question is: will a barter-based key development 
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resource re-allocation mechanism more efficiently allocate resources than an 

expert judgment-based resource re-allocation mechanism? 

 

Figure 4-1:  Graphical Representation of Barter-based Resource Re-allocation Research 

Framework 

 

Figure 4-1 graphically represents proposed research framework.  Factor 1 

is the use of a barter-based resource re-allocation mechanism.  Factor 2 is the 

use of an expert judgment-based resource re-allocation mechanism.  

Programmatic and technical key development resources (subfactors 1 and 2) 

are within the framework of each factor.  Cost and schedule are the key 

programmatic development resources.  Of the many technical key 

development resources that could be considered, typically the most important 

are mass, power and data rate.  These represent the variables under the 

technical resource subfactor. 

Five hypotheses have been constructed, one for each programmatic and 

technical resource within the proposed research framework.  As an example, 

hypothesis 1a is: A barter-based resource re-allocation mechanism more 

efficiently re-allocates costs than an expert judgment-based mechanism.  

Similar hypotheses, one for each of the other four resources within the 

Factor 1: Barter-based Key Development

Resource Re-allocation 

Factor 2:  Expert Judgment-based Key

Development Resource Re-allocation
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Resources

Variable 1: Mass

Variable 2: Power
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H1a:Barter Re-allocates Costs More

Efficiently Than Expert Judgment
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More Efficiently Than Expert Judgment
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Variable 2: Power

Variable 3: Data Rate
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framework are shown in Error! Reference source not found., and discussed 

n Selection and Analysis of Hypotheses. 

4.1.3 Comparative Analysis of Related Models and Simulation Types 

(Ledyard, 1994) considered five different models as mechanisms to solve 

the instrument development key resource market-based resource re-allocation 

problem: a one-on-one barter system, using the Program Manager as a central 

broker for resource exchanges, a bulletin board where offers to exchange 

could be posted for all to see, an exchange system where each participant 

would be given a certain amount of a universal medium of exchange (tokens) 

to trade during exchanges, and a computer assisted resource exchange with 

trading rules.  All subsequent literature references used some variation of one 

of these exchange mechanisms.  (See the first paragraph in the Introduction to 

this section for the list of literature references.) 

Model 1 is an open one-on-one trading mechanism, and is an example of a 

simple bartering system.  Each market participant desiring to trade with 

another market participant must locate a willing trading partner.  This is not 

particularly efficient, as it consumes resources to locate and negotiate with 

potential trading partners.  Part of this inefficiency could be due to subsystems 

being developed in different parts of the country, or different countries in the 

world.  This model also generally limits trades to resource A for resource B.  

Chains of trades (A needs B, B needs C, C needs A) will not work efficiently 

in a one-on-one system, as again, resources will have to be expended to find 

just the right trading partners at just the right time.  Monitoring the results of 
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trades could be problematic.  Program Management would be very interested 

in the results of each trade, to keep the total use of all key development 

resources up to date.  The primary advantage of this model is that it is the 

simplest to set up. 

Model 2 uses Program Management, typically the lead system engineer, as 

a broker to facilitate all trades.  It also is a simple bartering mechanism, using 

the PM as coordinator.  Resource expenditure in setting up and consummating 

trades is minimized for participants, but maximized for the lead spacecraft 

system engineer.  The lead SE is always extremely busy, and this would be 

another major activity to manage, if there were a large number of trades.  The 

activity is also more complex if subsystems are being developed in 

geographically diverse locations.  Another problem is that all market 

participants would have a difficult time seeing all bids for all trade offers.  

Having complete information places each market participant in the best 

position to make the best possible trade.  (Ledyard, 1994)  This system may 

very well not lead to the most efficient re-allocation of resources possible.  A 

primary advantage is of Model 2 is that Program Management is always up to 

date on all trades, as it is involved in all of them. 

Model 3 is simple bulletin board that every participant desiring to make a 

trade can post to, an electronic simple bartering mechanism.  This model 

solves some of the resource intensive problems in setting up trades in Models 

1 and 2.  It also solves the complete information problem, as all participants 

have access to all bids.  Chains of trades are still somewhat cumbersome, as a 
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bulletin board facilitates bilateral trades, not multi-lateral trades.  Bulletin 

boards are inherently less efficient as either the number of participants 

becomes large, or the number of resources available for trade becomes large.  

A bulletin board is very simple to set up.  Program Management could 

monitor the board to keep itself up to date on all consummated trades. 

Model 4 uses a universal medium, also known as a numeraire good, to 

make all trades.  Each participant is provided some amount of the medium: be 

it points, or tokens, or whatever is chosen.  Participants buy or sell resources 

priced in the medium of exchange instead of bartering resource A for resource 

B.  This model is not a simple bartering mechanism, but is a bilateral 

accounting mechanism.  It automatically solves the coordination problem of 

finding two participants that want to trade A for B and B for A at the same 

time.  Using a universal medium in a closed market with a known end date has 

theoretical problems.  (Ledyard, 1994)  Using money, as a universal medium 

of exchange in the real world, works as exchanges continue, ad infinitum.  

The problem arises in a market with a fixed end.  As the end of a spacecraft 

development approaches, no one would want to be holding the universal 

medium while it becomes worthless. 

Model 5 is a computerized system with trading rules.  An Internet-based 

system provides 24/7 access, solving the problem of geographically dispersed 

development entities.  A computerized exchange system tends to minimize the 

usage of resources needed to consummate a trade, as the system does all the 

computations, and much of the coordination needed.   The computerized 
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exchange can compute a chain of bids needed to optimally re-allocate 

resources.   Before Ebay, bridging the Chasm of New Technology (Moore, 

2000) would have been a problem, and was a problem with the Cassini 

Resource Exchange (Wessen, 1998).  But now, almost everyone is familiar 

with on-line auctions and bidding.  A computerized system can offer advice to 

participants on how to alter a bid to ensure a higher probability of success, if a 

previous bid or bids were unsuccessful.  If a participant is only interested in 

trading in selected resources, a computerized exchange can filter out bids for 

uninteresting resources.  Each of these features acts to minimize the resources 

needed for participants to successfully execute trades. 

For this dissertation, two types of simulations were considered to model a 

computer assisted resource exchange with trading rules.  Simulation Type 1 is 

a classic static Leontief Input-Output simulation, and Simulation Type 2 is a 

dynamic Agent-based simulation.  The classic Leontief Input-Output 

simulation was used by Ledyard, Porter, and Wessen to demonstrate to the 

Cassini Program Office that the barter-based resource re-allocation 

mechanism would work in the science instrument development application.  

(Ledyard, 1994)  The problem with a static Leontief input-output simulation is 

that it does not simulate change over time.  This type simulation calculates an 

optimal solution at one point in time, based entirely on the inputs provided 

and the outputs desired. 

No one to date has applied an agent-based simulation to using a barter-

based mechanism to re-allocate key development resources.  Agent-based 
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simulation appears to be a natural way of simulating a trading environment.  

The interactions between various traders are not solvable via explicit 

mathematical equations.  Trader (agent) preferences (behavioral incentives) 

can be coded into the agent properties in an agent-based simulation, as can 

initial resource allocations.  Agent-based simulation, being a dynamic event-

based simulation type, can illuminate emergent behavior of the system.  In the 

case of developing sets of science instruments, study can be undertaken to 

determine if the trading environment still optimally allocates resources as the 

number of instrument developments approaches one or two.  The dynamic 

nature of agent-based simulation allows the tracking of system behavior over 

time. 

The simulation type relationships to the factors, subfactors and variables 

within the research framework are shown in Table 4-1.  Either of the 

simulation types should be able to handle trading of any of the variables 

proposed, with the exception of schedule (time).  The Leontief input-output 

linear programming simulation type does not have any trading rules attached 

to it. Participants could easily make schedule trades that impact the overall 

development schedule, negatively.  As a result, simulating trading schedule is 

not appropriate for use with a static Leontief input-output simulation type. 
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Table 4-1:  Comparative Analysis of Related Models, with the Proposed Research 

Framework 

 

 
 

4.1.4 Definition and Analysis of Selected Factors, Subfactors, and 

Variables 

Two factors form the research framework, as shown in Error! Reference 

ource not found..  Factor 1 is the use of barter-based key development 

resource re-allocation during the development of NASA science instruments 

for a NASA science mission.  Factor 2 is the use of the industry standard 

expert judgment-based key development resource re-allocation mechanism.  

As all key development resources are either programmatic or technical, each 

factor has two subfactors: programmatic key development resources and 

technical key development resources.  There are only a few key programmatic 

development resources, with cost and schedule being the most important, 

although some have proposed adding technical development risk as an equally 

important programmatic resource.  (Guikema, 2007)  The technical key 

development resources are limited to three variables: mass, power and data 

rate. 

The space segment of a space system primarily consists of two 

components: the spacecraft and the spacecraft’s payload.  For science 

Factors Subfactors Variables

Sim Type 1:

Leontief 

Input-Output 

Model

Sim Type 2:

Agent-based 

Model

Variable 1: Cost X X

Variable 2: Schedule X

Variable 1: Mass X X

Variable 2: Power X X

Variable 3: Data Rate X X

Variable 1: Cost X X

Variable 2: Schedule X

Variable 1: Mass X X

Variable 2: Power X X

Variable 3: Data Rate X X

Factor 1:  Barter-based Key 

Development Resource Re-

allocation

Factor 2:  Expert Judgment-

based Key Development 

Resource Re-allocation

Subfactor 1: Programmatic 

Resources

Subfactor 2: Technical 

Resources

Subfactor 1: Programmatic 

Resources

Subfactor 2: Technical 

Resources
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missions, the payload is usually a set of science instruments.  If no single 

instrument is critical to the success of the science mission, a science mission 

can continue development if one or more of the instruments do not complete 

development.  This makes each of the instrument developments independent.  

