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Abstract. Tradespace exploration is a rapidigvancingdesignand decision supporparadigm thatis
particularly applicable t@eomplex systems with many vakhakeiving dimensionsThese syiems commonly

have multiple stakeholders that can exedritical influence on thea & & (i $ovic@@tual design,
necessitating the satisfaction of their negedand often requiring negotiatianPrevious research has
suggested that classic tradespace explomtiactivities may reinforce negative negotiation behaviors
through their framing of the mukstakeholder problem.This paper presents active research in
recommendations for supporting inter-stakeholder and stakeholdetata interaction These
recommendatios includethe reframing of standard tradespace activities and visualizatiasing the
combined insights of the negotiation, framing, and TSE literature and extend from problem formulation
through exploration of the data

Introduction

As modern engineeringystems increase in size and scope, it has become increasingly necessary to
consider the perspectives of multiple stakeholders in the conceptual design pr(gagser et al., 2015)
Stakeholders most commonly enter the design process as the defineedugfqthe desired attributesof

the system and the reasons for which it is being designdany methods for approaching the
multi-stakeholder problemghoose to aggregate stakeholder preferencesjucing the dimensionality of

the problem and providing pmerful leverage for algorithmic design and optimizatidgftowever, these
methods areonly mathematically rigorous under specific axiomatic d¢bods and are by definition a
simplification: often underrepresentinthe true complexity ofthe problem (Scott aad Antonsson, 2000)
Additionally, and perhaps even more importantly, many stakeholders are reluctant to abdicate their
decisionmaking authority to a model and thereforeayreject normative frameworks for combining value
functions.When stakeholders caexert influence on the design process up to and including potential veto
power, the multidimensional comparison ehch individual stakeholdes necessary in order to identify
FftGSNYFGA@Sa GKIG FNB 020K G322Ré dande wilhkieAsdslal A y (0 S
dynamics between the stakeholdeBesigns that lack either of these qualities may find themselves useless
or unable to generate the buy necessary t@ontinuewith, andcomplete detailed design and eventual
operatiors.
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This paperwill discuss the ability of tradespace exploration (TSE) and, specifically;stakéholder
tradespace exploration (MSTSE) to support early conceptual design of engineering systems with multiple
stakeholders MSTSHhas been developed to targetesign aisks with stakeholders who are unwilling or
unable to fit their preferences into a shared normative decision framewaotkwvho remain involved in the
design procesdraming has been identified as a challenge leading to counterproductive negotiatitos

by previousMSTSHEesearch, but a challenge that is capable of being ameliorated through creative
redirection of attention and emphasis on grodynamic data over individualistic datgitzgerald and Ross,
2015) Those results are supplemented hesith recommendations foframing adjustments throughout

the MSTSE process, including early in the problem formulation.

Multi-Stakeholder Tradespace Exploration

Tradespace exploration is a design paradigm tisgsthe analysis of many alternatives in ord® build
understanding of the tradeoffs between vakdeiving attributes that are available to the designéRoss
and Hastings, 2005; Ross et al., 20108jthout restricting attention to a particular implementation
generallya TSE project will folloa proceduresimilar to this

1. Problem Formulatior the structuring of the problem and scope of decision makirgs normally
includes the definition of the design space used to enumerate potential system alternatives, the
context in which those systems livoperate, and the stakeholders and value attributes used to
assess them.

2. Modeling/Evaluation ¢ the development and use of models for the purposes of evaluating the
designs.Models can take many forms, which necessitates a selection of modeling tecks)ique
appropriate to the problem formulatiorCreating models is itself nontrivially difficult and normally
takes considerable effort without the benefit of reuse of previous models.

3. Exploration/Analysisg the attempt to curate insights from the modelutputs. Stakeholders and
analysts are both capable of performing this step, with different strengths and weaknesses.
Exploration is typically intended to generate results capable of justifying a detissefect a given
design alternative

This knowledg-building process is particularly useful when applied to complex systems for which
designers or analysts may not have a strong intuition of the dynamics atTtaypresence of multiple
cooperating or competing stakeholders is one such complexigrly attempts to incorporate
multi-stakeholder analysis into TSE simply used a value model for each stakeholdeseandnalyst$o

find design alternatives that satisfied eadhii I { S K@ddd® B/dlIefér to this type of analysiriven
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tradespace without stakeholder participation (not to imply any sloppiness in the construction or
exploration of the tradespace). Informal MSTSE has the advanthdpeing able to be conducted by

experts in a manner similar to most systems engineering activities, with the resulting lessons and insights
then communicated to stakeholders befoteey engageh y G KS G F2NXIFf €& ySI2GA A
process. However, thspproach naturally risks costly iteration, as the negotiation may raise new questions

that must be sent back to the engineers responsible for tradespace analysis and delay the final decision.

