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Abstract 

     This thesis explores three topics in the field of cost estimation for Unmanned Autonomous 

Systems. First, we propose a common definition of an Unmanned Autonomous System. We 

accomplish this through exhausting the literature in the areas cost estimation, autonomy in its 

current form, and how such advanced systems might be integrated into their environment.  

Second, we introduce a method to estimate the cost of Unmanned Autonomous Systems utilizing 

existing parametric cost estimation tools: SEER – HDR, COCOMO II, COSYSMO, and two cost 

estimating relationships – weight and performance. This discussion is guided by focusing on how 

current tools attempt to account for emergent systems. We also attempt to address challenges 

surrounding autonomy. To address these challenges from a cost perspective, this thesis 

recommends modifications to parameters within COCOMO II – via the use of object-oriented 

function points in lieu of current methods, and COSYSMO – via the introduction of two cost 

drivers namely, TVED and HRI-T. Third, we conduct analysis on four current Army Unmanned 

Autonomous Systems in an attempt to establish early trends within existing estimates. Finally, 

we explore areas of further research and discuss the implications of how pursing a more adequate 

cost model will lead to a better understanding of this ill-defined paradigm.      

Keywords 

Unmanned Autonomous Systems; Parametric Cost Estimation; Autonomous Integration; SEER – 
HDR; COCOMO II; COSYSMO; Test & Evaluation; Human Robot Interaction; Manned 
Unmanned Teaming; Autonomous Cost Estimating Relationships; Lifecycle Analysis 
 
*This material is based upon work supported by the Naval Postgraduate School Acquisition 
Research Program under Grant No. N00244-15-1-0008. The views expressed in written materials 
or publications, and/or made by speakers, moderators, and presenters, do not necessarily reflect 
the official policies of the Naval Postgraduate School nor does mention of trade names, 
commercial practices, or organizations imply endorsement by the U.S. Government.  
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1.0 Introduction 

1.1 Problem Definition 

The Department of Defense (DoD) has committed to the development, procurement, and 

sustained use of unmanned systems. (Unmanned systems integrated roadmap FY2013-

2038.2013) Unmanned systems demonstrated their utility in countless events in both the 

Afghanistan and Iraq wars. (Unmanned systems integrated roadmap FY2013-2038.2013; 

Blackhurst, Gresham, & Stone, 2011; Gordon & Matsumura, 2013; Murphy & Shields, 2012; 

Scharre, 2014; Singer, 2009; Sliwa, 2014; Sparrow, 2009; Weatherington, 2011) Many 

constraints – policy, politics, economic, industry capability, and technology to name a few – 

shape how the development, procurement, and use of these unmanned systems are negotiated. 

This thesis will discuss how development, procurement, and sustained use play a role in 

developing cost estimates for these futuristic systems – specifically as the desire to increase their 

autonomy also rises.  

 
Figure 1. Manned Unmanned Systems Integration Capability (MUSIC) Exercise as 
demonstrated above depicts the Army’s vision and level of commitment to emergent 
technologies. (Unmanned systems integrated roadmap FY2013-2038.2013) 
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     Cost estimation plays a critical role in the DoD portfolio of 80 acquisition programs currently 

valued at $1.5 trillion dollars.(Sullivan, 2014) According to the DoD 5000.02 Operation of the 

Defense Acquisition System the first submission for a total lifecycle cost estimate is at Milestone 

A. (Figure 2) (Department of defense instruction: Operation of the defense acquisition 

system.2015) Research has shown that 70% of a system’s lifecycle costs are set prior to 

Milestone B.(Deitz, Eveleigh, Holzer, & Sarkani, 2013) When you consider where a generic 

unmanned system’s costs and compare them with Boehm’s Cone of Uncertainty along a generic 

timeline, see below in Figure 2, it is clear that most projects estimated costs are derived when we 

know the least about the system. 

Figure 2. The generic DoD Acquisition Lifecycle with author overlay of Boehm’s Cone of 
Uncertainty (Lifecycle framework.2015) Preliminary Design Review (PDR); Critical Design 
Review (CDR); Full Rate Production (FRP); A,B,C are lifecycle mile-stones. 
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     Current projects that are attracting the most political attention as well as drawing criticism to 

the DoD’s ability to manage its portfolio are: F-35 Joint Strike Fighter (JSF), DDG51 Arleigh 

Burke Class Destroyer, and Virginia Class Submarines.(Sullivan, 2014)  However, when looking 

at the data from a systems’ perspective – or what system type is causing the most disturbance to 

cost and schedule – you will see that: Shipbuilding, Unmanned Vehicle, and Rotary Wing 

systems are the most challenging projects to estimate for. (Sullivan, 2014) These instabilities are 

caused by the sheer size, complexity, ambiguity involved managing projects of these types.  

     For many reasons within the world of unmanned systems there exists the longing to 

continually remove humans from control and increase autonomy. (Gilge, 2010) This creates a 

problem for all stake holders involved in the process – from the engineers building these systems 

to the Soldiers using them, as well as the Politicians and tax paying constituents. When the desire 

to improve unmanned systems technology – a technology not fully understood – is managed by a 

fiscal process designed for manned systems, we must reflect on how we currently conduct 

estimates for such systems.  

1.1.1 Terminology 

      Prior to delving into the research process the purpose of this section is set a common 

vernacular. A manned system is analogous to any system requiring a human to operate it, in its 

entirety, to ensure success of an assigned task. An unmanned system refers to a remote 

controlled platform, which has a human in control at all times of operation (Huang, 2008). When 

we refer to an Unmanned Autonomous System (UMAS), we are discussing similar platforms, 

but the system possesses capabilities that only require a human to supervise, monitor, or guide 

(Murphy & Shields, 2012). An object oriented function point (OOFP) focuses on counting 

function points from a systems-level perspective (Antoniol, Lokan, Caldiera, & Fiutem, 1999). 
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When dealing specifically with UMAS, the increase of human robot interaction (HRI) directly 

reflects a specific human’s level of required interaction with a specific UMAS (Huang, 2008), 

whereas the increase of Manned Unmanned Teaming (MUM-T) reflects a desired relationship 

from other MS, UM, or UMAS to achieve success of an assigned task (Unmanned systems 

integrated roadmap FY2013-2038.2013).  

1.2 Research Questions 

     When we consider that most DoD acquisition prospects are systems that will replace current 

weapons and tools used by its service members, and that the acquisition process is funded by the 

American public – i.e. tax dollars, we expect and value the demand for fiscal responsibility. To 

achieve this level of fidelity in our acquisition process, cost estimates must attempt to capture the 

whole picture – total system life cycle. In an attempt to examine this space, cost estimation for 

UMAS, we will first discuss the current methodologies and techniques used to help provide the 

estimates, the current level of understanding with respects to UMAS technology, and whether 

improvements can or should be made with respect to a specific estimation tool or method. 

(a) (b)  
Figure 3. Expectation Management with UMAS. (a) depicts the war-fighting system people 
think is currently being developed, and (b) is a current UMAS being deployed by commercial 
companies to increase shopping efficiency. (Images Courtesy of Columbia Pictures, 2015 and 
Fellow Robot, 2015) 
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     The purpose of this thesis is to explore specifically the domain of Unmanned Autonomous 

Systems (UMAS). These systems are on the cutting edge of technology, and seem to promise a 

reduced human cost to the future of warfare (Figure 3) (Blackhurst et al., 2011). Cost analysis 

can be defined as an examination of a system in acquisition to enable a decision maker to select 

alternatives that best fits future force requirements – usually in a fiscal sense. (Department of the 

army: Cost analysis manual.2002) However, a holistic concept of cost should factor in the effort, 

loss, or sacrifice that is made on behalf of the system-of-systems when a specific alternative is 

selected. Typically we associate cost within a fiscal context, as a monetary exchange for service 

rendered; however, when discussing the use of UMAS as weapon or system of warfare we must 

discuss its potential impact from both a fiscal and implementation perspective. 

Research Questions:  

    1.  From an acquisition perspective, what inadequacies exist, if any, with the tools and 

methods used to produce cost estimates for emergent UMAS technology?  

     2. From both a monetary and implementation view point, what are the hidden costs of UMAS 

– specifically when the system has left production and is placed into service? 

     In order to conduct the analysis for the first question, we will further discuss autonomy as a 

paradigm, catalogue and briefly explain current cost estimation techniques, introduce changes or 

considerations specifically for UMAS, discuss how estimates nest within the DoD’s policies, and 

finally conduct a cost estimate case study.  

     To aid in the exploration of the second question we will use the results from the case study 

and apply the U.S. Army’s DOTmLPF-P1. This framework will help identify the costs associated 

with UMAS as they are implementation into military, and generate discussion of hidden costs 

1 Doctrine, Organization, Training, Materiel, Leadership, Personnel, Facilities, and Policy – This is a 
framework by which DoD examines new acquisitions. 
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associated with UMAS. The use of DOTmLPF-P will also cover the implementation aspects of 

UMAS. This portion will close with a discussion of unknown consequences that UMAS may, or 

may not possess.  

     As this thesis concludes we will discuss its research limitations and how these may addressed 

or built upon in future work. From a research perspective this thesis will suggest other areas still 

needing exploration. Finally, we will analyze the implications and future considerations for cost 

estimating UMAS. 

1.3 Literature Review 

     There are three main areas that comprise the foundation of my research:  

1. Cost estimation 

2. The current state of autonomy – as applicable to militarized systems 

3. Implementation and integration of UMAS within in its intended operating space – or 

analysis of the Operations and Support Phase of the DoD 5000.02 Lifecycle.  

     This literature review will provide context and relevance to exploring UMAS and their costs. 

All of these areas will be explicitly discussed later in this thesis – especially during the analysis 

with DOTmLPF-P.  

1.3.1 A Quick Lesson in Cost Estimation  

     Cost estimation started to become a science during the mid-1930s when Theodore Paul 

Wright developed a data based prediction method for the production of airplanes (Wright, 1936). 

Although not the first person to use learning-curve, Wright was the first to pair the psychology 

concept to the field of cost estimation predictive models. In the early 1980s another predictive 

cost model was established called the Constructive Cost Model or COCOMO was established by 

Dr. Berry W. Boehm and was used to predict software efforts, costs, and schedules for projects 
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requiring coding efforts (Boehm, 2000). While COCOMO is specifically designed for software, 

other parametric models have followed suit and provide predictive tools for Systems Engineering 

(COSYSMO) (Valerdi, 2008), hardware, construction, production, etc. Company’s offer suits of 

parametric models like Galorath’s SEER package that has tools for estimating every domain of a 

system (SEER for hardware detailed reference – user’s manual.2014).  

     Even with the robust population of tools and models, budgets run over and costs grow 

uncontrollably. It seems that as we advance our understanding of engineering these new systems 

we also need to improve the processes by which we estimate their costs (Deitz et al., 2013; 

Langford, 2012). The ability for programs or projects to meet specified deadlines continues to be 

a challenge, one exacerbated by the already difficult endeavor to deliver a program within the 

desired budget. These dilemmas emphasize the importance of proper planning. During the 

current conflicts within the 21st century, ever increasing demands on the performance 

requirements of developing systems have pushed out deployment schedules and spiked 

development costs. Since the start of this century the DoD has invested $22.4 billion dollars in 

research, testing and procurement in unmanned aerial systems alone (Weatherington, 2011). The 

air platforms, as well as ground and waterborne systems, are also growing more unmanned and 

incrementally autonomous (Murphy & Shields, 2012). This research will focus on trying to 

mitigate cutting edge technology, complex technology, unavailable data, and a few others 

challenges visually depicted below in Figure 4. 
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Figure 4. A GAO depiction of the many challenges a Cost Estimator typically faces (Richey, 
Echard, & Cha, 2009). 
 
     Understanding that cost estimation methods for unmanned systems are still relatively new, 

most models are very immature and have only been around in concept since the early 2000s 

(Valerdi, Merril, & Maloney, 2005). The challenge becomes recommending a UMAS cost 

estimation method that provides accurate cost estimates. This next section will describe some of 

the current cost estimation methods and introduce a method that may enhance the current 

methods to cost UMAS. 