The space segment’s development success is independent of any single 

science instrument’s development success. 

A spacecraft development, on the other hand, is a situation where all 

subsystem developers are dependent on each other for successful development 

of the spacecraft.  A spacecraft cannot function without successful 

development of its structural subsystem, its power subsystem, its command 

and data handling subsystem, etc.  Successful spacecraft development requires 

successful development of all of the subsystems. 

Cost, schedule and risk are the primary key programmatic development 

resources.  Development cost is generally considered the primary driver in 

whether a development has been successful or not.  Cost has been selected as 

the variable number 1 under the programmatic development resource 

subfactor number 1.  Cost has been successfully re-allocated using a barter-

based resource re-allocation mechanism for the independent instrument 

developments on the Cassini (Wessen, 1998) and EOS Terra (Wessen, 2007) 

missions. No one has ever attempted to allocate development funds via a 

barter-based mechanism in a dependent participant market spacecraft 

development. 
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Neither development schedule nor development risk has ever been 

allocated using a barter-based mechanism, in either an independent 

development market (science instrument), or in a dependent development 

market (spacecraft).   Both schedule and risk are likely to have unique 

attributes that will strongly influence the structure of a successful market-

based re-allocation mechanism.  Either could evolve into a separate research 

project unto itself.  In order to define a research framework of reasonable 

complexity, with a reasonable chance of success, only schedule will be 

considered as a programmatic resource within the research framework.  

Development schedule has been selected as variable number 2 under the 

programmatic subfactor number 1. 

There are many possible key space system technical development 

resources.  Which technical resources are key on any given science instrument 

development is rather mission dependent.  On the other hand, almost always, 

mass is a key development resource, as mass to orbit performance of the 

selected launch vehicle is almost always severely constrained.  Unlike most of 

the other key development resources, mass cannot be time-shared.  Mass has 

been successfully re-allocated using a barter-based resource re-allocation 

mechanism for the independent instrument developments on the Cassini 

(Wessen, 1998) and EOS Terra (Wessen, 2007) missions.  No one has ever 

attempted to allocate development mass via a barter-based mechanism in a 

dependent participant market spacecraft development.  For these reasons, 

mass was selected as key technical resource variable number 1. 
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Almost as often as mass, power is considered a key space system 

development variable.  The spacecraft power subsystem supplies power for 

both the spacecraft and its payload.  With two communities of users, power is 

almost always a scarce development commodity.  The resource can be time-

shared between payload instruments, and to a much more limited extent 

between spacecraft subsystems, as a way of efficiently utilizing an 

oversubscribed resource.  Power has been successfully re-allocated using a 

barter-based resource re-allocation mechanism for the independent instrument 

developments on the Cassini (Wessen, 1998) and EOS Terra (Wessen, 2007) 

missions.  No one has ever attempted to allocate development power via a 

market-based mechanism in a dependent participant market spacecraft 

development.  For these reasons, power was selected as key technical resource 

variable number 2. 

Data rate, like mass and power, is often considered a key space system 

development resource.  Like power, data rate has two communities of users of 

the scarce resource: the payload instruments, and several of the spacecraft 

subsystems.  Even more than power, data rate can be time-shared between 

instruments and spacecraft subsystems, as a way of efficiently utilizing an 

oversubscribed resource.  On science missions, the science data returned is 

generally the definitive measuring stick between a successful mission and an 

unsuccessful one.  No one has ever attempted to allocate development data 

rate via a barter-based mechanism in either an independent participant market 

instrument development or in a dependent participant market spacecraft 
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development.  For these reasons, data rate was selected as key technical 

resource variable number 3. 

Factor 2 is the use of the industry standard expert judgment-based key 

development resource re-allocation mechanism during science instrument 

development.  The subfactor and variable structure under factor 2 mirrors the 

structure under factor 1 precisely, as shown in Figure 4-1.  As a result, the 

hypotheses are a set of mapped one-to-one relationships between like 

variables from factor 1 to factor 2 (see next section).  The subfactors are 

programmatic and technical key development resource categories.  Under the 

subfactor 1 the programmatic development resources are variable 1, cost, and 

variable 2, schedule.  Under the subfactor 2, the technical development 

resources are variable 1, mass, variable 2, power, and variable 3, data rate. 

Subfactor 1, variable 1, cost has been allocated using a market-based 

mechanism twice, in the Cassini and EOS Terra instrument developments.  A 

positive relationship between using the barter-based resource re-allocation 

mechanism and keeping development cost within original allocation was 

shown in the Cassini development usage  (Wessen, 1998) and in the EOS 

Terra usage (Wessen, 2007).   A positive relationship using an agent-based 

model to simulate many cases of science instrument development is expected. 

Subfactor 1, variable 2, schedule has never been allocated using a market-

based mechanism in any space system development in history.  If the proper 

market-based incentive mechanism can be determined, a positive relationship 



 86 

between using a barter-based resource re-allocation and keeping development 

schedule within original allocation is expected. 

Subfactor 2, variable 1 (mass) and variable 2 (power) have been re-

allocated using a barter-based mechanism twice in the Cassini and EOS Terra 

instrument developments.  Subfactor 2, variable 3 (data rate) has not ever been 

re-allocated in any science instrument or spacecraft development.  A positive 

relationship between using the barter-based resource re-allocation mechanism 

and keeping development mass and power within original allocation was 

shown in the Cassini development usage  (Wessen, 1998) and in the EOS 

Terra usage (Wessen, 2007).   A positive relationship for all three technical 

resources using an agent-based model to simulate many cases of science 

instrument development is expected. 

4.1.5 Selection and Analysis of Hypotheses 

 A set of hypotheses mapping a one-to-one correspondence between 

identical resources under factor 1 and factor 2 has been set up, and is shown in 

Figure 4-1.  In each case, the hypothesis expresses the expected relationship 

between using a barter-based resource re-allocation mechanism, and using an 

expert judgment-based resource re-allocation mechanism. 

Hypothesis 1a states that barter-based resource re-allocation more 

efficiently allocates cost resources than when using an expert judgment-based 

resource re-allocation mechanism.  Efficiency is defined as keeping the cost 

resources within initial programmatic allocation, during the course of the 
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instrument development.  In other words, the instruments were developed in 

budget. 

Hypothesis 1b states that market-based resource re-allocation more 

efficiently allocates schedule resources than when using an expert judgment-

based resource re-allocation mechanism.  Efficiency is defined as keeping the 

schedule resources within initial programmatic allocation, during the course of 

the instrument development.  In other words, the instruments were developed 

on time. 

Hypothesis 2a states that market-based resource re-allocation more 

efficiently allocates mass resources than when using an expert judgment-

based resource re-allocation mechanism.  Efficiency is defined as keeping the 

mass resources within initial programmatic allocation, during the course of the 

instrument development.  In other words, the instruments were developed 

within their mass allocation. 

Hypothesis 2b states that market-based resource re-allocation more 

efficiently allocates power resources than when using an expert judgment-

based resource re-allocation mechanism.  Efficiency is defined as keeping the 

power resources within initial programmatic allocation, during the course of 

the instrument development.  In other words, the instruments were developed 

within their power allocation. 

Hypothesis 2c states that market-based resource re-allocation more 

efficiently allocates data rate resources than when using an expert judgment-

based resource re-allocation mechanism.  Efficiency is defined as keeping the 
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data rate resources within initial programmatic allocation, during the course of 

the instrument development.  In other words, the instruments were developed 

within their data rate allocation.  

4.1.6 Discussion of Reliability and Validity 

Using an agent-based model to simulate barter-based resource re-

allocation mechanisms during science instrument development extends the 

previous work of applying such mechanisms to space instrument 

development, to instrument operations planning, and to ground station antenna 

scheduling.  No dynamic simulation of barter-based resource re-allocation has 

ever been done.  Reliable results can be gained by running many computer 

simulations, varying the initial conditions, and always coming up with 

consistent results with respect to the hypothesis tests.  Valid results can be 

gained by testing the simulation against the Cassini science instrument 

development results. If the agent-based simulation is provided the Cassini 

science instrument initial resource allocations, and resource utilization rates, 

and predicts resource growth consistent with the Cassini development results, 

it is grounded in reality.  

4.1.7 Conceptual Model Summary 

A two factor conceptual model has been set up, as shown in Figure 4-1 

and in Table 4-1.  Factor 1 is the use of a barter-based key development 

resource re-allocation mechanism to allocate key resources during science 

instrument development.  Factor 2 is the use of the industry standard expert 

judgment-based key development resource re-allocation mechanism to 
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allocate key resources during science instrument development.  Under each 

factor resides the same pair of subfactors: programmatic key development 

resources (subfactor 1) and technical key development resources (subfactor 2).  

Under subfactor 1 resides the key programmatic development resources of 

cost and schedule.  Under subfactor 2 reside the key technical development 

resources of mass, power, and data rate. 

