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ABSTRACT
Developmentof a large and complex system,suchas

satellites,is a knowledgeintensive task. Applying knowl-
edgemanagementto sucha domainappears to lead to a
moreefficient developmentprocess. However, it hasbeen
reportedthatknowledgemanagementsuffersfrom capture
bottleneck,i.e. lackof incentivesfor members of thecom-
munity to investtime in sharing their resources,or knowl-
edge. In this paper, we proposean approachto capture
designrationale from e-mailcommunication. We describe
theprototypesystemandanalysisof applyingthemethod
to ane-mailarchiveof asatellitedevelopmentproject.
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1. INTRODUCTION
When developing large and complex systemslike satel-
lites, the development process becomes large and com-
plex as well. As a result, it is almost impossiblefor a
singlepersonto cover the entireprocessin every details.
In sucha situation,communicationbetweendesignersbe-
comescritical in achieving a successfulresult. Thereare
many caseswherepoor communicationresultsin a fail-
ure of the system. For example, in the caseof NASA’s
Mars ClimateOrbiter [5], although the root causeof the
failurewasa mistake in the navigation software,the fail-
urecould havebeenavoidedif agoodcommunicationwas
presentbetweennavigation teamanddevelopment team;
thenavigation teamdid notconveyedtheir concernsto the
development teameventhough they wereawareof errors
in thetrajectoryestimationof thespacecraft.In thispaper,
weaddresstheproblemof e-mailcommunicationbetween
developers,and show how we can apply the framework
whichtheauthorsareproposingfor capturing designratio-
naleat low cost.

Nowadays, e-mail is widely usedfor communication.
Especiallymailing lists can be usedby a group for an-
nouncements,discussion,etc. Whenmailing list is used
for discussionwhich involvessomekind of decisionmak-
ing, it is hardto tracktheargumentandthereasons behind
thedecisionsmade.It is becausestandarde-mailsystems
only provide loosemechanismfor organizing e-mails,i.e.

In-Reply-To references.It is oftenthecasethatseveralar-
gumentsproceedin parallel,andthey aremixedin e-mails.
Thus, finer grainstructureis neededif we areto trackdis-
cussionsin e-mailsmoreprecisely.

To approachthis problem, we focus on capturingargu-
mentation structuresin the communicationas designra-
tionaleduring the development process.Designrationale
is the reasons, deliberations, or argumentson the design.
By recording designrationale,designsbecome moreun-
derstandable,andcanbereflectedonor reconsideredafter-
wards.Thecaptureanduseof designrationalehasbecome
oneof thecrucialaspectsin designresearch[3]. However,
it hasbeenreported that thereis a tremendouscostasso-
ciatedwith capturing designrationalesformally [1, 6, 8].
Similar problem is recognizedasthe ’capture bottleneck’
in the domainof knowledge management[4]. The cap-
turebottleneckproblem in knowledgemanagementrefers
to thelack of enough incentivesto theusersto invest time
for sharingtheir knowledgeor resources.

Motivatedby the capturebottleneckproblem, we are
building a prototypesystemcalledIDIMS (IntegratedDe-
sign InformationManagement System). The purposeof
thesystemis to provide developersa unifiedrepository of
designinformationandto capture designrationaleat low
cost.As theuseof computer is nomorelimited to analysis
of artifactsandCAD, andwidely usedfor communication
anddocumentation,webelievethatby activelyutilizing all
theelectronically availableinformation,wemayreachto a
solutionto thecapturebottleneck problem.Usingtheanal-
ogyto therecycling of wastes,wecall theidea‘knowledge
recycling’.

During development processof alargeandcomplex sys-
tem,hugeamount of informationis produced,whetherit is
formal or informal. Buriedin pile of suchinformationare
knowledge fragments. A knowledgefragmentis a pieceof
informationwhich reflectsdeliberation, reasoning, or ex-
perienceof developers.An argumentbehind a designde-
cision, appearing in e-mail communicationsbetweende-
velopers,or a testreport describingananomalyobserved
during atestandits causeareexamplesof knowledgefrag-
ments. With additional coston developers,we cancollect
knowledgefragments,put themtogether, andprovide use-



ful informationwhichsupportscritical decision-makingin
thede
�

velopment or operationof thesystem.Besides,accu-
mulatedknowledgefragmentsmayservenot only a single
project,but alsoprojectsin thefuture. We intendto imple-
mentandtesttheideawith IDIMS.

