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Abstract

We present a technique for defining graphical
depictionsfor all the datatypesdefinedin an algorithm.
The ability to display arbitrary combinationsof an
algorithm's data objects in a commframeof reference,
coupledwith interactive control of algorithm execution,
provides a powerful way to understand algorithm
behavior. Type definitions are constrainedso that all
primitive valuesoccurring in data objectsare assigned
scalar types. A graphical display, including user
interaction with thedisplay,is modeledby a specialdata
type. Mappingsfrom the scalar typesinto the display
model type provide a simple user interface for
controlling how all datatypesare depicted,without the
need for type-specific graphics logic.

1: Introduction

Designing scientific algorithmsis somethingof an
art. For example, algorithms for extracting useful
informationfrom remotelysensediataare basedon well
understoodmathematicaland statisticaltechniques but
often combinethesetechniquesn problemspecificways
that can only be determinedexperimentally. Scientists
can usually recognize incorrect results in graphical
depictionsof the outputof their algorithms. To find the
source of errors they needvay to applythis samevisual
understandingo the internal logic of their algorithms.
Interactive debuggingsystemsallow scientiststo step
through program logic and farint the valuesof program
variablesand arrays,in order to track down low-level
bugs. They needthe samesort of interactive capability

applied to diagnosing problems with high-level algorithm

behavior. However, where low-level logic can be
understood from a few printed values, high-level
behavior involves massesof data that can only be
understoodhroughvisualization. Thusthereis a need
for techniquedor generatinggraphicaldepictionsof the
internaldataobjectsof scientificalgorithms. In orderto
be useful to scientists,the userinterfacefor controlling
these depictions should be simple and not require
graphics expertise.

The data flow architecture[3] is widely used for
scientific visualization,with implementationsncluding
AVS [9], SGI Explorer, Khoros [7] and apE [2]. It
provides a graphical user interface for specifying

algorithms as networks of modules. The data flow

architectureis popular becauseof the flexibility of

mixing calculationmoduleswith display modules,and

becauseof its easygraphicaluserinterface. However,
dataflow networksarenot generallyusedfor developing
detailedalgorithms. Currentdataflow implementations
supportfinite setsof datastructuresjn orderto support
algorithm details they would need to support user-
definable, application-specific data structures.

The Balsaand Zeussystemd1] providea setof tools
for designingvisualizationenvironmentdgor algorithms.
Demonstration environments produced using Zeus
provide very detailedand effective views of the internal
workings of complex algorithms.  However, the
environment must be custom designed for every
algorithm.

The Powervisionsystem[6] usesan object-oriented
languageto supportinteractive developmentof image
processing algorithms. The system includes a fixedfset
display methods,defined in terms of a set of virtual
functions for accessingdata objects. As algorithm
designers define new object classes, they enstirehat
the virtual accesdunctionsextendto thoseclassesand
may needto designnew display methodsfor particularly
novel classes. The Powervisionsystemexploits object-
oriented techniquesto reducethe amount of program
logic neededo displaynew objectclassesbut the system
does not eliminate it.

In this paperwe describea techniquethatwe call the
"scalar mapping technique”, for generating graphical
depictions of the internal data objects of scientific
algorithms, without the need for type-specific display
logic. We also describe an implementationof this
techniquein the VIS-AD (VISualizationfor Algorithm
Development)system, an experimentallaboratory for
developing algorithms.

2: The scalar mapping technique

The scalarmappingtechniquedefinesan infinite set
of datatypesthat canserveasthe typesof dataobjectsin
a programminglanguage. The datatypesare definedin
sucha mannerthat every primitive value occurringin a
dataobjecthasone of a finite setof scalar types. The
techniquealsomodelsa graphicaldisplay,includinguser
interactionwith the display,asa specialdatatype whose
primitive valueshaveoneof a finite setof displayscalar



types. Mappingsfrom the scalartypesto the display
scalar types provide a simple user interface for
controlling how all datatypes are displayed,since the
graphicaldepictionof a dataobjectof any datatype can
be derived from the scalar mappings.

