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Abstract-Space mission applications involving landers and 
surface exploration make extensive use of terrain models within 
their simulation testbeds. Such terrain models are large, com- 
plex and involve a variety of attributes including topography, 
radiosity, soil mechanics, and hazard properties. Sources for 
the terrain models include planetary data archives, field tests, 
mathematically constructed models. Simulation users of such 
models include surface rover vehicles' kinematics and dynamics 
models, instrument models, camera models, robotic arm models 
etc. While each of these types of terrain models has certain unique 
aspects, there is also a large degree of commonality among them. 

This paper describes the S I ~ I S C A P E  middleware toolkit that 
has been developed recently to provide a common infrastructure 
for importing terrain model data from multiple data sources 
and making them available to simulation applications. The 
S I ~ ~ S C A P E  infrastructure simplifies the overall simulation design 
hy eliminating the traditional need for custom terrain model in- 
terfaces to terrain data sources and simulation users. SlnlScarE: 
provides a collection of libraries and tools to use and manage 
terrain environment models within a wide range of simulation 
applications. 

Space mission applications involving planetary landers and 
surface exploration make extensive use of terrain models 
within their simulation testbeds. Simulations of surface ex- 
ploration rovers use terrain ~nodels as part of wheel slip- 
pagelsinkage dynamics models, for camera and sensor sim- 
ulation models, and for collision checks. Lander spacecraft 
simulations use terrain models for altimeter models, radar 
models. and hazard detection. Science related studies use 
terrain ~nodels  for instrument specific simulations. 

Such terrain models are large, complex and involve a variety 
of attributes including topography, radiosity, soil mechanics. 
hazards properties and other domain-specific information. 
Sources for the terrain models include planetary data archives, 
field tests. synthetic models (derived from existing terrain 
models) as well as analytic ones (created mathematically). 
Simulation users of such models include surface rover ve- 
hicles' kinematics and dynamics models, instrument models, 
camera ~nodels. robotic artn models etc. While each of these 
uses of terrain models has certain unique aspects, there is also 
a large degree of commonality among them. 

This paper describes the SIMSCAPE middleware toolkit that 
has been developed recently to provide common infrastructure 
for importing terrain model data from tnultiple data sources 
and making them available to simulation applications. These 
terrain data sources include planetary and empirical terrain 
data sets. terrain synthesis rnodels and analytical models. 
The SIMSCAPE infrastructure simplifies the overall simulation 

design by eliminating the traditional need for custom terrain 
model interfaces to terrain data sources and si~nulation users. 
SINISCAPE provides a collection of libraries and tools to 
use and manage terrain environment models within spacecraft 
simulation applications. 

There are many products that offer parts of what we need 
in SIMSCAPE but none that combine all the features that 
we need. For instance, Daylon Graphics offers a product 
called Leveller [2] that provides an ability to construct or 
edit 3D terrains. It does not provide a run-time library to 
use the resulting terrains in realistic applications. The GNU 
Triangulated Surface Library (GTS) [ l ]  has many useful func- 
tions for modeling surfaces with triangles. but does not have 
capabilities to deal efficiently with gridded elevation data. GTS 
also has no tools for importing terrain data from a variety of 
geographic sources. The Geospatial Data Abstraction Library 
(GDAL) 141 has many tools for importing from a wide range 
of geographic data sources. GDAL primarily uses raster bands 
(sets of gridded data) to represent the wide range of data in 
can assitnilate. It does not deal with irregular meshes and 
has no provision for hierarchical topographic structures, as  
SIMSCAPE does. Similarly, the Planetary Data System (PDS) 
[ S ]  provides planetary images and data collected by various 
NASA missions and some related software. The Integrated 
Software from Images and Spectrometers (ISIS) [6] provides 
software for modeling images and related instrunie~its. Both 
PDS and ISIS have unique and useful contributions, but neither 
addresses many of the needs of vehicle simulation. Several of 
these products provide useful capabilities that SIMSCAPE in- 
corporates directly via their software libraries. See Section IV 
for more details. There are also many Geographic Information 
Systems products available, such as GRASS [ 7 ] ,  that provide 
useful tools for geographic data analysis, but do not address 
tnany of the needs of vehicle simulation. 

Goals of SIMSCAPE are: . Support run-time use of terrain models in simulations . Support multiple representations of the terrain geometry. 
These include 2.5D digital elevation map grid represen- 
tations, point cloud representations, 3D mesh represen- 
tations, and 2.5D triangulated irregular network (TIN) 
mesh representations. In addition. SIMSCAPE includes 
support for geo-referenced planetary data models. The 
SIMSCAPE library provides several rnethods to transform 
terrain models between these representations. . Support for composite terrain rnodels assembled from 
heterogeneous component terrain models. e.g. base ter- 
rains with component 3D rocks (Figure 1). This includes 
the ability to assemble terrain models from a variety of to- 



pogmpli~c co~npnents in a tree hierarchy with offset? iuid 
roti~t iniis to pjr;iriari Ilie su hcompments nl,prnpriately. 

Support tlie use ot overlays o f  surface properties such 
ac material cnmposition. texture, albedo, terra-mechanics 
parilmcters ctc. SIILISCAPE supports the overlay of at- 
tributes sucl~ as reflectivity. terra-mecl~nnics. material ctc. 
unto ttte unclerlying lerrain geometry. 
Szipport the use of terrain iliodel dnta from m;uiy differ- 
cnt sources including plili~etnry, etnpiricial. synthetic ant1 
arialyticnl termin models (1:igure 2). The !err:lin datn can 
inulwde archival planetary dara. field test sites leg. Mars 
Yard). synthetic and analytical terrain data. 
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Support ol'r-line pwpar;~rion and creatiorl o f  complex 
tcrrnin lnotlels 
Suppr t  persistent storage and retrieval of termin tnotlclq 
for rut)-lime access. 