Therestof thepaperis organizedasfollows. In Section
2, we describetheannotationschemethatwe usefor rep-
resentingargumentationstructurein Section2. In Section
3,weexplain theprototypesystemIDIMS, focusingonthe
featuresrelevant to capture andutilization of designratio-
nalefrom e-mail communication. Then,we present analy-
sisof ane-mailarchive by applying theproposedmethod
in Section4. Finally, we giveconclusions in Section5.

2. ANNOTATION SCHEME FOR
REPRESENTING

ARUGUMENTATION STRUCTURE

To capture design rationaleat low cost, we propose a
schemein which usersare asked to annotatethe design
documentsor e-mailsto indicate‘designissues’or ‘design
decisions’. IDIMS thenprocessesdocumentsande-mails
to collect annotationsand storesthem to Issue/Decision
Repository.

I/D repositoryis intendedtobeusedtocaptureargumen-
tation perspective of designrationale [7]. We regard the
annotation of issuesanddecisionsas a light-weight ver-
sionof designrationale representation,comparedto exist-
ing representationssuchasIBIS [2] orQOC[8]. Insteadof
requiring usersto build a separatedesignrationalestruc-
ture, the method aims at capturing designrationale with
minimal additional cost. We adopted simple representa-
tion to mitigatethe costof formalizing argumentation. It
is reportedthatthecostassociatedwith formalizationis an
inhibiting factorof theuseof argumentationformalismto
capture designrationale[1, 6, 8]. By adopting simplefor-
malismandlesseningtheburdenonusers,wewantto shed
light ononesideof capture bottleneckproblem.

In representingargumentationstructure,we useissues
anddecisionsasbasicconstructs.Issuesareproblemsor
concernsabout thedesignor implementationof thedevel-
oping system.Decisionsareresolutions to issuessuchas
tradeoff betweenconflictingdesignparameters.Issuesand
decisionscanbelinked,andconstructa directedgraph. A
link from an issueto a decisionindicatesthat somekind
of decisionhasbeenmadeon the issue. Inversely, a link
from adecisionto anissuewouldmeanthatanew concern
hasemerged on the decisionthat hasalreadybeenmade.
A link from anissueto anotherissuewouldmeanthelatter
is a sub-issueof the former, or the latter inducedthe for-
mer. A link from a decisionto anotherdecisionindicates
thelatteris anauxiliary of theformer(Table1).

Link Type Description
�����

A decisionwasmadeonanissue.�����
A new issuearoseonadecisionwhich
hasalreadybeenmade.�	�
�����
Thelatter issue(

�
�
) is ansub-issueof

theformer (
���

).���������
Thelatterdecision(

���
) isanauxiliary

decisionto theformer (
���

).

Table 1: The implications of links in the issue/decision
structure.

3. INTEGRATED DESIGN
INFORMATION MANAGEMENT

SYSTEM (IDIMS)
Basedon the concept of knowledge recycling, we are
developing a prototype systemcalled Integrated Design
Information ManagementSystem(IDIMS). IDIMS con-
sists of four components, each of which corresponds
to the information types it can handle: document man-
ager, issue/decisionmanager, e-mailmanager, functional-
structure manager. IDIMS is a web-basedsystem,and
usersaccessto the systemvia web. Configuration of the
systemis shown in Figure1.

Document Repository
IDIMS hasa document repository which storesthedocu-
ments producedduring thedevelopment process.It is im-
plemented as a Java RMI service,and usesMySQL for
storingdata. A web interface is provided for the userto
browsethe repository. The usercanadd,search,andre-
trieve documentsthrough theinterface. Figure2 is anex-
ample of adocumentbeingdisplayedin awebbrowser. To
bedisplayedin webbrowsers,HTML pagesaregenerated
from XML documentswith XSLT technology. Usercan
alsoretrievetheoriginal PDFdocument.

XML is the primary format of documents used in
IDIMS. However, it hasa mechanismto convert PDFdoc-
uments to XML, and storesboth the original PDF file
andXML document in the repository. XML format was
adoptedto allow embeddingdesignrationaletagsin docu-
ments. IDIMS alsoacceptse-mails.E-mailsareconverted
into XML format by E-mail Managerandstoredinto the
repository. E-mailManager is describedlater.

Issue/Decision Repository
Issue/decision (I/D) repository stores issue and deci-
sion annotations to documents. We implemented Is-
sue/DecisionViewer, which is a tool for viewing issues
anddecisionin the repository. Issue/DecisionViewer is
a Windows application thatconnectsto theI/D repository
andvisualizethe I/D structure (Fig. 3). Userscanregis-
ter, search,andview issuesanddecisionsin thedatabase.