2.1: Data types

Define T asthe setof typesfor the dataobjectsin an
algorithm. It is commonfor a programminganguageo
define a set of primitive types (e.g. int, real), and to
definea setof type constructordor building the typesin
T from the primitive types. We modify this by
interposinga finite setS of scalartypesbetweenT and
the primitive types. We define the primitive types as:

PRIM={int, string, real, real2d, real3d

where real2d and real3d are pairs and triples of real
numbers. An algorithmdesignerdefinesa finite setS of
scalartypes,and bindsthemto the primitive typesby a
function P:S -~ PRIM. An infinite setT of typescanbe
defined fromSby:

sOT
(fori=1,....nt OT)0O (,....t,) OT
(sOsOtdTm)d (s» t)dT

where(t,,...t,) is a tuple type constructorwith element

typest;, and (s - t) is an array type constructorwith
value typet and index type.

primitive type real and are valuesattachedvoxels that
are depicted by iso-value surfacesor iso-value lines
drawn through voxels. The scalar animation has
primitive type int andis the index of an array of voxel
volumesthatcanbe renderedn sequencédor animation,
underusercontrol. The scalarsselector_ihave any of
the primitive types (real, real2d, real3d,int or string)
andareindicesof displaycontents. The displaycontents
changein responsdo usercontrol of selector_ivalues,
providing a way for the display type to model abstract
user interactions with a graphical display.
Thedisplaytype is defined by:

voxel= (color, contour_1,..., contour n)

display= (selector 1 —...( selectorm -
(animation- (Xyz_volume- voxe)))...)

Eachvoxelobjectincludesa color valueanda setof zero
or more contour_i valuesthat are depictedby iso-level
contours. The numberof contour_ivaluesin the voxel
tuple is the number of scalars sOOS such that
F(s)=contour, wherethe function F is part of the display
frame of referencedescribedin Section2.3. The voxel
objectsare organizedinto a three-dimensional/olume
array. An array of voxel volumesis usedto model
animation,and nestedarraysindexedby selector_iare
usedto modelusercontroloverthedisplay. The number
of selector_iindicesin the displaytype is the numberof
scalarss S such that(s)=selector

Every primitive value, including an array index value, 2.3: Display frame of reference

occurringin a dataobjectof typet 0T, hasa scalartype
in S Thisis thekey to providing a simpleuserinterface
for controlling the display of all algorithm data objects.
By defining mappingsfrom the scalartypesinto a type

Typesin T aredefinedin termsof the scalartypesS,
andthe displaytype usedto modela graphicaldisplayis
defined in terms of the display scalar types DS

model of a graphical display, the user can control the wayMappingsfrom S to DS createa frame of referencefor

that all data types are displayed.
2.2: Model of agraphical display asa datatype

We model a graphicaldisplay by defining a special
displaydatatype. The contentsof the display,including
the way its contentschangein responseo usercontrols,
form the value of a data object of tygisplay.

The display type is definedin termsof a set DS of
display scalars:

DS={x_axis y_axis z_axis xy_planexz_plane
yz_planexyz_volumecolor, contour_1 ...,
contour_n animation selector_1...,selector_rh

The scalarxyz_voluméiasprimitive typereal3d andis a
three-dimensionaloxel coordinate. The scalarsx_axis,
y_axis,z_axisxy_planexz_planeandyz_planearereal
andreal2d Cartesiarfactorsof xyz_volume The three-
dimensionalarray of voxels is projectedonto the two-
dimensionaldisplay screen,and the projection can be
interactively rotated, panned and zoomed under user
control. The scalarcolor hasprimitive type real3d and
is the color value of a voxel. The scalarscontour_ihave

generatingyraphicaldepictionsof dataobjectswith types
in T. A display frame of referenceis defined by
functions:

F:S - DSO{ni}
FD(s): D(s) - D(F(s)) for sOS

whereD(t) is the setof dataobjectsa typet. If F(s)=nil
thenFD(s) is undefined and the valuessidre ignoredn
the display. The function FD determineshow display
scalar values are computedfrom scalar values. The
function:

DISPLAY(F, FD,t): D(t) — D(display)

is derivedfrom F and FD, and producesdataobjectsof
the displaytype from dataobjectsof anytypet OT. The
functionsF andFD providea simpleway for the userto
control the DISPLAY function, and thereforeto control
the display of data objects.

3: The VIS-AD system

The scalarmappingtechniqueis implementedn the
VIS-AD system[5], which hasbeenusedto demonstrate



the effectiveness of the technique for supporting
experimentswith a variety of algorithms,including an
algorithm for discriminating clouds in multi-spectral
satellite images.