1.3.1.1 Different Types of Cost Estimation Methods 

     There are generally three types of cost estimation methods: Analogy, Engineering Build-Up 

(also known as “Bottom-up”), and Parametric (Richey et al., 2009). Other methods exist and can 

be used to develop a cost estimate. These other types are: Expert Opinion, Top Down, Hybrid – a 

mix of both Top Down and Bottom Up, and Heuristics. The choice in deciding which estimate to 

use depends on the desired estimation resolution and are factors of time, data, and accuracy. To 

highlight when in the DoD 5000.02 Lifecycle these methods are generally used as shown in 

Figure 5. 
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Figure 5. DoD 5000.02 Acquisition Lifecycle with author overlay of cost estimation method 
implementation (Lifecycle framework.2015). Engineering and Manufacturing Development 
(EMD); Critical Design Review (CDR); Low Rate Initial Production (LRIP); Initial Operational 
Test and Evaluation (IOT&E); Initial Operational Capability (IOC); Full Operational Capability 
(FOC) 
 

1.3.1.1.1 Expert Opinion 

     Although this method is exactly what it claims to be, someone’s opinion, it is useful when 

data is scarce for a particular system or emergent technology (Valerdi et al., 2005). The general 

concept of employing this method is to seek out experts in a given field that you are trying to 

estimate. One way to capture the expert’s opinions are through the use of the Wideband Delphi 

method (Dalkey, 1969). The goal is to sample as many experts as possible through survey or 

conference and continue to refine your estimate through collaborative efforts, focusing the 

disparate parts of the group’s estimates (Boehm, 1981). Even though this technique is alluring 

for its easy of simplicity, the shortcoming is also that it is subjective and easily biased by 

outspoken individuals (Figure 5 block B). 

1.3.1.1.2 Top-Down  

     The Top-down method tends to focus on strategic level understanding, requiring less detail 

because it is conducted earlier in the lifecycle and uses tools like case-based reasoning and 

analogous comparisons to provide requisite clarity (Gray & Larson, 2011; Valerdi et al., 2005). 
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The advantage of a Top-down approach is that it provides a general and initial figure fairly 

quickly; however, risk exists in its lack of detail. The details that are left out from the lower 

levels of technical features tend to become problematic the larger a project is (Valerdi et al., 

2005) (Figure 5 block B). 

1.3.1.1.3 Engineering Build-Up or Bottom-Up 

     The Bottom-up method typically uses sub-component and sub-systems costs to build total 

systems cost (Valerdi et al., 2005). Through use of the Work Breakdown Structure (WBS) this 

method develops its estimate by summing up the costs from the lowest element in the WBS. The 

sums continue to grow until the entire system is accounted for fiscally. This method is 

cumbersome, detailed, and labor intensive and its premise relies heavily on historical systems 

parts costs being adequate predictors for future systems (Figure 5 block C).     

1.3.1.1.4 Hybrid – a combination of top down and bottom up 

     The Hybrid method attempts to achieve a balance of both, and it is usually used on very large, 

multi-year programs such as unmanned systems and UMAS (Gray & Larson, 2011). This may 

also be called estimating by phase. Estimates for the later phases of a given project are derived 

through a Top-Down mode, and a detailed Bottom-Up approach is applied for immediate phase 

execution (Gray & Larson, 2011). This method is most useful when dealing with an ambiguous 

final product, but usually is criticised for its low confidence as a total lifecycle estimation tool 

(Gray & Larson, 2011) (Figure 5 block A). 

1.3.1.1.5 Analogies and Case-Based Reasoning 

     With respects to estimation, the analogous method assumes that all new systems are 

incremental improvements from existing systems (Richey et al., 2009). The actual estimate is 

primarily based on the two system’s similarities, and uses the known costs of the old systems to 
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derive the new estimate. The differences between the old and the new systems are examined and 

accounted for through analysis of system requirements and other data points of comparison. This 

examination of multiple systems may also be referred to as the case-based reasoning (Valerdi et 

al., 2005) (Figure 5 block B). 

1.3.1.1.6 Heuristics 

     Heuristic estimates are quick and intuitive to those who use them, because they are based on 

the wisdom and experience gained while working in a particular industry (Valerdi et al., 2005). 

This method relies on an engineer’s whole body of knowledge from education, past projects, or 

other practiced references. The engineer’s accrued understanding of a particular industry 

generates “rules of thumb” that may not be widely known, but they are able to quickly apply and 

provide estimates based on relationships they have seen through practicing their craft (Figure 5 

block B). 

1.3.1.1.7 Parametric Modelling 

     One method that is applicable during the entire lifecycle is parametric cost modelling. 

Parametric models rely on mathematical relationships called Cost-Estimation Relationships 

(CERs) that when combined represent the effort required to realize a system. The attraction to a 

parametric model is that, once fully developed, it is user-friendly and provides quick results 

based on historical data that is statistically validated. The drawback of such models are in 

developing the CERs, mathematically validating the relationships, and then validating the model 

with clean data – this process is resource-intensive (Valerdi et al., 2005). This is why our 

proposal is to rely on existing parametric models (SEER  for Hardware Detailed Reference – 

SEER-HDR, Constructive Cost Model – COCOMO II, and Constructive Systems Engineering 

Cost Model – COSYSMO) and to leverage two CERs (Performance and Weight based 
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relationships) that, when utilized in an organized process, should produce a useful estimate for 

UMAS (Figure 5 block A). 

1.3.2 Current Struggles with Autonomy 

     The desire to implement unmanned systems in a military capacity is simple – reduce the risk 

of losing human life and increase military capabilities. Unmanned systems are not a new 

concept. As early as WWII manned systems, like tanks, were being outfitted with controls to 

allow remote operations for specific, high risk operations such as clearing a minefield or 

breaching a defense (Gilge, 2010). These early systems were not very successful or efficient, but 

they proved unmanned systems were an area of great potential. Over the rest of the 20th Century 

and into the 21st Century, as technology progressed, those early prototypes evolved into robots 

that successfully neutralize improvised explosive devices and small unmanned aircraft that 

provide military commanders with intelligence, surveillance, and reconnaissance (ISR) 

capabilities previously monopolized by MS (Gilge, 2010; Murphy & Shields, 2012). 

     At the start of the Global War on Terror (GWOT), warfighters, especially at the tactical level, 

were increasingly introduced to unmanned options, from only a few in 2003 to more than 12,000 

in 2008 (Singer, 2009). Exposure to such technology produced a culture of dependence on these 

unmanned systems (Unmanned systems integrated roadmap FY2013-2038.2013). However, due 

to the nature of a counterinsurgency (COIN) fight, the unmanned systems being produced over 

the past decade were adapted to match unique requirements (Gordon & Matsumura, 2013; 

Murphy & Shields, 2012). As DoD increased their reliance and use of UM, the desire to reduce 

the HRI and increase the levels of autonomous capability within those unmanned systems has 

also amplified (Murphy & Shields, 2012). There now is a DoD requirement to make all 

weaponry and systems, existing and new, fit a full spectrum of operations – not just COIN in a 
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one-dimensional environment (Murphy & Shields, 2012). The military’s desire to remove 

warfighters from situations that are inherently risky coupled with increasing ability to remove the 

“man” from UM, creates momentum for autonomy, which is an objective that requires a large 

investment in a fiscally restrictive environment (Unmanned systems integrated roadmap 

FY2013-2038.2013).  

1.3.2.1 Levels of Autonomy – A Dichotomy of Views 

     All new technology introduces a new set of language to describe and prescribe its existence 

and use. The National Institute of Standards and Technology (NIST) has spent the past decade 

providing a common vernacular for the area of unmanned systems and UMAS that is still being 

revised, inculcated, and debated by the experts in this field (Huang, 2008). NIST has established 

a framework by which to classify the autonomy level of a UM. This framework is the Contextual 

Autonomous Capability (CAC) (Huang, Messina, & Albus, 2007). NIST describes a UM’s 

autonomy level as a function of mission and environmental complexity (Huang et al., 2007). A 

contrary opinion was formed and published by the Defense Science Board (DSB) (Murphy & 

Shields, 2012). The DSB framework consist of a combination of Cognitive Echelon, Mission 

Dynamics, and Complex System Trade Spaces and prescribes unmanned systems do not operate 

at a discrete level of autonomy but in a spectrum of autonomous capabilities synchronized by 

various levels of HRI (Murphy & Shields, 2012).  Even though DSB and NIST disagree on 

“levels”, both parties agree that a unmanned systems’ autonomous classification is a function of 

human interaction – highlighted in red below in Figure 6. For the purpose of this manuscript, a 

UMAS’s measurement of autonomy represents a relationship between HRI and the number of 

capabilities required to be autonomous similar to the DoD levels of autonomy in Figure 6C. 
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(a)  (b)  

(C)  
Figure 6. (a) ALFUS Framework Concept (Huang et al., 2007); (b) Framework for the Design 
and Evaluation of Autonomous Systems (Murphy & Shields, 2012); (c) DoD Levels of 
Autonomy (Unmanned systems integrated roadmap FY2011-2036.2011); Unmanned Ground 
Vehicle (UGV); Unmanned System (UM)  
 
1.3.2.2 Other Conflicts prevalent within the Autonomous Discussion 
 
     The current field of UMAS has many supporters and detractors. These entanglements exist 

along a spectrum of arguments, and are not all created equal (Blackhurst et al., 2011; Clanahan, 

2013; DiNapoli, 2014; Franke, 2014; Gilge, 2010; Macias, 2008; Malone, Apgar, Stukes, & 

Sterk, 2013; Murphy & Shields, 2012; Singer, 2009; Sparrow, 2009). Therefore this next section 

will provide some context to the popular arguments: is transferring the workload to robots is 

better or worse? And, how ethical it is or is not to have a robot used in war?   

1.3.2.2.1 Decrease vs. Increase Human Capital at Implementation 

     In, The Autonomy Paradox, an article circulated in the Armed Forces Journal, the author 

quotes the director of Globalsecurity.org, Jim Pike, “By the end of the century, there will be 

virtually no humans on the battle field…Robots do what you tell them, and they don’t have to be 

trained (Blackhurst et al., 2011).” Pike’s mind-set is a common misunderstanding of what UM, 
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and eventually UMAS, implementation actually costs – whether those costs are represented by 

human capital or financially. Blackhurst and his colleagues demonstrate that every unmanned 

system is not a one-for-one replacement for human-to-robot job, and that it actually increases by 

a factor the number of humans required to process data generated, sustain, and operate these 

unmanned systems. This argument is also echoed in an article analysing unmanned systems and 

states plainly that, “cost savings on the vehicle[s] are currently exceeded by costs on the ground 

(ground equipment, people, training, (Malone et al., 2013).” 

     Another view not explicitly captured in the literature reviewed, but is discussed in depth by 

the service members operating tactical to strategic unmanned systems is the burden of these 

objects on the existing mission. In Peter Singer’s Wired for War, he quotes an Army Sergeant 

saying that new technology like unmanned systems were being introduced without structure, 

guidance, or an additional operators (Singer, 2009). At the tactical level this burden is felt when 

the operator of an unmanned system is not performing his or her primary duty, because they are 

now operating an unmanned system – thus there exists a cost to the immediate mission or 

situation. These costs are not currently accounted for in estimation methods. At the operational to 

strategic levels, think high ranking military staffs and military headquarters’ that are now 

increasing their personnel requirements to process, analyze, and turn the data being captured by 

the unmanned system into process-able and “action-able” information or intelligence. Although 

these burdens currently exist, the common consensus is that the described burdens of unmanned 

systems, and eventually UMAS, will stabilize and become the tools we expect (Unmanned 

systems integrated roadmap FY2013-2038.2013; Blackhurst et al., 2011; Singer, 2009). 
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1.3.2.2.2 Ethical Use and Government Policy 

     Whether or not a unmanned system should be a vector for delivering lethal munitions is 

currently the most prevalent debate (Boyle, 2013; Franke, 2014) and eventually will expand to 

the domain of UMAS. However, the debate will grow surrounding autonomy and the delegation 

of lethal decisions to a UMAS. Within the current domain of unmanned systems the discussion 

contains considerations for the operator’s psychological safety as well as meeting constraints of 

the Law of Armed Conflict – which is the internationally agreed upon legal terms defined in the 

Geneva Conventions defining military necessity, distinction, and proportionality (Clanahan, 

2013; Sparrow, 2009). The other discussion surrounds UM’s projection of political-state-actors 

in the places which they are used. These topics are not exhaustive but include: collateral damage 

caused by unmanned systems versus a utilizing a human element for the same mission, non-

occupation – or “out of sight, out of mind” as justification for unmanned system use, possibilities 

of unmanned systems in a commercial sense, and should use of unmanned systems for police or 

domestic operations (Boyle, 2013; Clanahan, 2013; Franke, 2014; Koebler, 2012; Sparrow, 

2009).  

