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‘Ihcl.inlml  Window slntcractivc])ata  Sys[cm (l,il]kWil]ds)  isa]JrototyI~c visl]al clatacxploraticm
and analysis systcm rcsultingfrom  aNASA/Jl)l,  program of research into graphical mctbods for rapidly
accessing, display ingancl  al~alj~ziI~g  largc]~l~]ltivariatc  ]]]~]ltidiscil~ lit~ary datascts, lt is an intc.grated nullti-
application  execution environment allowing tbc dynamic intcrcoancction  ofmultiplc. windows containinfi
visual displays and/or  coatrolstlwougl]  adata-]iaking  paradigm. ‘l”his paradigm, which results in a systcm
much likcagrapbical  spcadslmct,  is not only apow’cl-ful  mcthodfo  rorganizing  lar.gcamounts  of data for
analysis, but ~)rovidcs  al]igl~ly  ii~tuitivc,  casy'to lcarl~t]scr  illtcrfaw  o]lto]J  oftl~ctraditio] ~algra])J~ical  user
iatcrfacc.  This linking of data displays and controls for their manipulation provides great flexibility il]
rapidly interacting with large masses of complex data to detect trcm-ls,  correlations and anomalies. ‘lIIc
systcm, containing an expanding sui(c of non-domain spccifk applications, provides for tl]c ingestion of a
varictyof  clatabasc  formats, and hardcopy output of all displays. It can also bc linlwl  to other nctworkccl
workstations running LinkWinds, providing a MuJti-User Scicacc I{aviromncnt  (M USI1) for collaborative
data exploration by scientists geographically scparatwl  from onc another. l’hc systcm  is being dcwclopcd  in
CIOSC collaboration with investigators in occanog!-aphy,  geology and upper atmospheric scicncc, and is
currently being used to support the hflicrowavc l,imb Sounder in orbit aboard the UppcI Atmosphcl-ic
Rcscarcll  Satellite.

1. lNrl’ROI)lJC’I’loN

Modcrm space, sensor and computer tcchao]ogics  bavc made it possib]c  to understand the Ear[b and
its cllvilons  as never before. Population pressures and modcm technology have also tcndccl  to make. it
ilnpcrativc  that wc do so. 3'oaccol~~1)lisl)  tl)is, trcl~lcl)dol]s  I)lasscs  ofdata]~)~]st  bcgathcrcd,  transportccl,
stored and comprchcndcd,  ‘1’oaddrcss somcofthcsctopics,  a program of research is bcin.gconductcd  into
the application of m]~l])utcr  gra~)llics  totl)c})roblct~]s  ofquickly and il]tcractivcly  exploring and analyzing
very Jargc amounts of scientific orcnginccring data, “J’hc objectives of the program arc (1) to develop a
sofiii’arccllviro]ll~~cl]t  wl~ichwil]  sllpl>orl  tl~craJ~id  l~rotot~~]~i]~g  ofvisllal  data at~alysis  a]~I~licatiol]s,  \vllilcat
the same lime maintaining the high level of j)crformancc  ncccssary for intcractivc]y manipulating graphical
displays; (2) to develop a user intcrfacc that is truly intuitive and easy to learn and allows quick access to
the sofiwarc for the novice as WCI1 as tbc advaaccd user; (3) to provide a suite of sample applications which
arc uscflll  across a variety of scientific disciplines; aad (4) to provide tools  to support user dcvclojmcnt of
applications for this cnviromcnt.

“J’J)is  work  rq)icsca(s  oac plmsc  of Icscarcl)  earl icd out al [’:{l[cclI’s  .lcl l’lopulsiml  1 ,atma(ol  y ulldcl
contract witl) NASA.
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‘1 ‘hc 1,inkcd Windows latcractivc  Data Systcm, or I(iakWincts  is a prototype pt-octuct  of this
research cfforl. la compliance with our research objcctivcs,  it is a visual data allalysis/cxl)loratiol~  systcm
dcsig,ncd  to ]-apidly  and interactively investigate lar~c multivariatc  ad/or Illll]tidiscill]itlary  data sets to
detect trends, correlations and anomalies. l,inkWinds is an iatcgratcd  l~~tllti-all~>licatiol~  execution
environment with a fill  graphical user intcrfacc (G LJ1). ‘1’hc systcm,  opcratingundcr  Unix, is bascct  oa an
objc,ct-oricntc(l  ~~rogral~~l~~il~gl}~dcl  and is implcmcntcd  intbc  c-lanp,uagc. Foritsgrapbical  user intcrfacc
and graphics support soflwarc,  it dl-aws  upon the Silicon (iraphics ]nc. (SGI) Gl,-]ibrary, and prcscatly
nms o]dy on workstations supporting this library. ‘1’his  includes all SG1 workstations, and those of other
JllaJlllfactllrcrs  l$’llo~lavc  liwllsdalld  sll~~~~orl tllcci].-]ibrar~f.

