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8 Abstract

9 Space missions designed to completely ablate upon an uncontrolled Earth atmosphere reentry are likely to be simpler and cheaper
10 than those designed to execute controlled reentry. This is because mission risk (unavailability) stemming from controlled reentry subsys-
11 tem failure(s) is essentially eliminated. NASA has not customarily implemented Design-for-Demise meticulously. NASA has rather
12 approached Design-for-Demise in an ad hoc manner that fails to entrench Design-for-Demise as a mission design driver. Thus, enormous
13 demisability challenges at later formulation stages of missions aspired to be demisable are evident due to these perpetuated oversights in
14 entrenching Design-for-Demise practices. The investigators hence propose a strategy for a consistent integration of Design-for-Demise
15 practices in all phases of a space mission lifecycle. Secondly, an all-inclusive risk-informed, decision-making methodology referred to as
16 Analytic Deliberative Process is proposed. This criterion facilitates in making a choice between an uncontrolled reentry demisable or
17 controlled reentry. The authors finally conceive and synthesize objectives hierarchy, attributes, and Quantitative Performance Measures
18 of the Analytical Deliberative Process for a Design-for-Demise risk-informed decision-making process.
19 � 2012 Published by Elsevier Ltd. on behalf of COSPAR.
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23 1. Introduction

24 Spacecraft Design-for-Demise (DfD) entails the inten-
25 tional design of spacecraft hardware such that the space-
26 craft will completely ablate (demise) upon uncontrolled
27 reentry into the Earth atmosphere. Atmospheric reentry
28 typically occurs during the post-mission disposal phase of
29 the space mission lifecycle. Different spacecraft parts exhi-
30 bit different ablation behaviors depending on their shapes,
31 sizes and material composition. Demisability is necessary
32 to reduce the risk of human casualty and damage to prop-
33 erty on Earth, hence ensuring public and property safety
34 during uncontrolled reentries by spacecraft into the Earth
35 atmosphere. Debris surviving atmospheric reentry for
36 NASA sanctioned missions must satisfy Requirement

374.7-1 of NASA Technical Standard 8719.14—Process for
38Limiting Orbital Debris. Requirement 4.7-1 dictates the
39risk of human casualty anywhere on Earth due to reenter-
40ing debris with KE P 15 J be less than 1:10,000 (0.0001)
41(NASA, 2012).
42DfD may offer a relatively cheaper, simplified and more
43effective means of meeting NASA’s Earth atmosphere reen-
44try requirement for Low Earth Orbit (LEO) missions. An
45uncontrolled reentry mission that ablates does not require
46an integrated provision to execute a controlled reentry.
47Consequently, not only will such a mission design be rela-
48tively simpler and cheaper, but also spacecraft unavailabil-
49ity risk due to a controlled reentry subsystem failure(s) is
50essentially eliminated. Absence of a controlled reentry sub-
51system would hence improve mission on-orbit reliability
52and robustness. Design-for-Demise can be implemented
53in a wide range of LEO missions independent of the nature
54of the mission function (Waswa et al., 2012).

0273-1177/$36.00 � 2012 Published by Elsevier Ltd. on behalf of COSPAR.

http://dx.doi.org/10.1016/j.asr.2012.11.020

⇑ Corresponding author.
E-mail address: pwaswa@alum.mit.edu (P.M.B. Waswa).

Q3

Q1

Q4

www.elsevier.com/locate/asr

Available online at www.sciencedirect.com

Advances in Space Research xxx (2012) xxx–xxx

JASR 11188 No. of Pages 12, Model 5+

4 December 2012

Please cite this article in press as: Waswa, P.M.B., et al. Spacecraft Design-for-Demise implementation strategy & decision-making methodology
for low earth orbit missions. J. Adv. Space Res. (2012), http://dx.doi.org/10.1016/j.asr.2012.11.020

http://dx.doi.org/10.1016/j.asr.2012.11.020
mailto:pwaswa@alum.mit.edu
http://dx.doi.org/10.1016/j.asr.2012.11.020
http://dx.doi.org/10.1016/j.asr.2012.11.020
Original text:
Inserted Text
Objectives Hierarchy, Attributes, 

Original text:
Inserted Text
atmosphere 

Original text:
Inserted Text
orbital 

Original text:
Inserted Text
space 

Original text:
Inserted Text
Analytic Hierarchy Process (AHP)

Original text:
Inserted Text
15J 

Original text:
Inserted Text
(NASA, 2012).