1.3.3 Events within the Autonomous Lifecycle – Specifically Sustainment 

     Currently many of the difficulties understanding the total lifecycle-cost of a system faced by 

the defense industry and DoD Acquisition leaders are identified and being addressed through 

congressional interaction and oversight (Sullivan, 2014). Specifically for unmanned systems and 

UMAS there are three unique processes of the engineering lifecycle that this thesis will focus on: 

Test and Evaluation, user integration, and Sustainment. These areas provide a unique lens for 

examining how to build or modify estimation models specifically for UMAS.  
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1.3.3.1 Test and Evaluation in an Unmanned World 

     In the DoD’s long term plan to build up the unmanned system and UMAS capacity they 

acknowledge, as well as many others, current methods of test and evaluation (T&E) are not 

adequate to handle the increasing autonomy (Gilge, 2010; Macias, 2008; Murphy & Shields, 

2012; Scharre, 2014). In a 2008 paper (Macias, 2008) discusses that there are multiple issues 

with the current practice of T&E, and even further makes a case for restructuring the T&E 

process if it were to handle autonomy. Macias concedes that T&E is usually an after-thought and 

usually only viewed as a burden to the project, specifically in a fiscal sense, to get a desired 

system in to the hands of its intended operators; however, with UMAS this view point is flawed 

because of all of the unknowns associated with autonomy (Macias, 2008). Both Macias and the 

DSB agree that in order for autonomy to succeed in the future the T&E community needs to: 

• be included earlier in the system’s lifecycle planning 

• be multileveled – not just linear: component tests to sub-system tests to system tests to 

system of systems testing like current methods 

• be plan-based – test based on how UMAS will be used 

• be capability-based – continuous evaluations on mission and environmental constraints, 

• be predictive – updating tests for UMAS in use to meet future requirements, and 

• be team-based – testing for MUM-T (Murphy & Shields, 2012)  

     In support of shifting the T&E paradigm, Paul Scharre declares in his report The Coming 

Swarm that, “The Army and Marine Corps should conduct a series of modern day “Louisiana 

Maneuver” experiments… (Scharre, 2014).” A dedication to T&E of this magnitude would 

require larger investments specifically allocated for T&E, clearer system requirements for a 

particular system, and a strategic vision more detailed than the current DoD Unmanned Systems 
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Roadmap. If these changes were implemented a revamping of the current T&E process may lead 

to UMAS that are built for adaptable sustainability in ways similar to the A-10 was able to be 

adapted and sustained for double its expected life as explained in the next section.  

1.3.3.2 Procurement is the hard part, Right? 

     Producing an accurate estimate for the last phase of a system, operational and sustainment 

phase (O&S), is still an area that many people accept as ambiguous and unpredictable – and that 

is because it is. This phase usually deals with implementing the system in its intended 

environment and maintaining that system so it can continue to be of value. This phase is usually 

the longest with respects to a system’s existence. For example, the A-10, the Air Force’s primary 

close air support platform has a lifecycle that began in the mid-1960s and is still alive today. The 

last aircraft was produced in 1984, bringing the total number of purchase aircraft to 713 

(Jacques, 2010). The original plan was to retire the A-10 in the early to mid-1990s; however, due 

to events that engineers could not predict in the 60s the aircraft has underwent numerous 

upgrades and modifications and now has potential to be employed through 2028 (Jacques, 2010). 

This may be an extreme example of how long an operational and support phase can be, but 

estimating these costs are hard to do without clear knowledge of the future. Below in Figure 7 

the growth of the O&S phase over time supports the idea that as our systems, especial UMAS, 

grow in complexity it will cost more to keep them “in the fight.” Notice that in the future DoD’s 

budget is predicted to have less buying (acquisition) power and is focused on sustainment. 

Within the sustainment phase this research will focus on two smaller components that may 

become the largest challenge for UMAS: Contractor Support and Human-System-Integration-

Teaming. 
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Figure 7. This chart demonstrates the proportions of the DoD’s budget allocaitons from 1980 
through 2009 and also contains an expected budget ratio for 2029 (Hurt & Heckler, 2013). 
 
1.3.3.2.1 Contractors or Soldiers – Who should maintain and operate military systems 
 
     DoDI 5000.02 explicitly requires estimates for the Lifecycle Sustainment Plan (LCSP) at 

milestone A, and updated estimates for each subsequent milestone (Department of defense 

instruction: Operation of the defense acquisition system.2015). The LCSP estimates also include 

contracted support for various tasks such as technology support, weapon support, and general 

system support (DiNapoli, 2014). Support can further be defined to fit a unique situation and by 

each system. In some instances, when the military is procuring systems that are new to its 

inventory contractor support is required to facilitate a smooth integration. Support can be 

training, execution, or data collection for system improvements in future versions of a system. 

Some examples of these contractor support are teams of civilian mechanics deployed to support 

vehicle operations in Afghanistan or Iraq, or civilian intelligence analysts deployed to support 

operations with newly released systems. The key for success with contracted support is to find 

the balance of what tasks need to remain supported by contractors and clearly establishing a 

timeline for transition of those responsibilities to service members (DiNapoli, 2014). 
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1.3.3.2.2 Integrating the system with its team  

     Going back to why UMAS are so attractive, these systems are promising the potential to 

remove human’s from harm in military situations. The DoD has a list of requirements that it 

expects any such autonomous system to follow and these are laid out in detail through directives 

and roadmaps (Department of defense directive: Autonomy in weapon systems.2012; Unmanned 

systems integrated roadmap FY2013-2038.2013). The requirements can essentially be boiled 

down into two areas HRI and MUM-T are essential for successful UMAS integration.  

     The key to understanding HRI is by comparing the future UMAS system to a present day 

computer (Murphy & Shields, 2012). The computing power and programs available on a 

computer today are advanced and in some cases automatic, but they require user inputs and the 

user is in control of the interaction. Examples of incremental progress in HRI are Apple’s Siri, 

autopilot options for airplanes, and current unmanned systems that are programed to fly the 

entire mission without a pilot. Again, each system requires initiation and human interaction to 

achieve the desired results. The concept of HRI is that the robot is equipped with artificial 

intelligence and works with its human user to achieve the desired results (Murphy & Shields, 

2012). Examples for these are more in the science-fiction realm, but think of Star-Wars’ C3PO 

and R2-D2, or the operating system from the 2014 movie “Her.” These examples demonstrate 

that the human is interacting with the UMAS in way where the robot is stand-alone, but 

subordinate to the human. 

     The key to understanding MUM-T is by looking at a sports team or any organization 

comprised of different elements working together to achieve a common goal. If we use the sport 

of baseball and examine the physical and mental attributes of each position to include coaches 

and managers we would gather an understanding of the MUM-T capability. The goal is for an 
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UMAS to fit into its team and work with every military member – software, hardware, human, 

allied forces, etc. (Unmanned systems integrated roadmap FY2013-2038.2013). The way in 

baseball which all players interact collectively, after the opposing team hits the ball, to achieve 

an “out” is the desired level of teaming for UMAS with the DoD’s inventory of assets. Within 

military UMAS examples of such technology currently being developed are swarms. Swarms are 

a system of smaller unmanned systems working together, the Navy’s littoral combat ship 

package has unmanned sensors, boats, and aerial vehicles working together for layers of security 

among its ships (Scharre, 2014; Singer, 2009). The challenge with current systems, especially 

UM, is that one of the largest friction points exists at the time when a human user is given the 

system for operation (Singer, 2009).  
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2.0 Methods 

     The previous section defined the research space – developing a cost method for unmanned 

autonomous systems – and a glimpse into the current state of cost estimation, autonomy, and 

some aspects of the engineering lifecycle the impact UMAS. This thesis will apply different 

methods in an attempt to answer the proposed research questions. These methods are:  

1. Discussing how current cost estimation tools can be applied to an autonomous system 

in a DoD Acquisition context; 

2. Identifying gaps within some of those cost estimation tools and proposing ways to 

close those gaps; 

3. Conducing a case study of four systems in the Army’s portfolio claiming autonomous 

capability; 

4. Discussing the results and analysis in a DOTmLPF-P framework with emphasis on 

cost in each sub-category.      

     Prior to developing a new method or unique considerations for estimating a cost for UMAS, 

this thesis aims to evaluate a UMAS within the Army’s portfolio and discuss possible trends that 

will shape how the DoD begins to account for autonomy in new systems. The cost portion of the 

DoD Acquisition System can be complex and overwhelming; however, the next section will 

attempt to cover the pertinent information with respects to when cost estimation play a major 

role and what products are involved. 

2.1 Costing with the DoD Acquisition and System Lifecycle 

     Cost estimation is purely a decision support tool, and the information gained from an accurate 

estimate can be the difference between the success and failure of a program or system (Richey et 

al., 2009). Throughout a program cost estimates are made, refined, and updated to provide 
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decision makers the ability to manage a system properly – remembering that the ultimate goal is 

to deliver the best product to the military. The Defense Acquisition Guidebook (DAG) is based 

on DoD Directives 5000.01 and 5000.02, as well as other policies that govern the acquisition 

process, as shown in Figure 8 below. The DAG defines “lifecycle costs” as any costs specifically 

related to a system under acquisition and any associated program costs that are required for 

success (Defense acquisition guidebook.2015). DoD Directives 5000.01 and 5000.02 also 

include the concept of “total ownership costs”, which slightly differ from “lifecycle costs” by 

including infrastructure or business process costs not specifically assigned to a system under 

acquisition (Defense acquisition guidebook.2015). It is important to understand the distinctions 

between “lifecycle costs” and “total ownership costs” because although both types are planned 

for and budgeted with the similar budgets a cost estimate in this research focuses on “total 

ownership cost.” 

 
Figure 8. The generic DoD Acquisition Lifecycle (Lifecycle framework.2015) Engineering and 
Manufacturing Development (EMD); Critical Design Review (CDR); Low Rate Initial 
Production (LRIP); Initial Operational Test and Evaluation (IOT&E); Initial Operational 
Capability (IOC); Full Operational Capability (FOC) 
 
     For any system, to include UMAS, the lifecycle is broken into four major cost categories, 

reference Figure 8 above: Research and Development (begins with Materiel Development 

Decision Point and ends with a decision to produce and deploy – or – milestone “C”), Investment 

(associated with Production and Deployment phase), Operation and Support (associated with 

O&S phase), and Disposal (Defense acquisition guidebook.2015). Emerging concepts such as 
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autonomy require more intensive and detailed cost estimates earlier due to the nature of the 

decisions being made – weather to pursue a system or not based on the risk associated with its 

maturity (Defense acquisition guidebook.2015). However, like previously discussed uncertainty 

is at its greatest pre-milestone “B.”  The estimation methods discussed in this research will 

attempt to be exhaustive, but limited to the understanding and data provided.  

2.2 Proposed Method of Estimating UMAS 

     By utilizing the Product Work Breakdown Structure (PWBS) for a UMAS one can identify 

which method of estimating cost (SEER-HDR; COCOMO II; COSYSMO; Performance; or 

Weight) adequately covers the system’s sub-systems and components. One can then calculate the 

total system cost by using the Bottom-up method. A brief description of each existing model is 

necessary to understand this more fully; however, this thesis is not meant to serve as a reference 

manual. For a deeper understanding please reference Galorath Incorporated’s SEER for 

Hardware Detailed Reference (SEER for hardware detailed reference – user’s manual.2014), 

Boehm’s Software cost estimation with Cocomo II (Boehm, 2000), and Valerdi’s The 

constructive systems engineering cost model (COSYSMO): quantifying the costs of systems 

engineering effort in complex systems (Valerdi, 2008). 

2.2.1 Hardware 

     To account for the estimation of hardware utilized on a UMAS our method utilized SEER-

HDR. SEER-HDR’s use focuses on Mechanical/Structural Work Elements and contains example 

parameters such as, Material Composition (the dominate material in your system and its 

availability), Certification Level (how developed your materials are for their intended use), and 

Production Tools and Practices (quality and reliability engineering factors) (SEER for hardware 

detailed reference – user’s manual.2014).  
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2.2.2 Software 

     For budgeting software in our method we apply COCOMO II. This model has proven its 

relevance in estimation for over 30 years, and it relies on inputs such as Size (Lines of Code in a 

software program), Team Cohesion (accounts for experience as a team), and Programmer 

Capability (are your programmers abilities accurately accounted for) (Boehm, 2000).   

2.2.3 Systems Engineering/Project Management 

     To cost the integration of all the unique products and processes occurring on a UMAS project 

our method of estimation is COSYSMO. This model requires feedback in areas such as Number 

of System Requirements (number of mission essential capabilities stated), Technology Risk 

(uncertainty related to the developed or demonstrated technologies being integrated), and Process 

Capability (a measure of the efficiency, quality, and reliability of an organization’s processes) 

(Valerdi, 2008). 