The VIS-AD systemprovides a simple syntax for
defining the set S of scalar types and the function
P:S - PRIM. The following are examplesof scalar
types defined for the cloud discrimination algorithm:

type brightness = real,;

type temperature = real;
type variance = real,

type earth_location = real2d;
type image_region = int;
type time = real;

type count = int;

Here brightnessand temperatureare the visible and
infrared radiancevalues of pixels in satellite images,
varianceis derived frontemperatureearth_locationis a
pair of valuesfor the latitude and longitude of pixel
locations,image_regioris anindexinto rectangulasub-
imagestimeis anindexfor imagesequencesandcount
is used for histograms.

The VIS-AD systemalsoprovidesa simplesyntaxfor
defining types in T using the tuple and array type
constructors.The keywordstructureis usedfor the tuple
constructor. The following are examplesof complex
types defined for the cloud discrimination algorithm:

type visir_image =
array [earth_location] of
structure {
.visir_ir = temperature;
.Visir_vis = brightness;
h
type visir_set= array [image_region] of visir_image;
type visir_set_sequence = array [time] of visir_set;
type wvi_image =
array [earth_location] of
structure {
.WVi_ir = temperature;
.Vvi_var = variance;
.WVi_vis = brightness;
h
type wvi_set = array [image_region] of vvi_image;
type var_image = array [earth_location] of variance;
type var_set = array [image_region] of var_image;
type histogram = array [temperature] of count;
type histogram_set =
array [image_region] of
structure {
.hist_location = earth_location;
.hist_histogram = histogram;

I3

Data objects of type visir_image are two-dimensional
imagesof temperatureandbrightnessvalues,indexedby
earth_location values. The cloud discrimination
algorithm partitions imagesinto regions, and a data
object of type visir_set is an image with partitions

indexedby image_regiornvalues. A dataobjectof type
visir_set_sequencés a time sequenceof partitioned
images. The vvi_imageandvvi_settypesare similar to
the visir_image and visir_set types, with temperature,
varianceandbrightnessvaluesat eachimagepixel. The
var_image and var_set types are also similar to the
visir_image and visir_set types, with only a variance
value at each image pixel. A histogram data object
attaches frequencycountto a setof temperaturevalues,
and a histogram_sebbjectcontainsa histogramand an
earth_locationvalue for eaclimage_regiorvalue.
The VIS-AD systemprovides a simple syntax for

specifyinga displayframeof reference.An exampleof a
frame of reference definition is:

map earth_location to xz_plane;
map temperature to y_axis;
map brightness to color;

map variance to y_axis;

map time to animation;

map count to X_axis;

map image_region to selector;

Each of thesemap statementslefinesthe value of the
functionF for a singlescalartypein S Map statements
can also specify values for the FD function; these
examplesspecifynoneso defaultsare used. F(s)=nil for
any s S that does not occur inmapstatement.

Figure 1: Cloud discrimination algorithm input.

Using this frame ofeferencethe lower-rightwindow
of Figure 1 showsa top-southview of a data object of
type visir_set_sequenceThis dataobjectis the input to
the cloud discrimination algorithm. The text editor
window on the left shows a section of the cloud
discriminationalgorithm codedin a languagesimilar to
C. A dataobjectis selectedfor display by placing the
cursorover any occurrenceof its namein this window
and clicking a mousebutton. Any combinationof data
objects may be selected for display, afidbccurrencesf
their namesare highlightedin reversevideo. Execution



breakpointsare setand clearedusing the mousein this

window, and the next programstatemento be executed
is highlighted. The small text editor window at the top

of the screencontainsthe display frame of reference.
The widgetsin the upper-rightcorner of the screenare
usedto control animation,to selectrangesfor scalars
mapped tselector to adjustcolor look-uptablesfor real

scalars mappedto color, and to select iso-levels for

scalars mapped tmontour.

Since F(time=animation in the frame of reference
example, onlya singlevisir_setsub-objecis displayedin
Figure 1. Toggling the ANIMATE widget causesthe
display to sequencehrough the object's visir_set sub-
objects. Since F(image_regioj=selector two slider
widgetsin the upper-rightcorner are usedto selecta
range of valuesfor image_region all visir_image sub-
objectsare selectedin Figure 1. Since F(brightnes3=
color, the pixel colors are functions of their brightness
values,accordingto the color widget in the upper-right
cornerof the screen. SinceF(earth_location=xz_plane
the pixels are laid out horizontally. Since
F(temperaturg=y_axis the temperaturevaluesof pixels
determine their height in the display. The object
depiction may be interactively rotated, zoomed and
translated in & with simple mouse controls.

