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ABSTRACT
We presenta techniquefor creating a digital elevation model
(DEM) from grid-basedcontourdata.Themethodcomputesnew,
intermediatecontoursin betweenexistingisolines.Thesearefound
by finding the shortestline segmentthat connectspoints on two
neighboringcontourswith differing elevations. The midpoint of
theline segmentbecomesa point on theintermediatecontour. The
contoursarecompletedby connectingindividual points. Thenew
contoursarethenusedasdatafor successive iterations,until anini-
tial surfaceis formed.Peaksarecomputedby Hermitesplinesthat
follow theslopetrend.Gaussiansmoothingis appliedto theentire
surfaceor only to newly computedelevations,yielding anapprox-
imatedor interpolatedsurface,respectively. TheDEMs aretested
with quantitative methods,andareshown to comparefavorably to
well establishedalgorithms.

Categoriesand SubjectDescriptors
J.2[Computer Applications]: PhysicalSciencesandEngineering

GeneralTerms
Algorithms
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1. INTRODUCTION
GeographicalInformationSystems(GIS) arebecomingincreas-

ingly popularfor visualizingspatialdata.Most systemslayerpat-
terns or colors, which depict datasuchas soil type, roads,and
the like, over a two-dimensionalmap. As technologycontinues
to improve, usersincreasinglyexpect to view suchdatain three-
dimensions,as is now donein ArcView andMapInfo. The user
can then view the desireddatain the context of the surrounding
topology.�
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A Digital Elevation Model (DEM) is often usedto storethree-
dimensionalelevationdatavia a regulargrid. DEMsareoftengen-
eratedfrom sparsedatabecausethey arestorageintensive and/or
it is difficult to obtain a desiredarea. We computeDEMs from
isolinedatabecausecontourmapsarereadilyavailablefrom many
sources.Onesuchsourceis the United StatesGeologicalSurvey
(USGS)whichsuppliescontourmapsfrom many areasin theform
of Digital Line Graphs(DLG). We usea grid-basedapproachbe-
causesuchmethodsoftenproduceDEMsthatpreserveterrainmor-
phologybetterthanothers,suchasthoseusingaTriangulatedIrreg-
ularNetwork (TIN)[17]. Examplesof systemsthatgenerateDEMs
from contoursareTOPOGRID[16], availablein ArcInfo, TAPES-
C [5], andTOPOG[6].

In this paper, we describea techniquethatcomputesintermedi-
atecontoursin betweentheoriginal isolines.A preliminarysurface
is formedby computingsuccessive intermediatecontoursby using
datafrom theprevious iteration.Peak(andpit) areas,whereinter-
mediatecontourscannot begenerated,arecomputedby applying
Hermitesplines;any remaininggapsarefilled by inversedistance
weightingusingelevationpointsfoundin eachof thefour cardinal
directions.The final surfaceis smoothedby oneof two methods,
yielding eitheraninterpolatedor anapproximatedsurface.Thefi-
nal DEMs areshown to comparefavorably with thosecomputed
with establishedmethods.

2. PREVIOUS WORK
Thereare many ways to interpolateor approximatea surface.

Thispaperdescribesamethodthatusestheinformationinherentin
contourdata.Onesuchapproachfindstheaveragebetweentwo lin-
early interpolatedprofile lines,oneorientednorth-south,theother
E-W; this often leadsto overestimation[22]. Weightedaveraging
methods,suchasinversedistanceweighting,arediscussedin [29]
and[13]; theseoftenusenaturalneighbors[24]. To reduceartifacts
in thesemethods,onemayfirst detectridgesandvalleys, interpo-
late them,andthenapplyany othermethodon the enhanceddata
[14]. Anothermethodis to computeflow lines betweencontours
forming rectangularelementsfrom whichelevationsaretheninter-
polated[18]. Theskeletonextractiontechniqueformsnew contours
within theoriginaldatathatcanthenbeusedto createaDEM [12].
This ideais takenonestepfurtherin [27], wherenew contoursare
createdat the intersectionof thedilation of adjacentcontours;this
is repeateduntil theentiresurfaceis filled. Insteadof usinginfor-
mationalonga contour, onecanfind thesteepestslopeperpendic-
ular to a contour. Steepestslopechainsarefoundin [1], which are
then interpolatedby a cubic Hermite function. A similar idea is
describedin [8], althoughthe steepestslopecomputationis done
differently.