2.2.4 Performance and Weight CERs 

     The performance and weight based relationships may already be accounted for in previously 

described tools; however, these two measurable characteristics of a UMAS are unique and 

critical to cost. For performance, the variable of cost may not simply be “do the system’s sensors 

work?” but “what level of clarity do they offer?” Similarly, weight is usually a hardware 

parameter, but when weight is reconsidered at the systems level you begin to consider UMAS 

weight along with payload capabilities, sling loads/recovery capabilities, and 

operational/sustainment factors (Cherwonik & Wehrley, 2003). 

2.2.5 Example Implementation 

     Cost experts can now apply an estimation tool at the appropriate level. The sum of each sub-

estimate is integrated into the overall project level estimate. Considerations for which level 
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within the PWBS require an estimate is unique to each UMAS project, and time and technology 

understanding will be the determining factors in the level of detailed required. The aggregate 

concept, or summation of individual estimate outputs, is represented by equation (1). Table 1 

represents a PWBS overlay where each method is earmarked for use. The PWBS we are 

referencing is severely reduced and only there for conceptual reference 

(1) 

Table 1. PWBS Estimation Breakdown Matrix (Mills, 2014) 
Type of Estimation Approach Recommended  

Ref. # WBS Element SEER – HDR COCOMO II COSYSMO Weight Performance 

1 UMAS System            

1.1 Vehicle     x 

1.1.1 Vehicle Integration   x   

1.1.2 Vehicle Sub-systems x   x x 

1.1.3 Autonomous Capabilities  x x  x 

1.1.4 Vehicle Electronics  x x   

1.1.5 Navigation Capabilities    x x 

1.1.6 Communications  x  x x 

1.2 Remote Control System    x  

1.2.1 Ground Control Center 

Subsystem 

  x   

1.2.2 Operator Control Unit 

(OCU) Subsystem 

   x  

 

 
 

35 



2.3 UMAS Unique Costs and Modifying Models for Autonomous Consideration 

     The method applied in the last section theoretically provides a way to incorporate existing 

parametric cost estimation models and existing cost relationships into a system-of-systems (SOS) 

approach for a total UMAS cost estimate. What this section aims to provide is discussion of three 

areas that are uniquely challenging to the advancement of UMAS in production and utilization, 

and, if not taken into consideration, will degrade estimating costs. These areas are, but not 

limited to, software, T&E, and integration with humans – HRI and MUM-T. After briefly 

describing how these areas are unique, this thesis will offer modifications to COCOMO II and 

COSYSMO in an attempt to mitigate adverse effects. 

2.3.1 Software 

The difference between an unmanned system and an UMAS inherently lies in the structure and 

capabilities of a system’s software (Murphy & Shields, 2012). A severe misunderstanding of 

software is usually caused by a number of factors including   undocumented business goals, 

failures to adapt, poor consideration of software, and overlooking attributes – factors that 

produce the most negative effects with respect to its acquisition (Brownsword, Albert, Place, & 

Carney, 2013).  Even more specific issues when coding for autonomy is programming for the 

environment a system will operate in, defining how a program will interact with said 

environment, and getting the program to adapt and evolve within that environment (Krogmann, 

1998). It is because of these issues that software should be treated uniquely when cost estimating 

for UMAS. 

2.3.2 Test and Evaluation 

     Another exclusive consideration when estimating autonomous costs is the area of T&E. The 

differences between testing manned systems and unmanned system are vast (Durst & Gray, 

 
 

36 



2014); however, their procedures as a whole tend to be very similar. Tests are conducted in real 

time; both are tethered to an operator; and scenarios are very controlled (Macias, 2008). Experts 

in the testing field suggest that testing for autonomous capabilities will require a paradigm shift 

in the designing of tests, how data points are collected and interpreted, and the environments or 

facilities where tests are conducted (Durst & Gray, 2014; Macias, 2008; Murphy & Shields, 

2012). All of these T&E areas require individual consideration, and if not properly planned for or 

mitigated will introduce significant risks. 

2.3.3 Human Robot Interaction and Manned Unmanned Teaming 

The final area of unique consideration is how these autonomous capabilities will work with its 

end-user or integrate into its operating environment. Current terminology describing these 

scenarios within UMAS are HRI and MUM-T (Unmanned systems integrated roadmap FY2013-

2038.2013; Huang, 2008). These terms have stark differences, HRI references an individual 

UMAS’s dependency on a user to accomplish its mission, while MUM-T is a UMAS’s ability to 

complement a single or multiple manned/unmanned systems for greater synergy. However, they 

are not independent from each other – HRI is focused on the individual system, and MUM-T is 

focused on a SOS. The exclusive concern is that you cannot plan, or estimate, for HRI or MUM-

T capability without understanding how it relates to the other. 

2.3.4 COCOMO II 

     In general it seems that there is less trouble in the process of writing a program’s lines of 

code, than in integrating the code into the system and eventually the SOS (Brownsword et al., 

2013). Through the proper use of its effort estimators, COCOMO II accounts for the software 

issues (i.e., undocumented business goals, failures to adapt, poor consideration of software, and 

overlooking attributes) generated earlier in the lifecycle. The software model also accounts for 
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new projects through the use of an early design model (Boehm, 2000). However, when 

specifically coding for autonomy, many of the current challenges lie in the abstract – ambiguity 

of goals, poor design, and inability to transition from software for hardware to software for 

autonomy – and at the higher levels of projects or program conception (Murphy & Shields, 

2012). The move toward autonomy, even in existing hardware, is akin to starting over in the 

lifecycle and therefore estimators should utilize, when estimating for autonomous software, 

COCOMO II’s early design model. 

     COCOMO II’s most influential parameter is the number of a given software’s lines of code or 

function points (Murphy & Shields, 2012). The early design model provides multiple ways to 

account for software size, and it has a solution for estimating the problems generated early in the 

lifecycle, or for problems like autonomy, using function points (Boehm, 2000). COCOMO II 

currently uses the International Function Point Users Group (IPFUG) standard for unadjusted 

function points (UFP), and has its 17 other effort multipliers adjust for better estimate accuracy 

(Boehm, 2000). The current UFP methodology of estimation works for traditional software 

estimation methods, but is not comprehensive enough to capture the difficulties involved with 

autonomy. 

     Traditional function point estimators view the final function point count through the lens of 

the end-user or the system itself, and what is not accounted for in that viewpoint is the SOS or 

lens of the customer (Antoniol et al., 1999). Object oriented function points (OOFP) offer an 

alternative to the traditional UFP, and, through its three phased collection (Object, Functional, 

Dynamic) (Antoniol et al., 1999), OOFPs can be used to calculate size that encompasses both the 

individual system and its integration, interoperability, and capacity as an SOS. Therefore, when 

dealing with autonomous software projects, it is recommended that COCOMO II adjust its UFP 
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method to an OOFP method which will generate a more robust size calculation generating more 

fidelity and accuracy (Zhou, Yang, Xu, Leung, & Zhou, 2014). 

2.3.5 COSYSMO 

     COSYSMO focuses on estimating the cost of systems engineering, an effort that when done 

correctly ensures stakeholders get the best product with respect to maximizing cost, schedule, 

and quality (Valerdi, 2008). This model establishes its boundaries through the use of ISO/IEC 

15288 Systems Engineering – Systems lifecycle (Valerdi, 2008). This is important because within 

the scope of COSYSMO’s estimation boundaries hide unique UMAS challenges – T&E and 

HRI/MUM-T. What is also important is understanding when the first system engineering plans 

(SEP) estimates are required to the stakeholders, and, in the case of the DoD, this occurs prior to 

Milestone A (Defense acquisition guidebook: Systems engineering plan.2015). The relationship 

between COSYSMO and DoD 5000.02 is depicted below in Figure 9. The yellow highlight 

depicts the SEP due prior to Milestone A, the blue and red highlight the SEP’s estimation of 

T&E as well as HRI/MUM-T integration with respect to the entire DoD lifecycle. 

 
Figure 9. COSYSMO’s Lifecycle matched to DoD 5000.02 Acquisition Lifecycle (Lifecycle 
framework.2015; Valerdi, 2008) Engineering and Manufacturing Development (EMD); Critical 
Design Review (CDR); Low Rate Initial Production (LRIP); Initial Operational Test and 
Evaluation (IOT&E); Initial Operational Capability (IOC); Full Operational Capability (FOC) 
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     Similar to COCOMO II, and most parametric estimation models including COSYSMO, size 

is usually the most significant factor in the overall estimate (Valerdi, 2008). COSYSMO utilizes 

a summation of four size drivers to aggregate a systems estimated size. These are # of 

Requirements, # of Major Interfaces, # of Critical Algorithms, and # of Operational Scenarios 

(Valerdi, 2008). Our focus for modifying COSYSMO to handle Autonomous T&E will deal in 

the realm of counting requirements. COSYSMO’s second rule for determining the # of 

Requirements states that an actual countable requirement must be testable, verifiable, and 

designable (Valerdi, 2008). COSYSMO does offer the capability of adjusting size drivers for 

annual change as projects approach each new lifecycle phase, and clarity of information 

improves (Valerdi, 2008); however, these adjustments come with an associated cost.  

     What COSYSMO lacks is the ability to take into account the test worthiness of the 

requirements counted. T&E for UMAS will require the early identification of whether a critical 

requirement requires new tools and methods (Macias, 2008), as doing so will incur an additional 

effort burden on the model’s estimate. Therefore, utilization of this proposed cost driver – Test, 

Validation, Evaluation, and Demonstration (TVED), depicted in Table 2, should help adjust the 

effort estimate and accurately reflect UMAS T&E. 

Table 2.  Definition and Scale Values for a recommended COSYSMO Test and Evaluation Cost 
Driver 

Test, Validation, Evaluation, and Demonstration 
This cost driver rates the scale of requirements test worthiness at each level of the 
system. As the source of test worthiness increases the effort required to test, validate, 
evaluate, or demonstrate a requirement is lessened.  

 
Very Low Low Nominal High Very High 
No TVED 
methods 
currently 
available to 
certify 
requirement 

TVED 
methods are 
being 
developed and 
should be 
employable 

Current TVED 
methods are 
available and 
meet varying 
levels of 
standards. 

Current TVED 
methods are in 
place and are 
standard 
compliant.  

TVED 
methods are 
proven and 
reliable. These 
methods are 
also consistent 
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success. 
Requires full 
development of 
any TVED. 

within the near 
term (0-2 
years). 

with respective 
standards. 

 

     This Cost Driver differs from COSYSMO’s current drivers Requirements understanding 

(REQ) and Technology Risk Definition (TRISK). REQ deals with how well the team understands 

its requirements, not how testable they are (Valerdi, 2008). One could infer that a low rating 

dealing with emergent technology could cover this, but it does not address how the testing 

challenge will be resolved. TRISK in a similar fashion accounts for the risk of utilizing various 

technology levels in a project (Valerdi, 2008), but it does not account for the effort of designing 

and implementing new test methods.  

     To account for a system’s Transition to Operation and Operate, Maintain, or Enhance phases 

of the lifecycle, COSYSMO developed an operational cluster and an environmental cluster of 

cost drivers (Valerdi, 2008). These clusters are the space where engineers for UMAS need to 

demonstrate accountability for the HRI/MUM-T integration challenges by properly estimating 

with COSYSMO. The current cost drivers: # and diversity of installations/platforms, Migration 

complexity, and Multisite coordination do not account for how a human will physically work 

with an UMAS (HRI), or how an UMAS will work within its team (MUM-T). COSYSMO’s cost 

drivers presently account for the number of unique functioning sub-systems and their operating 

environments, legacy systems and upgrades to current systems, and location coordination within 

the developmental team, not the customer or user location factors (MUM-T) (Valerdi, 2008). 

Therefore, utilization of this proposed cost driver: Human Robot Interaction and Teaming (HRI-

T), depicted in Table 3, should help adjust the effort estimate and accurately reflect the 
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integration efforts of integrating the system with its direct user, as well as the system with its 

SOS.  

Table 3. Definition and Scale Values for a recommended COSYSMO HRI-T Cost Driver 
Human Robot Interaction and Teaming 
This cost driver counts the number of input/interactions required between a system and 
the number of unique users/teams that ensure mission success. As the number of counts 
decreases for HRI the effort estimation from a systems integration perspective 
increased. This is inversely applied for MUM-T, for as teaming capabilities increase (or 
the number of other systems it successfully cooperates with increase) the effort to 
integrate also increases.  

 
 Very Low Low Nominal High Very High 
 HRI Count 10+ 10-5 4-3 2-1 0 
HRI System is 

holistically 
dependent 
on 
human/user 
interaction.  

