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Space Architecture
The Role, Work and Aptitude

Brand N. Griffirt
Gray Research]acobsEngineering and Science Services and Skills Augmentation Cgntract
655 Discovery Drive, Ste. 300, Huntsville, AL 35806 U.S.A.

Space architecture has been an emergingsttipline for at least 40 years. Has it arrived?
Is space architecture a legitimate vocation or an avocation? If it leads to a job, what do
employers want? In2002 NASA Headquarters created amanagement position for a pace
architect whose job was to filead the development of strategic architectures and identify
high-level requirements for systems that will accomplish the Nation's space exploration
vision.0 This is a good job description with responsibility at the right level in NASA, but
unfortunately, the office was discontinued two years later. Even thoughhere is no
professional licensing for space architecture, there is a community of practitioners. They are
civil servants, contractors and academicians supporting International Space Station ah
space exploration programs. Space architects currently contribute to human space flight,
but there is a way for the discipline to be more effective ideveloping solutions to largescale
complex problems. This paper organizes contributions from enginees, architects and
psychologists into recommendations on the role of space architects in the organization, the
process of creating and selecting options, and intrinsic personality traits including why they
must have a high tolerance for ambiguity.
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Lunar Excursion Module

Low Earth Orbit

Massachusetts Institute of Technology
Master Equipment List
Reichsluftfahrtministerium

! Senior Engineer, GrayeéRearch, Jacobs EngineeringESAGroup,Huntsville, AL, Senior Member.
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I. Introduction

UCH of the material in this papéas been better reasoned andch bettemwritten by others. Eberhardt
R e ¢ h tSysterd® g\rchitecting provides source material for the section on Rae; Br e n t Sher wood?d
contribution to thefinternationalSpace Uni v eS3paceArchitecure IL&iGuURIM Note®d is used to
structure the section owork; and theAttribute section relies on the work of Professor Mark Chignell who
describes the personality traits of successful, creative system archi@etause this material is presented in
summaryit is strongly encouraged to read the original writings for a more thorough understandaghaifthese
topics.

II. The Role

A. Architectural vs. EngineeringApproach

Babies aréborn pretty much alikebut some w up to be engineers and otharshitecs. Becaus engineers
are understandablarchitectsfige engineersut the reverse is not trueEngineers think architects make things
prettier, difficult to build and
more expensive.Some can, but

Engineering Approach Architectural Approach space architectsare different.

There is a single, ideal solution There are many solutions They analyze like anengineer
and synthesize like an architect
This is not an identity problem

| must start at the beginning of the process | Start anywhere, then adjust

A good process will yield a good solution Inspiration before process but an assetmore like being
Most decisions are quantifiable Some decisions are quantifiable amt_)ldextrou_s rathe_r than
schizophrenic Figure 1

You can’t do that Why not? provides sme insight into the
Figure 1. Engineersand architects approach problems dferently different  approaches  of

enginersand archigcts

T o d apericigant fo classifcationand labelinghas influencedhe perception thatersonakttributes are either
complementary or mutually exclusiva.hus one iseither engineer or artist; not botiMost authors writing about
system architecturare engineer yetthey aknowledgethat the role requires combination of deductiv@ngineer)
andabductive (architect)reasoning

Because space (it started and remains withthe engineering domajnspacearchitects have hatb sneak
under theengineeringtent masqueradias system engineers oonfigurators (engineering farehicle designer).
Engineering managesispecthere must be eole for architects but do ndhow where tolace themwithin ther
organization. Part of the problem igb title. This paper useBispace architeétwhich can easily include system
architect space system architeatonfigurator subject matter expernd sometimessystems engineer MIT
professor Ed Crawley offerthe following comprehensive definitiofor system architecturdi t kBnebodiment of
concept, and the allocation of physical/informational functions to elements of form, and definition of interfaces
among the elements and with the surroundipa
C 0 nt d b howbnder space architects have n ’m‘
found a homén theengineeringrganization

Another issueis that not all space architectg F——=
call themselvesspace architects There is no ' Enginsering
single job title forthefi s p a ¢ e  ascattened Detaled Besign
across organizational treeand geographically e
distributed around the world.Practicing spae Manufacturing