Section 11 provides at) overview o f  the S I ~ I S C A P E  rlcsign 
arcliitccture. object types and t l ie~r functionality. Section I11 
de5crihes algcrrithmq and methods for ~nanipulaling thc SIM- 
S c l t ~ e  objects as wcll as for triinsfvrtninp them into ot)e nn- 
r~ther. Section I V  describes tlie various dnta foriilnts supponcd 
for i~nportirlg and exporting terrain clatn. Section V1 describes 
user interfaces fur visualizing terrain rnudels and Section VII 
describes s i~nu la t i o~~  applicationh using SIRISCAI~IC. 

11. ARCIIITEC'~~II<F. A N D  DESIGN 

Siiicc every applict~tion area ha5 s p c ~ a l  needs for terrain 
tlnta tliat cannot he guessed in advance by the dcsigncrs o f  
tlic S r n r S c n ~ ~  erclii~ecture, it is imporfant tlint the dcsign 
capture coaimon basic tcrrnin nccds, ns well iis provide the 
extensibility ncccssnry for end users ro extend  he framework 
FO liieet their specific neetls. 

A. Evft~~~,s i l>i l i ty  Pl~{,qitis 

One of the kcy ways tliat SlnlScnr~s pmv ide~  extenribility 
is via the mechanism o f  "plugins". The user cnn extend any 
of the base clashes provicletl by SIAISCAPIC and tlie new 
classes can be easily loaded at run tiiilc so that the new 
fuiictiniinlity is availahre. The user adds tlie coillpiled object 
tiles for tlicir ncwly dcrivcd classcq to il p l ~ ~ g i n  clirectory 
and instructs the S i  ~ I S C A  I'IS frniilework to search the plugin 
directory to discover the new classes. E:~ch new class would 
also pmvitle bnsic filnctir~ns to save its datn to a persisterkt 
store so that its classes can be saved iund restored froin the 
persistent storc like any of the bnsic classes o f  SII\.ISCAI~E. 
The new user clas~es can be extensions of existing classes or 
be created to perform a singlc function such i~i ipnrt data l'ln111 

external Trwn~nts 4"l~nporters"j. expoit dara to external forn~nts 
("Exporter"). conven an r~hjeut froin one type ao another 
("Tsan~ti~rmers"E. or r i~odify an obiect without changing its 

~ ' 1  ~ ~ ~ ' ~ ~ ; ; ; ; n  
type ("Manipulatoi'). Sce Fipare 1. More details about these 

_ ,  . .I. so~ourc~s types of p l r~g i~ l s  wil l  be coveretl i n  Section I I I  and following. 
: , t ' '1.'j115 5yrllhe18 c '1,>1 ' > 

Support nlgorirhms and methods for trimsformatinns he- 
tween tlie different terrain model types 
Support the exporting and importing of terrain mtldels 
lo and frorti !he variety o f  standard terrain cbln formats. 
inluding PDS. GeoTiff. USGS ISIS. VRML ctc. 
Provide n r~~t i - t ime library with efficieiit a!gorithil~s and 
methodc fur use o f  the terrain n~orlels within applications. 

t Provide clear interfaces for use as a general-purpme. 
embeddable library by clifferent applici~t ion~. 
Pm>vitIc iun cxtcnsiblc arcliitccrurc to allow exitenrir~n of 
the SI~ISCAI'E library with new algorithms ancl terrain 
model types by users. 

:ape Corr 



One of tlie rnnin tlerign eo;gls for tlie S~niSr:h IT fri~mework 
is to provitle a wee-like h1ructure la cuiitain ttie terrain-related 
objects necessary to model complex surf;ices fur viiriouh types 
of sirnul;~tions. With this i n  mind. there arc twu typcs uF classcs 
of objects in S I ~ I S C A  I*K: 4 I ) basic topographic primitives 
Isuch ns DEMs) and (2) container objects (rclatcd to rhc trcc 
5tructure). Note that all o f  tlieqe classeg are Jeriverl frr jr~i a 
singlc base class called "CoreOb*ject" to enable storage and 
retrieval with persistent stores. See Figure 4 for ;an overview 
of the class hierarchy. We wi l l  start by examining the primary 
topugraphic ob,iect clahrcs. 
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Fig. 4. Thc SIXISC'APE c1aw hirrarcliy 

I )  7i)l?nDrrri: One o f  tlic pri~nitry topographic classcs is tlic 
T o ~ o D ~ h r .  As the name impIies, this 15 primarily a DEM 
(Digital Elevation Map). The elevation values are laid out in 
a regular x-y rectangular grid. Fur each x-y valuc pair. there 
i s  nnly one elevatinn (7.) value. The T o r o l l ~ s n ~  provides datii 
iiccess and in te~o la t ion  functions to uornpute The elevrttion 
value for a specified x-y locat ion. Each Tn~r,D~nr contains 
infi>t.t~iarir.~i ithr)t~t h e  extent (phyhicijl area) ~ l ia t  I he claaa grid 
covers. 

'I'here ale currently two soLtrces u f  elevation data that may 
he user1 to create TOInt~Df.:  IS. Tlie primary one is ~tz'rrerl 
clcvat ion rlnta. The persistent store saves the grid of elevation 
data values along with aIl necessary inft)rmntioii to reuonctruct 
tlie coverage of the T o ~ ~ o D l s ~ .  Tlie ~ e m n d  source of data 
for T o l > o D ~ ~ ! s  is via an analytic construction capability. 
' ~ O ~ ' O I ) E R I S  ciiil be created with a number of ideal geometric 
surfiices si~cl l  as flat su~~fiices. slopetI surL~ces. wavy surLices 
Isincluo~inc wauc fi~nction), and other similar shapes. 