A set of five hypotheses has been set up, one for each resource.  As an 

example, the mass resource hypothesis states that a market-based resource re-

allocation mechanism more efficiently re-allocates mass key development 

resources than an expert judgment-based resource re-allocation mechanism.  

Efficiency is defined as the market-based resource re-allocation mechanism 

allocating resources such that at the end of the development, the resource is 

still within allocation.  A positive relationship is expected for each of the five 

resource hypotheses.  

4.2 Research Methodology 

4.2.1 Introduction 

All past studies of the use of market-based resource re-allocation 

mechanisms in space system development have used either an experimental 

research methodology (Ledyard, 1994), (Ledyard, 2000), (Wessen, 1999),  a 

computer simulation (Hilland, 2004), or both (Wessen, 1998).  In all cases 

where an experiment was conducted, a small experimental economics closed 

market was constructed with behavioral incentives and trading rules.  

Graduate students were used as the market participants, playing the roles of 

scientists involved in instrument development, or engineers involved in 
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science mission operations planning, DSN antennae scheduling or Space 

Shuttle secondary payload manifesting.  Setting up and running such a closed 

market experiment is probably not practical for a PhD dissertation data 

collection for multiple reasons, not the least of which would be the expense 

and time involved.  Computer simulation of the results of implementing 

particular behavioral incentives and market trading rules would be well within 

the resources and capabilities of a lone doctoral researcher.  For these reasons, 

the research methodology chosen for this study is computer simulation.  The 

computer simulation research methodology process steps (Sterman 2000) are 

shown in Figure 4-2.  Each step in the process will be discussed in the 

following paragraphs. 
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Figure 4-2:  Computer Simulation Research Methodology Process 
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mechanism have been used in space instrument development on the Cassini 

(Wessen, 1998) and EOS Terra (Wessen, 2007) missions, with outstanding 

success keeping resource expenditure within initial resource allocation each 

time.  The normal system engineering resource re-allocation mechanism of 

expert judgment via a Program Manager, Chief Engineer, Lead Mission 

System Engineer, Engineering Review Board, or Configuration Control Board 

has had very poor success keeping resource expenditure within initial resource 

allocation over the history of spacecraft development. (Wessen, 1998) 

(Kosmann, Sarkani, & Mazzuchi, 2013)  The key variables selected, for this 

research framework, are development cost, schedule, mass, power, and data 

rate.  The roots of this problem go all the way back to the beginning of space 

system development, in the late 1950s.  Once the superiority of barter-based 

resource re-allocation is properly demonstrated, one would expect this method 

to eventually be used to re-allocate resources in all future space system 

developments. 

4.2.3 Formulation of Dynamic Hypotheses 

Current system engineering practice is to allocate key development 

resources either via individual or committee expert judgment.  It is 

hypothesized that market-based resource re-allocation efficiently re-allocates 

cost resources more efficiently than the expert judgment resource re-allocation 

mechanism (H1a), that market-based resource re-allocation more efficiently 

re-allocates schedule resources more efficiently than the expert judgment 

resource re-allocation mechanism (H1b), that market-based resource re-
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allocation more efficiently re-allocates mass resources more efficiently than 

the expert judgment resource re-allocation mechanism (H2a), that market-

based resource re-allocation more efficiently re-allocates power resources 

more efficiently than the expert judgment resource re-allocation mechanism 

(H2b), and that market-based resource re-allocation more efficiently re-

allocates data rate resources more efficiently than the expert judgment 

resource re-allocation mechanism.  The simulation of proper market behavior 

incentives and market trading rules should cause the desired participant 

behavior, resulting in additional evidence that barter-based key development 

resource re-allocation works. 

The agent-based barter-based science instrument key development 

resource re-allocation simulation simulates the re-allocation of costs, mass, 

and power.  Simulating the barter-based reallocation of schedule and data rate 

are left to future work.  As a result, only cost, mass and power growth results 

are produced.  As the historical resource growth distributions needed for the 

bi-variate inference on the means only exist for science instrument cost 

growth, only hypothesis H1a is tested.  Cost growth is the heart of all resource 

growth issues in space system development.  Growth of any other resource 

can always be traced back to a resultant cost growth. 

As an example, schedule growth results in increased labor costs as the 

Program Office has to pay the “marching army” of workers along for much 

longer than originally planned.  As another example, and increase in mass has 

two possible cost consequences:  either a higher cost lower mass substitute 
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will have to be used instead, or a higher performing higher cost launch vehicle 

will have to be procured.  An increase in power requires the use of higher cost 

more efficient lower power components, or an increase in the size of the solar 

array, increasing the cost of the spacecraft power system development. 

4.2.4 Formulation of a Simulation Model 

The structure of the model is that of a small market.  The market is 

governed by explicit trading rules, and market incentives to encourage the free 

trading of resources in an efficient manner, resulting in optimal re-allocation.  

The market has a finite time history, beginning at the start of science 

instrument development, and ending at the end of science instrument 

development.  If the final allocation of key development resources is equal to 

or less than the initial allocation of those same resources, then the success 

criteria is met.  The initial conditions are the initial allocations and utilization 

rates of resources and the number of market participants.  There is a 

behavioral relationship between each participant and each market incentive, 

and between each participant and each trading rule. 

4.2.5 Model Validation 

Testing must be done to ensure that the model represents the free market 

adequately, that participant behavior is consistent with the trading rules 

established, and that participant behavior is consistent with the market 

incentives established.  The model must be tested to make certain it is 

conditionally stable, and returns to equilibrium when stressed by extreme 

conditions.  This can be done by injecting extreme conditions into the model 
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(market) and seeing if the model becomes unstable or damps out and returns 

to a condition of equilibrium.   Sensitivity testing, to determine market 

behavior due to changes in incentives, trading rules, number of participants, 

and to a known end date of the market is done. 

Primary simulation validation was accomplished by creating a version of 

the simulation that models the initial conditions of the Cassini science 

instrument development.  The simulation used the science instrument cost, 

mass, and power initial allocations actually experienced during the Cassini 

science instrument development.  The simulation also used the science 

instrument cost, mass, and power utilization rates actually experienced during 

the Cassini science instrument development.  The simulation cost growth and 

mass growth results are compared to the actual Cassini science instrument 

development results.  A close match between the simulation results and 

historical results indicates simulation validity. 

4.3 Market Incentive (Policy) Design and Evaluation 

Market incentives (policies), to encourage the efficient re-allocation of 

resources in a small market where the participants are all independent of each 

other must be properly designed, or the barter resource re-allocation mechanism 

will not optimally re-allocate resources.  The instrument development incentive of 

“initially allocating all science instrument resources, holding no reserves or 

margins” is modeled in the simulation.  The instrument development incentive of 

“any late, over budget, or underperforming science instrument will be de-scoped 
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or removed from the mission” incentive is outside the simulation, and not 

modeled. 

4.4 Conclusions 

A computer-based model of the science instrument development independent 

participant market has been chosen as the research methodology.  The model is 

set up with trading rules and market incentives, to encourage the efficient re-

allocation of key development resources.  The model is stress tested by varying 

initial conditions, rules, incentives and external conditions.  Market reactions are 

measured, as well as the effects on efficient resource re-allocation.  The five 

proposed hypotheses will be tested, and the relationships determined.  
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5 RESULTS 

5.1 Simulation Results 

As the number of instruments was varied from three to twelve, a total of 300 

runs were executed (30 runs at each selected number of instruments) simulating 

the use of a barter mechanism to re-allocate the key development resources of 

cost, mass, and power.  The barter threshold for all runs was 0.1%.  The results 

for the 300 simulated mission developments are plotted in a box plot for cost 

growth in Figure 5-1, for mass growth in Figure 5-2, and for power growth in 

Figure 5-3. 
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Figure 5-1:  Simulated Science Instrument Set Development Cost Growth 
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Figure 5-2:  Simulated Science Instrument Set Development Mass Growth 
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Figure 5-3:  Simulated Science Instrument Set Development Power Growth 
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The mean cost growth of the 300 runs was -3.365%, with a standard deviation 

of 22.824.  This 300 point cost growth distribution has 299 degrees of freedom.  

(The mean mass growth of the 300 runs was -0.032%, with a standard deviation 

of 18.42.  The mean power growth of the 300 runs was -1.365%, with a standard 

deviation of 20.320.)  From Equation 3.2, at a 95% level of confidence, for this 

dataset the mean instrument development cost growth using a barter-based  

mechanism to re-allocate key development resources (xbarIB) lies between -6.06% 

and -0.67%.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

 

Figure 5-4:  Simulation Barter-Based Versus Expert Judgment Resource Re-allocation 

Mean Cost Growth Interval Estimate Comparison 

 

Comparing the simulation results barter-based resource re-allocation mean 

cost growth interval estimate to that from using historical expert judgment 

(+49.42% to +98.12%) yields no overlap in the interval estimates as shown in 

Figure 5-4.  At a 95% level of confidence, the highest barter-based cost growth 

mean is -0.67%, while the lowest expert judgment cost growth mean is +49.42%.  