Original text:
Inserted Text
(Waswa and Hoffman, 2012).

waswa
Cross-Out

waswa
Replacement Text
Objectives

waswa
Cross-Out

waswa
Replacement Text
Hierarchy

waswa
Cross-Out

waswa
Replacement Text
Attributes

waswa
Cross-Out

waswa
Replacement Text
Waswa and Hoffman, 2012

waswa
Note
Accepted set by waswa

waswa
Note
MigrationConfirmed set by waswa

waswa
Note
Marked set by waswa



55 Attention to DfD intensified within NASA after the pre-
56 mature de-orbit of the non-demisable Compton Gamma
57 Ray Observatory (CGRO) mission on 4 June 2000 due to
58 the zero fault tolerance policy adopted by NASA after
59 one of the three gyroscopes required for controlled reentry
60 failed (CGRO, 2012). Another NASA mission, the Fermi
61 Gamma-ray Space Telescope (formerly known as
62 Gamma-ray Large Area Space Telescope—GLAST),
63 launched on 11 June 2008 explored further the issue of
64 designing for demise (Fermi, 2012). However, despite
65 detailed demisability analysis indicating that Fermi would
66 comply with the NASA human casualty risk requirement,
67 the controlled reentry option was preferred due to uncer-
68 tainty in the surviving debris KE threshold (Leibee et al.,
69 2004). The Global Precipitation Measurement (GPM) mis-
70 sion presently in the formulation phase is intended to be
71 the first fully designed for demise LEO mission. The post
72 mission disposal objective is to meet Requirement 4.7-1 sta-
73 ted above exclusively by hardware parts design practices.
74 Given the above stated significance and prior DfD expe-
75 riences, this investigation examines the previous NASA
76 approach to DfD and proposes a two-part DfD strategy.
77 First, a consistent integration of DfD practices in all phases
78 of a mission lifecycle. Secondly, an all inclusive risk-
79 informed-decision making criteria that facilitates in decid-
80 ing whether to design a demisable LEO reentry mission
81 or opt for a controlled reentry mission. Reentry analytical
82 techniques employed in DfD analysis predict the atmo-
83 spheric reentry behavior of different object shapes, sizes
84 and materials. These tools investigate breakups, tempera-
85 ture history and demisability of objects reentering Earth’s
86 atmosphere. The reentry analysis method employed can
87 either be (a) object oriented; which analyzes the individual
88 parts of a spacecraft, or (b) spacecraft oriented; which
89 models the complete spacecraft as close as possible to the
90 real design.
91 Currently, the major object oriented reentry analysis
92 tools are NASA’s Debris Analysis Software (DAS) and
93 Object Reentry Survival Analysis Tool (ORSAT); and
94 the Spacecraft Entry Survival Analysis Module (SESAM)
95 developed by the ESA (Lips and Fritsche, 2005). The major
96 spacecraft oriented tool is ESA’s Spacecraft Atmospheric

97Reentry and Aero-thermal Breakup (SCARAB) code.
98Comparing the two NASA tools, ORSAT is more compre-
99hensive and has a higher fidelity assessment of an object’s
100thermal destruction during ballistic reentry than DAS.
101However, unlike DAS, ORSAT is not readily available
102and only personnel at the Johnson Space Center, Orbital
103debris program office run it. Nonetheless, in practice, fur-
104ther analysis by higher fidelity tools like ORSAT is only
105necessary if reentry analysis in DAS show a human casu-
106alty risk >0.0001.

1072. Strategy for Design-for-Demise

108To facilitate the realization of a demisable space mission
109wherever possible, it is paramount to engage a comprehen-
110sive approach entrenching DfD practices in all the mission
111life-cycle activities.

1122.1. Traditional NASA approach to Design-for-Demise

113Traditionally, DfD of Earth atmosphere reentry NASA
114missions has been handled within the framework of Limit-
115ing Orbital Debris as stipulated in Procedural Requirement
1168715.6A—Limiting Orbital Debris (NASA, 2009), and the
117actual mission requirements details are specified in the
118Technical Standard 8719.14—Process for Limiting Orbital
119Debris (NASA, 2012). However, no formal mission design
120requirements specific to DfD exist. Therefore, DfD is more
121or less implemented in an ad hoc manner within NASA
122mission design practices. Moreover, prior to August
1232007, the more ‘DfD friendly’ thresholds for the human
124casualty risk of 1:10,000 and a15 J KE threshold for objects
125impacting the earth as stipulated in the Technical Standard
1268719.14—Process for Limiting Orbital Debris (NASA,
1272012) were still evolving. Thus, traditional DfD engage-
128ment in NASA mission formulation can be succinctly rep-
129resented by the schematic in Fig. 1.
130Note that DfD is only emphasized in some formulation
131phases and hence loosely integrated throughout the entire
132mission life cycle. This approach is inherently weak because
133overlooked DfD considerations perpetuate into subsequent
134mission phases resulting in formidable DfD design