Thisweakness inspired new approach consisting parallel eploration of the data by each stakeholder,
with the goal of uncovering emergent insighh the intersection of theirexploration and facilitating
dialogue amongst the stakeholders that could result in iterative refinement of their value noodieilg
explaration rather than separate from {Ross et al., 2010b)rhough effective at its intended purpose, this
type of multi-stakehotler analysis wasonducted entirely with the mindset, supporting visualizations, and
metrics of classic TSEfforts to formaliz the concept of multiple stakeholders engaging with tradespace



data into MSTSE sought to-ezamine the latent assumptions in these methods, in order to confirm or
reject their suitability for the additional complexity inherent in the musitakeholder poblem (Fitzgerald

and Ross, 2014Framing was identified as a potential key roadblock to effective MSTSE, due to the
aggressively individualistic framing of traditionalnglestakeholder TSE analysis leading to misplaced
reference points for decision rkang and misattribution of gains and losses.

Macro Framing and Micro Framing

The concept of framin@pas been used in many different ways, to describe many different ideabeir
most basic sense, all the uses of framing share one key feature: the taritirgy that contextual factors
impact human perception and thus human actiofhe wide scope of framing can sometimes lead to
confusion when discussing its implicatiods instructive division of the relevant literature by whether

the framing occurs atside or inside thdoundaryof a specific casevhich we calimacroor microframing
issues respectively To illustrate the differences between these two types of framing, the following
subsections will cover some of the prominent literature in theics, following that with early research
returns on the impact of framing in MSTSE

Macro framing. Macro framing lies outside the domain of any single decision problem and deals with
issues of wridarge beliefs and perspectiveRerhaps the most famouscienceoriented discussion of
framing is that of Kuhn (1962) on the subject of scientific revolutihtin describes the progresd
science as one of prevailing paradigms that are upset by revolutions in favor of new pardigywisitions

are often chaacterized by heated debate between the scholars of the different paradigms, who frequently
have difficulty communicating because they are figuratively speaking different langudgegaradigms

can be viewed as frames (or perhaps lenses in #malogy 6 KN2 dzZAK @ KA OK LIJS2 L3 S
Competing paradigms can make normative arguments in completely different directions, as the norms to
which they appeal do not necessarily aligiis can affect negotiations even at a mechanical Ieve.
example, thee is evidence thatlifferencesn outcomegoal orientationand process goal orientatiomwo

types of mental framingpositivelycorrelated withhigh-value negotiation resulicannegativelyimpact the
guality of negotiationoutcomes. When measuring eactype of goal orientation present inegotiations
similar levels oboth key types of goal @entation resulted in betternegotiation outcomes tharsimply
having highabsolutelevels of goal orientation (Katdavon and Goldschmidt, 2009).

Schonand Rein (1994) also approach the issue of interpersonal conflict through framing, specifically
targeting the realm of policy creatio: KS& A0 NBaa GKS AYLR Nldibeiat8ly 2 T a
considering the differing frames of each acaw a préminary step to effective policy desighloreover,

each actor can balance multiple frames, both rhetorical and agiitented, that operate on different

levels.! & GKS KAIKSad tS@Sts avYSGlOdz GdzNIF £ FNI YS&aé |
norms.¢ KS@ LINRPGARS |y SEFYLES 2F (KS dzasS 2F YSGl LK2
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issue.These metacultural frames influence IBWNJ £ S@St GAyadAGdziAz2yl ¢ FNIYS
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language of policy, due largely to the prominent role that ideology plays in politicateleval policy
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fundamental than objective facErame reflection allows participants in the conflict to examine not only

where their own beliefs come frorbut also those of their counterpartd.hough Schon and Rein rightly
acknowledge the risk of relativist paralysis (e.g. questioning the objective validity of norms can lead to
failure to act), they provide many examp)esough not directly engineeringelated, of frame reflection by

key actors resolving entrenched conflicts by clarifying the decision criteria for each party to the other.