System 
requires 
interaction 
intermittently 
throughout 
total mission 
profile.  

System 
requires 
interaction 
only in 
critical 
phases of a 
mission 
profile. 

System is 
capable of 
completing 
mission 
without 
interaction. 

After initial 
calibration 
system 
requires 
zero 
interaction 
during a 
mission.  

MUM-T 
Count 

1 2-3 4-5 6-10 10+ 

MUM-T System 
currently 
exists in a 
team with a 
singular 
manned 
system with 
established 
procedures.  

System 
currently 
exists in a 
team with a 
multiple 
manned 
systems with 
established 
procedures.  

System 
exists in a 
team with 
manned and 
unmanned 
systems; all 
systems are 
controlled 
by humans.  

System 
exists in a 
team with 
manned and 
unmanned 
systems; 
some 
systems may 
controlled 
by humans. 

Team exists 
in a swarm 
with mission 
parameters 
calibrated 
prior to 
execution.  

 
     As autonomy becomes more prevalent and comprehensively integrated into systems, 

including UMAS, cost estimation methods, such as COCOMO II and COSYSMO, will most 

likely have to adapt more drivers or modify existing definitions and values of current drivers. 

The purposed changes to COCOMO II and COSYSMO – OOFP, TDEV and HRI-T – are the 

start in accounting for emergent capabilities of autonomy, but they are by no means a conclusive 
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representation of the change to come. As programs eventually adapt, estimates made, and data 

collected, future parametric models will be better equipped to handle UMAS. The next section 

will compare and contrast through a case study cost of autonomous systems focusing on the 

distribution, or allocation of funds, for four Army led UMAS systems. 
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3.0 Army’s Autonomy – A Case Study 

     Thus far this research demonstrated methods of applying current and un-adapted estimation 

tools to achieve cost estimates. Next we highlighted and provided solutions for potential 

challenges presented by using those models. Before we can derive a new cost estimation model 

or method, we must first look at existing programs containing autonomy and look for trends in 

their cost allocations. The approach for this study will be based on R.K. Yin’s methods and 

follow his five components of research: questions, propositions, units of analysis, logic linking 

data to propositions, criteria for interpretation, and validation (Yin, 2012). The next section will 

introduce the four Army Systems being analyzed prior to defining the five components of the 

case study.  

3.1 The Systems to be considered 

     This case study focuses on four Army UMAS systems in various stages of the DoD 5000 

lifecycle. Three of the four systems belong to the Project Manager (PM) of Applique and Large 

Unmanned Ground Systems (ALUGS). The three ALUGS systems are the Route Clearance 

Interrogation System (RCIS), Squad Multipurpose Equipment Transport (SMET), Autonomous 

Mobility Applique System / Autonomous Convoy Operations (AMAS/ACO). The fourth system 

is managed under the PM of Close Combat Systems (CCS), and it is the Autonomous Mine 

Detection System (AMDS). Each of these systems has an autonomous component to them which 

is a requirement for the boundary of our case study. Another constraint faced during the course 

of this research was access to cost data from various sources; however, the Army granted access 

to these four systems providing enough data to conduct this initial analysis. 
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3.1.1 Route Clearance Interrogation System 

     The RCIS is an autonomous upgrade to existing route clearance vehicles and is grouped in to 

two types: (RCIS) Type 1 and (RCIS) Type 2. Both types provide Soldiers semi-autonomous 

capabilities in the manner at which the upgraded systems are enhanced for route clearance 

operations in a tactical environment. This program is the most mature within the ALUGS 

portfolio, and is further along in its lifecycle. The data we were given for this system is a 

validated Lifecycle Cost Estimate (LCCE) and was last validated in May of 2014 (Figure 10). 

 
Figure 10. RCIS does not procure any additional platforms, it will utilize existing HMEEs and 
RESET RG-31s. RCIS' main purpose is to develop and field a Semi-Autonomous Control 
Capability that provides standoff interrogation and neutralization capabilities for Route 
Clearance (Roberson, 2014). Route Clearance Interrogation System (RCIS); High-Mobility 
Engineer Excavator Type -1 (HMEE-1); Medium Mine Protected Vehicle (MMPV); Mine 
Protection Vehicle Family (MPVF); Mine Resistant Ambush Protected (MRAP)   
 
3.1.2 Squad Multipurpose Equipment Transport 

     The SMET is a system the aims to lighten the load being carried by individual Soldiers and 

provide a more robust equipment and mission option. It is the robotic version of a highly 

intelligent pack-mule. The SMET can operate in multiple levels of autonomy from supervised, 

follower and leader behaviors, as well as waypoint and dynamic re-routing for a myriad of 

mission sets. This program is not yet an official Army requirement and therefore the data given 

for analysis is an un-validated LCCE that was last updated in June 2013. However of note, 

Lockheed Martin has developed and tested their version of the SMET named the Squad Mission 

Support System (SMSS) and conducted tests in Afghanistan during support of Operation 
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Enduring Freedom. This demonstrates that although the system is immature in the acquisition 

lifecycle it is very mature in the engineering lifecycle (Figure 11). 

 
Figure 11. The SMET will lighten the Warfighter’s load and sustain the force during operations. 
The SMET will maneuver with the dismounted force and enable Warfighters to conduct 
continuous operations without the individual Warfighter carrying the equipment required to 
conduct 96 hours of dismounted operations (Roberson, 2014). 
 
3.1.3 Autonomous Mobility Applique System / Autonomous Convoy Operations 

     The third and final autonomous system in the ALUGS portfolio is the AMAS-ACO. The 

AMAS-ACO is similar to RCIS with respects to modifying existing manned vehicular systems. 

However, the AMAS-ACO are designed for transportation uses and allocation of manpower 

whereas the RCIS was designed to remove Soldiers from the blast radius of an explosive hazard. 

The AMAS-ACO would turn a small group of existing transport and cargo vehicles into an 

autonomous tool that could follow a manned vehicle, lead to preplanned waypoints, or even 

drive while the Soldiers occupying the vehicle are performing critical tasks – radio 

communications and coordination’s or security. This program is fairly mature when compared to 

RCIS, but the status of the program is pre-milestone A and at the time when the data were 

provided the Materiel Development Decision (MDD) was still “to be determined”. The cost data 

given to us for analysis is a Rough Order of Magnitude (ROM) as of June 2014. ROMs are snap-
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shot cost estimates that are developed when time is not a luxury and is usually based on 

historical information (Richey et al., 2009). Although limited in perspective ROMs are helpful in 

high-level decision making (Richey et al., 2009) (Figure 12). 

 
Figure 12.  The AMAS provides the “add on” kit to enable manned vehicles to be operated with 
unmanned capabilities. AMAS is comprised of an A-Kit “Autonomy Kit” which includes the 
hardware box with the processing and decision-making, and payload control functions, the B-Kit 
“By-Wire Kit” includes platform specific cables, hardware, actuators, sensors and additional 
software as necessary to interface between the “Autonomy Kit” and mission payload and the host 
platform’s environment (Roberson, 2014). 
 
3.1.4 Autonomous Mine Detection System 
 
     The fourth system, AMDS, in our case study is managed by PM CSS’s sub-development PM 

for Counter Explosive Hazards (CEH). The AMDS provides three unique autonomous 

capabilities mounted on a collection of remote operation platforms named the Man Transportable 

Robotic Systems. The capabilities provided by this robotic team are: mine detection and payload 

marking, explosive hazards detection and payload marking, and the ability to remotely nuetrilize 

the various playloads based on the tactical situaiton (Autonomous mine detection system 
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(AMDS).2015). This system is pre-milestone B and the most mature in our group of 4 

autonomous systems. However, the data provided was sanitized for academic use and was last 

updated as of September 2014. The sanitizing process should not affect the costs associated with 

data provided, but may not be as detailed down to the work package level in the PWBS (Figure 

13). 

 
Figure 13. The AMDS is a team of 3 unique autonomous robots that when deployed together 
will provide the Army with unprecedented capability to detect, mark, and neutralize explosive 
hazards in virtually all environments. The platform for the collection robots is the MTRS and 
includes cutting edge detection technology like Advanced Mine Detection and Ground 
Penetrating Radar (GPR) (Autonomous mine detection system (AMDS).2015). 
 
3.2 Questions and Propositions 

     Now that sample of UMAS is defined by the fours systems in the previous section we will 

dedicate the next section to implementing Yin’s methods of linking the study not only to this 

thesis’ main research questions, but a few additional case study specific questions:  

1. What is unique about UMAS and what are the implications for accurate cost estimation? 

2. From both a monetary and implementation view point, what are the hidden costs of 

UMAS – specifically the when the system has left production and is integrated into the 

military? 

3. How were the costs derived within each unique program? Does derivation play a role? 

4. Do trends exist within the portfolio of costs data? If they exist what do they say about the 

body of estimate? 
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     The stated questions will guide how we look at and analyse the data provided from our four 

subjects. We need now to propose, or intuitively predict some outcome for our case study 

questions. These pre-answers, or working propositions, will provide a basis to compare our post-

answers to – after the data is studied and more educated conclusions are reached. This study is 

designed to be multiple-case descriptive study with the following working propositions offered 

as an initial attempt in answering the case study questions: 

     1. The tools and methods are not adequately equipped to handle the autonomy and the data 

provided by the four Army systems will demonstrate that more effort is required in the earlier 

phases of a products lifecycle this will translate in to higher cost proportions in the research and 

development phases.  

     2. From a fiscal perspective the O&S phases should cost more due to higher costs in 

equipment repair, replacement, and impact on workforce needs. This should manifest itself in 

types of cost descriptors in the data provided. We should see emergent categories for O&S that 

are new to specific system. From an implementation perspective we should see initial resistance 

in the form of policy, cultural acceptance, and delegation of authority – this case study is focused 

more on the fiscal hidden costs, and the implementation aspect will be covered in the 

DOTmLPF-P analysis.  

     3. The costs associated with the four Army systems were most likely derived with existing 

tools and expert knowledge of emerging systems. Although during the collection of this data set 

we had conversations with analysts that demonstrated curiosity of how autonomy should be 

considered most used analogous comparisons or complexity factors from existing systems to 

predict efforts. The derivation plays a role, because not all analyst are created equally and not all 

data sets were either. 
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     4. Trends in the proportions allocated in the costs data are expected and should be similar 

between the four systems. Similar trends should also exist because each system is similar with 

respects to how the autonomy is implemented – navigation and sensing – and all systems are 

from the Army’s portfolio. 

3.3 Units of Analysis 

      Our unit of analysis for this case study are the various cost estimates provided by the two 

Army project management organizations ALUGS and CCS-CEH. The DoD 5000 cost estimation 

structures provide a common structure when comparing the data for each of the four UMAS. The 

acquisition procedures for cost analysis divide estimation categories into five major 

appropriation classes: Research, Development Test and Evaluation (RDT&E), Procurement, 

Operations and Maintenance (O&M), Military Construction (MILCON), and Military Personnel 

(MILPER). The different categories are unique in their funding cycles, and how often projects 

are re-funded or appropriated. The appropriation categories may or may not have an estimate 

attached depending on various constraints or maturity of the system in its lifecycle. All of the 

systems we study claim no funds required to MILCON, and both AMAS/ACO and AMDS claim 

no funds required to MILPER.  

     The logical link between the data and the working propositions are such that, given the four 

systems in question – can raw cost data reveal how the embedded autonomy in these systems 

have an effect on effort allocated in five major appropriation categories. The mathematical 

technique of normalization – specifically rescaling – is how we will compare all four systems. 

We are able to normalize based on the total projected LCCE or ROM, and then have comparable 

allocations across each systems sub-appropriation category. The rescaling efforts are represented 

in Figures 14 – 17 below. Since all four of our subjects are pre-milestone B, only the RDT&E 
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category has been partially realized for any given UMAS. This is critical, because we will see 

how real-world estimators are accounting for future cost impacts of autonomy as it is integrated 

into the DOD. 

 
Figure 14. Proportion of costs allocated in the LCCE provided for the Route Clearance 
Interrogation System (As of May 2014). 

 

 
Figure 15. Proportion of costs allocated in the LCCE provided for the Squad Multipurpose 
Equipment Transport (As of June 2013). 
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Figure 16. Proportion of costs allocated in the ROM provided for the Autonomous Mobility 
Applique System - Autonomous Convoy Operations (As of June 2014). 
 

  
Figure 17. Proportion of costs allocated in the LCCE provided for the Autonomous Mine 
Detection System (As of September 2014). 
 