Nomenclature

Ai area of object surviving re-entry, m2

DA Total Debris Casualty Area, m2

KE kinetic energy, (J)
N number of objects surviving reentry
NQPM number of Quantifiable Performance Measures

(QPM) for attribute i determined by AHP
PIj Performance Index for alternative j

Rc(t) controlled reentry subsystem reliability
Rs(t) space segment reliability

k failure rate, components per hour
t time, hours
vij values associated with the Quantifiable Perfor-

mance Measures (QPMs) for attribute i deter-
mined by Analytic Hierarchy Process (AHP)

wi Analytic Hierarchy Process (AHP) determined
weight for attribute i
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135 obstacles. For example, if demisability is not defined as a
136 mission objective in Phase A, then demisability top-level
137 system requirements are not identified and progress related
138 to DfD technology maturity, risk analysis; mission safety
139 and assurance will not be updated in Phases B and C. In
140 general, DfD objectives are not accommodated in prepara-
141 tion for Key Decision Points (KDP) and in other activities
142 associated with a particular phase. The flow diagram in
143 Fig. 2 summarizes the current NASA execution strategy
144 of DfD during mission formulation. The referenced ‘Fur-
145 ther Formulation Phases’ comprise Phases A and B of mis-
146 sion lifecycle. ‘Reentry Analysis’ examines the spacecraft
147 parts demisability likelihood.
148 The practices outlined above clearly do not make DfD a
149 mission design driver resulting in lost opportunities to
150 exploit would be advantages due to DfD, i.e., relatively

151simpler, cheaper and more robust space mission designs.
152A controlled reentry capability was logically retained
153instead of exploring a tortuous demisable mission ‘rede-
154sign’ in order to pass formal reviews.

1552.2. Proposed approach to Design-for-Demise

156This research proposes making DfD a mission design
157driver to facilitate the realization of a demisable LEO mis-
158sion in complying with stipulated NASA Earth atmosphere
159reentry requirements. DfD would be entrenched and exe-
160cuted at all mission formulation phases as shown in
161Fig. 3. With this approach, demisability requirements are
162adequately considered in all activities of each phase of
163the mission lifecycle.

Fig. 1. Traditional NASA Design-for-Demise implementation in LEO reentry mission life cycle.

Fig. 2. Current NASA Design-for-Demise execution strategy.
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164 Preparations for KDPs comprehensively accommodate
165 DfD objectives and they include adopted DfD bench-
166 marks that have to be satisfactorily met before the mis-
167 sion proceeds to the next phase. This scenario is further
168 expounded in Fig. 4, which shows the proposed DfD exe-
169 cution. The ‘Critical Parts Identification’ process identifies
170 non-demisable spacecraft parts. ‘DfD measures’ are the
171 spacecraft part modification methods that would trans-
172 form a previously non-demisable part to a demisable
173 one. A controlled reentry capability must of course be
174 implemented for a non-demisable LEO mission after all
175 possible DfD measures have been exhausted without
176 achieving demisability.

1773. Design-for-Demise decision-making methodology

178In choosing whether to design a demisable reentry
179spacecraft, or a reentry spacecraft possessing a controlled
180reentry subsystem; it is essential to formulate a decision-
181making framework that facilitate this decision. The authors
182here propose the Analytical Deliberative Process (ADP).
183Developed by the Risk Assessment and Analysis Group
184at Massachusetts Institute of Technology (MIT), ADP is
185a Multi-attribute utility theory (MAUT) that provides a
186preliminary ranking of decision options. It brings together
187the decision maker, experts and stakeholders in a decision-
188making process that organizes information in a manner

Fig. 3. Proposed Design-for-Demise implementation in reentry LEO mission life cycle.