lndivicllla  ltoolsaa  ctdatasc  tsarccoctcd  asobjccts,  cachoccupyiaga  wiadowon  the LinkWinds
scrccn, and communicating with otbcr objects through a mcssaf)c passing protocol. ‘1’hc  objects or
windows, containing data disp]ays  and controls forlllalli]~ll]  atil~gtllcsc  dis]>]ays,  can bc]inkcd  orualilkcct
attbcdiscrction  oftbcuscr.  “J’hcacl  of]illkil]g  t]lc~ttilldo}!rs  togct}lcr  sctstl~)  ollc-J\'ay  lllcssagcpatlls. “1’his
data-linking paradigm makes the systcm  perform much Iikc a graphics sprcadshcct,  and as in a sprcadshc.et,
is a powcrf~ll  way of organizing the data for analysis while at the same time providing a natural and
intuitive intcrfacc.  Ilata-linking,  and itsuscr  iatcrfacc  implications arcdiscusscdbclow.

Mcssagcsgcncratcd  by l.inkWinds objects arc rccordcd  as program statements in an undcrlyiaf:
Iallgllap,ccalldl.yllx.  l-i)clllcssagc  ]Jassil~g,  cl~aractcrisiics  arct}lc  basis fortt\'o  kcy],illkWi!lds flltlctiolls.
The first  of these is the maintenance of an intcmal  journal of all user origiaatcd  commands cxccutcd by the
cnviromncnt. “I’hisfilc  canbcsavcdat  al~)lii~lc  tl~ro[!gl~  al~~cl~~l  option. ‘I’J~crcmrd  cai~tl~cl~  [~crcl~laycd  at
the initiation of subscqucat  I,iakwincts  scssioas, allowing  the user to draw upon a previous layout c)f
1.iak\Vinds  applications and liaks,  or repeat a full analysis session.

‘J’hc second function  based upoa the l,ynx message passiag  protocol is the muhi-user scicncc
cnviromcat  (M[JS};)  which provides a method for multiple I,inkWinds systems to comnmaicatc  via
nctwforks.  Using mclm options, users rcmotc]y  separated can connect to OJIC anotbcr,  and by akso
establishing atclcphonc  voicccomwction,  cat~cml~crativcly  ~`ic~~`a  l~dl~lal~i[~lllatct  l~cird  ata. A successful
connection rcquircs that cachuscr  bccxccutiag  l,inkWindsandtllat  cac.hhasa ccmstothcdata  sets that arc
bciag,  analyzed. l’his is normally arran@ by transportias  the data sets to cacb user prior to the
collaborative sessions. I’hc MUSI;  capability is also used togivc  tutorials ovcrthc  network to ncw users
~lt)fal]~iliarl$’itll  l,inkWinds,  alldtoallo~v ~lscrsto dcIl~ol~stratc  rcc.ol~~t~~cl~datiol~s  forapplicatiol]  cbangcs 01
to poiJ)t  out bugs.

llardcol~y  oftl~cl,it~k}Villds  dis~)lays  arc]~ro~~idcd  l)~~fllt~ctiol~ kcysoll  tl~ckcyl~oard,  Placingthc
cur’sol- in a window, and pressing l’] produces an image of a wiadmv’s c.oatcnts;  pressing 1;2 saves the
col~~]~lctc  l~rit~do~i’;  al~d 1;3 savcsthcfllll  scrcm. ‘1’hc figures show were obtained in this manner.

IH additioa to the normal GUI fllnctiom plovidcd by the windowing environment, dynamic
n~aniJxllation  of graphs and images is facilitated through the data-linking paradigm. Data-]inkiag  can bc
understood in the context of a sprcadshcct,  whctc cells containing mmbcrs  arc Iinkcd to otbcr CC1lS,
IJormulac  arc associated with each CCII, so that when a number chaascs, all CCIIS linked to the changed cell
recalculate tbcir  values and update. 1,inkWinds dots the same tiling, but in a gt-aphics cavironmcat  ~vhcrc
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the rif,icl glid structure gives way to free form, and a cell can lmnslatc,  for instaacc,  into a slider or larp,c
scale number arrays such as images.