User

Browser

Mailer

Issue/Decision
Viewer

Functional-Structure
Modeler

Client Side Server Side

Web Server

Mail Server

UI Servlet

E-mail
Manager

Issue/Decision
Manager

Document
Manager

Document
Repository

Issue/Decision
Repository

IDIMS Server

Figure1: Thesystemconfigurationof IDIMS. Componentsin theboxwith thick lineswerebuilt by theauthors.

With thisview, theargumentation structurewouldberead-
ily visible to the user. Usercanregister issuesanddeci-
sionseitheraloneto thedatabase,or asannotationto apart
of document.

For utilizing recorded argumentation structure,IDIMS
providesthefollowing features:

Listing unresolved issues. IDIMS provides a feature to
list thosethreads of discussionwhich do not have de-
cision. This feature wasimplemented in orderto help
usersidentify unresolved issues.By this feature, users
can always return to the archive of e-mail discussion,
andfind thoseissueswhich have not beenconsidered
yet.

Thread-based search. IDIMS provides a thread-based
searchmechanism. It searchesfor similar threadsin
the Issue/DecisionRepositorybasedon a modification
of TF/IDF ranking. It wasmodified so thata threadof
discussionis treatedasa document, insteadof treating
eache-mailmessageasadocument.

E-mail Manager
E-mail manager processesannotatede-mailmessages.E-
mail manageris implemented as a mail filter. It is con-
figured to receive mails sentto a designatedmailing list
address. Upon receiving an e-mail, the filter program
transforms the messageto an XML document, storesit
to the document database. When the messageis stored
to the document database,annotationsin the document
are extracted and storedin the I/D repository. Each is-
sue/decisionis given a uniqueID number whenregistered
to theI/D repository.

Then, thefilter programsendsout themessageto mem-
bersof themailinglist. Whensending outamessage,filter
programattachesa templatefor reply. This templatecites
the original messagewith citationsannotated. Annotated
citationsin reply templatesaregiven referencesto thean-
notation in theoriginal messageusingtheID assigned.In

Figure2: A documentdisplayedin awebbrowser. Tagged
block of text is shown in aboxwith a color.

thisway, links betweenissuesanddecisionsin e-mailsare
semi-automaticallyconstructed, andthreadsof discussion
arerecorded.

4. UTILIZING ARGUMENTATION
STRUCTURE OF E-MAIL

COMMUNICATION

To illustratehow themethod improvesthecommunication
anddevelopment process,weanalyzedthelogof asatellite
project developersmailing list. Oneof theauthorsmanu-
ally annotatedabout 700e-mailsfromthelog,andwegota
setof argumentstructures.We countedthenumberof ’un-
resolved issues’,which arethoseissuesthat do not have
decisions associatedwith them,andcategorizedthem.We
comparedtwo threadstructuresof the e-mails: the struc-
ture built from e-mails’ In-Reply-To referencesand the
structure built from Issue/Decisionannotation.

During the analysis,we found several casesin the log
which illustrate the communicationproblem. Oneof the



Figure3: A screenshot of Issue/DecisionViewer.

problem found was that the sameargumenton an issue
reappears,andit is notbasedon thedecisionsthathaveal-
readybeenmade. To avoid thesekind of reappearing argu-
ments,we proposethread-basedsearchingmechanism. In
an preliminary experiment, although thread-basedsearch
did notshow significantimprovementoverkeyword-based
searchcompared in precision, thread-basedsearchwas
more robust in finding similar threads,while keyword-
basedsearchwassensitive to thekeyword selection.

Theanalysisshowsthattheproposedannotationscheme
is promising in capturing designrationaleandimproving
communicationproblems. However, further userstudies
arerequired to prove thecost-effectivenessof themethod,
which is theauthors final goal.

Thefollowing sectionsdescribestheanalysisof e-mail
communication betweendevelopers of INDEX satellite.
INDEX is a piggybacksatelliteunderdevelopmentat the
Institute of Spaceand Astronautical Science(ISAS) of
Japan.E-mailsweretakenfor analysisfrom thedevelop-
ersmailinglist archive. Theauthorsannotated679e-mails
with theannotation schemedescribedin Section2.

Unresolved Issues
We hypothesizedthat issueswhich do not have explicit
decision(unresolvedissues) could becomea problem af-
terwards. By usingIssue/DecisionViewer’s capability to
searchfor unresolved issues,we identified84 unresolved
issues. We categorized unresolved issuesinto five types
asshown in Table2. “No response” means that thereis
no correspondingdecisionfor the issuein thee-mailsan-
alyzed. For “Unknown” typeof issues,authors couldnot
understandwhattheproblemwas.Wecount “no response”
and “unknown” type of issuesas net unresolved issues.
Thus,thefrequency of unresolved issuesappearing in the
mailinglist becomesonein everyelevene-mails.Wecould
not find a casein the archive wherean unresolved issue

Type Count

Decision exist in a different thread
from theissue.