Fig. 4. Proposed Design-for-Demise execution strategy.
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189 that distinguishes benefits and risks associated with candi-
190 date decision options. The ADP keeps track of uncertainty
191 and aggregates both objective and subjective information
192 while assisting in the systematic identification of the objec-
193 tives of making a particular decision and the respective
194 associated performance of the various decision options.
195 ADP combines analytical methods with a deliberation that
196 scrutinizes the analytical results and produces a ranking of
197 decision options and a detailed understanding of why cer-
198 tain options outperform others. ADP is based on two guid-
199 ing principles (National Research Council, 1996):

200 (i) Analysis, which uses rigorous, replicable methods,
201 evaluated under the agreed protocols of an expert
202 community—such as those of disciplines in the natu-
203 ral, social, or decision sciences, as well as mathemat-
204 ics, logic, and law to arrive at answers to factual
205 questions.
206 (ii) Deliberation, which is any formal or informal process
207 for communication and collective consideration of
208 issues.
209

210 As shown in Fig. 5, ADP begins with the framing of a
211 specific decision problem, defining the context in which
212 the decision is to be made and identifying the decision
213 maker (DM), Subject Matter Experts (SME) and stake-
214 holders (SH). The DM is a senior member(s) of the design
215 team; SMEs possess pertinent expertise in different areas of
216 the design and can characterize available design options;
217 SHs are individuals or organizations materially affected
218 by the decision’s outcome but are outside to the organiza-
219 tion making the decision (NASA, 2010).
220 Having these definitions and roles clearly specified at the
221 beginning of the process is important. All subsequent anal-
222 ysis and risk characterization must be done in the context
223 of the specific decision problem at hand and it must answer
224 the specific questions that are of interest to the DMs, SMEs
225 and SHs.
226 Once the DMs, SHs and SMEs understand the decision
227 problem and the context in which it is being addressed,
228 they must identify all of the elements that each individual
229 believes are important to consider in evaluating decision
230 options. Forming an objectives hierarchy captures this
231 information, as shown in Fig. 6 (Stamatelatos et al., 2006).
232 Goal: Statement explaining the overall purpose of mak-
233 ing the decision.
234 Objectives: They are the broad categories of elements
235 that the DM, SMEs and SHs feel must be achieved in order
236 for a decision option to meet the goal. These broad objec-
237 tives may be further divided into sub-objectives as needed.

238Attributes: They are the largest set of elements a DM or
239SH is indifferent between (e.g. a SH wants to minimize total
240spacecraft mass and does not care if this is the power sub-
241system or propulsion subsystem mass; then we say this
242individual is indifferent between power subsystem and pro-
243pulsion subsystem mass). Attributes describe how to
244achieve the objective they lie below. It is helpful to think
245of attributes as the most detailed level of sub-objective
246the DM or SH wishes to consider. With input from the
247DM, and the SHs, the SMEs will attempt to create a con-
248sensus hierarchy and prepare a set of definitions for each
249objective and attribute. While the DM and SHs need not
250agree on the structure of the hierarchy, it greatly simplifies
251the analysis if consensus can be reached.
252Quantifiable Performance Measure (QPM): Specify the
253extent to which an option satisfies an attribute by reporting
254the level of performance of each option with associated
255uncertainty. QPMs are developed by first examining the
256attributes and then determining a set of appropriate metrics
257to measure each QPM. Once these metrics are established,
258the range of performance that any reasonable decision
259option might have is determined and then the relative desir-
260ability of different points in this range is assessed. This
261information is captured in a value function that takes on
262numbers between zero, for the least desirable performance
263level, and unity, for the most desirable (Pagan et al.,
2642004). The range of performance levels and the correspond-
265ing values form a constructed scale. The constructed scale
266can be continuous, with a unique desirability value for every
267possible performance level, or discrete, with one value cor-
268responding to a range of possible levels. Constructed scales
269allow any metric to be measured in terms of a common unit
270and they capture risk aversion to different levels of
271performance.
272A metric and its constructed scale form a QPM. QPMs
273can be based on quantitative metrics, such as a number of
274kg, or qualitative ones, such as a subjective understanding

Fig. 5. Steps in the Analytic Deliberative Process.