Figure 2: A step in discriminating clouds.

Objectsare depictedin monochromewhen no object
component is mapped to color. When several
monochromeobjectsare displayedsimultaneously gach
objecthasa differentcolor. Figure2 showsa south-west
view of five monochromedata objects. The tall white
graphis an objectof type histogram_set The small blue
and yellow spheres indicatiee valuesof scalarobjectsof
type temperature calculatedby the cloud discrimination
algorithm as the 10th and 90th percentiles of the
histogram. The purple sphereindicatesthe value of a
scalar object of type variance calculated from the
temperaturepercentiles. The blue-greenobjectnearthe
bottomhastype var_set andis calculatedfrom another

var_setobject by settingthosepixels whosevarianceis
greaterthanthe value depictedby the purple sphereto a
specialmissingvalue; thesemissingpixels are invisible
in the display. Only a single value of image_regionis
selected in Figure 2, so the depictions of the
histogram_setandvar_setobjectsare restrictedto single
histogramandvar_imagesub-objects.

Figure 3: The discriminated clouds.

Figure 3 showsan object of type visir_set_sequence
thatis the outputof the cloud discriminationalgorithm.
It is identical to the objectin Figure 1, exceptthat the
valuesof pixels judged by the algorithm not to be in
clouds have been set to timssingvalue.

Figure 4: A 3-D scatter diagram of an image.



A second frame of reference example is:

map temperature to x_axis;
map brightness to z_axis;
map variance to y_axis;

map count to y_axis;

map image_region to selector;
map time to animation;

Since earth_location does not occur in these map
statements, F(earth_location=nil and earth_location
valuesareignoredin the display. Using this frame of
referenceFigure 4 showsan objectof type vvi_setasa
three-dimensionadcatterdiagram. Theview in Figure4
shows temperature along the horizontal axis and
variance along the vertical axis, and is restrictedto a
singlevvi_imagesub-object.

The mappingsof temperatureand time in the first
frame of reference example can be edited to get:

map earth_location to xz_plane;
map temperature to selector;
map brightness to color;

map variance to y_axis;

map time to y_axis;

map count to X_axis;

map image_region to selector;

Figure 5 shows theisir_set_sequenaabjectfrom Figure
1 in this frame of reference. Since
F(temperaturg=selector two slider widgets in thapper-
right cornerof the screenare usedto selecta range of
valuesfor temperature and the display is restrictedto
those pixels whose temperaturevalues are within the
selectedrange. Since F(time=y_axis the object'sfour
visir_set sub-objects are stacked along the y_axis
showing the motion of cloud features.

Figure 5: A time sequence image object.

The frame of reference can be edited again to get:

map earth_location to xz_plane;
map temperature to color;

map brightness to color;

map variance to y_axis;

map time to animation;

map count to X_axis;

map image_region to selector;

Figure 6 shows theisir_set_sequenaabjectfrom Figure
1in this frameof reference.SinceF(temperaturg=color
and F(brightnes3=color, the color at eachpixel is the
averageof the colors defined by the look-up tablesfor
temperatureand brightness The color map widgets
showred intensity proportionalto temperatureand blue-
greenintensity proportionalto brightness This way of
looking at multi-spectral data is familiar to earth
scientists.

Figure 6: Looking at multiple spectra with color.

The essentialfeature of the VIS-AD systemis its
ability to generate displays of any combination of
algorithm data objects, in a variety of frames of
reference. Editing the algorithm, editing the frame of
reference definitions, setting execution breakpoints,
starting, stopping and single stepping algorithm
execution,and displaying various combinationsof data
objects, can all be done highly interactively in an
integratedenvironment. Data objectsmay be displayed
in multiple framesof referencesimultaneously.If a data
object is enabledfor display while the algorithm is
executing,every time the object is modified it will be
flagged for re-display. Thus VIS-AD can be usedto
produce animations of running algorithms.