11

Issuewassucceeded by anotherissue
in otherthread.

2

Theissueseemedto beresolved, 9
but thedecisionwasnotmadeexplicit
in mailing list.
No response 56
Unknown 6
Total 84

Table2: Categorization of unresolvedissues.

MTQ Magnetictorquer. An electromagnetusedfor al-
teringtheattitudeof a satelliteby generatingelectro-
magneticfield, which interactswith terrestrialmag-
netismandinducestorque.

OBC On-BoardComputer.

PCDYN A dynamicssimulatorwhich actsasan envi-
ronmentfor the testingof the satelliteattitudecon-
troller. It takes the controller’s outputsas its inputs,
andprovidesits outputsto controller’s inputs.

Table3: Acronymsusedin thescenarioexamples.

laterbecomethecauseof aproblem.It mightbethatthose
unresolvedissuesarenotreallyleft unresolved,andthede-
cisionsmadearenot reportedwith e-mail. However, it is
important to explicitly representingdecisions.Otherwise,
thereis alwaysa risk of unresolved issuesnot beingcon-
sideredandleadingto anfailure.

Unattended Decisions

In analyzing the INDEX project mail archive, we have
found several caseswherean issueis raisedon a matter,
on which a decisionhasalreadybeenmade.An example
is shown in Fig. 4. Acronymsusedin theexample areex-
plained in Table3. Although in Thread1 (Fig. 4(a)), C is
statingon how to measurethe output for MTQs, B raises
anissuerelatedto measurement of MTQ currentin Thread
2 (Fig. 4(b)). This caseillustrateshow miscommunica-
tion or misunderstandingcanhappen. In this case,misun-
derstanding wascorrectedby anothermemberanddid not
leadto a fatalconsequence.However, it is possiblethata
misunderstanding happenson a critical matter, theproject
proceedswithout it beingcorrected,andfinally resultin a
failure.

Oneway to reduce thesekind of misunderstandings or
miscommunicationsis to improveaccessibilityto informa-
tion suchasdesigndecisionsanddesignrationales.



A (Issue): What are the pin numbersfor the output to
magnetictorquers(MTQ)(x, y, andz-axis)?

C (Decision): Thepin assignment of P2connectoris as
follows:
X-axis: 20 and8
Y-axis: 21 and9
Z-axis: 22 and10
Note that you needto connecta register of resis-

tancebigger than the torquer’s resistance,whenyou
measurethe output without an actual torquer con-
nected.Becausetheoutputvoltageis thepotentialdif-
ferencefrom thesignalground producedby a bridge
circuit, measuringby an oscilloscopewith a single
probecould causea short circuit. In suchcase,use
two probesandreadthepotentialdifferencebetween
them.

(a)Thread1: A is askingthepin assignmentfor theoutput
to MTQs. C is responding to A, with a caution on how to
measuretheoutputswithout actual torquersconnected.

B (Issue): Weneedto considerthefollowing points:
1) Operatingwithout load,PCDYN cannotgetcorrect
MTQ status,becauseit is producedby measuringthe
torquer’s current.
2) It is possibleto changethe specificationof the

pseudo-sensorso that the PCDYN directly gets the
OBC output.It takesabout 3 hoursfor thechange.

D (Response): I thought wehaveagreeduponusingre-
sistorsin placeof MTQs,whenwediscussedthetest-
ing system.If thedynamicssimulatorshoulddirectly
getthecommandoff theon-boardsoftware,thereisn’t
muchreasonto usethedynamicssimulatorasit is the
sameasoff-line simulation.If you areto evaluatethe
attitudecontrolsystem,thetestof MTQ drivershould
beincludedaswell.

B (Decision): You’re right. I keepforgettingthings.

(b) Thread2: B states a problem on measuring the MTQ
currentwithout load. D pointsout that it hasbeen decided
to usea loadin placeof actual MTQ whentesting.

Figure4: An example of raisinganissueona matter, onwhichadecisionhasalreadybeenmade.

5. CONCLUSION
In this paper, we proposeda method to capture designra-
tionalefrom e-mailcommunication. Themethodwasim-
plemented in IDIMS, a prototypesystemdevelopedasa
platform for knowledgerecycling. Although the resultof
preliminary analysisis promising,we still needto testthe
method in a userstudy. We planto conduct auserstudyin
astudentprojectto developa smallsatellite.
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