Fig. 6. Schematic objectives hierarchy.
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275 of a degree of complexity. They must, however, be metrics
276 for which a constructed scale can be developed. In cases
277 where more than one QPM is used to evaluate a single
278 attribute, QPMs are equally weighted to lead to a single
279 score for the attribute.
280 In the context of the QPMs, the DM and the SHs must
281 determine how relatively important each attribute is to
282 achieving the overall goal. To capture these preferences,
283 the Analytic Hierarchy Process (AHP) is used (Saaty,
284 2004). AHP requires each individual to make a series of
285 pair-wise comparisons between attributes, and then objec-
286 tives, saying which of the pair is more important to achiev-
287 ing the goal and then how much more important. The
288 constructed scales are critical in providing the necessary
289 context to make these comparisons. As an example, in
290 the absence of context, if an individual is asked to compare
291 safety with a monetary attribute, he or she will likely report
292 that maintaining safety is extremely more important. The
293 constructed scale, however, may reveal that the maximum
294 consequences to safety are minor while the maximum con-
295 sequences to the monetary attribute are extreme. With this
296 context, the individual may weigh the two attributes
297 differently.
298 Results from pair-wise comparisons lead to a series of
299 person-specific weights for the attributes. Consider two
300 stakeholders and the objectives Reduce Cost and optimal
301 spacecraft performance. In context, SH_1 believes reducing
302 cost and optimal spacecraft performance are equally
303 important while SH_2 believes that optimal spacecraft per-
304 formance is twice as important as reducing cost. The AHP
305 process would result is the weights shown in Table 1. As
306 these weights reveal fundamental differences in the way
307 individuals perceive a decision problem, no attempt it made
308 to reach consensus weights at this stage.
309 Analytic Hierarchy Process results in a set of person spe-
310 cific weights, wi, for the attributes that indicate the relative
311 importance of attribute i in the overall context of the deci-
312 sion problem. The weights across the entire set of attributes
313 sum to unity. With all of this information collected, the
314 objectives hierarchy is fully specified and the ADP process
315 proceeds to its third step in which decision options are
316 identified.
317 In the fourth ADP step, each of the decision options is
318 scored according to the set of QPMs. Appropriate model-
319 ing and analysis is conducted and combined with the expert
320 opinion of the participants so that the level of performance
321 of each decision option is understood as well as possible.
322 The constructed scales are then used to determine the cor-
323 responding value of this performance. Uncertainty in per-
324 formance levels can be tracked rigorously as each

325decision option may lead to a distribution of possible val-
326ues, not just a single point value. In general, this step of
327ADP is the most time consuming and resource intensive
328as it is the point where external tools are used to study
329the decision options. These may include computer model-
330ing and simulation, physical experiments or extensive liter-
331ature review.
332In the final step of ADP, the DM and the SHs select a
333decision option using a deliberative process. To facilitate
334deliberation, a preliminary ranking of decision options is
335produced. Options are ranked according to a Performance
336Index (PI). The PI for option j is defined as the sum of the
337values, vij, associated with the QPMs for attribute i

338weighted by the AHP determined weight for that attribute,
339wi as shown in Eq. (1).
340

PIj ¼
XNQPM

i¼1

wivij ð1Þ
342342

343The decision options can then be ranked according to their
344expected PIs and the effect of performance uncertainty can
345be shown. The DM and the SHs each review their individual
346PIs to understand how the current state of knowledge about
347the decision options and their individual preferences for the
348attributes affect the decision problem. Deliberations between
349individual SHs and DM over their rankings lead to a collec-
350tive decision. Though ADP may not always identify one best
351decision, it separates out the components of the decision-mak-
352ing process, hence facilitating a consensus between the deci-
353sion maker and the stakeholder (Stamatelatos et al., 2006).
354In the next sections, the authors propose an objectives
355hierarchy of the decision to Design-for-Demise over the
356other post mission disposal options.

3573.1. Post mission disposal decision-making

358NASA Technical Standard 8719.14—Process for Limit-
359ing Orbital Debris (NASA, 2012) requires retiring of a
360space mission at the end of mission lifetime through atmo-
361spheric reentry, maneuvering to a storage orbit, or direct
362retrieval. Three post mission disposal options are available
363via the reentry method:

364(i) Demisable uncontrolled reentry.
365(ii) Controlled reentry.
366(iii) Non-demisable uncontrolled reentry with reentry
367requirements waiver.
368

369This investigation will elaborate on the use of ADP in
370characterizing the ‘demisable uncontrolled reentry’ option

Table 1

Attribute SH_1 SH_2

Reduce cost 0.5 0.25
Optimal spacecraft performance 0.5 0.75

aThe AHP weighting process. Fig. 7. Demisable uncontrolled reentry goal and objectives.
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371 since it involves DfD in order to meet NASA post mission
372 disposal requirements. Specifically, the investigators shall
373 dwell on the ‘Analysis’ phase of the ADP methodology.

374 3.2. Design-for-Demise objectives hierarchy

375 To achieve the ‘demisable uncontrolled reentry’ goal for
376 a LEO reentry mission, four objectives have been identified
377 as shown in Fig. 7.

378 (I) Minimize human casualty risk to 60.0001
379

380 As stipulated in NASA Earth atmospheric reentry
381 requirements; during uncontrolled reentry, human casualty
382 risk should be less than or equal to 0.0001. It is therefore
383 assumed that a risk of 0.0001 per mission is the maximum
384 allowed risk but that there may be additional benefit to fur-
385 ther reducing the risk.