a2NB 3ISYySNIffesx aYlFIONRBE TFNIF YAy Dfparicdar Sigrest to & dzo &
negotiation is thegsue of fairness or equality, as it has considerable bearing on the evaluation of outcomes

3



in group problem solvingRaiffa (2002) points out that there are many credible definitions of fairness,
GKAOK OlFy KIF@S RNIYFGAO A YrLd givénaproideynin ories to grévenk NB a i
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person will likely choose what they truly believe to be féin alternative, more pragmatic, view of the

same idea lies in the game theoretic heuristicthak S 6 Said ¢l & (2 | @2AR a3l YAY.
complex for players to discern what will improve their outcome, which may be true for the design for some
large multistakeholder systemsd al ON2 ¢ FNI YAy 3 OFy Ffaz2z o%onoefy AyTF
metapreference®n nonfunctional attributesin the design spacr decision makers, such as a favoring of
passively robust systems over actively changeable systesyte allelsebeingequal

Micro framing.In contrastto macro framing, micro &ming residesvithin the problem formulation, in the

way information is presented and tasks are performdthe most prominent results in this field include
bounded rationality (Simon, 1957) and Prospect Theory (Kahneman and Tversky, 2000), which delineate
how humans may attempt to act rationally but do not succeBdunded rationality refers to the inability

of humans to accurately analyze complex problems and find optimal solutions, instead relying on heuristics
to reduce the cost of deliberatiorProspectTheory is an empirically derived theory describing the nature

of many common deviations from axiomatic rationalitystates that people make decisions by comparing
outcomes to a specified reference poiQutcomes are judged as differences from the refece point and

FNE GKSNBEF2NB LISNOSAGSR lFa a3l Ayaég 2N afz2aasSaové w
are reinforced by anchoring, the observed bias that humans display towards information they are shown
first, regardless of its ultiate relevance. Changing a reference point, once established, usually requires a
deliberate effort (Tversky and Kahneman, 1978erceived value around the reference point is
asymmetric, resulting in a higher impact of losses over gasngictured in Figear 1 It has also been found

that decision making in the losses domain is more stressful and more likely to lead to irrational or regretted
behavior (Gelfanet al., 2004).

Perceived Value

Outcome

Figure 1Perceived value around a reference point, according to Prospect Theory
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human bias towards information that is accessible (Tversky and Kahneman, [t9{fdg.way, information

that is provided or readily recalled is impligiassumed to be more important than hidden or forgotten
information. Other biases they cover include insensitivity to probability, misconception of chance, and
improper grasps of regression and representativeness.

The phrasdraming effectis often usedn the context of micro framing to denote an observable change in
behavior derived only from changes in framing, usually with regards to whether the outcome is
characterized as a gain or a logmr example, switches between positive and negative (gailosses)
phrasing have resulted in dramatic changes in decisions, with people tending to strongly avoid losses over
seeking gains (for examples and analysis, see Tversky and Kahneman, 1981; Levin et Addigdaally,

the observed biagoward certainty has led people to be largely characterized as risk averse for gains,



preferring a certain gain to a higher expectation uncertain gain, and risk seeking for losses, preferring a
chance at no loss to a guaranteed loss.

hiKSNJ (2 LA O& A Y udé tfe €fde Of dataildd dliyemtionh afidéxpert opiniGome

research has suggested that extensive consideration of preferences can lead to behavior that deviates from
expert opinion and leads to decreased satisfaction in decision outcomes (WilsoSduudler, 1991).
Excessive time spent developing a numerical value model, often without seeing the impacts immediately,
effectively codifies theestimation as a truth that must be followedwhen more satisfaction would be

gained by allowing future changes response to emergent insighthis is a strong argument against
2PSNIFEAY3 RSOAaAAZ2Y YIFI1SNRI FyR NBflIiSa G2 GKS (K
a stable frame for them to leverage (Shanteau, 1992).