4: Data semantics and data display
4.1: Data semantics

The DISPLAYfunction wasdefinedin Section2.3 as
a functionfrom the domainD(t) of dataobjectsof a type
t OT to thedomainD(display), sowe will describethese
domains. The domainsof scalartypes are determined
from the domains of their primitive types, by



D(s)=D(P(s)). The domain of the primitive typet is the
union of a setof finite sub-domainseachan interval of
integers, as follows:
D(int; ;) ={kli sk < j}
D(int) ={missing O U, _ ; D(int; j)

where i, j and k are integers and the missing value
indicates the lack of information (the use of special
"missing data" codesis common in remote sensing
algorithms). The domaiaf the primitive typereal is the
union of a setof finite sub-domainseacha setof half-
open intervals, as follows:

D(real, ; | ) ={[f(k/2"), f(k+D/ 2)]i <k <j}
D(real) ={missing 0 U¢ r14U; < iz 0D(reallc’i’l.’n)

wherei, j, k and n are integersand F1d is a set of
increasingcontinuousbijectionsfrom R (the set of real
numbers) tdr; the functionsn F1d providenon-uniform
sampling of real values. The domains D(real2d),
D(real3d and D(string) are similarly defined as the
unions of finite sub-domains.

D((s - t)) is defined as the union of a setfofction
spacesratherthanasthe single spaceof functionsfrom
D(s) to D(t), as follows:

D((s - 1)) ={missing 0 U, D(S, 1) — D(V))

where subs rangesover the finite sub-domainsof the
scalardomainD(s), and (D(sy,,9 — D(t)) denotesthe
setof all functionsfrom the setD(s;,,d to the setD(t).
Every arrayobjectin D((s - t)) containsa finite setof
values fromD(t), indexed by values fromneof thefinite
sub-domains oD(s).

The domains of tuple types are defined by:

D((ty, .. t,)) ={missing O D(t;)x...xD(t,)

EachdomainD(t) hasa lattice structure[8], with the
missing value as its least element. The half-open
intervalsin D(real) are approximationsto valuesin R
andareorderedby theinverseof setinclusion;thatis, in
the lattice structure,an interval is "less" than its sub-
intervals. Values in D(real2d) and D(real3d) form
similar latticesand are approximationsto valuesin R?
and R3. The lattice structurecan be extendedto array
and tuple types.

The lattice structureof domains,andthe definition of
array domainsas unions of function spacesprovide a
formal basisfor interpreting array data objects whose
indices have primitive typesreal, real2d or real3d as
finite samplingsof functions over R, R2 or R3. For
example, a satellite image is a finite sampling of a
continuousradiancefield. The VIS-AD programming
languageallows arraysto beindexedby real, real2d and
real3d values. Navigation (earth alignment) and
calibration (radiancenormalization)for satelliteimages
can be implemented by appropriately defined sub-

domainsof D(real2d) and D(real), so that raw satellite
images can be accessedlirectly in terms of latitude,
longitude and temperature. An expression like

imagdlocation is evaluatedby resamplingthe value of

location to the nearestindex value of the image array;
the expressiorevaluatego missingif locationis outside
the range of index values of image Furthermore,
arithmeticexpressiongvaluateto missingif any operand
is missing Thus algorithms can combine data from

multiple sourceswithout the needfor detailedlogic for

resampling, for checking data boundaries, and for

checking for missing data. Although VIS-AD

implementssimple resamplingfor accesdo arrayswith

real, real2d and real3d indices, it would be possibleto

implement one or more interpolation schemes.

4.2: The DISPLAY function

There are two equivalent formulations of the
DISPLAY function. One formulation composesthe
DISPLAY function from a sequenceof basic type
transformations[4]. The otheris in terms of a tree
structuredefinedfor dataobjects,andis describedhere.
The tree structure TR(0) for objects o is defined
recursively as follows:

1.If o is anarraycontainingvalueobjectsg;, i=1,...,n,
with correspondingcalarindex valuesv,, thenTR(0)
is a brancmodewith sub-node§' R(0,), andthe value
v; is attachedio TR(0,). If o hasthe missingvalue,
then TR(0) is a leaf node and the missing value is
attached td'R(0).

2. If o is a tuple containingscalarelementobjectsv;,
i=1,...,m,andnon-scalarelementobjectso;, i=1,...,n,
then TR(0) is a branchnodewith sub-nodesTR(g)),
andall the valuesy; are attachedto eachTR(g;). If
n=0 (o0 hasonly scalarelementsYhenTR(0) is a leaf
node,andthevaluesy; areattachedo thatnode. If
o hasthe missingvalue,thenTR(0) is a leaf nodeand
the missingvalue is attached fdR(0).

3.If ois ascalarnotoccurringasa tuple elementthen
TR(0) is a leaf nodeandthe valueof o is attachedo

TR0).