386 (II) Minimize programmatic resources
387

388 Mission programmatic resources are always finite and
389 limited, hence the objective to minimize them while pursu-
390 ing a demisable space mission.

391 (III) Minimize space segment mass and volume

392 This objective will not only have far-reaching consequences
393 in the design and on-orbit operation of the spacecraft; but
394 also on the mission as a whole.
395

396 (IV) Optimize performance and reliability
397

398 Mission performance and reliability should not be rela-
399 tively suppressed compared to a controlled reentry design
400 option or to the stipulated requirements while in pursuit
401 of designing demisable mission.
402 After identifying the Objectives above, their associated
403 attributes and QPMs are investigated next. In the QPMs
404 analyses, the values of consequence lie between 0 and 1;

405the value 1 represents the most desirable performance level
406while 0 represents the least desirable performance level.

4073.2.1. Minimize human casualty risk to 60.0001

408One attribute that minimizes the human casualty risk is
409identified. This attribute along with the associated QPM is
410shown in Fig. 8.

411(a) Minimize human casualty risk
412

413The human casualty risk is evaluated from Total Debris
414Casualty Area (DCA) of a reentering spacecraft and an
415interpolated population density along the spacecraft
416ground track. Population density is obtained from a pro-
417gressive global population database that gives the average
418population per km2 under a spacecraft as a function of
419inclination and year of entry. The number of people opti-
420mal spacecraft performance (Opiela and Matney, 2003).
421DCA for a piece of surviving debris is the average debris
422cross-sectional area plus a factor for the cross-section of a
423standing individual. Consequently the Total Debris Casu-
424alty Area is the sum of the debris casualty areas for all indi-
425vidual reentry surviving objects as computed in Eq. (2)
426(NASA, 2012).
427

DA ¼
XN

i¼1

ð0:6þ
ffiffiffi
A
p

iÞ2 ð2Þ
429429

4300.6 = square root of average cross-sectional area of a
431standing individual viewed from above which is taken to
432be 0.36 m2.
433Eq. (3) is hence employed to compute the risk of hitting
434someone on the ground (Dobarco-Otero et al., 2003; Opi-
435ela and Matney, 2003).
436

Casualty Expectation ¼ Population Density

� Casualty Area ð3Þ 438438

439The probability (i.e., ‘one in N’, or ‘1:N’) of a surviving ob-
440ject striking a person is the reciprocal of the casualty
441expectation.
442Therefore, the measurable consequence identified as
443QPM will be:

444� Computed human casualty risk: The two extreme per-
445formance levels will be determined from the inequalities
446involving the calculated risk value. The lower value will
447be zero which corresponds to human casualty risk
448>0.0001. The higher value 1 corresponds to a human
449casualty risk 60.0001. This is a binary switch indepen-
450dent from to values between the 0–1 range.

4513.2.2. Minimize programmatic resources

452Three identified attributes that minimize programmatic
453resources and corresponding QPMs are schematically
454shown in Fig. 9.Fig. 8. Minimize human casualty risk objectives hierarchy.
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455 (a) Minimizing space segment cost
456

457 Two QPMs are identified for this attribute. A linear
458 interpolation determines the values of consequence within
459 the QPM 0–1 value range.

460 � Demisable hardware Research Development Testing &
461 Evaluation (RDT&E) cost: Demisable hardware
462 RDT&E costs are additional costs incurred by the pro-
463 ject solely due to the development of demisable hard-
464 ware. The demisability RDT&E range of consequence
465 will vary from 0 to 1. The value 0 corresponds to the
466 assigned but undesired highest possible cost while 1 cor-
467 responds to desired lowest cost as determined by the
468 project management. Moreover, the project manage-
469 ment can determine the demisability RDT&E cost as a
470 relative function of the entire project RDT&E cost,
471 e.g. acceptable highest demisability RDT&E costs can
472 be limited to 60.05% of the project cost.
473 � Software plus ‘other’ demisability related costs: This
474 QPM captures any software reconfigurations and other
475 non-hardware related demisability costs. Similarly, the
476 range of consequence will vary from 0 to 1 correspond-
477 ing to limits set by the project management.
478 (b) Minimizing Design-for-Demise impact on project
479 schedule
480

481 To minimize DfD impact on project schedule the QPM
482 identified considers the additional time required to exclu-
483 sively develop and qualify the demisability capability
484 within the space segment.

485 � Duration of RDT&E of demisable hardware: The range
486 of consequence will be from 0 to 1 corresponding to the
487 durations set by the project management as highest and
488 lowest acceptable RDT&E durations respectively. For
489 instance, the project management may limit the demis-
490 ability RDT&E period to 10% of the entire mission
491 RDT&E duration.
492 (c) Minimizing Design-for-Demise impact on human
493 resource

494

495The measurable consequence identified is the additional
496human resource required solely for redesigning parts of the
497space segment to demise.