Mimy sourccs o f  tc~pograpliic datn provirle grids o f  rcgi~larly 
spaced efevation data. Exactly flow these elvatinn data values 
shoaltl be interpreted varies. In snme cases. each elevation 
point represents an average elevation i n  the grid square (or 
~'ectangle) the cunta~ns the point In SI~ISCAI'I~, tliix type of 
data i q  called CENTERPTXEL. 111 somc caqcs, thc clcvntion 
data i s  to be interpreted as the elevation at one or the corneas 
of ttie grid square. I n  SI~ISC~\PV: .  this type uf datn is c;~llcd 

FENCEPOST. T0POC)lChls silpport botti t y p s  of elevation 
data repre5entations. 

TopnDerns also provide a series of  functiorls that provide 
uhefi~l data beyorirl \i~rlple elevntio~t lookup. Tltesc 111clutIe 
fi~nctions to compute the nram;ll to the surface at a specified 
location. compute statistics for a srnalI patch sumvt~nding 
spec1 tied tncat~on. and other filnct ions geared towards ground 
vehicle simulations. 

Although the duminnnt use of the TOPOWPS~I type is  to 
provide acces.; tu a regular. rectangular grid of elevation datn, 
thc class itsclf is innrc gcncml. A T ~ P U D E M  provides a 
container for any 2-D, regularly spaced data. For instilnce, 
the TopoDem could contain elevation data fur radius and 
a r l~ le  data on ;I ~snlnr prrd. S in i~ la~~ ly ,  ToywlDems are used to 
contain the dcvntion data for latiti~dc and longituclc pairs in 
the TopoPlanet class (see Sectinn 11-C.5 Fnr Inore detni Is abnut 
TOFOP[,ANK'I'S). Sincc thc dntn contained by s TOPVDI.:RI is 
based on a C++ template. it cat1 be appIied various numerical 
classch such ils double. f l o a t ,  r ~ r  cven integer types. 

2) 7i1l)oCEorrrf: A T~I>OCI .OII I )  1s simply a p u p  (or 
"cloud") of x-y-z points cat led vertices. To~oCr,ouns sup- 
port adding new vertices, mergi tlg ToroC~~ouns.  arid other 
related functions. A cloud of points rnay be the primary t y p  
of data for n variety o f  applications. An exi~rnple i s  the 3D 
ranging data from stereoscopic image correlatiun. 

3)  Tq)oMc.~h: A key lirtiitatinn of the ToI*oIllg:hl is that 
i t  is 2.5 dimensii~nal (meaning that there is only one elevation 
tInta vnlue for each x-y locationl. For many vehicle simula- 
t i on~ .  a truly 3D surface clasq is  necessary to ~l lodel  terrnln 
surticcs with realistic 3D characteristics such as ovcrdiangs. 
Tlie T o ~ w M ~ i s r ~  dilss pmviclef h~l l  3-dimensional irregular 
mesh cnpnbil~ty sinlilnr to 3D meshes used tn model surfaces 
in popular graphic'; Iibraries. The surlhce is broken up into 
a set o l  "Faces" (which are usually triangles) and the ver- 
tices necessary to detine each face. The 'l'o~'oMrss~ class 
derives from the TopoCrx,un class (which prr~vides baqic 
vertex storage and operations). The T o r o M ~ s ~  type provides 
fz~nc~ions to a c u c ~ ~ ~ d r l / ~ l c l c t c  fi~ces, nicrge TOIWM ICSIIS. and 
refine (hubdivide) existing face5 to  educe the s i ~ e  of all Faces 
below a t les i~r t l  tliresliold. 

4)  K),voTirrM~slt: One of the key operations needed helm 
a termin rnndel'; by a gn)uncl vehicle is t{> determine the 
efevrttion for a specific x-y location. This is easy to do with ;i 
T O P O L ~ K ~ I  sliice lt IS inherentEy a 2.5D structure. but prob- 
Icmatic with n TOI'OMESII sincc it is 3D mid cotrld prtxlrrcc 
two (or marc) clcvation values for a singlc x-y location. 
The T(IPOTINMI<:SH class irnplenlent'; a 'Triangular 1rregrll;~r 
Network" based on Delautiay triangulation. A T ~ P O T I N -  
M ~ s l r  is i111 irregular mesh with Lices and vertices that is 
constrainetl to be 2.5U by the vertexlkbce construction process. 
This meanr that a TOPOTINMESH provides the unambiguous 
elevation lookup nf a Tol*c~lI~a:n~ with the data flexibility of a 
TOIWM I.:SII. A well coiistructetl TOI~C)TINM I-SII represents 
the same elevation data as a TupoDem with considerrtbly 
redr~cetl stonye rerluiremenltq hit11 inirior run-time elevation 
lookup penaltiec. 

5) Ti)/mPlr~ner: The Tolv ,P~.ANI. '~  C ~ F S  is the prin~nry 
end-user class for dealing with the sorface of a planet. The 



TOPOPI,ANI.:T class provides various useful furicrions s~rcEr ogy of the tree str11ctul.e is a siriiplc downward branching 
as the abitity ti) colnpiltc the radius or clcvation offsct of the trcc. Each TUI*OTH~:I.;NIII)IS object can contain a set o f  
curface at a specified latitude nntl longitude. cornpute lflcal ToI~oTRI~ENuDE children. Each T O P O T R E E N ~ ~ K  con- 
surfiice rior~nals. and cotiil,ule the intersection of n ray with rains n single topogrnph~c data object such as a TOI'ODlChl 
the ~urface. or a T ~ P O M E S H .  

TOPOPI,~~NK'I  represents the surfilce of a planct in a 
geiieral17,ed way hy arld~ng a11 ottset to nn noeil~rial planetary 
radius value based on some idealized shape nmdel (such as 
:I sphere or an ctlipsuid). To nccr>mpIish this. TOPI)PLANET 
u ~ e s  the I'!.nNIYI'MOI)I<I. claw to comipute racliuq values froin 
a latitucte and longitude pair or convert from latitude and 
longitude pairs to x.y.z cartesian locations (and vice versa). 