This provides additional statistical evidence that using a barter-based key 

development resource re-allocation mechanism should result in a lower expected 

NASA science instrument development cost growth, as compared to the standard 
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(expert judgment) method of re-allocating key development resources.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

A bivariate test was performed to determine if there is statistical evidence to 

support a claim that the mean science instrument development cost growth using 

the standard budget reserves and expert judgment approach is greater than the 

mean cost growth using barter-based resource re-allocation (xbarIE > xbarIB).  n1 

= 300, SIE = 3632.56, n2 = 26 and SIB = 22.8241.  For the first half of the test, the 

claim is that sIB ≠ sIE.  From Equation 3.3, FTEST = 0.143408.  The level of 

confidence selected was 90%.  From Equation 3.4, the critical statistic, FCRITICAL 

= Fα/2, n1-1, n2-1= F0.05, 299, 25 = 1, and FCRITICAL = F1-α/2, n1-1, n2-1= F0.95, 299, 25 = 0.6481.  

FTEST  (0.143408) is not greater than F0.05, 299, 25 (1), but FTEST  (0.143408) is less 

than F0.95, 299, 25  (0.6481).  Thus, the null hypothesis (sIB = sIE) is rejected, and the 

claim (sIB ≠ sIE) is accepted.  The second part of the bivariate test may proceed.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

Even though n1 is greater than 30, a Student t-test was used because n2 is less 

than 30.  From Equation 3.5, the test statistic tTEST = 6.4855.  The Degrees of 

Freedom γ = 25.625.  From Equation 3.6, the critical value t0.05, 25 = 1.708.  Is 

either tTEST  < -  t0.05,25 or is tTEST > t0.05,25?  Yes, tTEST (6. 4855) > t0.05, 26 (1.708).  

There is significant statistical evidence to support the claim that the expected 

science instrument development cost growth using expert judgment-based 

resource re-allocation is greater than the expected cost growth using barter-based 

resource re-allocation, based on the historical and simulation datasets available.   

(Kosmann, Sarkani, & Mazzuchi, 2013) 
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5.2 Sensitivity Analysis 

Not unexpectedly, as the number of instruments (potential barter agents) 

decreased, the number of cases where no barter occurred increased.  The data are 

shown in Table 5-1.  In the worst case, when only three instruments were being 

developed, in 43.33% of the 30 runs, no resource barter occurred during the four 

year development simulation.  This is because the random resource utilization 

rates were such that no pairs of instruments were eligible for barter.   The results 

indicate that using a barter mechanism to re-allocate instrument development 

resources might not be as useful if the number of instruments being developed is 

below five.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Table 5-1: No Barter % As A Function Of Number of Instruments (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

 

# Instruments No Trade 

3 43.33% 

4 36.67% 

5 20.00% 

6 10.00% 

7 6.67% 

8 6.67% 

9 0.00% 

10 0.00% 

11 0.00% 

12 0.00% 
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6 CONCLUSIONS & RECOMMENDATIONS 

6.1 Findings 

NASA has had a decades-long problem with cost growth during the 

development of space science missions.  Numerous agency-sponsored studies 

have produced average mission level cost growths ranging from +23 to +77%.    

A new study of 26 historical NASA Science instrument set developments 

using expert judgment to re-allocate key development resources has an average 

cost growth of +73.77%.   Twice in history, a barter-based mechanism has been 

used to re-allocate key development resources during instrument development.  

The mean instrument set development cost growth was -1.55%.  Performing a 

bivariate inference on the means of these two distributions, there is statistical 

evidence to support the claim that using a barter-based mechanism to re-allocate 

key instrument development resources will result in a lower expected cost growth 

than using the expert judgment approach.  (Kosmann, Sarkani, & Mazzuchi, 

2013) 

Agent-based discrete event simulation is the natural way to model a trade 

environment.  A NetLogo agent-based barter-based simulation of science 

instrument development was created.  The agent-based model was validated 

against the Cassini historical example, as the starting and ending instrument 

development conditions were available.  The resulting validated agent-based 

barter-based science instrument resource re-allocation simulation was used to 

perform 300 instrument development simulations, using barter to re-allocate 

development resources.  The mean cost growth was -3.365%.  A bivariate 

inference on the means was performed to determine that additional significant 
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statistical evidence exists to support a claim that using barter-based resource re-

allocation will result in lower expected cost growth, with respect to the historical 

expert judgment approach.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Barter-based key development resource re-allocation should work on 

spacecraft development as well as it has worked on instrument development.  A 

new study of 28 historical NASA science spacecraft developments has an average 

cost growth of +46.04%.  As barter-based key development resource re-allocation 

has never been tried in a spacecraft development, no historical results exist, and a 

simulation of using that approach must be developed.  The instrument 

development simulation should be modified to account for spacecraft 

development market participant differences.  The resulting agent-based barter-

based spacecraft resource re-allocation simulation would then be used to 

determine if significant statistical evidence exists to prove a claim that using 

barter-based resource re-allocation will result in lower expected cost growth.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

 Controlling development cost, development schedule, and technical 

performance is at the heart of efficient technological development.  Any 

mechanism that furthers cost control, holds schedule and/or promotes technical 

performance that meets requirements furthers efficiency.  Examples of space 

system development mechanisms that contribute to efficient development are an 

Earned Value Management System, an Integrated Master Schedule, a Risk 

Management System, rigorous requirement definition and validation, and 

technical Peer Reviews (Jansma, 2006).  The barter-based re-allocation of key 
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technical and programmatic resources during space system development should 

join the list of efficient space system development mechanisms.  (Kosmann, 

Sarkani, & Mazzuchi, 2013) 

6.1.1 Implementation Considerations 

There are number of potential issues with adding the new technology of 

using a barter mechanism to re-allocate key instrument development resources 

into the program management toolbox.  Moore (Moore, 2000) first described 

the technology adoption chasm that exists when new technology is introduced 

into the marketplace.  The earliest adopters are technology enthusiasts and 

visionaries, in this case represented by the Cassini and EOS Terra Program 

Managers.  A chasm then follows, between these early adopters, and next 

large set of potential users, the pragmatists.  Following the pragmatists, the 

conservatives adopt the new technology, with the skeptics being the last to 

adopt.  In terms of numbers, the overwhelming vast majority of adopters 

reside in the pragmatist and conservative groupings.  Bridging the technology 

adoption chasm is the single largest hurdle to getting new technology into 

widespread usage.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

The technology enthusiasts and visionaries, in this case represent the 

Cassini and EOS Terra Program Managers, who used barter to re-allocate key 

instrument development resources in the early and late 1990’s, respectively.  

Since EOS Terra, no program has used this technology to help manage a 

science instrument development.  The technology adoption chasm firmly 

stands in the way of any further usage.  There are a number of standard 
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techniques available to bridge this chasm, including publication of past 

successes (advertising), training and education on how the technology works 

to allay misconceptions, and imposition of the new technology as one of the 

terms of doing business (as was done for Earned Value Management).  In the 

current NASA and DOD fiscal climate, pointing out the minimal cost growth 

realized by using barter-based resource re-allocation may be a very persuasive 

argument.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Some Program Managers may be reluctant to give up control of the 

resource allocation process.  The initial allocation of resources portion of the 

process is still under program management’s explicit control.  Initial 

allocation of key development resources is still done via expert judgment and 

negotiation with instrument developers.  The Lead System Engineer still has 

veto power of all proposed instrument-to-instrument barter of resources.  As 

mentioned above, publication (in the form of papers, articles, seminars, 

conference presentations) of past successes will help to ease Program 

Manager’s fears of the new technology.  In the case of NASA or DOD space 

instrument development, convincing NASA or the DOD to simply impose the 

use of barter-based key development resource re-allocation on new 

developments instantly bridges the new technology adoption chasm.  

(Kosmann, Sarkani, & Mazzuchi, 2013) 

Instrument developers may be reluctant to trust a non-deterministic barter-

based key development resource re-allocation process.  First, the current 

expert judgment-based resource re-allocation process is inherently non-
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deterministic.  This is a situation of recommending a better non-deterministic 

process over a worse one.  Second, as mentioned previously, publication of 

earlier successes of the use of the barter mechanism will gradually convince 

instrument developers to adopt this new technology.  Finally, education and 

training on how the barter-based process works should remove most 

instrument developer’s fears.  (Kosmann, Sarkani, & Mazzuchi, 2013) 

Both program management and instrument developers might be reluctant 

to trust a system that does not have an appeal process.  Internal to the mission 

development program, instrument developers can still make appeals for 

additional development resources to the Lead Instrument System Engineer., 

then to the Lead System Engineer, then ultimately to the Program Manager.  

External to the development program, all of the existing appeal processes are 

still available.  An instrument developer or Program Manager can appeal to 

the appropriate NASA Program Office for additional resources, to the NASA 

Science Mission Directorate for additional resources, to the NASA 

Administrator for additional resources, or end run NASA completely and 

appeal to Congress directly for additional resources.  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

There is no better method to determine the initial resource allocation for 

the development of science instruments than to use expert judgment, based on 

experience.  A combination of the mission development program 

management, the Lead Instrument System Engineer, and the lead instrument 

developer for each instrument should collaborate/negotiate on the initial 
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allocation of key development resources, as is the current standard practice.  