. . . . . Production

architecs currentlycontribute to mission planning,
vehicle integration, habitat design and hum
factors but are particularlattractedto the areas
of designintegraton and concept development

Operation
Evaluation

Adaptation
“System Architecting, Eberhardt Rechtin

Figure 2. Waterfall of major programmatic steps

B. Waterfall
In his book Systens Architecting Eherhardt
Rechtin (anengineerintrigued with architectural
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problem solving addresses the role of the architect within the organization. mdiel has less to do with the
individual professios and more about establishing functional connectiafithin an organization He begins
describing different phases of program developrositig a vaterfall (Figure 2).Thislogical progressionlefines a

sequence of major programmatic steps moviogn neal and resource to adaptation.
r bepprorideduntiier defioitiba i &rs expardedp | e x s

waterfd | does not accurately
Client
Need & Resource The
e Architect
| Model Building
I System Concep!
I Interface Description |
| System Engineering
| Engineering
Social & Detailed DeS|gn
Political Factors
Development
Manufacturlng
Production
Quality -
Reliability | Testing |
Safety | Certification |
Survivability | Acceptance |
Operation |
Diagnosis I
THE REAL ! Evaluation |
WORLD
| Adaptation I
*System Architecting, Eberhardt Rechtin
Figure 3. The achitectdb s r ol e i n dtehfadl expanded

aerospacethis relationships disruptive butit is consistent with the fundamental
ot her

the architectnust be well positioned wiin the organizatiomo be effectivel n
from below. Considering the nature of the work and rolehi d@rganization, it is logical that theumber of
architects is small compared to the number of engindergact, along with othes, FrederickBrooks andRobert
Spinardbelieve thathe greatest architectures are the product of a single architecieastaa very small, carefully

structured teamRechtin reinforces A | f
teambdb is the essence
Regardingr ol e s,

t he
of

singbé
engineer:i

Because the conventional

waterfall (Figure 3) adding a
box for the architectand
showing organizational
relationships What is clear
by this diagramis that the
architect mushot only have
a comprehensiveiew of the
product and process, but
must be directly connected
to key decisions from
beginning to end. Dr.
Rechtin believes that the
system architect f
generalist, but a system
oriented speci
Furthermore, regarding the
architectsrole, he states that
farchitectifarg i s
aclient andwitha bui | der .
Thenhe upsets the applecart

by saying, fengi
working with an architect
andfora bui Widhinr . 0
naturefich r ¢ h i beeatigei n g o
words, you ¢

a l

WO

0

ne

an

mroditectheakbssahegrity

ng
tttle eurpmse itosebatd Ithejurisdictional question of just how much system

integrity. o

engineering is done by the architects (not much because there are not that many architects) or how much system

architecture is done by the typical systems en
this interface looks fuzzy from either side. TH
serious mistake is to leave a gap.
lll.  The Work

A. Heuristics

Why all the fuss? Just design itetg
management buin, build it, and thersend itto
the launch site(Figure 4) This appoach is
partially correct, but, to make a point, it ovg
simplifies each step. In realitthe process for
building complex systemsrelies on many
decisionsmaking techniques, some logical,
some heuristic and othera product of
management decree.

Georga Tec hoés, Tom Mc
isystem architecting
engineering in that it relies more on heuristic

ineer (not-tmocimany cooks spoil the soupRverlap is essential

e

)

=

Der mo r}a;mms tates

Ship to Launch Site

Flggré 4. Hos\/ to ae5|gn ahdBuith a saaXe%réfte m
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reasoning and | es s Asimilartyét enoraifereefubssertioasmedey SystensArchitecting
Heuristics or experienced based reasoning,characterized asssentiako architectural problem solvingRechtin
says,siPracticing architects through edu ccansidemliiebodyeat per i enc
contextual sense by the time they are entrustéld sulving a systedevel problemt ypi cal ly 10 years.
féarchitects have insights, | essons | earned, rules of
brought to bear on complex problems. o
Three commaoly cited examples of heistic s ar e : 1. MNanythindr cad go wiorsg it will, 2. the
acronymKISS or Keep It Simple, Stupids nd 3. Occamds Razor: The simplest s
Heuristics are not new. I'n the Bsbltbds ©oDhkfrattwi Pdowmer
present his case seems right, till anottmmes forward and questions hind | n P odmanaR Benfaraim d 6 s A
Franklinsuggests A Thr ee may keep a s e Andbaseball ledendogvBerraclériiesdne m ar e
important distinctiorwith, Aln theory there is no difference between
With regard to space architectungn Tiesenhasen, one of the#eon BraunGer man fAr ocket sci eni
worked on the Apollo Progm saysfif you want to have a maximum effect on the design of a new engineering
system, learn to draw. Engineers always wind up designing the vehicle to look like the initial artist's @oncept.
Furthermorethere are many applicable heuristicsSiystens Architectingwith otherscollectedin persomal lists of