I ~ I , ~ ~ ~ ~ M o t ~ ~ ~ ,  is  s generalized base class. I t  contaitls an 
object o f  the Pr,n lv l~~~u~l~ ,~cl rR1r1:15~1~:~~15 clal;s Ihat il; the 
base class for planetary reference surfaces and knows how to 
cvlilpllle a re rerelice surface radius fur 111iy spcifietl (plilnelo- 
ccntricj latiti~tle nntl longitude pair. SIMSCAPE prr)vides tun  
sitnple derived classes. T:I,I .IPS~II)  azid SI'HEKIS. that rrlodet 
:I splieric;~l aiirl clliphoid;il rel'c~ence sui face. respectively. 

The reference surface accounts for tlie fact that planets 111 

general ztre ncrr perfectly bpherici~l. but arc usu:~lly el tiptical 
or ublate in shape, with flattening at tlie poles relative tu tlie 
equator. Using a fixed reference surface also allows soft ware 
to make use o f  the limited precision o f  floating point number 
forinnas for cIcscribing thc surface dctail by huctoring out il 
large cotistatit reference value nssociatetl with planetary radii. 

There are two cl;lsses derived from PI,ANISTMOD$L: 
PI,I\NITTDETIC and PI~ANETCENTRIC. These two classes 
do tlie prhniary work of adding othets to the reference srrrhce 
radius. ~I .ANETCENTRIC assumes the offset is added to the 
refercnue surf~~ce in ri direction tEuit rlltEinlly outwnrtl I Ire center 
o f  the planet. P~,ANETDETIC assumes fhc offset is added 
in a direction nornlal to the looal reference surhce at the 
specified location. Tlie I '~ ,ANK'~M QI>KI, class also uses the 
cIaqs PI,ANISTCOOUI)INPO (and severs! relalett classes) to 
take care o f  whether longititdes increase in tlie eastward or 
wcstward ilircctions. ;mrt how to dc:h with loiigitutlc wriipping. 

To provide the ofyset elevation data at my specified latitucle 
imd longitude. [he TOP~PI.ANET class useh an embedrled 
TUI'UDl'hr object. For this usage. the typlcal rne;ulung ul x 
and y of the ToinoDlrh~ are replaced by longitude and !atiturle 
(respectively) rind the elevation v;~lues r ~ f  t t~e T(11noDen1 are 
interpreted as offsets from lhe reference surface. 

When a TOPOPI,ANT:T ob,ject is crentetl. the user must 
first create an appropriate Pr,nn~s-rMon~~r. object (usirag 
the P l . n ~ a ' ~ - D l ~ 1 . t ~  class or a P1.n~ I I C I . : N ' ~ K I  c cl;!s~) 
with the appropriate reference surface (such as ISI,I,II'SI)EIE). 
The resttlting Pr,nNisrrMOl~~st. object i q  wet1 to create tlie 
TOPOPI.ANF,I' object and is inqtalled a% a data member of 
the ToI'oOPI-ANET object for future surface location crmpu- 
taticlns. 

The clesign of the T ~ I ~ ~ P I . A N I < , I '  class ant1 that classes that 
it uses pn~vides a flexible ant! extentl;ihle way IO irnplerrient 
more complex pla~~etary trlpographic systems. 

h)  Co~rt<tvwr 7 j p r . ~  - f i ~ r s  L I I ~  iVo(k.\: 111 ortler 10 pro- 
vide tnnximum flexibility to n<sernhle topogmpliic clern from 
various sources the S I ~ I S C A I ' I ~  framework provides a tree 
\~I.IIU~IPW pop~~laterl by TOPOTKEENOI)E objects. Tlie topor- 

Gurev Cahokm res~on g ~ n t h e t ~ ~ , /  \ 
model tree ~ s r e m b l y  detmll -.- .-... *..A 

I '\ . hu rum aynthetuc 
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'The reIative position and rotation of rhc node (with respect 
to its parent node) can be specitied using n "Transforan" 
object (which contains a pusition nffsct and a nltatioii matrix). 
T h t  pmirionlnrtation orfset applies tlie notIe, all its cliildreii, 
and tlie contairled topngmphic al?ject. This provides ctlenpletc 
flexibility to position all t{~&x~grapElic objectr within [he tree as 
needed. 

An objcct o f  tFic TOI*C>TKI':E represents the entire tree 
structure and mntainr the tree o f  TOI'OTREENOUES. I t  also 
provides sc\craI fi~nutions for inmiipul:~ting the entire tree 
(such as norlnali7ation). Conceptunlly. the T o P ~ T K R ~ <  ant! 
TorwT~rr:~No~>rz u!as%es co i~ ld  be merged. al~tloupli they are 
distinct in our current implementation. 

D. Str t;jirc,c I'nlllerr,~ Ol-erl(r~s 

Elevntit>rl data is ewentinl to vehide simulations but is  not 
!tie only type of  darn usefi~l to describe an area of terrain. 
Important science and engineering data related to termins are 
oRcn :iv;!ilr~blc ant! must he a\~ouiated wit11 terrains so ttie 
rlnzn can be acccssed for locations within tlie terrain. Examples, 
inclurle images to he overlaid on the surface for visualization 
purposes. the rlature of t t~e  soil at specific locations (soil types. 
utlhcsicln. ctc). and spectral propertie< of the terrain qurface. 
Tlicsc 2 0  rnstcr data scts arc callcd s i~r t l~ce property '"overlays" 
in SrhrSun~*~ and are derived from tlie SUKFACEPKOPISKTI' 
base class. Mulliple such surfwe property over1;lys niijy be 
associated with n ToPo object. 