3’J)c user interface bascct  upon the data-linking paracti~m is onc of the most distinguishing features
of 1.iakWiacts.  It evolved from a desire to crcatc a truly easy-to-learn and iatuitivc  user intcrfacc.  It is
basccl  upon the principle that users al-c impatient and want to get star[cd  on productive work as quickly as
possib]c.  ‘1 ‘hcrcforc,  an intcrfacc  was nccdcd which can bc lcamcd by cxplorat  ion, and which conforms to
user expectations as they work with it.

IIata-linkiag  is affcctcd through two i~ms. ‘1 ‘hc ]iak icon is a but (on displaying two iatcrlockiq;
rings,  while the unlink icon displays two rings that arc separated, liach object ON the scrcm has either a
siaglc link but[oa, or the full set of link and ualiak buttons. ‘] ‘hc prcscncc of a siag]c  link button indicates a
data object, while the prcscncc of the pair iadicatcs app]icat ions with cent rol functions. ‘J’O perform a link,
the cursor is placed on the appropriate button, and a “rulhcr  band” is dragged out and dropped into the
application 10 bc linked, ‘1 ‘o break ihc link, the same thing  is doac using the unlink  button. ‘1 ‘here arc two
simp]c  rLIlcs to follow  in app]ying  the linking paradigm,

1. Whca as a rcsuh of mcau sclcctiom aa empty window appears on the scrccn,  put data in it.
‘1’his  is done by linking a data object into the window.

2. Whctl  aa object with the pair of link symbols appears, cxcrcisc its control function by Iiaking  it
with any app]icat  ion object.

3 ‘hc curlcnt  vcrsioa of 1.inkWinds  works with both archived al~d real-t imc data, “1’hc archived data
mode accepts data in the 8-bit raster or scientific 1 licrarchical  Data Format  (11 DF) created and supported
by the National (enter for S~l]~crcol~~]~tltil~g  Applicat ions (N(SA) at the lJnivcrsity  of lllil~ois,
(;]lat~~]~ag[~c/Ur[jal~a.  A 211 data file is a siaglc  image, whi]c a 31) data file is a scqLIcwc of images. ‘1’hc
data inf,cstion  is controlled by two text files which arc gcacratcd  by the user. Samp]c versions of each of
these files arc provided and serve as self-cxplaaatory templates. “1’hc first is a file which lists all of the
databases of interest to the user, ‘1 ‘hose listed appear in the top lCVC1 “Databases” menu. ‘1’hc second file is
a data description containing the fllcnamcs  of all data SC[S to bc associated during the analysis, the nurnbcr
of axes and their names, any mctadata  nccdcd to trans]atc  axis values to numbers mcaningftll to the data,
etc. Data sets listed in these fllcs appear in the top-level “I)ata” mcm, A palette may bc included in the
} 11)1~ file if the user desires, or it may bc dctlncd  in the data description file. Colors can also bc assi.gncd
during a data analysis session using a color maaagcmcnt  tool provided, A much greater range of data
fomats  will bc acceptable to l.inkWinds  in fllturc  vcrsioas.

‘1 ‘hc real-time mode of 1,inkWinds is a rcc.cl~t  dcvclopmcnt,  and must bc cxcrciscd  through the
crcat ion of a server tailor-cd to the format of the data stream. As a test dcmonstrat  ion, it is currently bcia[:
prepared for usc in support of the Plasma Wave Spccti-omctcr  aboard the Galilm spacecraft during the
1 {art}) 2 cncountcr  in Dcccmbcr  1992.

S. APP1 .ICAI’IONS OVliRVIIl\l~

A suite of applications uscfl]]  across ]naay disciplines has been dcvclopcd  for the 1,inkwinds
cnviromncnt.  l;igurc 1 shows a typical session to explore a data set collcctcd  by the Microwave 1,imb
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};]:,lll c 1 - 1,Iakwlnds  scssirm 10 explore c.01 I ckitioas la appcr atmosphcr ]c omac  d witci  vapor mcasmd by the Micl ou’avc
1 lint) Sounder cxpcI imcnl atmm d (IK UppcI AtIImsplIcI ic l<cscaI clI Satellite (LIARS).