Contourscanalsousedasdatafor constructinga surfaceusing
smoothing� splines[7]. Therearemany minimum curvature(thin
plate) methods,basedon the early work of Briggs [3], the best
known implementationof which is TOPOGRID[15], availablein
ArcInfo. In additionto including a roughnesspenaltyin the thin
plateequations,themethodfirst computesridgelinesandstreams,
creatinga more accurateDEM. There are many other methods
basedon the thin platespline,including [28], in which a smooth-
ing termis addedto theminimumcurvatureequations,resultingin
anapproximated,but smooth,surface;in [25], a two-stagemethod
that computesan initial surfaceusingmediansquaresregression
andthenappliestheminimumcurvatureequation;and[26], which
incorporatesa tensionparameterto minimizediscontinuities.

Anotherpopularmethodfor creatingDEMs is throughthe use
of theTriangulatedIrregularNetwork (TIN), first implementedin
cartographyby Franklin [10] following the ideasof Peucker and
Douglas[19]. A TIN canbecomputedfrom contours,usingmeth-
odsdescribedin [11] andimprovedin [31].

3. MAXIMUM INTERMEDIA TE CON-
TOURS METHOD

A propertyof contourlinesis that,in general,successive isolines
run approximatelyparallelto oneanother. Theway a cartographer
might createa surface is to iteratively generatenew contoursin
betweenthosealreadyexisting. This is doneby drawing a new
contourmidway betweensuccessive contours.TheMaximumIn-

Figure1: A portion of contour map.

termediateContours(MIC) algorithm computesnew, in between
contoursin much the sameway. By finding datapoints in suc-
cessive contourlines thatareclosestto oneanother, we canfind a
midpointbetweenthetwo contours.Repeatingthis processfor all
pointsalongonecontourwill createa seriesof pointsthat, when
connected,form a new contour. Becausethe contour interval is
constantandbecauseelevationsin betweencontoursusuallydonot
deviate from the slopedefinedby the contours,the new interme-
diatecontouris assignedan elevation that is exactly midway be-
tweenthe elevationsof the original contourson eitherside. The
MIC methodcomputesnew contoursin this manneruntil a surface
is formed.

ThecompleteMIC algorithmis asfollows,where��� elevation:

Performlinearinterpolationalongboundaries
Repeat

For all pointsPon contourlines
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Connectthepointsto form acontinuouscontour
Endfor

Until all intermediatecontoursarecomplete
Fill gapswith inversedistanceweighting
Computepeaks/pitswith Hermitecurves
Apply Gaussianinterpolationor approximationsmoothing

Theconditionshown in line (a) that theelevationsof neighbor-
ing contoursdiffer assuresthatanew contourwill haveanelevation
whosevalueis betweentheheightsof its neighbors.Thiscondition
assuresthatpeaks/pitswill notbeflat andit preventstheformation
of apeakin a saddlearea;theseareasarecomputedin a laterstage
in thealgorithm.Bresenham’s circlealgorithm[2], whichfindsthe
discretegrid pointsthatareclosestto the true circle, is employed
to find theclosestpoint

� 	
from

� �
. We generatecircleswith suc-

cessively larger radii from
���

until thecircle contactsa point
�
	

,
whichhasanelevationvaluehigherthan

� �
’s. Themidpointof the

line thatconnects
���

and
�
	

is thenfoundandassignedaneleva-
tion in betweentheelevationsof thetwo contours.

Figure2: One iteration of intermediate contours.

ConsiderFigure1,whichshowsaportionof ourtestcase.Notice
the saddlearea;the small contourdueeasthasa lower elevation
thanits neighbors.Theintermediatecontourgeneratedin thearea
betweenthesmallcontourandits neighborswill notclose,because
a) theneighborsabove (andbelow) arecloserthanthe contourto
the west, and b) the contourto the west hasthe sameelevation,
andsocannot beconsidereda neighbor. Therefore,thealgorithm
closessuchcontours,albeitin asimplemannerby connectingthem
with a line segment.Thiscouldbeimprovedin thefuture.Figure2
shows thefinal intermediatecontours.