San~Sc~re allows such overlay properties to be specified 
i n  frilrnes diffcrcnt froin that clf the parent TOIW object. In 
ortler !lowever to access a surhce property value at a Tnrlo 
vertex. the overlay data set 111i1st bc "bound" to tlic vertices 
on the parent Toro  object. The "binding" process (see 
Figure h)  registers the overlay (including a positionlrtltation 
oltfet) w ~ t h  the parent ~opr~gwphic ohlect and sets up various 
internnl data crrilcturel; fbr acce5~ing tlie overlay data. Eacll 
overlay provides its own accessor functir~is that rctrlrn SUR- 
~;ncsPft! ,~~~;ft .r~ vall~es for specific locations [ x - y  or x-y-s 



Fig. 6. Bi!tdillp or sul-fncc a~trihl~lcs 'to tllc T O I ~ J  ~ur lncc  ol!iucls 

depending on  he type of tupjgraphic ohject). Fur instance. 
nil irnage tn he over!aid over R l ~ p l p r i ~ p l i i ~  clbject i\ ciillcd 
rt TI. :XTUREO~~:RI , ,~Y.  The T E X T U R E ~ V E I ~ I . A Y  clasc is 
deriretl li.0111 SLJUI-AC~<PKUP~CRT\' and provides i t  pri~riitive 
data type cnllcd T ~ . : x l ' u ~ e C o a ~ a ) r n ~ r ~  {coiitnining w s.t 
image cvorrli tlate pair). When the bound Trss~un~Ov~rna,nl'  
infclrmilrinn i q  iieet!etl, it cnii he acces5eJ rrcrm the parent 
topographic object nnd TEXTURECOORI~INATES can he gen- 
eratetl for specified x-y coor~linate';. 

I11 the process of binding surface properties on to topo- 
graphic objects. a coordinate inap can be specified. I f  the to- 
pgrrlphic object is  essentialiy 2.5 dimensional (for TopoDems. 
ibr iiist;~ncc). ;I simple onc-to-one cnrrcsprmdcncc hct wccn thc 
surface property set and the underlying topographic ohject 
i n i p l i ~  be appc?t)priate. However. i f  the r a p ~ ~ ~ n ~ p l i i c  object i s  3 
dimensional (like a TOPOMKSH). contro3ling huw to map the 
surtnce propel-iy to  the 3D object i q  not so  ~ imple .  Several cn- 
ordinntc mapping classes arc provided for this purpose (and the 
LISET call create liew lnappilig clnsseq derived fro111 one of tlie 
existing ones). For instance. the class C ~ O R I I A E - F I N ~ M A P ~ D  
can in~n)Juue an arbitrary al'fine trancforrn (offset. rotation. iind 
skeu ) in tlie mapping process. See the leR pall  o f  Figure 7 
for an example. The rrher can also define custom  napping 
uciiig Cno~l )Cus 'rohlM~1~2D as sRown i n  the right pail c l f  
Figure 7. 

Interesting and i~seful mappings for 3-din-tensional figures 
are also available. inclucting a 2D tnapping, a spherioaI tnap- 
ping using ~ o o R I ~ S P H I ~ R I C ~ ~ , ~ . ~ ~ ~ ~ ~ T )  (see left irnage in 
Figure 8) and n user defiiietl custorn mapping using C O O I ~ I ) -  
CUSTUMMAP~D [see the right irnagc in Figure X and notc 
that tlie same texture is ~nappct  to each face of the cahe). 

Although these cxample surface property mappings are shown 
for textures (images). the same capability can be used to map 
utber typch o f  sl~rfacc p1upcrtit.s. 

Fig. 8 .  Irl'~: 713 Coonlin;~lr k1;lppings V11r Hillding IIF Surl:lc~ P A I ~ T I ~ C ~  

I t  is also pnsqihle to bitid iul overlay (along with rclntivc 
positionlrotation offsets) to Tr,lvlTltr-:t4: nRcKles. Srrcll overlays 
are applied to the T o ~ o T n ~ e N o e ~  sub-trcc. 

The base elms CoreObject not onZy provides the basic 
functionality to save objects tu pcrsistcnt stclrcs, it provides i j  

qet of tunct~ons relat~ng to meta-data about the object. referred 
to here as "attributes". There are two typcs c ~ f  attributes 
with l w r ~  diil irent pilrpoqes. One [ype 01' attributes are user- 
detined attributes. Their purpose i s  to provide n way for users 
to store and retrieve texti~nl data about an ob.jea such as 
labels. annotations. rbta sources. etc. CoreObject provides the 
capability to save and retrieve arbitrary text strings with keys. 
A second typc of attributc prr~vidcs sirnplc auccss to known 
d;~tn internal to ei~cl i  topcrpnpliic object. Fcrr in~tilnce, the 
11111nher of samplec for a TopoDem can he accessed via n read- 
only iittribute with the key 'samples'. Other known attributes 
such as the textual clescription of the T o P O D E h I  (that has the 
key 'description' j can be accewerl or tnndi tied via the attribute 
gerlser Func'tinns. These two type5 of attri hures use the same 
typc of underlying rnech:~nixinh tu htore their ill formation in 
the persistent store so that objects retrieved frtrtn the persistent 
store wil I  iiiclude all o f  tlieir nttrilsute data. 

111. TRANSFOR~IERS AND MANIPUIATORS 

Many common operations on ttie basic topographic ohject 
invoIve perfonnine some type of ~nanipulation of the data 
i n  tlie toptjgri~pliic object and returning 11 new topographic 
object o f  the same type. These ftmnctions can be thought o f  
ns mnnipulatars since tlie ob*ject returned i s  of the same 
type as the origin;il. but the internals have been cliangetl or 
rnanipuiuted. (In most cases. the original object has not been 
modified.) For instance: 

The fi~nction T(~l'c~n~-h~::getPatch() allows the caller to 
bpcuify ;I rcgion/pa[ch u f  a terrain TOPODERI and returii 
tlie pattcli nq a TOIWI)ISAI. 