Finally, the concept ofnto-path information processing, a theory originally developed in the 1980s by the
Elaboration Likelihood Model (Petty and Cacioppo, 1986) and the HetBisttematic model (Chaiken et

al., 1989) and recently popularized by Kahneman (2011), outlines twoways in which humans perceive
information and make decisions: heuristically and systematically (in ELM parlance, peripherally and
centrally).Heuristic thinking is fast, developed over time and through intuition, allowing people to rapidly
assimilate ne/ information that they can fit into an existing mental fran®ystematic thinking is the more
in-depth, analytical thought that promotes new learning but requires more effort on the part of the
decision makerThe framing of a problem has an impact on ethpath a decision maker uses, depending
largely on how familiar the situation is to them.

Framing in MSTSERrior research by the authors was specifically geared toward improving the micro
framing of TSE/MSTSE visualizations in order to accuratgyesent the complexity of the
multi-stakeholder problem and promote positive negotiation tacti¢stzgerald and Ross, 20159)he
benefit-cost tradespace scatterplot was predicted, based on the principles of negotiation theory and
Prospect Theory, temphasizethe Pareto front as a reference point, thereby potentially miscategorizing
some alternative as losses (relative to the front) when they are actually gains (relative tbettie
alternative to a negotiated agreememr BATNAEXperimental evidenckas lent credence to this theory.

However, this theory addressed only a fraction of the complete MSTSE process: micro framing in the
analysis phase€Tlo this point, very little consideration has been given to controlivecro framing otthe
framing of MSTS problem formulation or modeling activitieAdditionally, the beneficost scatterplot,
though the most prominent tradespace visualization, is far from the only type of exploratorysedin
tradespace explorationThe need for further investigation afl aspects of framing in MSTSE is necessary in
order for it to proceed as a viable means of engaging stakeholders iplerraystemsengineering
negotiations.

al ON2 IyYyR YAONR FNIYAy3d OFly KIFE@S I aoSI mmbgtiap f A y ] §
in one may pull down the otheFor example, if a stakeholder approaches MSTSE with a macro frame that

is highly confrontational and individualistic, they will likely favor a micro frame, in the form of a particular
visualization for example, thamatches their outlookAlternatively, if only individualistic visualizations are

g AflrofST + aidl(1SK2f RSNR&a YI ONR FNI YS Xlhidingo S af
mindset in order to reduce cognitive dissonance with their tobls. example, imagine a stakeholder with

access only to a list of individuaMaretcefficient alternatives Naturally, he will be forced to engage with
20KSNJ adl {SK2t RSNE Ay GKS yS3204ALGA2Y FNBY GKS YI
ral KSNJ GKI'y aéS aKz2dzZ R T Abgdause he ¥irdply drded nbtdhave theyn®& haa |- f
necessary to identify which alternatives on his list are agreeable to other people and therefore mutually
beneficial. This defeats theentral purpose & productive negotiation and lcause oft, management of

framing must be continuous, extending from problem formulation all the way through analysis.



Framing Activities and Visualizations

Using the generic threstep outline of a TSE procedure the following sections will detail
recommendations for controlling the framing of common TSE activities in order to support a successful
MSTSE applicatio.he success criterion of MSTSE is the ability to find and identify mutually beneficial
alternatives, if they exist. To do that, the macro framing of the problem should be aligned with the tenets
of principled negotiation as much as possible and the micro framing must accurately represent the value of
the different alternatives.The recommendations iheded here are not intended to be exhaustive but
rather instructive advice for potential adopters of MSTB&sed on the combined insights of literature in
framing and negotiation Following these recommendations shouithprove the communication of
preferences and needs between negotiators (a skill not developed or supported by classic TSE) and the
value assessment of the alternatives by each negotiator (which is a different, more complex task than in
classic TSE)This improves the MSTSE procedure by ogaty the likelihood of key failure modes at both

the inter-stakeholder and stakeholdeatata interfaces, limiting opportunities for negotiation breakdown
driven by social conflict or misattribution of value

Problem Formulation

Problem formulation has &rge impact on the resulting direction of a tradespace analysiefines the
scope of the system to be anayd;, whatfactorsare (and are not) under designer control, and the sources
of value that are sought by the stakeholdel$nsurprisingly, the mdominant impact of framing in this
stage is likely to come from macro framing as the beliefs, perspectigeamptionsand sometimes biases

of the participants work their way into the problerio address this challenge, communication becomes
paramount: explicitly capturing some of the macro frames with which stakeholders and/or analysts are
approaching the problem can allow for the identification and mitigation of potential future barriers to
agreement beforehey becone negotiationimpasses.