i | a wselections from three notable listinge shown in Figure.5

Akin’s Laws* Augustine’s Laws** Peter’s Laws***
Engineering is done with numbers. Analysis without There are no lazy veteran lion hunters. When given a choice... take
numbers is only an opinion. both!!
To design a spacecraft right takes an infinite amount of The last 10 percent of performance When forced to compromise,
effort. This is why it's a good idea to design them to generates one-third of the cost and two- ask for more.
operate when some things are wrong. thirds of the problems.
There is never a single right solution. There are always It costs a lot to build bad products. If you can’t win, change the
multiple wrong ones, though. rules.
The fact that an analysis appears in print has no Defense budgets grow linearly but the cost If you can’t change the rules,
relationship to the likelihood of its being correct. of military aircraft grows exponentially. then ignore them.
A bad design with a good presentation is doomed It is very expensive to achieve high The squeaky wheel gets
eventually. A good design with a bad presentation is unreliability. replaced.

doomed immediately.

The schedule you develop will seem like a complete work | The process of competitively selecting The day before something is a
of fiction up until the time your customer firesyou for contractors to perform work is based on a breakthrough, it’s a crazy idea.
not meeting it. system of rewards and penalties, all

distributed randomly.

Space is a completely unforgiving environment. If you Never promise to complete a project If it were easy it would have
screw up the engineering, somebody dies (and there's no | within six months of the end of the year, in | been done already.
partial credit because most of the analysis was right...) any direction.

*David Akin, Sc.D., MIT, Assoc. Prof., Dept. of Aerospace Engineering, Univ. of Maryland
**Norman Augustine, former CEO of Lockheed Martin and Under Secretary of the Army, Chair of the Review of United States Human Space Flight Plans Committee
**¥peter Diamandis, M.D., Harvard, B.S. MIT, Co-founder of International Space University, X-Prize and Singularity University

Figure 5. Three lists of representativeheuristics

B. Three Major Areas

The work of pace architecturean be grouped intthree major areas, requiremts, functional integation and
design integration. Because both requirements and functional integrationtremeughly described in systesn
engineering documentdis paperconcentrate on design integratigrthe area most closely associated vgiplace
architecture.

C. Design Integration
1. Process Description
Design integration isin ugly process. It iswonlinear anditerative it advances and retreats. It simultaneously
benefits from discipline and serendipity. Amansidering what actually getsiili, personality, prideand position
often trump processkor some thiss too randomlacking affirmation andiltimately,discouraging.For others, ifs
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therealworld overheadhat comes with the work of design integratidrhe following descriptios provide insights
onthe design integration work of a space architect.
a. The Myth of Athedanswer

Ak i taw dumber 12 statesThire is never a single right solution. There areagbvmultiple wrong ones,
thougho Brent Sherwoodhdds,there is @ suchthmng as fit he .cBothrare trying to enightateer
analyticalmind to the fact thadesign is not aalgorithmwith one repeatable answdn fact, there is m observable
behavior pattern associatedth design maturity. Thosewith limited deggn experience tend to fall in love with
their first solution then spend

Lleries ooy A _ et e extraordinaryresourcesdefending that
7 <y £, WHEZ one concept. In contrast, mature

P NS i designes create many workable
il s 28 2 solutions producing the opposite

challengeof selecing from amongst the
optiors. Although there is no single
right answer, usually only one sahn
gets built. For this reason, the space
architect is often the arbitrat@mongst
competimg interests where the only ideal
solution exists in the fantasy of a
cartoon (Figure 6). Therefore, design
integration is both about generating
options and downselecting to a
solution.