3.4 Criteria for interpretaion and validation 

     We will apply what Yin refers to as pattern matching by comparing acceptable industry cost 

standards to the estimates containing autonomy. Typical industry benchmarks for distribution of 

LCCE/ROMs follow a hueristics and do not apply in every individual case, but what is generally 

accepted among costs analysist are allocations following a 10% distrobution of effort towards 
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RDT&E, 30% distrobution of effort towards Procurement, and finally a 60% distrobution of 

effort towards O&M (Ley, September 10, 2014). Individual program anomilies and variying 

stages of lifecycle development also play a role in the analysis of this case study. In the next 

section we will discuss each system in a comparative narration as we progress through the five 

acquisition categorys.  

3.5 Analysis by Appropriation Category 

3.5.1 Research, Development, Test and Evaluation 

     The industry expectation for RDT&E cost element is roughly 10% of a systems total 

estimated budget, and the four systems in question when scaled yielded an 8.46%, 8.49%, 4.25% 

and 37% cost allocation for the RCIS, SMET, AMAS-ACO, and AMDS respectively. This data 

is displayed above in figures 14 -17 in light blue. No trend extends across all four systems, so an 

individual examination of each system may lead to a better understanding. 

     The RCIS and SMET are very close to the industry threshold. What is unique for the SMET is 

that this system has no official DoD acquisition generated requirement, and Lockheed Martin has 

developed a few prototypes taking most of the RDT&E costs on their shoulders. Therefore we 

could assume if the SMET were fully funded through the DOD then it would exceed the 10% 

threshold.  

     The AMAS-ACO is the lowest percent allocated and this may be justifiable because the 

estimate is a ROM, and the system is a kit that would be attached to existing vehicles. The 

AMAS-ACO is also the most immature system in this study and as estimates are refined could 

begin to reach the industry norm. This future data may be useful with respects to autonomy, 

because most of the RDT&E is not focused on building new vehicular systems just autonomous 

applique kits.  
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     The AMDS exceeds the industry benchmark by 27%. This could be for a number of reasons, 

but understanding that the AMDS is a package of three systems performing in a team may lend 

some explanation. Much like the AMAS-ACO the AMDS is reusing an existing vehicular 

platform so the costs associated with RDT&E stem from integration of autonomy and multiple 

capabilities across three unique systems packaged together as one complete system. This 

program is also the longest running with initial engineering efforts beginning in 2009.  

     The RDT&E estimates fail to establish a trend either when comparing them to each other or 

the current industry benchmark. There exists potential however for the three ALGUS programs 

(RCIS, SMET, and AMAS-ACO) to approach the AMDS distribution of 37% as they mature in 

development. Given this data and the individual story line for each UMAS a new industry 

benchmark for systems with autonomy in the RDT&E phase could be expected to be more than 

10% but less than 30% initial cost allocation, also shown below in Table 8. 

3.5.2 Procurement 

     The industry expectation for Procurement cost element is roughly 30% of a systems total 

estimated budget, and the four systems in question when scaled yielded a 37.73%, 64.53%, 

35.22% and 39.54% cost allocation for the RCIS, SMET, AMAS-ACO, and AMDS respectively. 

This data is displayed above in figures 14 -17 in light orange. Three of the UMAS RCIS, 

AMAS-ACO, and AMDS are within a 4% range of each other and an average of 37.4%. Given 

the background of these three systems and the fact that RCIS and AMDS are the most mature 

and validated estimates in our study we could claim that the floor is set above 35%. Given the 

fact that all three of these UMAS are re-using existing vehicular platforms that may be what kept 

the allocation smaller than SMET, which is a completely new system.  
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      The outlier in this cost element is the SMET with a 64.55% allocation. This may be 

explained by understanding the commercial-off-the-shelf (COTS) approach for this system. 

COTS is a method where sub-systems and sub-components are purchased from existing 

products, and not made specifically for a new system. Lockheed Martin already has a few 

systems that have deployed so the Army created an un-validated LCCE and considered that if a 

requirement is ever formally generated most of the cost allocation for this system will occupy 

procurement. Therefore a new industry benchmark for systems with autonomy in the 

Procurement phase could be expected to be more than 35% but less than 65% initial cost 

allocation. 

 
Figure 18. This figure represents the industry benchmark of cost element allocation for LCCE 
and compares them to the range experienced in this case study. Through this analysis the trends 
demonstrate that industry benchmarks may not holistically apply to cost estimation for UMAS.  
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3.5.3 Military Construction and Military Personnel 

    Current industry benchmarks allocate 0% to both of these cost element structures, because 

newly acquired systems usually do not impact the existing military personnel structure, or 

require military infrastructure. This may be a poor assumption with respects to autonomy; 

however, until we can gather enough data to prove different the industry benchmark is a heuristic 

that holds. None of the UMAS in this study provided estimates for MILCON. Only two systems 

estimated costs for MILPER RCIS and SMET with a 6.28% and .07% respectively. This 

provides little room for analysis in both categories; however, intuitively since autonomous 

technology is unlike any current employed cost estimators may want to reconsider allocations 

toward the cost element MILPER, as the military will begin to need new types of military 

occupation specialties dedicated to working specifically with autonomy. A similar instance is the 

inculcation of unmanned aerial vehicles requiring a different pilot designation than a pilot of a 

manned aircraft.  

3.5.4 Operations and Maintenance 

     The O&M cost element is the hardest element to estimate for, and also contains the systems 

actual implantation and integration within the military. The benchmark allocation for this is 60% 

and the four systems in this study produced a 47.53%, 26.91%, 60.53% and 23.47% cost 

allocation for the RCIS, SMET, AMAS-ACO, and AMDS respectively. A trend does not exist 

throughout this data set. The only system to reach the industry threshold is the AMAS-ACO; 

however, this is also the least mature system and the estimate was a ROM leaving a lot of 

refinement space as the project moves toward its different milestones.  

     By looking at the outliers in O&M we may find an idea or lead to why three of the four 

systems in this study are at least 12% short of the benchmark. The SMET and AMDS are the two 
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lowest allocations in this cost element category and are also the smallest physically as well. 

These systems are on unique platforms and do not have to adapt to a family of vehicles like the 

RCIS and AMAS-ACO. The RCIS an AMAS-ACO are complementary systems for a suite of 

existing manned systems, and each time a manned update occurs the UMAS aspect will also 

require a duplicate update. This challenge is not intuitively present with the SMET and AMDS.  

3.6 Recommendation for Autonomy 

     Focusing on the four propositions that guided how we looked at this study we can now see, 

with a little more fidelity, that our refined conclusions should be: 

     1. The tools and methods currently employed for estimating are not adequately equipped to 

handle the impact of autonomy, but they are also not completely inadequate. Focusing on the 

goal of estimation – it is a tool used to inform decision making – the current methods are 

producing estimates; however, the confidence in those estimates are lower due to inability to 

estimate for autonomy. The data and study provided some insight to general allocation of effort 

in current UMAS projects, and reinforces the need for the next generation of parametric models 

to specifically account for autonomy.   

     2. Intuitively from a fiscal perspective the O&S, or categorically the O&M phase, should cost 

more due to higher costs in equipment repair, replacement, and impact on workforce needs. 

However, only one of the four systems demonstrated this and when considering the overall 

system-of-systems UMAS will participate in O&S costs will grow in magnitude not proportion. 

After this study it may be the case that allocations are proportionately reduced as overall project 

cost magnitude propagates. The hidden costs not explicitly represented will be mainly in how 

humans adapt and integrate UMAS into their organizations. This will extract both a fiscal and 

implementation cost that is further analyzed in the next section – DOTmLPF-P.  
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     3. The costs estimates for the four Army Systems were derived with existing tools and expert 

knowledge of emerging systems. A trend in data collection did emerge – practicing cost experts 

are attempting to account for autonomy. They are using higher level estimation methods such as 

heuristics, analogous comparisons, or complexity factors derived from existing systems to 

predict efforts. Again, this still yields an estimate so that decisions can be made, but even the 

experts wanted to see this space explored to provide more fidelity in their work. 

    4. Trends were not similar between the four systems studied. Nor did any of the four systems 

completely adhere to the current estimation industry benchmark. The data sample size of n=4 as 

well as the niche of sample type, all four are Army ground-based UMAS, were most likely the 

reasons for not being able to establish patterns. This work did however provide a methodical 

baseline, so that when more systems are added to the sample population we have a process to 

look for trends in cost data. Table 4 displays the range of cost allocations for each of the studied 

systems as well as indicates the baseline industry benchmark most estimates follow. Based on 

the range of data studied within each cost element structure we calculated the average allocation 

within each structure and will recommend an autonomous benchmark for use when developing a 

LCCE or ROM for UMAS. These recommendations are 15%, 45%, 5%, 5% and 30% allocations 

for the RDT&E, Procurement, and O&M categories. 

Table 4. This table highlights the comparisons between the range of allocated costs per element 
and a recommended benchmark for an UMAS estimation benchmark. 

Cost Element Allocation RDT&E Procurement MILCON MILPER O&M 
Current Industry Benchmark 10% 30% 0% 0% 60% 

Range for Autonomy 5-37% 35-65% 0% 0-6% 23-60% 
Recommended Benchmark 15% 45% 5% 5% 30% 

 
     The case study focused on the comparative analysis of four Army systems between each other 

and an industry cost heuristic. This analysis is important to start verifying trends in data that lead 

to CERs. These CERs are what are needed to continue the parametric model development 
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process. A few areas with respects to total ownership costs are left needing exploration, and pure 

data analysis may not be inclusive enough – especially when limited to four systems in the 

Army’s portfolio. The next section will apply analysis of this manuscript, not just the case study, 

in a holistic way utilizing a military analysis tool. 
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4.0 Results and Analysis 

4.1 Analysis of Case Study in DOTmLPF-P 

     Before any cost estimating is even started or the military begins to engineer a product – a 

need or requirement must be generated within the DoD that is critical for maintain the nation’s 

national defense strategy. Requirement generation typically occurs at the senior leadership levels 

within the Office of the Secretary of Defense, the Joint Staff, and our Combatant Commands 

(Defense acquisition guidebook.2015). Once a requirement is considered, initial analysis is 

conducted through the Joint Capabilities Integration and Development System (JCIDS) – 

highlighted in purple below in figure 18 are some of the JCIDS documents required during the 

lifecycle. The analysis is captured in an Initial Capabilities Document (ICD) which is an 

evaluation of the DOTmLPF-P analysis created by a sponsor – or the generator of the initial 

requirement – highlighted in the red box in Figure 18.  

 
Figure 19. This figure depicts where DOTmLPF-P analysis occurs in the lifecycle process of 
acquisition. Also depicted in this figure are the systems-of-systems processes that parallel the 
acquisitions process to provide a more holistic understanding of the engineering process (JCIDS 
process: DOTmLPF analysis.2015). Capabilities Based Assessment (CBA); Initial Conceptual 
Design (ICD); DOTmLPF Change Recommendation (DCR); Model Driven Development 
(MDD); Major System Acquisition (MSA); Capability Development Document (CDD); 
Engineering Manufacturing and Development (EMD); Capabilities Production Document 
(CPD); MS A,B,C are Milestones. 
 
     DOTmLPF-P is a systems of checks and balances ensuring all the categories described by the 

tool – Doctrine, Organization, Training, materiel, Leadership and Education, Personnel, 
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Facilities, and Policy – do not have existing capabilities that would fulfill the emerging 

requirement. A key goal of the DoD 5000 Acquisition system is not to acquire a new system or 

generate a new solution when one already exists. DOTmLPF-P analysis is conducted, validated, 

and updated throughout the acquisitions process but always through a lens of “do we have a 

given capability” the tool is never used as a predictive analysis framework to discuss potential 

impacts within those same categories. Therefore by utilizing the DOTmLPF-P framework in an 

unorthodox manner we will attempt to analyze how UMAS will impact – specifically impacts to 

cost – each of the categories. Not every category will be exhaustive in its analysis, but will pull 

from material already discussed in this thesis as a boundary for application.  

4.1.1 Doctrine 

     This category describes the manner in which the military executes its maneuver warfare, or 

the way it fights. Prior to acquiring a new system the sponsor will look to see if doctrine could be 

rewritten or additional sections added to fulfill the emergent requirement. In a traditional sense 

new acquisitions tend minimally disrupt how the military fights. However, most recently the 

surge of unmanned aerial systems (UAS) in both Iraq and Afghanistan tactical units adapted to 

the new technology in ways that were not expected. These adaptations were reactionary and not 

truly innovative, because during the generating phases of the UAS writing the military doctrine – 

strategy – for them was third least important problem (Gilge, 2010; Singer, 2009).  