This dissertation proposes no change to that process.  (Kosmann, Sarkani, & 

Mazzuchi, 2013) 

6.1.2 Summary and Contributions To The Field 

Space segments consist of spacecraft and instruments.  Normally, key 

development resources (cost, schedule, mass, power, data rate) in space 

segment development are allocated via key individual or committee expert 

judgment.  History has shown that almost all space segment systems complete 

development with resource expenditures far in excess of initial resource 

allocations.  On NASA unmanned space science missions, the cost over runs 

average in excess of 50%.  On NASA manned missions, the cost over runs 

average in excess of 100%. 

Heretofore, space system development by using barter-based resource re-

allocation mechanisms has been tried twice.  Both times the mechanism was 

used on space science instrument developments.  Both times the mechanism 

was completely successful in efficiently allocating key development 

resources, such that final expenditure of key development resources was less 

than or roughly equal to the initial allocation of those resources.  (The mean 

instrument set development cost growth was -1.55 %.)  The barter-based 

resource re-allocation mechanism has never been tried on a spacecraft 

development.   

A new study of 26 historical NASA Science instrument set developments 

using expert judgment to re-allocate key development resources has an 
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average cost growth of +73.77%.   Performing a bivariate inference on the 

means of these two distributions, there is statistical evidence to support the 

claim that using a barter-based mechanism to re-allocate key instrument 

development resources will result in a lower expected cost growth than using 

the expert judgment approach. 

A NetLogo agent-based barter-based simulation of science instrument 

development was created.  The agent-based model was validated against the 

Cassini historical example, as the starting and ending instrument development 

conditions were available.  The resulting validated agent-based barter-based 

science instrument resource re-allocation simulation was used to perform 300 

instrument development simulations, using barter to re-allocate development 

resources.  The mean cost growth was -3.365%.  A bivariate inference on the 

means was performed to determine that additional significant statistical 

evidence exists to support a claim that using barter-based resource re-

allocation will result in lower expected cost growth, with respect to the 

historical expert judgment approach. 

6.2 Recommendations for Future Research 

The ultimate goal of this line of inquiry is to show proof that barter-based key 

development resource re-allocation, applied to NASA science spacecraft 

development, results in a lower expected cost growth than the historical approach 

of setting aside budget reserves and reallocating resources via expert judgment 

(xbarSB < xbarSE).  A distribution of 28 actual NASA science spacecraft 
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development cost growths has been assembled.  The mean (xbarSE) of that cost 

growth distribution is about +46%. 

In order to perform an inference on the mean of a distribution of actual 

spacecraft development cost growths using expert judgment resource re-allocation 

(xbarSE) versus the mean of a set of spacecraft developments using barter-based 

resource re-allocation (xbarSB), the latter distribution must exist.  A simulation of 

developing a spacecraft using barter-based key subsystem development resource 

re-allocation could produce the missing distribution.   

The primary difference between the science instrument development agent-

based simulation and the science spacecraft development agent-based simulation 

is in the behavior incentives that work in a participant independent market versus 

the incentives that work in a participant dependent market.  There were two 

primary incentives applied in the dependent market participant Cassini science 

instrument development static trade simulation. The first incentive was that each 

science instrument development lead knew that if he/she did not successfully 

complete development on budget, and in time, that science instrument would not 

be integrated onto the Cassini spacecraft, and would be left behind when Cassini 

launched.  The second incentive was that each science instrument development 

lead knew that all key development resources had already been initially allocated, 

and that there were no budget reserves or other technical resource margins 

available for future re-allocation.   

In the science spacecraft development agent-based simulation, the first 

instrument development incentive above should be removed, and a new spacecraft 
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development incentive should be added.  Each spacecraft subsystem lead knows 

that his success completing development is dependent on the success of all the 

other subsystems properly completing development.  This new incentive should 

increase the probability that subsystem design leads will make choices to 

underutilize development resources where possible.  This allows subsystem 

developers to have resources to trade with if they get into trouble and over utilize 

a key development resource, or if they notice that another subsystem lead over 

utilizes a key development resource. 

The resulting agent-based barter-based simulation of reallocating key 

spacecraft development resources should be perturbed by varying the starting 

conditions of each spacecraft development, then run to calculate spacecraft cost 

growth.  A series of Monte Carlo runs would produce a distribution of spacecraft 

development cost growths that will have its own mean (xbarSB).  A statistical 

inference on the means of the two distributions, expert judgment-based and 

barter-based key development resource re-allocation should be performed.  The 

claim that the expected spacecraft development cost growth using barter-based 

key development resource re-allocation is less that the cost growth actually 

experienced on spacecraft development missions using budget reserves and expert 

judgment to re-allocate key development resources (xbarSB < xbarSE) should be 

tested by performing a bivariate inference on the means, as in Section 3.4 of this 

dissertation. 
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APPENDIX A – NetLogo Agent-based Barter-based Cassini 

Science Instrument Key Development Resource Re-allocation 

Simulation Code 
 

 

; 

;  Science Instrument Key Development Resource Reallocation Agent-based Model, Version 1 

; 

 

; 

;  Define Science Instruments as Agents 

; 

Breed [Instruments Instrument] 

 

; 

;  Define Instrument Properties 

; 

Instruments-own [initialCost cost initialMass mass initialPower power mass-cost? cost-mass? 

mass-power? power-mass? cost-power? power-cost? deltaCost deltaMass deltaPower ID] 

 

; 

;  Define Global Variables 

; 

Globals [tickcount maxTime costGrowth massGrowth powerGrowth 

totalMassCostBilateralBarters totalCostPowerBilateralBarters totalMassPowerBilateralBarters 
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totalMultilateralBarters numberEligible totalCost totalInitialCost totalMass totalInitialMass 

totalPower totalInitialPower] 

 

; 

;  Setup the Simulation 

; 

 

to setup 

  clear-all 

  set tickcount 0 

  set costGrowth 0 

  set massGrowth 0 

  set powerGrowth 0 

  set totalMassCostBilateralBarters 0 

  set totalCostPowerBilateralBarters 0 

  set totalMassPowerBilateralBarters 0 

  set totalMultilateralBarters 0 

  set maxTime 1461  ; equates to a 4 year development 

   

                    ; 

                    ;  Create the Number of Instruments as Provided by the Input Slider 

                    ; 

  create-Instruments NUMBERINSTRUMENTS 
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  ; 

  ;  Set the Instrument ID Values 

  ; 

   

  Let i 1 

  ask instruments [ 

    set ID i 

    set i (i + 1) 

  ] 

   

  ; 

  ;  Set the Initial Resource Allocations and Utilization Rates Equal To the Cassini Science 

  ;  Instrument Actual Historical Values.  For Any Other Use of This Code,  

  ;  deltaCost, deltaMass, and deltaPower Must Be Input As Fractions (10% = 0.1) 

  ; 

   

  ask Instruments with [ID = 1] [ 

    set initialCost 19.018 

    set initialMass 21.17 

    set initialPower 10 

    set deltaCost 0.001157 

    set deltaMass 0.095890 



 119 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 2] [ 

    set initialCost 3.297 

    set initialMass 16.67 

    set initialPower 10 

    set deltaCost 0.000303 

    set deltaMass 0.031794 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 3] [ 

    set initialCost 35.083 

    set initialMass 42.27 

    set initialPower 10 

    set deltaCost 0.038395 

    set deltaMass 0.017270 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 4] [ 

    set initialCost 10.715 
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    set initialMass 11.87 

    set initialPower 10 

    set deltaCost 0.023612 

    set deltaMass -0.132266 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 5] [ 

    set initialCost 52.005 

    set initialMass 63.47 

    set initialPower 10 

    set deltaCost -0.016614 

    set deltaMass -0.100362 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 6] [ 

    set initialCost 6.457 

    set initialMass 9.77 

    set initialPower 10 

    set deltaCost -0.025399 

    set deltaMass -0.099284 

    set deltaPower 0 
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  ] 

   

  ask Instruments with [ID = 7] [ 

    set initialCost 17.383 

    set initialMass 28.47 

    set initialPower 10 

    set deltaCost 0.051487 

    set deltaMass -0.012996 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 8] [ 

    set initialCost 30.307 

    set initialMass 55.92 

    set initialPower 10 

    set deltaCost -0.025572 

    set deltaMass -0.225680 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 9] [ 

    set initialCost 11.106 

    set initialMass 26.77 
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    set initialPower 10 

    set deltaCost -0.007473 

    set deltaMass 0.393351 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 10] [ 

    set initialCost 4.413 

    set initialMass 14.92 

    set initialPower 10 

    set deltaCost -0.028552 

    set deltaMass -0.034853 

    set deltaPower 0 

  ] 

   

  ask Instruments with [ID = 11] [ 

    set initialCost 12.594 

    set initialMass 15.97 

    set initialPower 10 

    set deltaCost 0.008734 

    set deltaMass -0.029430 

    set deltaPower 0 

  ] 
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  ask Instruments with [ID = 12] [ 

    set initialCost 31.485 

    set initialMass 40.07 

    set initialPower 10 

    set deltaCost 0.036176 

    set deltaMass -0.074120 

    set deltaPower 0 

  ] 

   

end 

 

 

; 

;  Main Procedure 

; 

 

to step 

  if (tickcount = maxTime) [ 

    displayResults 

    stop 

  ] 

  currentResourceValues 



 124 

  doBarter 

  set tickcount tickcount + 1 

end 

 

; 

;  The Go Procedure 

; 

 

to go 

  step 

end 

 

; 

;  Calculate Final Results. 