e b. Where to begin
; S OF 7 .
RADIHTORS YAl e Tabula rasameans blank sta and it

Figure 6. The ideal deep spacedbitat can paralyze altlesigners. Confronted
with a complex design problem and a
blank page, it is hard to know wieeto start. Worrying about making a mistake, making a poor decision, starting in

ASTEROIO
VS

LVRR > M ALEAE
Va&
TEz kIO Lors oF

the Awrongd place, or pursuing a fAdead endo often chok
startedVan Gogh saw iYouwu sdoan tohhpakhisizoegithghes, thafistare of a blank canvas, which
says to the painter, 6You can6t do a thingbé. [ .. .] bu
dares and who has broken thée spell of “you candtd once
Experiencedspace architectsealize that rarely does the firgshark ordecision remain unaltered throughout the
entire process. Therefore, it does n oflexiblmenbugteto penwit at t he

change. The process is cyclisal there are multiple entry points around the loop. The key to overcoming the terror
of the blank page is to begin anywhere, with anything (an estimate, a trial mark, a guess) and then react to that initial

decision(Figure 7) Professor Akin providesosme addi ti onal wi sdom, ANot having
never a satisfactory excuse for not starting the anal y:
c. Balance -

Balanceis one of the tools space architects use to avaijbring in
the minors thatis, focusing onlower level isses at the expense of
comprehensive integrationBalancepreventsany given aspedrom
exerting too much influence over the final resulthis is generally
good lowever, based on experiencenaunbalanced approach is
sometimesusedto preserveattributesthat otherwisewould disappear
without early and strongadvocacy. For examplemaintainability.
Maintainability is out of balancevith the systemdefinition during
preliminary design, but a space architect migep it in the mix
knowing that it is extrely difficult and disruptiveo integrate later in
the process. 4

Rechtin stated the space architect is not a generalist, but a systq
oriented specialist. This still begs the question, is it more important t¢
know a little about everything (knowledge brégd or a lot about a| ;
few things (knowledge depth)? Design integration needs both
However, depth can be achieved through a team of spegcialisiteé | Figure 7. Blank slate paralysis
breadth is essential to tleork of thespace architect. This is because
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the architect is an integratand this necessarikequires acomprehensive ansimultaneous overview of technical
and nontechnical factors.

Integration also balances the resosroetime, moneyand capability. For this the space architect must have
programmatic peripheral visioriThat is to say, what is the funding profile for otfiec 0 mp eptojects guvibhin the
organization and what is a realistic strategy for acquiaing managing moniesBudget busting solutions are not
likely to be considered. Developingsehedulestraegy for implementatioincluding make/buy decisions atiche
for institutionalprocurements essential for large scale systems integration.

Because all projects must work within resource constraints, it is important to prioritize dec#iory
Resouces must be allocated carefully because the project cannot afford to demoigctoeffort to desionswhich
affect limited aspects of the design.

Sherwoodand Rechtin drava decisioamaking parallelwith the following analogy: The termtriage is used §
doctors in wartime owother disaster situations where the number of people needing treatment overwhelms the
medical capacity to treat all of thenfriageis the process of dividing wounded people into three categories: those
who will die no matter watthe doctordoes, those who will live even if the doctor does nothing, and those who will
only live if the doctor treats them. The doctor only treats the th™<
category, that is, the cases where his effort will make the most differg
Design integratio requires the same philosophy. Effort should be focu
first on making the most important decisienathat is, those which affect
the greatest portion of the project, or which must precede the la
number of decision to follow. Decisions which wilbt affect the final
outcome, and decisions which can be made later, should be avoided. oncepts

d. Spiral Evolutionand Iteration

Most systemsengineeringtextbooks include the concept of spiral
evolution or the path to gater understandingith a convergenceon a
design solution As decisions are made, the pathway enables more prg
requirementsguiding the procesdo the next higher level of projec
refinement(Figure §. The spiral returns again and again to the sa| | system Requirements
issues but with a more advanced understandach time.The precision of | || Analysis Condepts
the geometry is somewhatisleading, because in realiyere are gaps ang
divergent rabbit trails.