Souadc[-  (hll ,S) c.urrcntly ia a-bit aboard the lJppcr Atmosphm ic Research  Sa te l l i t e  (UARS).  “1’hc
1 ,inkWincts  top-lcvc]  mcau is shown m the left. It is from this menu  that databases, tools  and systcm
options arc sclcctcd.  Data ohjccts, with their sia~,lc  link buttons, arc in the appcr Icft-hand  ccmcr. In this
case, the data displayed arc ozoac and water vapor. ‘1’hc ~vindcnv  cntitlcxt  lmag,cl  contains a slit.c of the
data at an altitude of 21.54 mbars, as sclcctcd  by Slidcrl which is linked to it, lala~tc?  is also Iinkcd to
Slidcrl  and shows the water vapor at the same altitude. Slider 1 pcrjnits  the user to sc.aa the full data set
from the maximum to miaimm altitadcs,  Wc caa also switch to any of the thl-cc or[ho[:onal  axes and
sia]ilar]y scan thcm. “lhc southern hcmisphclc oz.oac hole is sho~lm at the lo~vcr Icft of la]ap,  c], and a hif,h
\/a]llc  o; tllc \\atcr  ~~apor is SIlo}vll  ill a corrcspoadia[), locatio]~ in lmaf:c?, “1’hc antico[-relation is clcaldy
shown in Scattcrl  where the points sho~va come ftom the lcg,ioa dcfmcd b)’ a boundin~,  box control
cmbcdckxl  in lmagc and linked to Scattcrl,  Also shown in the text box of Scat[cr 1 arc varioas statistical
qaantitics  associated with the scatlcl-cd  data. “1’hc bcwndia[), box in lmap,c  can bc rcsi7.cd  01- moved as
cicsircd.  ‘1’hc  0701~c data arc displayed ia CilolJcl  as a hci[~$[ field rcndcmi cm a sphclc. ‘lhc ozone hole
associatcci  with the south pole, as well as t-cgions  of high oz.oac a(ljaccat  to tl~c MC arc clcarl!  scm
Slider 1 also controls the cicpth  of tl~is  displa>,  and the hcipl~t  scale is coat rolled b> a rotar>’  sliclcr  alol~:],  tl]c
]-ight side of the windoiv. A 2-Axis Rotator cont[o] is also Iinkcd to (ilobcl allotf lt~LI  it [c) IX ~msitio~]l  ~~
dcsilcd.
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];i,gmc 2- Analysis of “1’hc!mlic  Map~Kv  ])WI :IIId dcvatiml  da(a F,(ithCIC[] in tk ]cg,io]] ofl)cdmm’s ]lotlc  in Wyo]ning

l;igurc 2 shmvs geological data collcctcd  in the IIcaclman lluttc area of Wyoming  ‘1’hcsc alc
“1’hcmatic Mapper spectral image data, and elevation data. 1 ,inc l’lot at the lo~l’cr lcfl cormcr shows the 7-
channcl  spcctrm at a point dcsip,aatcd  by a cross-hair control mbcddcd  in lmagc. Any interactive
mmwmcmt  of the cl-oss-hair  is inmwdiatcly  rcflcc.tccl in the I ,inc Plot spcclral display, allowin~,  the user to
vic~v the spcct rum at any location on the imaf,c. Sliclcrs  on I.inc 1’101  can, ia turn, bc liakcd  to the lmagc,
al Iowinp, the sclcd  ion of up to tlmx of the cllalwls  to bc coq~ositcd  ill ll~laf:c  and colorc~  rc4 FYc~l~ or
blllc. ‘1’hc RCiRPiltc.r  located next to the 1,inc I’M displays the histogram of up to three of the data
chaaacls  and permits interactive color strctchin[!  of each of tlmc  channels. ‘1’hcsc applications also control

the colors used for the pcrspcctivc rendering of the data in Plane, S11OIVI) in the upper right comer of the
fi~urc. ‘1’his application allows tl]c superposition of up to ttvo dala sets and displays thcm in pcrspccti~c
“1’hc elevation scale is adjustab]c usiap, the rotaly  slider on tl]c Icfl of l’lane’s flame, in this case, tllc

remotely sensed terrain is overlaid on an clcvatio]l  data set. ‘1’hc victv is intcractivc]y  positioned usillf, the
l)an/Zoom and 2-Axis Rotatw controls shown in the 10WCI right  cot-nc]
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“1 ‘hc currcat  1,inkWinds  dcvclopmcat  team mcmbcxs al-c Andy Ilcrkin and Martin 01-ton. Alumni
Jv]~o  l~~adc  il~~portal~t  crol]trjbLltiol~s  arc ]Irian Ildman, I,CO lllumc, llonnic  Doyd and Mi tch  Wade .
1,inkWimls  couldn’t have rcachcd its current state of usefulness without the CIOSC collaboration of users
who arc applying the software in their research and providing comments ad .wgggcstions vital to its
dcvclopmcnt.  ‘llcsc  scientists arc h4aA Allen, Kathi  llcratan, Ronald IIlom,  Donald Collins, Robert
Crippcn,  1 CC Illson  and Andy ‘1’ran.  WC cx[cncl our thanks to Joc Ihcclckamp  and his staff in NASA Code
SM 1, whose sponsorship of this work has made it possible.
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