     This is where the opportunity exists with UMAS, and since most of the programs being 

engineered today are pre-milestone C, the military should be committing experienced NCOs and 

Officers with combat experience to draft doctrine for UMAS systems being developed. The 

effort is minimal, because currently billets exist for doctrine writers in each service. Opposition 

may argue that not enough understanding exists to generate how we would use these UMAS in a 
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true doctrinal manner, but the counter is if a technology is mature enough to be built then it 

should be mature enough to be given a set of rules and guidelines. Having some direction may be 

better than what currently exists, “When his unit in Iraq was given a Raven…no one instructed 

them on how, when, or where best to use it, or how it integrated into the broader operations 

(Singer, 2009).”  

4.1.2 Organization, Training, Leadership, and Personnel 

     By combining these categories into one, we are able to demonstrate that a human dimension 

will always shape how a new system is integrated. The organization category discusses the 

manner in which the military organizes itself from the tactical level – Squad, Platoon, and 

Company – to the strategic levels – Task Forces, Armies, Combined Arms efforts; Training 

focuses on how we prepare service members to fight; Leadership is how select service members 

are additionally prepared to lead and think for a pending fight; and finally, Personnel examines 

recruitment and re-enlistment of service members in order to keep qualified people in the 

organization. These efforts although governed by unique constraints must complement each 

other. Personnel feed into the organization both as leaders and followers, and in the military we 

train both organizationally and individually.  

     Although organization is interwoven with doctrine it can stand alone because re-organization 

efforts can be of varying scales and permanence. With respect to the future of UMAS key re-

organization efforts are already begin discussed: Swarming, Wing-man concepts, and SOS of 

UMAS working together for a single objective (Unmanned systems integrated roadmap FY2013-

2038.2013; Scharre, 2014). What is not discussed is how the human organizations will change to 

complement, lead, train, and prepare those subordinate UMAS organizations for the pending 

fight. The cost associated with this category can come in many forms. But key areas to focus on 
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for UMAS are: Improving Human Performance via personnel (Blackhurst et al., 2011), changing 

the culture through Training (Gilge, 2010; Scharre, 2014; Singer, 2009); and changing the way 

we command and control through organizational structure (Scharre, 2014). 

     The concept of improving human performance relates that as technology becomes faster, 

more powerful, and more complex the intelligence required by the human user needs to increase 

in order to properly manage the tool (Blackhurst et al., 2011). The direct cost and impact to 

personnel and organization may be raising minimal rank requirements to work with UMAS. For 

example we will use the Army’s Infantry Squad which is currently comprised of enlisted 

Soldiers (or E - #; where the number is associated to rank, experience, and knowledge.) one E-6 

staff sergeant, two E-5 sergeants, and 6 junior enlisted Soldiers E-1 through E-4. If that same 

squad is issued the UMAS SMET with other UMAS systems, like a drone, rank structures may 

increase to ensure proper maturity and intelligence is provided to operate, maintain, and 

implement the UMAS as well as their basic infantry fighting skills. A proposed squad rank 

composition may now be one E-7, two E-6, and 6 E-4 and E-5 Soldiers. The issue becomes 

where is the threshold between rank, intelligence, primary mission tasks, and the additional tasks 

of managing UMAS.  

     Training with UMAS currently happens at the unit level by rotating set of contracted and 

uniformed trainers – which is to say after a soldier has graduated from their initial training and 

they are sent to a unit to perform their duty and service obligation. New UMAS training is 

usually in addition to the maneuver training plan that the unit is already executing. Therefore a 

Soldier with a primary task is removed from that task to learn how to operate a UMAS. Which 

Soldier is selected, sent, and trained is managed by a senior leader within each unit. Therefore 

the trained Soldier returns and becomes that units UMAS person, but due to promotions and 
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other circumstances they may not remain available. If new UMAS were a part of the initial 

training for new Soldiers – officers and enlisted alike – similar to how tank based Soldiers all are 

trained on tanks, then all Soldiers have potential to be designated the UMAS Soldier. The cost is 

longer training cycles for initial Soldiers, but the benefit is centralized locations and full force 

emersion. A final added benefit is that all entry level personnel are educated and exposed to 

UMAS building a culture of acceptance and common understanding. 

     Finally, how we command and control the fight is directly corresponding to the way in which 

we are organized. This is to say that in the military an appropriate leader to follower ratio, span 

of control, is 1:3 ideally or up to 1:6. So within the current organization structure any level of 

command – company to Army – normally has 3 to 6 direct subordinate organization. The four 

UMAS discussed in the case study do not stretch these boundaries; however, when swarms are 

discussed or wing-man concepts implemented what should the structure be? The consensus is as 

long as the 1:3-6 ratio is kept to include wing-man or swarm-like systems then the current 

structure could survive (Scharre, 2014). However, a potential solution for a swarm based unit 

may be similar to our current Special Forces (SF) structure where an A-team (SF lowest tactical 

unit) is comprised of 1 officer, 1 warrant officer, and up to 10 senior enlisted soldiers (a mixture 

of E-7, E-8, and E-9). This composition allows SF to recruit, train, and employ hundreds of 

volunteers in a wartime environment and could be easily leveraged into managing hundreds of 

UMAS in a swarm fashion. 

4.1.3 materiel 

     This DOTmLPF-P framework category is focusing on if any of the existing systems or 

equipment is the source of an emergent capability gap. Although anecdotal, the reasoning behind 

the “m” in material be lower-case is a reminder to use this category as a last resource in fulfilling 
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capability gaps in the military. Essentially UMAS is the materiel being acquired to fulfill a gap. 

In part the concept of dull, dirty, and dangerous presented in the earlier sections of this 

manuscript form a case to the necessity and commitment to UMAS as a solution for many 

existing and emergent requirements within the DoD. When pursuing a UMAS in an acquisitions 

procurement project many costs are currently inappropriately accounted for. Currently we use 

legacy – manned systems – understanding to develop the costs associated with T&E, software 

coding, and systems integration. These fields need to be updated and adjusted to reflect current 

trends and considerations for UMAS and other emergent systems.  

4.1.4 Facilities 

     Typically what is analyzed by this category is the existing infrastructure – military property, 

installations, and industrial facilities – within the DoD, and if it is a solution source for an 

emergent requirement. Currently the focus in this area as it pertains to UMAS should include the 

T&E and demonstration facilities (Macias, 2008) as well as training sites and facilities (Boylan 

& Goerger, 2006; Scharre, 2014). These considerations do not apply to a singular UMAS but to 

UMAS as a paradigm. Currently within the acquisition structure of a lifecycle cost estimate 

considers MILCON per program of acquisition, and not MILCON as an investment for all 

UMAS as a basic infrastructure requirement.  

     With the Test and Evaluation of current unmanned systems occurring in the traditional 

manner at sites like Yuma Proving Grounds, White Sands Missile Range, and Picatinny Arsenal 

test officers with experience are starting to see that emergent systems will not fit in their well-

defined boundaries (Macias, 2008). A proposed solution is to take a one of the major test sites 

and completely remodel and upgrade it to handle emergent test requirements engineering this 

new facility to also have adaptive infrastructure. This will be costly, and although a smart 
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investment most likely not considered until it is a force generated requirement – much like the 

process we are currently discussing; however, another solution that is currently implemented is 

to simulate the environments and test through computer generated systems (Goerger, McGinnis, 

& Darken, 2005). Through simulation and modeling of a complex environment for humans to 

test in, a similar environment can be generated for UMAS, teams of UMAS, or teams of both 

humans and UMAS.  

     With respects to training facilities every base has designated training land, and every service 

has huge training facilities – the Army has the National Training Center in California and Joint 

Readiness Training Center in Louisiana – that provide the space to conduct larger organizational 

maneuvers. These centers need to be updated and vastly expanded to handle the emerging 

employment of UMAS, and in similar fashion to the testing facilities it will be costly and 

avoided until a requirement is force generated. New facilities can impact the way in which we 

train and test doctrine, but similarly to T&E simulation provides a cheaper and more 

instantaneous solution (Boylan & Goerger, 2006). In the same vein that T&E can be simulated so 

can large training environments for UMAS and their human teammates and leaders. 

     Like many predictive or proactive solutions the best possible answer may lie somewhere 

between multiple courses of action. For facilities a hybrid between upgraded physical structures 

and computer simulated environments may be the most achievable path. But less history repeat 

itself, when new technology is being implemented for the first time similarly to tanks – and how 

they will stress the logistical system – during the Louisiana Maneuver’s similar UMAS sized 

exercises may not illicit a simulation (Scharre, 2014). 
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4.1.5 Policy 

     Traditionally this category looks at existing policy that may constrain any of the other 

DOTmLPF-P categories. However, when dealing with paradigm shifting technology such as 

UMAS policy questions should not focus on existing, but rules and procedures that are missing 

to ensure the fiscal responsibility is upheld in acquisition decisions, as well as moral and ethical 

implementation of such systems. This section aims at discussing both sides.  

4.1.5.1 Acquisition Policy 

     The current acquisition system was recently upgraded from DoD 5000.01 (2000) to DoD 

5000.02 on 7 January, 2015. Although the measurements of this policy change are too early to 

speculate the direction it guides the process is promising. The DoD 5000.02 provides four unique 

acquisition strategies and new guidelines on how to empower PMs and other authorities to make 

decisions at lower levels. The four strategies are: Hardware Intensive Program, Defense Unique 

Software Intensive Program, Incrementally Deployed Software Intensive Program, and the 

Accelerated Acquisition Program - these unique set of rules provide a menu of policy and 

directive options providing agility and flexibility for acquiring emergent technologies (Operation 

of the defense acquisition system.2015).  

4.1.5.2 Implementation Policy 

     None of the four UMAS cases from the previous study were designed for lethal action; 

however, in the world of UAS and current unmanned systems many platforms have raised issues 

such as: who is authorized to pull the trigger, or give the command – a military contactor or 

official government employee (Clanahan, 2013)? When the trigger is pulled what are the 

strategic impacts socially – outside of the threat system (Boyle, 2013; Franke, 2014)? And 

finally, UMAS are designed to remove humans from dull, dirty, and dangerous circumstances; 
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but, how safe will the UMAS targeting system be for those in vicinity of a threat target and how 

mentally safe are those controlling, or commanding, the system (Scharre & Horowitz, 2015; 

Sparrow, 2009)? 

     The intent of this section is not to provide opinionated answers, but provoke thought. As a 

systems engineering focusing on cost estimation it is easy to get focused on the fiscal realm of a 

system and how to estimate costs more accurate will lead to efficiency in the lifecycle, or 

contract awards. But this predictive section on policy should resonate with all engineers – that 

the systems we build or use can have unintended consequences.   
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5.0 Areas of Further Discussion 

     All work is never truly finished, it is just abandoned at a certain point in time. The reasons for 

ceasing to finish are simple enough, most work is done as a function of time, money, and quality. 

As any of these three categories reach their limit so does the ability to improve the completeness 

of the work – or truly finish. With respects to this manuscript, this research is a milestone in the 

journey to achieve a master’s degree and is limited by time. Therefore the next section will 

discuss the limitations of, suggestions for, and recommendations to continue researching the cost 

space for UMAS.  

5.1 Limitations of this Research  

     This research like others is not without its faults and limitations. Many factors play a role in 

limiting completeness of research. The factors that heavily restricted this manuscript are sample 

size – with respects to program data, Maturity of the paradigm – UMAS is heavily debated in 

multiple areas, case based claims with respect to the proposed UMAS industry benchmark in 

table 4, and availability of and maturity of data. These limitations do not however dissolve the 

central theme, that UMAS technologies are a game changing technology and require decision 

analysis tools, such as cost estimates, to be re-calibrated and re-defined in order to achieve more 

fidelity in a resource constrained environment.  

5.1.1 Sample Size 

     When conducting qualitative or quantitative analysis the number of sources, or samples, 

providing data are just as important as the data itself. Although the cost estimation space is 

quantitative, the nature of this thesis is qualitative – meaning the key focal point was that current 

methods in estimating for UMAS systems need improvement. Throughout this research claims 

were made with respects to estimation models (n=2) as a whole being inadequate, or insufficient, 
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to handle quality estimates for UMAS. This manuscript also used multiple U.S. Army ground 

systems (n=4) in a case study attempting to identify trends in costs estimates for UMAS. Both of 

these categories are limited by their sample sizes. In quantitative research equations can be used 

to calculate adequate and sufficient sample sizes; however, in qualitative research some 

heuristics may be applied to achieve acceptable representation (Sandelowski, 1995). These 

heuristics are guided by a research advisor, and others influencing the research.       