498� Additional demisability RDT&E personnel: The range
499of consequence will be from 0 to 1 corresponding to
500the demisability RDT&E expertise personnel deter-
501mined by the project management as the highest and
502lowest possible acceptable respectively. For instance,
503the project management may limit additional demisabil-
504ity RDT&E personnel to 67 individuals.

5053.2.3. Minimize space segment mass and volume

506Two attributes and corresponding QPMs identified to
507minimize space segment mass and volume are schemati-
508cally given in Fig. 10.

509(a) Minimizing spacecraft subsystem mass
510

511To minimize the spacecraft subsystems mass, the mea-
512surable consequences (i.e., QPMs) will be the individual
513subsystem’s mass. A total of eight individual subsystems
514are delineated for this attribute as shown in Fig. 10. To
515minimize subsystems mass, the range of consequence will

Fig. 9. Minimize programmatic resources objectives hierarchy.

Fig. 10. Minimize space segment mass and volume hierarchy.
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516 be from 0 to 1. For each individual subsystem, the lower
517 value of consequence, 0, corresponds to the highest accept-
518 able subsystem mass budget allocated by the project man-
519 agement. The higher level of consequence, 1, will
520 correspond to the ideal desired (lowest) subsystem mass
521 budget allocated by the project management.

522 (b) Minimizing spacecraft subsystem volume
523

524 A similar procedure to that describing minimization of
525 the spacecraft subsystems mass attribute is followed in ana-
526 lyzing the ‘minimize subsystem volume’ hierarchy. The
527 range of consequences for the subsystems volume perfor-
528 mance levels are determined in a similar manner too. The
529 range of consequence will be from 0 to 1. For each individ-
530 ual subsystem, the lower value of consequence, 0, corre-
531 sponds to the highest acceptable subsystem volume
532 budget allocated by the project management. The higher
533 level of consequence, 1, will correspond to the ideal (low-
534 est) subsystem volume budget allocated by the project
535 management.

536 3.2.4. Optimize performance and reliability

537 Mission space segment performance and reliability will
538 individually constitute the attributes for this objective as
539 schematically shown in Fig. 11, which includes the corre-
540 sponding QPMs.

541 (a) Optimize performance
542

543 Three QPMs are identified for this attribute. A linear
544 interpolation determines the values of consequence within
545 the 0–1 range.

546� Increased mission duration robustness: This QPM
547addresses increased mission duration robustness intro-
548duced by designing a mission to demise compared to a
549controlled reentry mission. Most NASA missions e.g.
550CGRO, have a zero-fault tolerance after an initial fail-
551ure in the controlled reentry subsystem. Consequently,
552this leads to premature mission termination in order to
553guarantee a successful controlled atmospheric reentry.
554On the contrary, a demisable spacecraft is relatively
555independent of such constraints; hence robustness to last
556the intended mission lifetime is vastly improved. The
557range of consequence will be from 0 to 1. The lower
558value 0 corresponds to the lowest empirically predicted
559Mean Time To Failure (MTTF) of the controlled reen-
560try subsystem given by Eq. (4)

561
562

MTTF ¼
Z 1

0

RcðtÞdt ð4Þ
564564

565and
566

RcðtÞ ¼ ekt ð5Þ 568568

569The higher value 1 will correspond to the planned mission
570lifetime. Values within the 0–1 range of consequence corre-
571spond to the respective MTTF’s resulting from alternate
572components and system configurations. Since a demisable
573mission excludes a controlled reentry subsystem, the
574QPM in this case will always be equal to 1.
575

576� Spacecraft on-orbit functional performance: Re-design-
577ing the space segment for demise involves design altera-
578tions that may influence normal spacecraft on-orbit
579functional performance relative to a non-demisable mis-
580sion. For example, a demisable attitude and propulsion
581subsystem may affect the spacecraft slew rate, range,
582pointing accuracy, and settling time; a demisable power
583subsystem may affect energy storage capacity and effi-
584ciency; a demisable structure and mechanisms subsys-
585tem may affect the subsystem moment of inertia,
586bending strength, stiffness, and mechanisms reliability.
587The range of consequence will be from 0 to 1. The lower
588value of 0 corresponds to the unacceptable performance
589of the specific subsystem as determined from the project
590performance requirements. The higher value of 1 will
591correspond to the ideal performance of the specific sub-
592system as determined from the project performance
593requirements.
594� Payload-related constraints: Constraints due the design
595of a demisable payload can influence mission objective
596performance in a number of ways. For example, to
597achieve demisability the size (mass and volume) of the
598payload may be reduced which may prohibitively
599impinge on the performance of executing mission objec-
600tives. Consequently, an alternative, but lower perform-
601ing demisable payload may be necessary, and so on.
602The range of consequence will be from 0 to 1. The lowerFig. 11. Optimize performance and reliability objectives hierarchy.
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603 value of 0 corresponds to the unacceptable performance
604 as determined from the payload performance require-
605 ments. The higher value 1 will correspond to the ideal
606 performance as determined from the payload perfor-
607 mance requirements. A linear interpolation determines
608 the values of consequence within the 0–1 range.
609 (b) Optimize reliability
610