Define PATH0) asthe setof pathsin TR(0) from the
root nodeto anyleaf node. Forany p O PATH(0) define
V(p)=v,V,...v,, asthe string of scalarvaluesattachedto
nodesalongthe pathp. Thena string of display scalar
values is calculated frov(p) as:

VD(p)=FD(s})(v4)-- FD(8;)(vy)

where v 0D(s) and where any spatial coordinate
display scalarvaluesamongthe FD(s)(v;) are factored
into x_axis y_axisandz_axisvalues invVD(p).

The DISPLAYfunction is computed as:

DISPLAY(F, FD, t)(0) =



COMPOSITE{DISP(VD(p))| pC PATH(0)})

where DISPR(VD(p)) is a display object computedfrom
the string of display scalar values VD(p), and the
COMPOSITE function computes a single object in
D(display) from a set of such objects.

If the leaf node of the path p is generatedrom an
object with the missing  value, then
DISP(VD(p))=missing Otherwisethe DISP function is
computedas follows. Given a string VD(p), for each
s DS define N asthe numberof valuesof type s that
occur inVD(p). Compute aoxelobjectvox=

(WCO|OI" Wcontour_l ""Wcontour_r) as follows:
if Noio=0 and for i=1,...,n. Niour =0

i .
thenvox=(SPECIAL,,, , missing ..7, missing
else

for s=color, contour_1 ...,contour_n

if Ng=0 thenw=missingelsew=(u,+...+uy)/Ng

where SPECIAL,,, is the monochromecolor value
describedn Section3, andthe u; arethe valuesof type s
occurring inVD(p). For s=x_axis y_axis and z_axis
computew; as follows:

if N=0 thenw=SPECIAIL elsew=u,+...+Uy

where SPECIAL is the spatial coordinate of a
distinguished plane perpendicular to fexis, andheu,
are the values of typeoccurring invVD(p). For
s=animationandselector_j computen; as follows:

If N=0 thenw=D(s) elsews=uy

wherew,=D(s) indicatesthat all valuesin D(s) are used
for w,, and uy is the value of type s occurring farthest
from the root invVD(p).

Now the display object d=DISPR(VD(p)) is computed
as follows:

d[Wselector_l' - [Wselector_rli[ Wanimatior]
[Wx_axiJ[Wy_axiJ[W _axigzvOX

If w=D(s) was selectedfor s=animation or selector_j
then the equationaboveappliesfor all valuesof w; in
D(s). All othervoxelsub-objects ofl are set tanissing
Thus, if the string VD(p) containsexactly one value
for eachdisplay scalar,then the color and contour_i
values ofVD(p) are set in a singleon-missingvoxelsub-
objectof DISP(VD(p)), indexedby the spatial,animation
andselector_ivaluesof VD(p). However,undefinedand
multiply-defineddisplay scalarvaluesare morecomplex,
andthe DISP function handleshemin a way that varies
between display scalars. If the value of a spatial
coordinateis undefinedin VD(p), the depictionof p is
embeddedin a distinguishedplane. However, if the
value ofs=animationor selector_iis undefinedin VD(p),
setsof voxelsub-objectsn DISP(VD(p)) aresetto vox so
that the depictionof p is invariantto usercontrol of s.
Multiply-defined color and contour_i values are
compositedby taking their mean, but multiply-defined
spatialcoordinatesare combinedby taking their sum, so

that, for example the histogramin Figure2 is positioned
over the appropriate image region.

The COMPOSITE function computesan object in
D(display) from a setof suchobjects. This computation
is doneindependentlyfor eachvoxel sub-object(i.e. for
each combinationof selector_j animation and spatial
values indexing voxelsub-object). The color valueof a
voxelis computedasthe meanof the non-missingcolor
values of the correspondingxelsub-object®f the setof
objects, and similarly for contour_i values. The
COMPOSITHEunctionis alsousedto combinedepictions
of multiple objects into a single display.

4.3: Discussion of data display

Although the spatial coordinate display scalar
Xyz_volumés factored into the one- amgo-dimensional
Cartesian factors x_axis y_axis z_axis xy_plang
xz_planeandyz_plane the generateddisplaysneednot
conform to Cartesiancoordinate systems. Two- and
three-dimensionalscalars may be mappedto spatial
display scalars,and the FD functionsfor those scalars
may include mathematicalcoordinate transformations
into non-Cartesiartoordinatesystems. Similarly, three-
dimensionalscalarsmay be mappedto the color display
scalar, and the FD functions for those scalars may
include mathematicalcolor transformationsinto color
systems other than RGB (Red, Green and Blue).