Capturemacro frames.Note that the objective of these efforts is not tthangethe macro frame with

which stakeholders approach the problem, but to capture wtrety are Practically, macro frames are
developed by a lifetime of experience and opinion, and afficdit to changeMore fundamentally, since

MSTSE is positioned aspeescriptiverather than normative analysis technique, it is inappropriate to
adz3asSad GKFG 2yS YFEONR FNIXYS Aa (KS RaberNdBOGE T
interestedin knowing the macro frames favordy each stakeholder so that wheiney attempt to make a

normative argument we can understaride frame leading them to mak#at argument and, hopefully,
communicateit effectively to other stakeholders who do not shahat frame. Thisis intended to prevent
AYOARSyidGa 2F GKS adlF{1SK2f RSNER ail f teAtyed unddrying ¢ St
assumptions

Some useful frames to consider are:

1 Purpose for MSTSE (e.g., to explore and learn about the opportusitfo make a funding
decision)

1 Relative desire for lowgost vs. higkbenefit systems

1 Relative desire for passively robust vs. actively flexible systems

Record key elements of problem structurelhis activity is already a main component of problem
formulation for TSE, which requires explicit accounting of thetors impacting the systerand their
assignment as variables in the tradespace: design variables, context variables, or performance attributes
However, the multstakeholder poblem has additionalstructural elements on top of those from
singlestakeholder tradespacethat can impact the best micro frames to use in later phases of MSTSE.
Explicitly noting theselementsduring problem formulation can improve later analysas certain analysis



typescan become more or less relevant depending on these key featboesexample, if some attributes

of interest to the stakeholders are divisibleatll (e.g. manufacturing costs, which can be split between
stakeholders as desired), these can be leveradwd additional analysis later by customizing or
sub-optimizing a given alternativeOn the other hand, negative pmxisting relationships between the
stakeholders may limit the effectiveness of some types of exploration, particularly those that involve
directly comparing desired alternativeSome of the structural elements worth recording include:

Divisible attributes

Rehtionships between stakeholde(personal, professional, etc.)
Tradespace completenegsould more alternatives be added
Constituencieg, do the stakeholders represent other people?
Scheduleg how much time is available for the stakeholders to interact?

= =4 =4 -4 =4
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from the previous point, but is crigal enough to merit its own descriptiomhe BATNAbest alternative to

a negotiated agreement, essentially, what each stakeholder will @lohis own if no agreement can be
reachedwith the other stakeholdersThis is an important reference point wittespect to the value of any

of the design alternatives under consideration as it defines the border between gains and kmkes. to

define and then leverage the BATNA during exploration reduces the situational awareness of the
stakeholders.

In some caes the BATNA will be readily apparent, particularly if the stakeholder(s) mawaable
alternatives to a negotiated agreementHowever, in general this task requires careful thought and
consideration just like the rest of problem formulatiolt.can held G2 O2Yy aARSNJ I @I NRA.
BATNA, in order to prompt brainstorming in multiple ar&@smmon BATNAs include the following:

1 Do-nothing ¢ if the MSTSE s strictly exploratory, inaction is likely the course of action should no
agreement to proceethe made Doing nothing typically carries zero cost and zero benefit.

9 Existing system¢ for design tasks intended to improve or replace an existing system, the
do-nothing alternative actually entails using the current systdrhis type of BATNA is one that
commonly drives differences in stakehold@srgaining leverage, as some stakeholders may be
much better off with the current system than others.

9 Build preferred alternative alone; some projects seek agreement between multiple stakeholders
to reduce thecost borne by each individudf. a stakeholder is capable of affording some or all of
the alternatives by themselves, those alternatives become viable BATNAs (though at a higher cost
than if they could agreto shareone).

1 Other opportunity ¢ resources tht are expended on the alternatives in the tradespace represent
an opportunity cost in that they cannot then be spent on other projects, which may be more
valuable.This type of BATNA is the most difficult to capture, as the number of other oppbes!
is potentially limitless, but thigact is true for all design task&lsually a small number &gnown
viable or attractive opportunities can be considered without fear of missing drastically better
choices.