. I n  To~oM~sn::retineFresolutlon). the TOI'OMESH 
adds vertices as nececsary to ensut-e that no vertex 15 

fi~rther away from another vertex tlinn the specified res- 
olution. Tlic T o ~ a M ~ s l r  is uptlntctt in plnce. 
I n  To1*oT111.:1':::norrnaIi7.e()~ the TnrnT~t~.:~c i s  traversed 
ant1 a new TopoTree i s  constructed for which all trans- 
I'r,r~i~s are applied to the internal datn o f  tlie topngrapt~ic 
objects (such ;IS vertex data) so that all the tran~fr~rma- 
tiotls become identity tratrsfonnations ruid the original 
transform< arc no longcr ncccssary. Thc normali/cd ttcc 

1s more efficient at run-time because the transforms are 
not nccdcd. 

I11 addition, there i c  a need at times to tranfornl a terrain 
model from one type into another. This can hnppcn for instancc 
if' tlie scrurce datn i s  o f  n specitic type. eg. an irl*eguliuq ~nesh 
while the i~pplicatic~r has n need for a 2.SD grid terrain 
data type. At  titnes. in tnore complex siinu1ation scetlarius. 
it i h  pllhhihlc tu L I ~ C  fn~~ l t ip lc  dityerent rcprcscntarions of the 
same terrain by different mc~dules within the simu!ations. 
For instancc a T ~ P ~ T R E E  mpresentation with colnponenl 
3D riiesl~ rnodels i~ very suitnble for graphics visualiratian, 
while a 2.5D ToroDshr verslon nf the same tree may be 
nccdcd for a whccl/soil rlynarnics rnodcl. Algorithms iuid 
~netliods !hat cnnve!r one model type into anothel- are referred 
to as transforn~crs. Examples o f  such transformers within 
SI~ISCAPI:  iliclutle: 

Thc kcy tl;~ta irnpurt Ibrrnat k suppol-terl by SI h l S ~  AI'IS 

uiclude: 

Thc Geaspatinl Data Alwtracttnn 1,il)rarp IGDbl,) 141 
is an open source software l ibri~ry for raster gemparial 
data forlnnts. As a librilry, i t  present5 a s i l i ~ l e  abqtract 
data mode! to the calling application for all supported 
format';. The GDAL library has been used to develop 
an irnpurt cxtcnsiun to allow tlie i m p n  of a large 
numher of widely used clatn forlilnts 1x1 into Slh.1Schr1'. 
S~hiSchr~s incll~des a GDAL based terrain rnudcl datii 
iinporter for the creation of T.fllnODIShi terrain lnodels 
fla111 n variety of data formnts. This importer ci111 ;r l ~ o  
himdle ril';ter data from several irnage forrnat tiles. 
The l'lnr~etary Data Systcn~ (PDS) [ S ]  i s  ;I publicly 
avililable archive !tint distrihz~tes scientific data from 
NASA planetary missions. astronomical observations. 
and laboratory Incnsuremeiith. Th t  data is  available in 
the I'WS for~nat wit I1 hcntler information tlesciibing the 
data kets. The BDS site also provides software for p1.0- 
cessing the PDS data and has bccn rrsect to develop i t  

TOI*I~PI.ANI<'I' I mpr ter  f r ~ r  S I ~ I S C A  I'E. 

The Intcljratcd Software fi~r Imagers and Spcctromc- 
tcrs (ISIS) [h] provides s tool for prclcessing. analyz~ng. 
and tlispli~ying rernotely sensed image data. ISlS priinar- 
i ly  handles 2-D image data (as single-band cubes) and 
3-D data (as multispcctr;h or Iiypcrspectral cubes) ko in  

A transfonner that converts :I 3D TOI*OMI~SII into inlagers and spectrorneters. SIArSCnI*E i m p r t s  lSPS dnta 

il 2.5D ToroDrshr morlel. This translbriner titkes as by using the lSIS toolkit t t ~  explrt dara into, TlFF format 

arcuments a proiection plane and a e l id resoIution for followed by tlie use o f  tlie GDAL importer to complete 
+ . .. - 

the clesired To~~r>D~snr. The algorlt hrn pnyectq the Irreg- the impurt. 

ular TnroMEsH onto the illid salnples along the . S [ ~ I S C A I * E  also can import a siniple raqter fc~riiiat con- 

dcliircd grid to crcatc the T O P O D E ~ I .  This tr:~nsfor~ncr sisting of nscii height field data into a TOPODEM obicct. 

rnnkec ilqe of the transfor~tier fin111 a ' I ' o r o M ~ s ~  tn a S~hlScl l~rs ~ l s o  c;ui import nlnge tnnp tlatn generated 

TI)I-OTINMIISH during the pn)jection pmcess. from a stereo camera pair into n T o s o C ~ o u ~ .  Such 

h transformer to con\ert a normaIiXed ' ~ O P ~ T H B R  into data typically is obtained by c:lmer;i setlsors on surface 

a TOI'ODE:RI. This transforiner essentially merges all the 
coiilponent T o m  objects within the TOPOTREF: into n 
To~'oM~.:srr and then converts it into a T O I ~ O D K ~ I .  

Wc plnn to ntEtl orlrlitionnl trnnsforincrs sucl~ as thosc gcncr:lt- 
ing surfiice property uverlays for pmpertics such nh roughnehs. 
slopes. Iieipht fields from a 'I'nrn olyect. 

1V. EXPORTERS AND I~~PO~FTERS 

S I ~ I S C ~ I ~ F I  lins beer1 clefigt~etl to build terrain rnrxlels frotli 
dnta avnilithle in various different forzilnts. The iinport and 
export o f  data for tlie different formals is supported by plugin 
importerlexporter ex tensions Ibr Sr ~ISCAI'IC. This mechanism 
i~ l lows the addition o f  support for new forniats i n  the future. 