5.1.2 Maturity of the Paradigm 

     As demonstrated earlier in this thesis UMAS technology at the system level and sub-

component levels are emergent. The maturity of a completely UMAS as described in the DoD’s 

Unmanned Systems Roadmap is very conceptual and agencies like National Aeronautics and 

Space Administration and Defense Advanced Research Projects Agency are iteratively 

cultivating these systems in hopes of achieving the roadmap goals. Another aspect of UMAS is 

the automation – often describing the autonomous capability – level of the systems range of 

capabilities. Maturity of the paradigm also relies on the scale or levels of autonomy, and using 

the concept from this thesis – a UMAS’s measurement of autonomy represents a relationship 

between HRI and the number of capabilities required to be autonomous. The interrelationships of 

HRI and automated capability is demonstrated below in figure 19. What will limit full 

exploration of developing UMAS cost estimation models is that current manned and unmanned 

systems are discreetly being re-engineered to increase autonomy. Therefore no such UMAS will 

truly exist in the near future to verify or validate CERs and cost drivers.  
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Figure 20. The complexities of getting systems (computers) and humans to co-exist. The axis 
labled “Unceratinty” could also represent the inverse for technological maturity in the current 
UMAS paradigm (Cummings, 2014).  
 
5.1.3 Case Based Claims – a new UMAS Industry Standard 

     This limitation is nested within the previous two limits: sample size and paradigm maturity; 

because, to make a claim for UMAS so early and without a robust sample or mature data is very 

limited. The previous estimation industry benchmark for programs allocate 10% toward 

RDT&E, 30% toward procurement, and 60% toward O&S – allocating 0% toward both MILPER 

and MILCON. This heuristic has become a benchmark due to vast historical data and 

experiences; however, as we prepare to shift toward UMAS and will require new 

structures/facilities, new classes of robotic/cyber-physical Soldiers we do not have any vast 

historical base or experience from which to pull. Therefore I recommended in this thesis a 

potential benchmark for UMAS should be 15% RDT&E, 45% procurement, 5% MILCON, 5% 

MILPER, and 30% O&S.  This is limited because it is an extrapolation – meaning that my 
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allocated 5% towards MILCON and MILPER categories is very uncertain and could produce 

meaningless results. I am confident enough in this research and body of work; however, to stand 

by my attempt at identifying a need in allocating costs to these two areas. The current benchmark 

is capable of remaining 0% for MILCON/MILPER because most systems are supposedly being 

designed and engineered to fit the current DoD/Military’s structure and personnel capability. 

Again, after completing this thesis I caution that with UMAS a benchmark that does not account 

for infrastructure or personnel adjustments is not only inadequate, but irresponsible and will not 

keep our national security in the forefront as we acquire these game changing systems.   

5.1.4 Availability of Data 

     Data drives research. Access to data drives quality and completeness of research. Although 

sample size of data sets and resources for this research was already discussed, many factors 

influenced the availability of such data. Within the world of estimating costs sharing of data 

becomes sensitive. Companies are in competition with each other, and although industry 

collectively wants to understand how autonomy will impact their estimates it is cumbersome to 

extract program data. In addition to the heavy burden data access is the current maturity of 

program data, as demonstrated in the four Army programs used in the case study – all UMAS 

were pre-milestone A. In other words none of the UMAS program data that currently exists 

reflects, accurately, total lifecycle costs. With cost allocations in the early stages be highly 

educated guesses, any relationships developed as CERs would also be immature or highly 

educated guesses.   

5.2 Suggestions and Recommendations for further research 

     In an attempt to overcome the limitations previously described this thesis will offer 

suggestions to aid in further refinement of UMAS cost research. The different categories data 
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availability, maturity of the paradigm, and sample size are not exhaustive and some 

recommendations may be made to expand upon the research already conducted. This may serve 

as a developmental roadmap for extending this space, as well as the understanding of UMAS 

within the lifecycle. 

     Availability of data and sample size can be solved with similar means. The suggestion is to 

cast a wider net with respects to program cost data. Focusing on UMAS from a DoD perspective 

limits data sources to DoD contractors and programs. Although this research only used four 

ground programs from the Army, the first step may be to reach out to the other services, and 

larger DoD Contractors. However with national security implications and other burdens that 

could slow the process down casting an even wider net may prove more fruitful. If we focus on 

any system that is being developed, upgraded, or produced that contains autonomous capability 

the net becomes vastly larger. Some examples would be the Lowe’s Autonomous Retail Service 

Robot2, Baxter – a manufacturing focused system3, and the ever increasing auto-pilot capabilities 

within the aerospace industry. Including these systems will also remove some of the bias caused 

by a DoD dominated sample pool.  

     Another suggestion for increasing access to data is to expand the definition of data. Currently 

this research focused on gathering estimates of effort, and technical documents that lead to 

refined estimations or even complete LCCEs and ROMs. These are the most useful when 

building new cost models; however, the use of the Delphi Survey sent to leading experts in the 

UMAS field would also prove useful. Valerdi utilized the Delphi Survey method to begin his 

journey when building COSYSMO relying on industry experts to help shape and define which 

2 This robot is already deployed to limited locations in an effort to build cultural acceptance and refine the 
robots ability. http://www.lowesinnovationlabs.com/innovation-robots/  
3 Baxter is a trainable autonomous robot capable of light weight line loading and machine tending, to 
packaging and material handling. http://www.rethinkrobotics.com/baxter/ 
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areas of estimating for systems engineering effort has the most impact (Valerdi, 2008). These 

surveys in conjunction to gathering more program cost data would increase both access to and 

sample size of analyzable research data. 

     To account for the lack of mature systems and data for building estimate tools – specifically 

for UMAS – options may include focusing on the sub-system components or individual 

technologies that are prevalent in UMAS. Software development, test & evaluation methods, as 

well as human system integration are prime candidates for focal points within UMAS that need 

nurturing to ensure maturation parallel to an integrated complete UMAS. Just as engineering is 

an iterative process so is building a model that accurately reflects the efforts required. 

     Research in the maturity of UMAS will also begin to impact and expose hidden or unknown 

costs associated with this paradigm of systems, for example where does the human go after being 

replaced by an autonomous system? Such questions are being discussed by the airline industry 

with a recommendation requiring a new breed of flight attendants that are Federal Aviation 

Administration certified to fly should the need arise (Patterson, 2012). Or a heuristic of cultural 

proportions, “You need humans where you have humans… I don’t ever see commercial 

transportation going over to drones (Markoff, 2015).” The effect of such research is that we are 

forced to discuss these concepts, and that these discussions should factor into how we estimate 

costs for such systems.  
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6.0 Conclusion 

6.1 Research Problems and potential Solutions 

     The development, procurement, and sustained use of Unmanned Systems – including ever-

increasing autonomy – seems to have a foothold on the direction technology is moving, with 

respects to warfare. The capabilities of these systems are proven and in many cases have 

exceeded expectations; however, constraints continue to drive the pace at which these systems 

are developed, integrated, and accepted. To help shape that pace, and make these systems more 

achievable this thesis set out to define a cost estimation basis for a fiscally responsible approach.   

     Cost estimates are challenging to perform even with well defined, verified, and robust tools 

like COSYSMO and COCOMOII. The problem is that just as technology progresses these tools 

also need to progress. This thesis attempted to explore those potential solutions. To guide and 

narrow the researchable space two questions were proposed: 

    1.  From an acquisition lens, what inadequacies exist, if any, with the tools and methods used 

to produce cost estimates for emergent UMAS technology?  

     Throughout this process three key areas of developing UMAS generate the most confusion, 

and therefore generate fiscal inadequacies. These areas are Software Development, Test and 

Evaluation, and finally implementing the system into its “employed” position.  

     Within the Software arena a potential solution is how we calculate the size of a system when 

using a tool like COCOMOII. The current methods, function points, may not truly represent the 

robust nature of an autonomous system. Therefore implementing an Object Oriented Function 

Point method will increase the understanding of how the software interacts within its local 

system, as well as its place in the system-of-systems.  
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    Testing and evaluating systems that currently are not fully developed or completely mature 

can pose a problem as is the case with much of the UMAS technology. In similar fashion using 

existing techniques and processes are acceptable in the interim, but the T&E systems needs to 

reconsider how and why they test when it comes to UMAS. One consideration is to evaluate test 

requirements during the early phases of a systems lifecycle. By evaluating the maturity of a 

given test requirement you can measure the expected effort required to generate a successful test 

or your system. Another consideration is simulation. Computer based simulation will allow for 

entire test environments to be recreated without the investment of physical upgrades to current 

facilities. Eventually a real physical-based test will need to occur, but with advances in 

simulation those costs will be reduced.  

     Finally, the human integration component of UMAS is more complex than the other two 

combined. Because it spans both research questions. As an estimation methodology COSYSMO 

accounts for the number of unique functioning sub-systems and their operating environments, 

legacy systems and upgrades to current systems, and location coordination within the 

developmental team, not the direct customer or user location factors. Therefore when estimating 

for UMAS understanding the specific amount of interaction required between human and 

system, as well as system to team will also play a role in effort required.  

     2. From both a monetary and implementation view point, what are the hidden costs of UMAS 

– specifically the when the system has left production and is integrated into the military? 

     The hidden costs of UMAS are those not implicitly covered by a COCOMO II, COSYSMO, 

or even DOTmLPF-P analysis performed early in the system’s lifecycle to provide context and 

structure to the acquisitions decision makers. These costs are usually discovered in a reactionary 

manner, versus proactively discussing or estimating how a system will impact its environment. 
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The goal of this question was to explore what monetary and implementation effects UMAS will 

place on the system in which it plays a role. The unorthodox use of DOTmLPF-P helped 

structure this investigation and highlighted a few areas of interest: organization (which for the 

purposes of this research also included, personnel, training, and leadership), Facilities, and 

Policy.  

     Hidden costs with organizations revolve around human competency – which includes how we 

train the next generation of Soldier/Robot engineers even included is the pay to retain and train 

such talent. Another hidden organizational cost is the way in which a military unit is physically 

structured – to include who leads and follows or commands and which systems make which 

decisions from non-lethal to lethal.  

     Within the category of facilities UMAS will shape how we operate on a daily basis from 

energy consumption, to testing – as previously discussed, to where and how we train with our 

advanced systems. In a similar vein to testing, computer simulation can offer solutions in a large 

way; however, physical training and use will have to exist. These costs need to be discussed and 

estimated for maybe even separately from a specific system. 

     Policy exists to provide structure and boundaries within a system. These are rules, laws, or 

systems put in place to extract a specific behavior from those involved. With respect to UMAS 

policy is divided into two arenas. The policy at which the DoD acquires new systems, and 

federal policy on how these systems are controlled once acquired. This space is heavily debated 

in both arenas. Acquisition policy is touted as cumbersome and stifles innovation which incurs 

monetary costs and negatively effects social trust in the system, reference JSF F-35. Where in the 

realm of policy dictated by our federal government lies ethical implications generating both 

monetary costs and negative social effects – Drone use throughout the world. Possible solutions 
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to both rest in further researching the Policy for UMAS technology and increasing the awareness 

of the capabilities and their limitations. This is already happening at organizations such as the 

Center for New American Security (CNAS) and Duke University’s Humans and Autonomy Lab 

(HAL). In the final section we will discuss the impact and future considerations for 

understanding UMAS and how to estimate effort for such systems.     

6.2 Implications/Impact of this research and Future Consideration 

          The goal of this research was to explore unmanned autonomous systems and their costs – 

specified and implied. The U.S. military’s vision for UMAS and the U.S. military’s acquisition 

system are the framework providing focus for the investigation. These two constraints provided 

direction and intent with respects to what autonomous is supposed achieve in unmanned systems, 

and how costs – specifically estimates – are achieved. This manuscript attempted to further 

define autonomy and build a common level of understanding. This thesis also examined the 

current capabilities of parametric estimation tools and recommended both a way to achieve an 

estimate and recommend adjustments to be made within those tools to better account for 

autonomy. What is achieved by discussing a paradigm that is relatively undefined and immature 

is a chance to shape the next steps. These next steps go beyond the research limitations of this 

thesis and focus on the potential impact of pairing UMAS with fiscally responsible engineering 

approach. To achieve such a pairing, emphasis must be placed on autonomous test and 

evaluation, understanding autonomous infrastructure, and how to sustain operation of such 

complex systems while they are in mission critical positions.   

     The implications of committing to fiscal responsibility within the early stages of autonomy 

has potential to shape the paradigm in the previously discussed areas. UMAS are not similar to 

any current technologies and are no longer science fiction, these systems are being actualized 
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globally in real military missions with real military risks. Through continued research and 

discourse we may harness autonomy in such a way that allows us to shape it in our favor, 

because if we fail to drive the technology autonomy will drive us.  
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