Identifying the best alternative in each of thesategories and then assigning the best of those as the
BATNA is an effective way of breaking down the problsametimes it may be difficult to assess which of

these choices is théest (and thus, the BATNA) at this point, because the evaluative modejdtao be

ONBI G4§SRX LJ NI A Odzf I NI &n tHagchte, prisdrving éhdistf oRpoteénfia2 BABNAS b 2 A C
then choosing one aftemodelingbut before exploration is feasible.



Modeling / Evaluation

Engaging in thenodelingof the systemafter completing a thorough problem formulation seems at first
glance to be trivialsimply a matter of taking the definetksign vectorandfinding the right equations to
calculate the desired performance attributes, subject to any influencing contextuahpers However,

the modelingtask itself can also propagatmoperative versus individualistitaming implicitly into the
exploration phaseWhen multiple stakeholders will be conducting the exploration, it is important to make
sure that themodelingis satisfactory to all of them, which requires some additiomalnagement

Joint Fact FindingJFF)Joint Fact FindingOzawa, 1991Ehrmann and Stinson, 1998)a valuable use of
time in order to build trust in the data that exploration will be based lbis difficult to reach consensus on
a design if some stakeholders disagree with the models being used to evaluatagking uncoordinated
multi-person modeling activities a threat to productive negotiatidfrF seeks to establish credible and
objectivedata, one of the foundations of principled negotiati¢fisher, Ury, and Patton, 19919 use as
the foundation for evaluation of alternatives and discussion of their relative méfimssible, all efforts
should be made to convene stakeholders prioractual exploration in order to perform JFFsupport of
the modeling taskJFF also helps to establish a macro frame of cooperdigiore engaging in the
negotiation itself, whichcan help preserve positive, mutualpeneficial bargaining in the facef any
naturally developing competitiveness.

Private Information.Not all models can be developed through JIFR stakeholder already possesses a
model for a piece of the larger system, reusing that model can save time and #ffiity are willing to

share that model (both how it works and its results) with the rest of the stakeholders as a part of a larger
JFF effort, that is a valuable step in building rapprtaccordance with the principle of Full, Open, and
Truthful ExchangdRaiffa, 2002) Somestakeholders may be reluctant to share models, but should be
encouraged to do so for the above reasomowever, someY' 2 RSt 4 Q Ay yh&/Niepend Ndl A y 3 &
proprietary or classified information that the stakeholder is unable to shisr¢he case of a stakolder

unwilling or unable to reveal their models, two approaches can be taken: the existing model can either be
ignored in favor of a newdgreated JFF modéif possible2 NJ 460 2 E®RE &2 G(GKF G 230 KSNJI
only see its outputsA blackboxed model can be fully effective if its outputs only impact the value
proposition of the stakeholder who owns If.not, other stakeholders will need to trust that the model is
accurate.If a public- but presumably lowefidelity - model is available, itan be used tdelp validate the
blackboxed model and build trust.

Exploration / Analysis

Entering the exploration phase, the dominant framing concern shifts to micro framing: the actions the
participating stakeholders are asked to perform and the waydh&& generated by the previous steps is
presented.Macro framing still has a role to play in exploratimswever, specifically when weighing specific
alternatives as potential final agreements.

Emphasize the BATNAor a propervaluation of the designsnithe tradespace, they must bealuated

against the BATNA as a reference paititis provides the necessary perspective for determining the value

of a desigrnas a multistakeholderagreementrather than the typical, lessontextualized evaluations a

vaauum or relative to other designsommony usedin classicT SE activitied aking classic TSE visualizations

and intelligently incorporating grominent indicator of the BATNA is a functional way of improving
negotiation behavior, as demonstrated by tinegotiation tradespacein Figure2: the use of which was

shown via controlled experiment to improve gains/losses framing with a more accurate reference point
(Fitzgerald and Ross, 201%)ews designed to compare alternatives should always include the BAT BA
GaidAaAolesd FEGSNYFOGADBSET S@GSYy Ay AAYLE S AYLX SYSydl Ga
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Figure2. Negotiation tradespace used in MSTSE experiment (Fitzgerald and Ross, 2015) with key features
highlighted