Most cumrnon chta forrtiats are for datn 111 regular grlrI 
forn~at rhilt are suitable data formats for creation of TOPO. 
DI.:~I illid T ~ I ' ~ P I , A N E T  ttrKIiIl mtjdcls. Scvcri~! provitlcrs 
aFsr~ suppnrt the speciticiltion o f  geo-ihefei.enci~ig data illong 
with prcgectio~i int'c>rmation to interpret this data. These data 
provitIers alqo oftell provide lil,raries that support tlie I-JI'C)C~FF- 

ing o f  ulch data files. S I ~ ~ S C A P E  makes use o f  these libri~ries 
where avail;thle to allow t t~e  importing of' such Ierlxirl niodel5. 

exploration rovers, 

Exporting o f  terrain mr,dets into external data files is 
supportctl i n  SI~ ISCA PE as fullrnvs: 

SlhrScnI*K usex tlie GDAL library for exporting Tora- 
nr;hr moclcl data into external data formats. The datn 
for~nnts that tlic GDAL 1ihr:li-y s~~pports exp~r t inp  is a 
much sii~aller subset d' those supported for irnprt ing. 
A l l  o f  these formats are available to S I ~ I S C A I ~ I . :  via tlie 
GDAL library. . To facilitate 5D graphics visun~izntioll. SI~ISCAPE sup- 
ports tlie export of al! Toro object datn into VRML files. 

SIRISCAPE piovirles il local cache for managing and  har ring 
terralrl data products. SirliScape pmvides APIs for handling a 
whole host of terrain attributes including topography. tcxturc, 
feature lists etc. properties. SI~ISCAI 'K also includes cfilsqec 

to efticie~itly interact with and manipi~latc thc tcrrain mrxEel 
inforination ;d run-ti tile. 

A persistent storage systerii a lk~ws SlhrScnI'lc objects 
(surLiues. rocks. textures. ctc.) to be s;ivcd to a stonige dcvicc 
Lbr Inter retrieval even after tlie original ob.jects are delezcd. 



Tlie persistent stomgc class ("Store") I11 Sin~Schr'~  can be 
tlinuplit of as an "inpullourpiit stream": ob.iects can read and 
wrire to ilie stmilin and the Persistentstore CI~ISS wil l  take care 
o f  londinp or sto~ing the object's binary data fromlto stompc. 

PersistentStr~re has an abstract device interpice ro support 
different types u f  storage. Cttrrently SiarScn~rs uses an XML 
sclierna tn save objects hut ofher storage types sac11 as SQI, 
tbtabases and even flat tiles can be implen~ented in the future. 
Tlic resulting PcrsistcntStarc storitge files arc portable anrl 
can be tranqportetl hetuee~i different mncli ine~ t liilt $upport 
SI~ISCAI*K. 

The PersistentSllore is extensible and can si~pporl any C++ 
class typc; ncw SrhrSc i \~~  objccts can hc ;~c!tlctl without the 
need for recompiling the entire S ~ h ~ S c ~ t ~ l e  library. This is 
implemeiitetl hy retli~irii ig each SI h i S ~  AIT  object to register 
iiictliods with to land and snvc itself to thc I'crsisrcntStorc. 
The list of loi~ding and snving methods is keyed by the ohjecf's 
class type. To load an ubjecl from the store. the PersistentStore 
se:trclics thc list u f  rcgistcrcd ubjects for the clahh type and 
~nvokes the necessary loatl methods 20 reco~lstruct the object. 
Since a S I ~ I S C A P E  obicct may bc dcrivcd (subclasscrl) frmn 
another S I ~ I S C A P E  ob.jeot. each SlnlSchp~ object also saves 
it's mmplctc class hierrirchy (type chain) to tlic sto~c. Each 
S I ~ I S C ~ I ' E  object gives itself a unique ID string to distinguish 
itxclf from other SrhrSunr'ls objects OF tlie silllle type. 

When writing to tlie store. each SlhlSc:~l~l - :  ol!ject also 
saves n version numher: when lor~ding from the store the Srnr- 
S.UAP% ob-ject can therefore detect whether the stored object 
was created with a newer or older version of S ~ ~ I S C A P I !  and 
act appropriately. 

As mentiotietl earlier. the PersiqtentStore currelltl y stares 
objects into an XML filc. Thc XML schcrna is  irnplc~ncntcd 
i l< f o l l ~~ws :  

I )  Objects nl-e saved in a tree structure in thc XML tile 
with each chiltl ohject saved as ;i leaf (node) of it's 
p;ucnt object's node hv reconstructing im object with 
child objects is sitiiply a matter o f  walking the tree. 

2) Arrays of simple data typcs (integers. string5 and floating 
point numbers) are compressed and stored in  separate 
tiles to save cpace. 'I'tte path to the array file i s  stored 
in the XML file. 

3 j Large data tiles ( e.g. image file';) :ire ;~lsn stored in 
separate tiles: the path to the image tile is kept i n  the 
XML lile. 

Y1. USER INTERFACE 

The Srrt~Scnr~c toolkit inclutles a GUI for hlnwsing ant1 
etliting terrain mor6els as well as n 3D visiialirntion iiitcrfacc 
based on the Dsp;lce 3D graphics toolkit for vi~ualizing the 
terrain models. In additiun to the C++ API. SlhlSchl'l 
includes a Python binding that provide'; a scripting interface 
for user scripts ar~d run-t11ne mternct~oii w ~ t h  tlie models. 

WhiPe S I ~ I S C A P K  provitTec n [wrtable and well-defined 
C++ interface for use in applications. ;I Python 191 scripting 
interface is available for all the SIMSCA IDIS object classes. 
The Pyttioii iiilerfirue i s  autcl-generated uking itie SWIG 1101 
tool rlesignet! for this purpose. The SI AISC A I'I? Pyt lion classes 

closely mimic tlie underlying C++ classes. SlhlSch PE'S 

Python interktce is very handy for creating scripts to iinple- 
ment functions needed to prepare and manipulate SIMSCAPI.: 
~crri l in mrrdelx. Such scripts have been used to develop e 
rcgrcssion tcst suite as well as ;I h o ~ f  (if tutori;d examples. 
nl using ttie SIICISI:A 1'1; objects. 