;  Use Monitors to Display Final Cost Growth, Mass Growth, Power Growth 

;  Use Monitor to Display Final Number of Multi-lateral Barters 

;  Use Monitors to Display Final Number of Cost-Mass, Mass-Power, Power-Cost Bi-lateral 

Barters 

; 

 

to displayResults 

  set totalCost 0 

  set totalInitialCost 0 
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  set totalMass 0 

  set totalInitialMass 0 

  set totalPower 0 

  set totalInitialPower 0 

  set totalCost sum [cost] of Instruments  ;  Sum Final Cost of All Instruments 

  set totalInitialCost sum [initialCost] of Instruments  ;  Sum Initial Cost of All Instruments 

  set totalMass sum [mass] of Instruments  ;  Sum Final Mass of All Instruments 

  set totalInitialMass sum [initialMass] of Instruments  ;  Sum Initial Mass of All Instruments 

  set totalPower sum [power] of Instruments  ;  Sum Final Power of All Instruments 

  set totalInitialPower sum [initialPower] of Instruments  ;  Sum Initial Power of All 

Instruments 

  set costGrowth ((totalCost - totalInitialCost) / totalInitialCost) * 100 

  set massGrowth ((totalMass - totalInitialMass) / totalInitialMass) * 100 

  set powerGrowth ((totalPower - totalInitialPower) / totalInitialPower) * 100 

end 

 

 

; 

;  Procedure to Get Current Instrument Cost, Mass and Power Values 

; 

 

to currentResourceValues 

  ; 
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  ;  Calculate Current Cost, Mass and Power Values 

  ;  Resource Values Start at the Initial Resource Value at Time = 0, Then Change Linearly  

  ;  Between 0 < Time < 0.75 Max Time, Then Stay Constant Until Max Time Is Reached 

  ; 

   

  ask Instruments [ 

    let co initialCost 

    let dc (deltaCost * initialCost) / (0.75 * maxTime) 

    ifelse (tickcount = 0) [ 

      set cost co] 

    [ifelse (tickcount > 0.75 * maxTime) [ 

      set cost cost] 

    [set cost cost + dc] 

    ] 

     

    let mo initialMass 

    let dm (deltaMass * initialMass) / (0.75 * maxTime) 

    ifelse (tickcount = 0) [ 

      set mass mo] 

    [ifelse (tickcount > 0.75 * maxTime) [ 

      set mass mass] 

    [set mass mass + dm] 

    ] 
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    let po initialPower 

    let dp (deltaPower * initialPower) / (0.75 * maxTime) 

    ifelse (tickcount = 0) [ 

      set power po] 

    [ifelse (tickcount > 0.75 * maxTime) [ 

      set power power] 

    [set power power + dp] 

    ] 

  ] 

end 

 

; 

;  Main Barter Procedure 

; 

 

to doBarter 

  ;  Define & Initialize Some Local Variables 

   

  let tradeFlag 0 

  let costHigh 0 

  let costLow 0 

  let massHigh 0 

  let massLow 0 
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  let powerHigh 0 

  let powerLow 0 

  let barterMass 0 

  let barterCost 0 

  let barterPower 0 

   

  ; 

  ;  Determine Instrument Barter Eligibility 

  ; 

   

  ask Instruments [ 

    set mass-cost? false 

    set cost-mass? false 

    set mass-power? false 

    set power-mass? false 

    set cost-power? false 

    set power-cost? false 

  ] 

  ask Instruments [ 

    if (mass > initialMass + (initialMass * THRESHOLD)) and (cost < initialCost - (initialCost 

* THRESHOLD)) 

    [set mass-cost? true] 
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    if (mass < initialMass - (initialMass * THRESHOLD)) and (cost > initialCost + (initialCost 

* THRESHOLD)) 

    [set cost-mass? true] 

    if (mass > initialMass + (initialMass * THRESHOLD)) and (power < initialPower - 

(initialPower * THRESHOLD)) 

    [set mass-power? true] 

    if (mass < initialMass - (initialMass * THRESHOLD)) and (power > initialPower + 

(initialPower * THRESHOLD)) 

    [set power-mass? true] 

    if (cost > initialCost + (initialCost * THRESHOLD)) and (power < initialPower - 

(initialPower * THRESHOLD)) 

    [set cost-power? true] 

    if (cost < initialCost - (initialCost * THRESHOLD)) and (power > initialPower + 

(initialPower * THRESHOLD)) 

    [set power-cost? true] 

  ] 

   

  ; 

  ;  Count Up the Number of Instruments Eligible for Barter 

  ; 

   

  Set numberEligible ((count Instruments with [mass-cost? = true]) + (count Instruments with 

[cost-mass? = true]) +  
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    (count Instruments with [mass-power? = true]) + (count Instruments with [power-mass? = 

true])  

    + (count Instruments with [cost-power? = true]) + (count Instruments with [power-cost? = 

true])) 

   

   

  ; 

  ;  Conduct  M?P? with P?C? with C?M? Multi-lateral Barter 

  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [mass-power? = true or power-cost? = true or cost-mass? = 

true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Mass Power, Power Cost, and Cost Mass Barter 

    ;  For Each Pair of Eligible Instruments 

    ;  Calculate Mass, Cost and Power Over and Under Utilizations 

    ;  Exchange The Average of the Mass, Cost and Power Over and Under Utilizations 

    ;  Increment the total number of Multi-lateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 
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      let x ? 

      foreach candidatesList [ 

        let y ? 

        foreach candidatesList [ 

          let z ? 

          if (x != y) or (y != z) or (x != z) [ 

            if ([mass-power?] of x = true) and ([power-cost?] of y = true) and ([cost-mass?] of z = 

true) [ 

              ask x [   

                set massHigh mass - initialMass 

                set powerLow power - initialPower] 

              ask y [   

                set powerHigh power - initialPower 

                set costLow cost - initialCost] 

              ask z [   

                set costHigh cost - initialCost 

                set massLow mass - initialMass] 

              set barterMass ((massHigh - massLow) / 2) 

              set barterPower ((powerHigh - powerLow) / 2) 

              set barterCost ((costHigh - costLow) / 2) 

              ask x [   

                set mass mass - barterMass 

                set power power + barterPower] 
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              ask y [   

                set power power - barterPower 

                set cost cost + barterCost] 

              ask z [   

                set cost cost - barterCost 

                set mass mass + barterMass] 

              ;ask x [set mass-power? false] 

              ;ask y [set power-cost? false] 

              ;ask z [set cost-mass? false] 

              set totalMultilateralBarters totalMultilateralBarters + 1 

              set tradeFlag 1 

            ] 

          ] 

        ] 

      ] 

    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 

   

  ; 
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  ;  Conduct  M?P? with P?C? with C?M? Multi-lateral Barter 

  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [power-mass? = true or cost-power? = true or mass-cost? = 

true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Power Mass, Cost Power, and Mass Cost Barter 

    ;  For Each Pair of Eligible Instruments 

    ;  Calculate Mass, Cost and Power Over and Under Utilizations 

    ;  Exchange The Average of the Mass, Cost and Power Over and Under Utilizations 

    ;  Increment the total number of Multi-lateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        foreach candidatesList [ 

          let z ? 

          if (x != y) or (y != z) or (x != z) [ 
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            if ([power-mass?] of x = true) and ([cost-power?] of y = true) and ([mass-cost?] of z = 

true) [ 

              ask x [   

                set massLow mass - initialMass 

                set powerHigh power - initialPower] 

              ask y [   

                set powerLow power - initialPower 

                set costHigh cost - initialCost] 

              ask z [   

                set costLow cost - initialCost 

                set massHigh mass - initialMass] 

              set barterMass ((massHigh - massLow) / 2) 

              set barterPower ((powerHigh - powerLow) / 2) 

              set barterCost ((costHigh - costLow) / 2) 

              ask x [   

                set mass mass + barterMass 

                set power power - barterPower] 

              ask y [   

                set power power + barterPower 

                set cost cost - barterCost] 

              ask z [   

                set cost cost + barterCost 

                set mass mass - barterMass] 
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              ;ask x [set power-mass? false] 

              ;ask y [set cost-power? false] 

              ;ask z [set mass-cost?false] 

              set totalMultilateralBarters totalMultilateralBarters + 1 

              set tradeFlag 1 

            ] 

          ] 

        ] 

      ] 

    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 

   

  ; 

  ;  Conduct Mass Cost Bilateral Barter 

  ; 

   

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 
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    set candidates Instruments with [mass-cost? = true or cost-mass? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Mass Cost Barter 

    ;  For Each Pair of Mass-Cost and Cost-Mass Eligible Instruments: 

    ;  Calculate Mass and Cost Over and Under Utilizations 

    ;  Exchange The Average of the Mass and Cost Over and Under Utilizations 

    ;  Increment the total number of Cost Mass Bilateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        if (x != y) [ 

          if ([mass-cost?] of x = true) and ([cost-mass?] of y = true) [ 

            ask x [   

              set massHigh mass - initialMass 

              set costLow cost - initialCost] 

            ask y [   

              set massLow mass - initialMass 

              set costHigh cost - initialCost] 

            set barterMass ((massHigh - massLow) / 2) 

            set barterCost ((costHigh - costLow) / 2) 
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            ask x [   

              set mass mass - barterMass 

              set cost cost + barterCost] 

            ask y [   

              set mass mass + barterMass 

              set cost cost - barterCost] 