Iteration or revisiting the same question multiple times is vital
integration for reasons of process efficiency andxitglity. Space
architecs include these revisitsn the process to avoid gettingabed,
losing balanceand getting locked into poor solutiondn addition, this
discipline contributes to aealthy skepticism avoiding overconfidenge
any one solution

With the knowledgethat the prior decisionsvere made to ma the project forward, theghould beheld
flooselyd and treated as temporary. This avoidtige stuck merely because therenist enough information to
make a clear decisioat that time. The space architect then chooses to insert a place holder deferring detailed
treatment while keeping the process moving. Iteration provides a structured, cyclical waygdorateonew data as
developed and automatically encourages a fresh look each twre.occasiondiscoveries expose impassable
obstacledor which Akin advises Sdinetimes, the fastest way to get to the end is to throw everything out and start
over. 0

The moreiteration cycles a project cafford the more refined and robust the produath dbe. Therefore, for a
given interval of time, increasing the frequency of cycles improves the prospect for a goodIretiins of the
number of Raw3 dferdtle follodikgiinsighfiDesign is an iterative process. The necessary aumb
of iterations is one more than the number you have currently done. This is true at any poindin time.

uirements

Analysis

Figure 8. Spr al evolution.

2. Developing Options
a. Gap and Overlap Identification

There are design challenges with what we already know, but it is the gaps omgnm$ésimaton thatcause
trouble, most often by invalidating or compromising our results. Therefore, key to effective integration is the
identificationand prioritizationof knowledge gapsFive steps to address high priority gaps argcharacterizéhe
state ofpresent knowledge;.Ridentify the areas with the greatest uncertaintyd8cide the specific questions that
need to be answered to reduce the uncertaintgletide which among the questions should be answered next; and
5.) take action to acquire tee answers. Overlaps represented by disparate results are also a concern. If

6
American Institute of Aeronautics and Astronautics



Control ID: 1949909

quantifiable, they should beesolvedby analysis otherwise the space architect should make a dewigfonhe
option for reviewduringthe next iteration.
b. Literature Search
Making claim toconceptoriginality without a thorough literature search is professionally irresponsibdaste
of resources and sometimembarassing. Granted, with pressure to show early progreasagers do not stress
this researchand it is often difficult to distinguish the crediblesources. Regardless, as the integrator, space
architects must encourage contributors to spend timeexglwhat has been done befofkhis is basic scholarship
yet treatedcasuallywithin the space communityA literature searctshould be done with an open yet skeptical
mind, because there are bdiltbiases that may run counter to a balanced solution.
c. Concept Generation
Depending on the experience of the space architect, it is possible to begin developing omei or
configurationsearly in the spiral. This is the first scratch on thbula rasaand serves the importastep in

Early Expansion Delayed Expansion
(Broad Cone) (Biconic)

Start ;

Increasing Tin

17

(Concept Maturity

Resource commitment)
Organizatjon|tree

Forms around ¢orfiguration

<«—— Change inertia ——» <«——— Change inettia ——»

Figure 9. Concepts matured by a small team minimizehange for configuration-based organizations

organizing the team around a solutioks represented in Figure 9,i$ recommended thaefore broad distribution,

a small exprienced team review and comment on the initial designs. This helps to prevent a large team from
solving problems oimmature or poorly conceived desgriLike inertia, once the expanded team starts workimg

the conceptit is difficult to redirect wihout changing the
organization.

The easy and safe approach is to begin with a concept that
is a derivation of a previous solution. ¥hs reassuring to
engineers. On the other handclatects are intrigued with
daring and innovative concepts whichngr uncertainty This
is unnerving to engineermvokingt he r ef r ai n, AYou
that!'d For new, norntuitive conceptsspace architects must
expand their roldeyond a managerial integrattur that of a
charismatic leader. WARNING: It is rare for lage mature
bureaucra@s to eagerly embrace new concepts it is
BY 14180 important to know how to persevere, when to lay low, and
when to drop ideas.