The Pytlioii scripring interhlce has a l w  heen used to develop 
11 GUI browser fnr SI~ISCAPIS pcrsistenr stores (Figure 9). 
The hmwser ;~llows ;I user to hmwse and edit the contents 

o f  one or more SrnrScnl*~ stores. The gui also displays 
the define(! attributes for objects in the store. Sevcral o f  the 
n1;mipul;itor ilntl tratislhrmer rnetliods available for tlie ol~jects 
call he inmketl from the pui as well. The gul also providcs 
hooks to visualize a 3D graphics invdcl uf any of the TUIW 
objects. 

VI1. APPI,ICRTIONS 

We cIe~crihe here hr~ef ly  a few simulatio~a applications that 
are currently using SIMSCAPE for tlicir tcrr i~in nlorlcling 
needs. S I ~ I S C A P I I  is in use by the ROAMS rover simulator 
1 1  1 1 ,  the DSENDS entry. dehcent anit IarlJing sirnulator 1121 
and instrument siini~lntt~rs. Beyond tlie terrain tnorlel clefini- 
tion. S I ~ ~ S C A P E  prov id~s high-vrfurmancc algorithms for 
eiilhedtletl use by these siii~ulatiuns. 

ROAMS (Rover Analysis. Modeling and Sirnulation) 
1 1  1 ] is a physics based sirnul;ition tc~c~l for tlic analysis. 
design, dcvclopment. test and operation of rcjvers for 
planetary surface exploration missions. ROAMS providcs 
a int>di~lar rover simulation frarnewark to fiicilitate lrsc 
by plaiietarj~ explorntio~l missions for systcrn engineering 
stutlies. technology development. ;lnd ~nissirjn operation 
learns. ROAMS current1 y is being developed and used 
by NASA's Mars Prc~griun as a virti1;11 testing grounrl for 
various rover subsyste~ns aild co1np)ilents. ROAMS is 
capable o f  ~iiorleling vehicle dynamics. engineering ssen- 
sors ant1 actuators. cnvirrlnn~cnts. The terrain environment 
and surface property overlays needed for the wheellsuil 
rlyni~rniu\ inr~itels, !he rmhoard carnera ser1soi-s. and the 
3D graphics visualization are provided by SI~ISCAPIS. 



~ i i i s ~ i o l i ~  such ;IS ~~ ln l~e ta ry  landing nntl surface operation%. 

I I Rontnr - Rover Vt.liiclc Simt~lrrtio~~ Iin~irnnl~icnt 

DSENDS [I21 is a high-fidelity spacecraft simulator fur 
Entry. l)chucnt ;lnt! Landing IEDt} on pl;111eli)ry boil- 
ies. DSENDS (Dynamics Simulator for Entry. Descent 
and Surlhce landin$ is an EDL-specific extension 01' a 
IPL multi-mission sitnulation tuolkit Darts/Ushell. wliich 
i c  capable o f  moc!eling spacecraft dynani~cq. clevtces. 
and subsysteln~ and i c  in use by interplanetary and 
scicncc-craft missions such ;is C. <~\slnl. . .' ' Gnlilco. SIM. 
ancl Starlight. DSENDS i x  currently in ztse hy the JPI, 
Mars Science L:lbor:ltory project to pmvide ;I high- 
fidelity tecthecl for the te\t of precisioii landing and 
hazilrcl avoidnrice l'unctions Ihr l'uture Mars rrrissionr. 
SrhlScn~r: provides the terrain motfeling ci~pobility for 
USENDS' rildw. altimeter n i ~ d  landing hazard sensing 
1110tlcls. 

Fig. I I. I>SENI)S - hl:ir?; Elirr!: Iksccnt and I.;ili(litlg Si~nl~l;~tio~l 

SrhrSc~re 's  ability to brindle n \?ariety o f  different terrain 
mudel types. irnport/export data formats, and support for 
nssetnbling 1iicr:u.chical tcrrsin rnnclels i s  prt~ving t o  be very 
usefill in addimes~inp the diverse set o f  terrain modeling nccds 
that arise within sophisticated physics-biiserl sirnuli~tiartr. Ttie 
SlniSc,\rls implementation tins arkopted open-sourcc toolkits 
wtiere avainlahle in its dcsign. SI~ISCAPE pmvides both a 
port;ible C++ iinplementution. as well as a Python binding 
to facilitate its use from within scripts. Fut41re S I ~ I S C A I * ~ ~  
developments uill cnnttiiue tn mature the existing classes and 
algorithms. as well as develop various plugin exttnsiotls bi~\erl 
on the ongoing use ul' tlii5 toolkil. 

Wc would likc t t ~  tliruik Dr. Meemong Ixe and Jameq Wooti 
for their many suggestions dul.iny; the design ant[ implemen- 
tation of the SIMSCAI'E suftwarc. The rew;.~rch ttescribetl i t )  
this paper wilf perlbrrtied at the Jet Piopul$ion Laboratory, 
Cnlit'o~.nin lnstirutc o f  Tcchnihapy. tzntler contract with rhe 
Natic~nal Aen~nautics and Space Administration, and has been 
supporlcd partly by the National Science F~~unclntion G r n ~ ~ t  
ASC 92 10368. 
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We have rlescribed the design and use of  he SI~ISU,\L'IS 
terrain n~odeling toolkit tlint has bccn devclopcd to serve as ;i 

~ene la l -p i~rpo~e frnr~iework fbr t~ ieet i~ ig the terrain motleling 
needs of v:uriou~ sirrir~l;ttion applicarioiis. SII\IS[:,\PI< is ;it- 
rc:~dy in u h c  by sornc kcy simula~ion ;~pplic;~tions for spacc 