Limit strictly-individual analysis. Activities should incorporate the value statements of multiple
stakeholderst & Y dzOK & LI2aaArotsS Ay 2NRSNI (2 O2yaradasSyld
aspect of the negotiation problenThis can prevent fixation on alternatives that are very goodofoe
stakeholder but not for otherdn the BATNAentric tradespace, color and transparency accounted for the
value of other stakeholders, and the resulting negotiations saw fewer exhaustive search patterns in favor

of more direct paths to mutuallyaluabé solutions.If the participating stakeholders want to utilize a
particular analysis of the tradespace using their own value, it should be replicated for other stakeholders
and shown togetherFor example, the benefitost efficient solutions on the Paretivont are highly
desirable for a given stakeholder, but should be calculated and presented relative to the Pareto fronts of
the other stakeholdersThis can be accomplishednmultiple ways, including the use of Venn diagrams to
illustrate overlap betweed LISOA FAO a0l {1 SK2f RSNEQ LINBFSNNBR |t (SN
sizes of the regions of agreement for all stakehold@igure3). These, and other, visualizations are
currently the subject of ongoing research.
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Figure3. Example Venn diagram and Gridmaprfarti-stakeholder Pareto front analysis

Analyz relationships.The relationships between stakeholders in the value domain is a component of the
multi-stakeholder tradespace that is not present in classic B®Hs just as important as the evaluation of
the alternatives directly.These relationshipswhether or not they are analyzedyill affect the ways
stakeholders interact and the designs that they might agree tbhos explicitly considering them is a
powerful mears of understanding the dynamics at play in the negotiatitakeholder relationships in the
value domain can be quantified through the correlation of their value metdosymonly done athe
holistic level (e.g. the correlation between Stakeholder A &tdkeholder B using their respective
costbenefit efficienciesand displayed in a heatmap for all stakeholders at orides view can visually
highlight groups of stakeholders thabuldform a promising coalition of shared interestghich can be a
usefd simplification of a manparty negotiation in Figure 4, separate threestakeholder and
two-stakeholder coalitions with internal correlation greater than approximately 0.6 are apparent in the
blocks of green, with an average of approximately O corratalietween the two coalitionsAdditionally,
explicitly showing positive correlations indicative of shared interests can be a useful renohdee
potential for mutual gaindor stakeholders caught up in a distributive negotiation fallacyfixated on
individually-optimal alternatives.

Correlations can also be displayed on an intetssinterest basis (e.g. the impact on the correlation of A

FYR . Q& dziAf A(e@ pringodiokesyesifioaledudtidcR Thé @sulting orrelation data

is combinatorically larger than at the holistic level but can be segmented to provide an intuitive breakdown

2T K2g 2yS adlr{1SK2f RSNI NBfFradSa 2 Iff 27FtedithaS 2 (K¢
R2 y20 ySSR (G2 06S GNIRSR 0SG6SSy aitl{SK2ft RSNA | y|
statements for each stakeholder. In Figure 5, the ora@g@ t AGA2Y adl {1 SK2f RSNJ =+
displayed on the jaxis and it becomestcSF NJ G KF G KAa aSO2yR | GUNKROGdzGS
considerable part of both his alignment with his opatential coalition and disalignment with the other
stakeholders
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Allow stakeholders to change their mindNegotiation in MSTSE exposes each stakeholder to large
amounts of information that they may not have previously known, particularly the preferences of other
stakehdders which are not present in classic TS&w information can change subjective assessments of
value(Curhan et al., 2004nd invalidate parts of the original problem formulati@®takeholders should be
encouraged to critically reassess their value etta¢nts during the negotiationTweaking the value

Fdzy OllAz2ya G2 Y2NB Ofz2aSte FftA3dy @AGK linodsf$s¢é NB
accelerate the iterative design lodpee Figuré for example) Additionally, if the value function updage

are convergent in a manner leveraged by other consetsuiging techniques such as the Delphi method
(Golkar and Crawley, 2014hese live updates have the potential to open up new regions of mutual value

in the tradespace.
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Choose Decision Maker Choose Beneft/ Cost

u(Tracking User, x(TargefTracklife[.. ~| '

Eos Zos // Utility curves (editable)
E
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1 ©T N dsn2 (80.6se) 1 = { N 0250 W.= 2592 (100.008)
02- h
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s £ e
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{85 nixt ]
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Value-generating attributes