             

            ;ask x [set mass-cost? false] 

            ;ask y [set cost-mass? false] 

            set totalMassCostBilateralBarters totalMassCostBilateralBarters + 1 

            set tradeFlag 1 

          ] 

        ] 

      ] 

    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 

   

  ; 

  ;  Conduct Mass Power Bilateral Barter 
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  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [mass-power? = true or power-mass? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Mass Power Barter 

    ;  For Each Pair of Mass-Power and Power-Mass Eligible Instruments: 

    ;  Calculate Mass and Power Over and Under Utilizations 

    ;  Exchange The Average of the Mass and Power Over and Under Utilizations 

    ;  Increment the total number of Mass Power Bilateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        if (x != y) [ 

          if ([mass-power?] of x = true) and ([power-mass?] of y = true) [ 

            ask x [   

              set massHigh mass - initialMass 

              set powerLow power - initialPower] 

            ask y [   
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              set massLow mass - initialMass 

              set powerHigh power - initialPower] 

            set barterMass ((massHigh - massLow) / 2) 

            set barterPower ((powerHigh - powerLow) / 2) 

            ask x [   

              set mass mass - barterMass 

              set power power + barterPower] 

            ask y [   

              set mass mass + barterMass 

              set power power - barterPower] 

            ;ask x [set mass-power? false] 

            ;ask y [set power-mass? false] 

            set totalMassPowerBilateralBarters totalMassPowerBilateralBarters + 1 

            set tradeFlag 1 

          ] 

        ] 

      ] 

    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 
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  ; 

  ;  Conduct Cost Power Bilateral Barter 

  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [cost-power? = true or power-cost? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Power Cost Barter 

    ;  For Each Pair of Power-Cost and Cost-Power Eligible Instruments: 

    ;  Calculate Power and Cost Over and Under Utilizations 

    ;  Exchange The Average of the Power and Cost Over and Under Utilizations 

    ;  Increment the total number of Cost Power Bilateral Barters 

    ;  If no Trade Occurs, Exit the doBarter Procedure and Increment Time in the Step 

Procedure 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        if (x != y) [ 
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          if ([cost-power?] of x = true) and ([power-cost?] of y = true) [ 

            ask x [   

              set costHigh cost - initialCost 

              set powerLow power - initialPower] 

            ask y [   

              set costLow cost - initialCost 

              set powerHigh power - initialPower] 

            set barterCost ((costHigh - costLow) / 2) 

            set barterPower ((powerHigh - powerLow) / 2) 

            ask x [   

              set cost cost - barterCost 

              set power power + barterPower] 

            ask y [   

              set cost cost + barterCost 

              set power power - barterPower] 

            ;ask x [set cost-power? false] 

            ;ask y [set power-cost? false] 

            set totalCostPowerBilateralBarters totalCostPowerBilateralBarters + 1 

            set tradeFlag 1 

          ] 

        ] 

      ] 

    ] 
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  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 

end
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APPENDIX B – NetLogo Agent-based Barter-based 

NASA Science Instrument Key Development Resource 

Re-allocation Simulation Code 
 

; 

;  Science Instrument Key Development Resource Reallocation Agent-based 

Model, Version 1 

; 

 

; 

;  Define Science Instruments as Agents 

; 

Breed [Instruments Instrument] 

 

; 

;  Define Instrument Properties 

; 

Instruments-own [initialCost cost initialMass mass initialPower power mass-cost? 

cost-mass? mass-power? power-mass? cost-power? power-cost? deltaCost 

deltaMass deltaPower ID] 

 

; 

;  Define Global Variables 

; 
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Globals [tickcount maxTime costGrowth massGrowth powerGrowth 

totalMassCostBilateralBarters totalCostPowerBilateralBarters 

totalMassPowerBilateralBarters totalMultilateralBarters numberEligible  

totalCost totalInitialCost totalMass totalInitialMass totalPower totalInitialPower] 

 

 

 

; 

;  Setup the Simulation 

; 

 

to setup 

  clear-all 

  set tickcount 0 

  set costGrowth 0 

  set massGrowth 0 

  set powerGrowth 0 

  set totalMassCostBilateralBarters 0 

  set totalCostPowerBilateralBarters 0 

  set totalMassPowerBilateralBarters 0 

  set totalMultilateralBarters 0 

  set maxTime 1461  ; equates to a 4 year development 
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                    ; 

                    ;  Create the Number of Instruments as Provided by the Input Slider 

                    ; 

  create-Instruments NUMBERINSTRUMENTS [instrumentSetup] 

   

  ; 

  ;  Set the Instrument ID Values 

  ; 

   

  ;Let i 1 

  ;ask instruments [ 

  ;  set ID i 

  ;  set i (i + 1) 

  ;  ] 

end 

 

to instrumentSetup 

  ; 

  ;  Set the Initial Instrument Resource Allocations and Utilization Rates 

  ;  The Initial Resource Values Are Set to a Uniform Random Value Between 0 

and the Value Indicated 

  ;  The Resource Utilization Rates are Set to a Random Normal Value, With 

Mean and Standard Deviation Indicated 
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  ; 

   

  set initialCost (random 50) + 50 

  set initialMass (random 50) + 50 

  set initialPower (random 50) + 50 

  set deltaCost random-normal 0 60 

  set deltaMass  random-normal 0 46 

  set deltaPower  random-normal 0 47 

   

end 

 

 

; 

;  Main Procedure 

; 

 

to step 

  if (tickcount = maxTime) [ 

    displayResults 

    stop 

  ] 

  currentResourceValues 

  doBarter 
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  set tickcount tickcount + 1 

end 

 

; 

;  The Go Procedure 

; 

 

to go 

  step 

end 

 

; 

;  Calculate Final Results. 

;  Use Monitors to Display Final Cost Growth, Mass Growth, Power Growth 

;  Use Monitor to Display Final Number of Multi-lateral Barters 

;  Use Monitors to Display Final Number of Cost-Mass, Mass-Power, Power-Cost 

Bi-lateral Barters 

; 

 

to displayResults 

  set totalCost 0 

  set totalInitialCost 0 

  set totalMass 0 



 148 

  set totalInitialMass 0 

  set totalPower 0 

  set totalInitialPower 0 

  set totalCost sum [cost] of Instruments  ;  Sum Final Cost of All Instruments 

  set totalInitialCost sum [initialCost] of Instruments  ;  Sum Initial Cost of All 

Instruments 

  set totalMass sum [mass] of Instruments  ;  Sum Final Mass of All Instruments 

  set totalInitialMass sum [initialMass] of Instruments  ;  Sum Initial Mass of All 

Instruments 

  set totalPower sum [power] of Instruments  ;  Sum Final Power of All 

Instruments 

  set totalInitialPower sum [initialPower] of Instruments  ;  Sum Initial Power of 

All Instruments 

  set costGrowth ((totalCost - totalInitialCost) / totalInitialCost) * 100 

  set massGrowth ((totalMass - totalInitialMass) / totalInitialMass) * 100 

  set powerGrowth ((totalPower - totalInitialPower) / totalInitialPower) * 100 

end 

 

 

; 

;  Procedure to Get Current Instrument Cost, Mass and Power Values 

; 
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to currentResourceValues 

  ; 

  ;  Calculate Current Cost, Mass and Power Values 

  ;  Resource Values Start at the Initial Resource Value at Time = 0, Then Change 

Linearly  

  ;  Between 0 < Time < 0.75 Max Time, Then Stay Constant Until Max Time Is 

Reached 

  ; 

   

  ask Instruments [ 

    let co initialCost 

    let dc ((deltaCost / 100) * initialCost) / (0.75 * maxTime) 

    ifelse (tickcount = 0) [ 

      set cost co] 

    [ifelse (tickcount > 0.75 * maxTime) [ 

      set cost cost] 

    [set cost cost + dc] 

    ] 

     

    let mo initialMass 

    let dm ((deltaMass / 100) * initialMass) / (0.75 * maxTime) 

    ifelse (tickcount = 0) [ 

      set mass mo] 
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    [ifelse (tickcount > 0.75 * maxTime) [ 

      set mass mass] 

    [set mass mass + dm] 

    ] 

     

    let po initialPower 

    let dp ((deltaPower / 100) * initialPower) / (0.75 * maxTime) 

    ifelse (tickcount = 0) [ 

      set power po] 

    [ifelse (tickcount > 0.75 * maxTime) [ 

      set power power] 

    [set power power + dp] 

    ] 

  ] 

end 

 

; 

;  Main Barter Procedure 

; 

 

to doBarter 

  ;  Define & Initialize Some Local Variables 
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  let tradeFlag 0 

  let costHigh 0 

  let costLow 0 

  let massHigh 0 

  let massLow 0 

  let powerHigh 0 

  let powerLow 0 

  let barterMass 0 

  let barterCost 0 

  let barterPower 0 

   

  ; 

  ;  Determine Instrument Barter Eligibility 

  ; 

   

  ask Instruments [ 

    set mass-cost? false 

    set cost-mass? false 

    set mass-power? false 

    set power-mass? false 

    set cost-power? false 

    set power-cost? false 

  ] 
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  ask Instruments [ 

    if (mass > initialMass + (initialMass * THRESHOLD)) and (cost < initialCost - 

(initialCost * THRESHOLD)) 