611 Two QPMs are identified for this attribute and the val-
612 ues between 0–1 range determined by a linear
613 interpolation..

614 � Space segment reliability: This is the computed space
615 segment reliability Rs(t) whose range of consequence will
616 be from 0 to 1. No performance level inference or inter-
617 polation is necessary since the Rs(t) values seamlessly
618 confirm to the adopted QPM metric criteria.
619 � Demisable technology readiness level: The NASA TRL
620 definition (Mankins, 1995) is followed. The range of
621 consequence will be from 0 to 1. The lower value of 0
622 corresponds to TRL level 1. The higher level of conse-
623 quence, 1, will correspond to TRL level 9. Similarly, a
624 linear interpolation determines the values of conse-
625 quence within the 0–1 range, e.g. TRL = 8 and
626 TRL = 3 will yield values equal to 0.875 and 0.25
627 respectively.

628 4. Conclusion

629 The United States Government, NASA and other lead-
630 ing global players in the space arena have made commit-
631 ments on limiting new orbital debris and ensure acceptable
632 human casualty risk from reentering space debris. Due to
633 these obligations, designing spacecraft destined for uncon-
634 trolled atmospheric reentry to demise is highly likely to pro-
635 vide a cost-effective solution to this challenge because it
636 excludes provision for controlled reentry subsystem.
637 Moreover, DfD would introduce a post-mission dis-
638 posal paradigm shift in the design of space missions passing
639 through LEO in order to exploit the associated mission
640 simplification. Ad hoc implementation of DfD practices
641 especially during later stages of mission formulation is
642 apparent in the traditional NASA DfD execution. This is
643 chiefly attributed to DfD not being initially entrenched as
644 a mission design driver.
645 The authors presented a more comprehensive DfD
646 phase-by-phase implementation strategy in the mission life
647 cycle that facilitates a comprehensive DfD execution. The
648 strategy shown in Fig. 4 outlined how to implement the
649 intentional redesigning of the spacecraft parts in order to
650 make them demisable in a given phase of the mission
651 lifecycle. This plan will facilitate continuous thorough
652 integration of DfD practices in mission formulation and
653 implementation.
654 The Analytical Deliberative Process facilitates a risk
655 informed decision-making approach to deciding whether

656to design a LEO reentry mission to demise or opt to inte-
657grate controlled reentry capability. This process facilitates
658consensus building by bringing together all the DMs,
659SMEs and SHs. The authors identified the DfD objectives
660hierarchy and attributes. As a final step in the ‘Analysis’
661phase of the ADP framework, QPMs were formulated
662and the authors detailed how to compute the values corre-
663sponding to different performance levels of consequences.
664It is important to reiterate that the ADP does not pro-
665duce one best decision, rather it is designed to separate
666out the components of the decision making process so that
667the DM and SHs can reach consensus. The ADP clearly
668separates the issue of uncertainty in the performance of a
669decision alternative from variation in the preferences of
670individuals. The ADP is typically used to show each partic-
671ipant how his or her rankings of alternatives change if pref-
672erences are changed or if postulated option performance
673changes. The DM and SHs can then focus their efforts
674around only those issues that have high impact on the deci-
675sion. They might decide to conduct additional modeling to
676better understand option performance and reduce uncer-
677tainty, they might reconcile their preferences or they might
678find an obvious optimal decision.
679Presently, NASA handles demisability as a means of satis-
680fying the requirement to guarantee ground safety within the
681framework of orbital debris mitigation. Despite this being a
682crucial undertaking, additional merits associated with DfD
683do exist that warrant it to be applied in a much broader frame-
684work. Furthermore, the NASA Earth reentry requirements
685need to be extended to include other non-NASA sanctioned
686missions like LEO commercial communication satellites, mil-
687itary satellites and launch vehicle upper stages.
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