Figure6. Examplénterface for live editing of value functions, synced to other visualizations

Refer back to macro framedVhen discussing individual alternatives, effort should be made to refer back

to the macro frames of each stakeholddifhen a stakeholder refers to aesign with asubjective
assessmenf A 1S G3I22Reé>X (GKS FANRIKKSBK A 8 i &R 24 RS NIt @It
RSAA3IYS o0dzi SIFIOK KIa RAFFSNBY(G ONRGSNALEF F2NJ gKI
function but also the macra@&mes with whichltey choose to make decisiort=or example fiStakeholder

I NBO2YYSyYyRa |y FftGSNYyIFIGAO®S a a3a22RE 2y GKS 3INRO
B can make a more intelligent counteroffer with less chance of sparkoepate over the definition of
G322Re AF Al Aa Of SI Ndcdstzhighefidiency Boltidris Svar stiickythigirensf® LINS T
solutions.

Discussion and Conclusion

TSE is &ontinually developinglesign paradigm, and MSTSE is an evamger offshootof the main
research branchConsiderable work is still needed to flesh out the similarities and differences inherent in
exploring a tradespace with one stakeholder versus multgibkeholders particularly in the realm of
implementation Framing has the potential to elevate or sabotage group analgeigending on its
suitability. This workis an initial attempt to identify framing activitiesecessary foMSTSEandto provide
recommendations for how to conduct them to greatest effdonportantly, these framing activities span
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problem formulation, modeling, and exploration and include both macro framing and micro framing
concerns.

This paper has addressed the framing of MSTSE with active stakeholder participation from problem
formulation through explorationg & 2 LJIJR2 aASR (2 GAYF2NXIf£¢ a{¢{9 NBf
analysts, which was mentioned briefly when introducing the evolutionhef topic. Given the many
O2yaildNYAyila 2y Yzald adl 1 SK2ft RSHA Qpradtidaldtarnativeytar2 NI I
developing insight into the dynamics and relationships that define rstdfeholder problems. However,

the lack of stakeholder participation imposes some limitations on the types of activities that can be
performed eff G A @St ed {GF 1 SK2t RSNJ @l fdzS Y2RSt&a |yR . ! ¢k
Y2RAFASR RdzZNAy3a SELIX 2N} GA2Y ol a I aldl 1SK2t RSNJ
Additionally, some tasks will revert to their standard TSE forms, as BaittFinding is not possible and
stakeholders will not be available to discuss macro frames. Table 1 presents a short summary of the
recommendations in this paper and the modifications necessary for their adoption in informal MSTSE.

Table 1Summary of recommendations, with modifications for inforit8TSE

Phase Recommendation Informal MSTSE

Capture macro frames All of these apply except for

Problem Create many alternatives capturing macro frames of other
|ati stakeholders. Make best estimate
Formulation Record key elements of problem structure | for stakeholdeda © . ! ¢ b ! &
5SG§SNYAYS SIOK ail models.
Modeling / Joint Fact Finding .
'g Treat modeling as normal TSE
Evaluation

Private information

Emphasize the BATNA

Continue to use BATNZentric
visualizations and analyze
Analyze relationships relationships, but limit activities
related to changing stakeholder valg
models without their participation.

Limit strictly individual analysis
Exploration /
Analysis

Allow stakeholders to change their mind

Refer back to macro frames

Originally, MSTSE was envisioned to leverage the TSE framework in order to capture insights from the data
related to the multistakeholder dynamics of the problem and find bettexgotiated solutionsExplicitly
managing the framing aspects of MSTSE can serve to enable this goal by reducing opportunities for the
social breakdown of negotiation caused by poor communication or degenerate bargtaciigs, which

can occur at the steeholderstakeholder level or at the stakeholddata level. The framing elements

called out in this paper represent a first pass at collecting some of the most important features of the
MSTSE technique; future research will seek to expand on this listpaomide more actionable
recommendations for practitionersAdditionally, future research will expanthe validation efforts of
previous experimental results (Fitzgerald and Ross, 204 §)corporating the insights of case studies, both

by considering thempact that the framing of issues has had on negotiations and by testing the ability of
GKS a{¢{9 FTNIYSE2N] G2 ARSY(GATe qpatendaRiacrd ayidRmico¥ | A NE
frames held by the participants.
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