Although the perception is otherwise, there is nothing about
engineering that restricts creativity In fact, engnheers are
responsible for manyremarkable, novel solutions. For
example, during WWII, the Germans wanted an observation
airplane with excellent visibility.  Unlike a conventional
aircraft, their solution was an asymmetric design with a glass
cockpit an the wing(Figure 1Q. This provided the pilot with
forward, reaward and downward visibility that wsa not
obscured by the fuselage. The plane was built and W. Green
writes in Warplanes of the Third ReichiEven the RLM
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(Reichsluftfahrtministeriun which viewed the BV 141 with the utmost suspicion frim outset, was forced to
admit that, despite its highly unorthodox appearatieaircraft possessed extremely docile handling characteristics
andfullymet he original specifications. 0

Outside of sciece fiction, there were nprecursorsfor the Apollo LunarExcursionModule (LEM). The
adaptati on drom thaHarehdo the BMoaereldres] théanderasan oversized 45 caliber bull@igure
11). Fromtabula rasa The LEM engineerscreateda revolutionaryarchetypethat continuesto inspiretoday's
spacecraft designerd\s such, it stands out as a remarkable exawipémgineeringreativitythat made ithrougha
large aerosgce organizationto reality.

d. Humarsin space
Architects  have always
designed for humans This
relationship is symbolically
represented b y da Vinci 6s
Vitruvian Man and through
others including théodula by
Le Corbusier. Because of the
profound differences inspae
physiology, anthropometry and
operations, a new Vitruvian
Manis required For weightless
habitats space architectause
v ; neutral bog posture or the
D R S humard s n a t pogitianl
Figure 11 The design of the real lunar lander overcame preconceptions| without the influence of gravity.
Muscles assume a neutral
relaxed positi omxtendingthe tcaunn approximaig2l iro inpyet the projected height is
reducedas much as 8 in. (20cm)Arms replace legs for translation and a bag on the wall serves as albisd.
Vitruvian Man(Figure P) is the newdatumfor habitatsizing,internallayout, and tanslation pathsFurthermoreit
guides thalesign ofworkstatons personal hygiene compartmerdad the galley/wardroom.

4\ %

€sA

10%

Vitruvian Man Modulor New Vitruvian Man
Da Vinci Le Corbusier Griffin

Figure 12 A new datum for space

e. System Sizing

System sizing and concept generatime interdependerdctivities swappingleadership roles. Experience
(heuristics)al | ows t he space drawcmhadt eotncept pbefloce acfival ly s
sizing confirms or reshapdisatinitial conceptDesign choices are quantified in the system sizing step of the spiral.
Because this step inteelatesmultiple components, systems, aatéments, it is at the heart of design integration.
Pursuing the interdependent effects ®fstem selection and sizing choices through analysis is the engine which
drives theintegrationcycles. During the first few cyclesspacearchitects prefer parametriatherthan specific
solution analysis This allows revisits and adjustments basedsensitivities inmass volume and power. For
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example, Figure 18ompares the hardware mass for the environmental control lif@gugystem as a fution of
mission duration.The datashows a ms®ver fran an open to closed (regenerative) system at about 57 days. Other

Apoll
3000 Spen fpoto
P open Skylab
Increasingly Increasingly , < / 02 only
e Zz ;/
< hygiene urine proc
Open Crossover c|osej > ”~ h¥§.ene urine p
B / = potable only
7’ o ~
7’ ’ . _ pot+hyg+up
P 2 pot+hyg
P w - pot+hyg+02
f— | pot+hyg+02+up
g o
E" 7] - = a
Q. - o = -
2 —— - -
n 7
& -~ ==~ - 7
+ 1000 == -~ Z
@ - - - 7z
5 - - 2
= -
E] L
T
T n 7
7
7’
7 Mass does not include food
Y | I | I |
0 Opkn 20 Open do 60  Closed 80 100
(Apollo/Shuttle) (Skylab) . . i
Mission Duration (days)
Figure 13. Parametric data allows flexibility in system sizing decisions

data, like consumable mass and technology readiness are required to make system sizing, dedisfahe
mission duration changes with this presentatitois easy to assess the impact by revisiting thetatadiner than
running another dedicatexhalysis. It is not always possible to have dletdata when it is needed so, Akiffers
the following guidancefiwhen in doubt, estimate. In an emergency, guess. But be sure to go back and clean up the
mess when the real numbers come alond.he author of Sherlock
Holmes stories, Sir Arthur Conan Doyle adds a cautionary note, "I ngver Air
guess. It is a capital mistako theorize before one has data. Insensnly Supply Lighting
one begins to twidhcts to suit theories, instead of theories to suit facts. Overhead
3. Internal Layout ll' ’