    [set mass-cost? true] 

    if (mass < initialMass - (initialMass * THRESHOLD)) and (cost > initialCost + 

(initialCost * THRESHOLD)) 

    [set cost-mass? true] 

    if (mass > initialMass + (initialMass * THRESHOLD)) and (power < 

initialPower - (initialPower * THRESHOLD)) 

    [set mass-power? true] 

    if (mass < initialMass - (initialMass * THRESHOLD)) and (power > 

initialPower + (initialPower * THRESHOLD)) 

    [set power-mass? true] 

    if (cost > initialCost + (initialCost * THRESHOLD)) and (power < initialPower 

- (initialPower * THRESHOLD)) 

    [set cost-power? true] 

    if (cost < initialCost - (initialCost * THRESHOLD)) and (power > initialPower 

+ (initialPower * THRESHOLD)) 

    [set power-cost? true] 

  ] 

   

  ; 

  ;  Count Up the Number of Instruments Eligible for Barter 
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  ; 

   

  Set numberEligible ((count Instruments with [mass-cost? = true]) + (count 

Instruments with [cost-mass? = true]) +  

    (count Instruments with [mass-power? = true]) + (count Instruments with 

[power-mass? = true])  

    + (count Instruments with [cost-power? = true]) + (count Instruments with 

[power-cost? = true])) 

   

   

  ; 

  ;  Conduct  M?P? with P?C? with C?M? Multi-lateral Barter 

  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [mass-power? = true or power-cost? = true or 

cost-mass? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Mass Power, Power Cost, and Cost 

Mass Barter 

    ;  For Each Pair of Eligible Instruments 

    ;  Calculate Mass, Cost and Power Over and Under Utilizations 
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    ;  Exchange The Average of the Mass, Cost and Power Over and Under 

Utilizations 

    ;  Increment the total number of Multi-lateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        foreach candidatesList [ 

          let z ? 

          if (x != y) or (y != z) or (x != z) [ 

            if ([mass-power?] of x = true) and ([power-cost?] of y = true) and ([cost-

mass?] of z = true) [ 

              ask x [   

                set massHigh mass - initialMass 

                set powerLow power - initialPower] 

              ask y [   

                set powerHigh power - initialPower 

                set costLow cost - initialCost] 

              ask z [   

                set costHigh cost - initialCost 

                set massLow mass - initialMass] 
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              set barterMass ((massHigh - massLow) / 2) 

              set barterPower ((powerHigh - powerLow) / 2) 

              set barterCost ((costHigh - costLow) / 2) 

              ask x [   

                set mass mass - barterMass 

                set power power + barterPower] 

              ask y [   

                set power power - barterPower 

                set cost cost + barterCost] 

              ask z [   

                set cost cost - barterCost 

                set mass mass + barterMass] 

              ;ask x [set mass-power? false] 

              ;ask y [set power-cost? false] 

              ;ask z [set cost-mass? false] 

              set totalMultilateralBarters totalMultilateralBarters + 1 

              set tradeFlag 1 

            ] 

          ] 

        ] 

      ] 

    ] 

  ] 
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  if (tradeFlag = 1) [ 

    doBarter 

  ] 

   

  ; 

  ;  Conduct  M?P? with P?C? with C?M? Multi-lateral Barter 

  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [power-mass? = true or cost-power? = true or 

mass-cost? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Power Mass, Cost Power, and Mass 

Cost Barter 

    ;  For Each Pair of Eligible Instruments 

    ;  Calculate Mass, Cost and Power Over and Under Utilizations 

    ;  Exchange The Average of the Mass, Cost and Power Over and Under 

Utilizations 

    ;  Increment the total number of Multi-lateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 
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    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        foreach candidatesList [ 

          let z ? 

          if (x != y) or (y != z) or (x != z) [ 

            if ([power-mass?] of x = true) and ([cost-power?] of y = true) and ([mass-

cost?] of z = true) [ 

              ask x [   

                set massLow mass - initialMass 

                set powerHigh power - initialPower] 

              ask y [   

                set powerLow power - initialPower 

                set costHigh cost - initialCost] 

              ask z [   

                set costLow cost - initialCost 

                set massHigh mass - initialMass] 

              set barterMass ((massHigh - massLow) / 2) 

              set barterPower ((powerHigh - powerLow) / 2) 

              set barterCost ((costHigh - costLow) / 2) 

              ask x [   

                set mass mass + barterMass 
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                set power power - barterPower] 

              ask y [   

                set power power + barterPower 

                set cost cost - barterCost] 

              ask z [   

                set cost cost + barterCost 

                set mass mass - barterMass] 

              ;ask x [set power-mass? false] 

              ;ask y [set cost-power? false] 

              ;ask z [set mass-cost?false] 

              set totalMultilateralBarters totalMultilateralBarters + 1 

              set tradeFlag 1 

            ] 

          ] 

        ] 

      ] 

    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 
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  ; 

  ;  Conduct Mass Cost Bilateral Barter 

  ; 

   

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [mass-cost? = true or cost-mass? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Mass Cost Barter 

    ;  For Each Pair of Mass-Cost and Cost-Mass Eligible Instruments: 

    ;  Calculate Mass and Cost Over and Under Utilizations 

    ;  Exchange The Average of the Mass and Cost Over and Under Utilizations 

    ;  Increment the total number of Cost Mass Bilateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        if (x != y) [ 
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          if ([mass-cost?] of x = true) and ([cost-mass?] of y = true) [ 

            ask x [   

              set massHigh mass - initialMass 

              set costLow cost - initialCost] 

            ask y [   

              set massLow mass - initialMass 

              set costHigh cost - initialCost] 

            set barterMass ((massHigh - massLow) / 2) 

            set barterCost ((costHigh - costLow) / 2) 

            ask x [   

              set mass mass - barterMass 

              set cost cost + barterCost] 

            ask y [   

              set mass mass + barterMass 

              set cost cost - barterCost] 

             

            ;ask x [set mass-cost? false] 

            ;ask y [set cost-mass? false] 

            set totalMassCostBilateralBarters totalMassCostBilateralBarters + 1 

            set tradeFlag 1 

          ] 

        ] 

      ] 
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    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 

   

  ; 

  ;  Conduct Mass Power Bilateral Barter 

  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [mass-power? = true or power-mass? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Mass Power Barter 

    ;  For Each Pair of Mass-Power and Power-Mass Eligible Instruments: 

    ;  Calculate Mass and Power Over and Under Utilizations 

    ;  Exchange The Average of the Mass and Power Over and Under Utilizations 

    ;  Increment the total number of Mass Power Bilateral Barters 

    ;  If no Trade Occurs, Move on to the Next Trade Type 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 
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      let x ? 

      foreach candidatesList [ 

        let y ? 

        if (x != y) [ 

          if ([mass-power?] of x = true) and ([power-mass?] of y = true) [ 

            ask x [   

              set massHigh mass - initialMass 

              set powerLow power - initialPower] 

            ask y [   

              set massLow mass - initialMass 

              set powerHigh power - initialPower] 

            set barterMass ((massHigh - massLow) / 2) 

            set barterPower ((powerHigh - powerLow) / 2) 

            ask x [   

              set mass mass - barterMass 

              set power power + barterPower] 

            ask y [   

              set mass mass + barterMass 

              set power power - barterPower] 

            ;ask x [set mass-power? false] 

            ;ask y [set power-mass? false] 

            set totalMassPowerBilateralBarters totalMassPowerBilateralBarters + 1 

            set tradeFlag 1 
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          ] 

        ] 

      ] 

    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 

  ; 

  ;  Conduct Cost Power Bilateral Barter 

  ; 

  if (tradeFlag = 0) [ 

    let candidates nobody 

    let candidatesList [] 

    set candidates Instruments with [cost-power? = true or power-cost? = true] 

    set candidatesList (sort candidates) 

    ;  Iterate Over Each Instrument Eligible for Power Cost Barter 

    ;  For Each Pair of Power-Cost and Cost-Power Eligible Instruments: 

    ;  Calculate Power and Cost Over and Under Utilizations 

    ;  Exchange The Average of the Power and Cost Over and Under Utilizations 

    ;  Increment the total number of Cost Power Bilateral Barters 
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    ;  If no Trade Occurs, Exit the doBarter Procedure and Increment Time in the 

Step Procedure 

    ;  If a Trade Occurs, Start the doBarter Procedure All Over Again 

    foreach candidatesList [ 

      let x ? 

      foreach candidatesList [ 

        let y ? 

        if (x != y) [ 

          if ([cost-power?] of x = true) and ([power-cost?] of y = true) [ 

            ask x [   

              set costHigh cost - initialCost 

              set powerLow power - initialPower] 

            ask y [   

              set costLow cost - initialCost 

              set powerHigh power - initialPower] 

            set barterCost ((costHigh - costLow) / 2) 

            set barterPower ((powerHigh - powerLow) / 2) 

            ask x [   

              set cost cost - barterCost 

              set power power + barterPower] 

            ask y [   

              set cost cost + barterCost 

              set power power - barterPower] 
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            ;ask x [set cost-power? false] 

            ;ask y [set power-cost? false] 

            set totalCostPowerBilateralBarters totalCostPowerBilateralBarters + 1 

            set tradeFlag 1 

          ] 

        ] 

      ] 

    ] 

  ] 

   

  if (tradeFlag = 1) [ 

    doBarter 

  ] 

end 

 