The scalar mappings provide a flexible tool for
projection pursuit for data setsin many dimensions.
Given a higher dimensionaldata set, the user can map
different dimensionsof the data set to three spatial
coordinatesthree color dimensions,animation and a
variable number odelectordimensions.

It is certainlypossiblefor the userto definea display
frame of referencethat producesdepictionsthat poorly
communicatethe information content of data objects.

However, the interactivity of the system allows the user to

experiment with the scalar mappings, in order to
understandow the mappingswork andto find effective
object depictions.

Since interactive responsetimes are important, the
VIS-AD implementationof the DISPLAY function uses
shared-memory parallelism and is optimized for
vectorization. It traversespaths in an object's tree
structurein parallel. It dividesthe rangesof valuesof
array indicesinto sections,and the pathsthrough each
sectionare traversedby a different processor. Also, the
internal storage format for datédjectshasbeendesigned
to allow efficient vector processingof arraysof scalars
andarraysof tuplesof scalars. Runningon an SGI 340
VGX, the DISPLAY function generatedeach of the
figures in this paperin less than one second. This
performancepermits interactive visualization of data
objectslarge enoughfor real scientific algorithms,and
smooth animations of the behavior of some algorithms.

Becauseof the nestedarraysin the display type, a
display data object may be very large. The VIS-AD



implementatiorof the DISPLAYfunction minimizesthis
size by:

1. computing values for only those sub-objectsof a
display objectthat affect visible screencontents,and
re-applyingthe DISPLAY function to dataobjectsas
animationandselectorindices change.

2. Splitting the display type into two arrays, one for
contourvalues and the other foolor values.

3. Limiting the samplingresolutionof xyz_voluméeor
the array otontourvalues.

4. Using sparserepresentation$or the array of color
values;texturemapsare usedfor voxelslying on the
distinguished2-D planesdeterminedby the values
SPECIAL s SPECIAL i and SPECIAL i
and lists ofnon-missingvoxelsareusedoutsideof the
distinguished planes.

Whendataobjectsare transformednto densesetsof
non-missingvoxelsit is impossibleto seeall the voxels,
so VIS-AD providesa user-controllectlipping planefor
creating a cut-away view of the display.

5: Plansfor further development

We are generatinga library of standardimage
analysis and remote sensing functions callable by
VIS-AD programs. We are also adaptingVIS-AD for
distributed execution, enabling programs to fiatictions
on remote computers.

We plan to extendthe definition of the display type
by including real display scalarsfor transparencyand
reflectivity, anda real3d displayscalarfor vector, in the
voxeltuple. Scalaranappedo thesenewdisplayscalars
would be depicted by complex volume rendering and
flow rendering techniques.

We planto extendthe setT of datatypesby adding
type constructordor lists, treesand othercomplexlinked
structures. We will extend the DISPLAY function to
generatediagramsof linked structures,and to provide
interaction mechanismghat allow the userto traverse
linked structures. In orderto do this, linked structures
will probably beincludedin an extendedefinition of the
displaytype.

We plan to extend the parallel algorithm for the
DISPLAY function to a scalablealgorithm running on
large numbers of processors,in order to increase
interactivity for large data objects.

We plan to adapt VIS-AD to generategraphical
executiontracesof algorithmdataobjects,and graphical
depictionsof the way that algorithmbehaviorvarieswith
respectto varying algorithm parametersand varying
input datasets. Thesefunctionsare possiblebecauseof
the flexibility to define arrays of any datatype. The
system can trace a data object during execution by
deriving a new array type of valuesof the data object,
indexed by a scalarfor algorithm step number. The
systemwill executethe algorithmand storethe value of
the selectedobjectin the derivedarray at user-declared

trace points. Similarly, algorithm behavior over an

ensemble of invocatiorsanbe studiedby derivinga new
array type of valuesof a selectedalgorithm data object,
indexedby a scalarfor a parametetthat varies between
algorithminvocations(this may be a string scalarfor the
name of an input data set that varies between
invocations). The systemwould invoke the algorithmfor

eachvalue of the parameterand savethe final value of

the selectedbbjectin the derivedarray. By mappingthe
index scalarof the derivedarrayto a display scalar,the
user will be able to generateflexible displays of an
executiontrace or of the way algorithm behaviorvaries
over an ensemble of invocations.
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