The following steps provide a guide for spacecraft internal laygut

Creating a consistent up/down (loaagdrtical) is important even in the €02 Build up
=
(<

weightless environment. Zoning organizes activities and establi [

physical proximity. X

a. Local Vertical \'«L
1

Whether on a planetary surface or in weightless space, a loc Displays UP
vertical is imposed to provide a common up and down actioss 3‘ Controls
spacecraft. Thideuristic establishes the orientation for controls and \ \\ (common
display, labeling and is useful in fade-face communication. Like S\ orientation)

sunlight and overhead lighting, spacecraft illumination is used to imply {
an Aupod direct i oisano aamckction,eachedadsoe | t h grl
airflow washes away exhaled carbon dioxigeovides a reinforcing
orientationcueand is preferabléo having air blow up the nog€igure e Deck
14). Without foot restraints, weightless astronauts must stabilize  Air

themselves usingheir hands. Because this prevents two handed Return

operations, having floor mounted foot restraints allows stability wi

Itdh: :
both handsfree The local vertical provides a reference but does n g'ure 14. A comman local vertical
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restrict the crew from assuming different orientations out ofgmedspreferencer for improved accessibility.
b. Zoningand Functional Adjacency

Zoning and functional adjacency are guiding principles that provide constraints for positioning internal systems.
Zoning is the grouping of elements that share common attsilmrieesources Typically, this includes separating
quiet and noisy activities, placing crew access funstsuth as galley/wardroom and personal hygiene in the wall
location, positioning subsystems in the overhead and floor locations, and groupingravityoscience at the best
location within the spacecraft. Functional adjacency refers to a proximity assessment determining which activities
prefer to be next to one another, separated or are indiffepgnaidjacencymatrix is created to provide guidee on
functional proximity (Figure 8). These guiding principles provide a point of departure for the internal layout;
ultimately the final arrangement is the result of an iterative process that integrates other factors including mass,
volume, cost, schiule, technology levelnd maintainability.

Figure 15. A functional adjacency matrix and zoning diagram help guide the internal layout.

c. Utility Distribution
The space architect is responsible foeating alogical, efficient, faulttoleranf and serviceable system for the
distribution of power, data, fluidsind gases.This critical taskinterconnects external elements like solar arrays,
antennasand radiators with internal conditiomjrand processing componerits crew equipment such as the
galley andhygienecompartment Line length anddilure modes playkey roles in determining thenumber, routing
and isolation control of the utilities linesAir handlingdominatesthe layoutbecauseefficient, lownoise,ducts
require adarge diameteandparticular placemerfor thermal control, fire detectiomndcrewgas exchangeUtility
distribution is a highly iterative process integrating crew accommodations and secondary stifgagee architects
tendto develop a integratednodularsystenthat allows flexibility in layout.

d. Subsystem Schematics and Component Packaging

Most functioning subsystems can be characterized by a schematic diagram. This identifies the major

components and the interconnectivity of power, data and cooling lines. In a Master Equipment List (MEL),
subsystem analysts record component mass, power, dimensiongchndlagy readiness. Using the schematic,
MEL, and a concept for line replaceable units, the subsystems are gadkatpunch loads, connectitm utilities
and crew servicing. For the International Space Station, systems were packaged into idektichkn attached to
standoff trays for utility connection. New approaches are being explored because this concept was based on
delivery and outfitting by the retired Space Shuttle. New concepts are needed for long duration human missions
beyond loweath orbit (Figure 8). These mission will have infrequent and possibly no resupply and therefore must
be designed foin-situ repair and maintenance.

D. Selecting Options
1. Constraintsand Reserving (ptions
Constraints are the boundary conditiangposed o the design from requirements, specification standards,
managemenpr the laws of physics. Thelsocanbe selfimposed reducing a broad array of options in order to
get the project movingvith proper emphasis amportant issuesFrank Lloyd Wrightsaid that constraints are the
architectdés best friend.

10
American Institute of Aeronautics and Astronautics