Theabove procedurefor computingintermediatecontoursis re-
peateduntil an initial surfaceis created.Thenumberof iterations
necessaryis approximately���! 	#" , where " is the averagedis-
tancebetweencontours.Computingonly intermediatecontoursis
not sufficient to producea DEM; theremay be small gapsin the
computedsurfacebecausethemethodassumesthatsuccessive, in-
creasingelevationcontourshaveaconvex shape,generallycircling
a local maxima. This assumptiondoesnot hold near the edges
of the grid, wherethe next contourmay be outsideof the current
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Figure3: Computation of peakareausingHermite spline

computationarea.To reducethegapsalongtheedgesof thegrid,
a one-dimensionalboundaryinterpolationis first performedalong
eachedgeof thegrid. Inversedistanceweightingis usedto fill in
any remaininggaps.Additionally, peaks(or pits)arenotcomputed
in theintermediatecontoursstageat all, becausethereis only one
contourencirclinga local maxima(minima) and thus no way to
computean intermediatecontour. Theseareasareinterpolatedby
cubicHermitecurves[9] following theslopeacrossthemaximum
(minimum)contour(Figure3):$&%('�)+* %�,-'�.0/21-'436587!)(9 3 52%:/;,<'4.=581<'>3�)(9 . 5%('4.=/2,-'43=5�'4)(? 3 5@%('4.=/A'>3�)(? . (1)

where ? 3 *CBED:FHG I-J / BKD!L<G I�J9 3 /M9ON (2)

is thetangentvectoron theleft side,and? . * B D:P!G I-J / B D:QHG I�J9SR0/�9 . T (3)

is thetangentvectorontheright side.Theparameter
'�*VU WYX47<Z

and
is computedas

'�*V7 T W\[]%(9 . /A9 3 ) .
TheHermitesplinefollows thedirectionof thetangentsformed

by the contourson eitherendof a peak(or pit) ensuringthat the
connectionbetweenthe peak(pit) areaandthe restof the surface
is smooth.Althoughthis methodhasgivenusgoodresults,peaks
maybecomputedusinga morecomplex methodsuchasshown in
[23].

Thefinal surfaceis foundby smoothingthesurface.This is nec-
essarybecausethe intermediatecontoursmay not be optimal or
mayproducesmallartifacts,aswhena line segmentclosesa con-
tour asshown in Figure2. The elevation value of a point is the
weightedaverageof its neighborsin eachof the four cardinaldi-
rections,wherethe weight is basedon a Gaussiandistribution of
distance.Thesmoothingcanbedoneasaninterpolationor approx-
imation; in theformer, theoriginal contourdatais left unchanged,
whereasin thelatter, thecontourdatamaybealteredin thesmooth-
ing operation.Also, in thecaseof theapproximation,thesmooth-
ing functiontendsto planeness,socaremustbetakento find agood
compromisebetweensmoothnessandaccuracy of thesurface.

4. EVALUATION CRITERIA
Thecriteriausedto assessthequalityof acomputedDEM areas

follows:

1. In general,thesurfaceshouldlook reasonablyrealisticwith
minimal artifacts. A shadedrelief map is the conventional

way to assessthe surfacevisually [30]. Although this is a
qualitative measure,it is very usefulandmayshow artifacts
thatarenotdiscoveredeasilythroughquantitative tests.

2. The total squaredcurvaturemustbe aslow aspossible,in-
dicating a smoothsurface. Although natural surfacesex-
hibit somecurvature,artifactssuchas“stepping” of neigh-
boringcontours,contributegreatlyto thetotalcurvature.For^ *`_ 3

total points,this is foundby comparingeachcom-
putedelevationvalueto its four neighbors[3]:a�b�cd* eKf Ng h i 3 eKf

Ngj i 3 %(k
hml N G j 5Ak h f N G

j 5�k h G j:l N 5�k h G j f N /n k h G j ):3 (4)

whereeach
k

representstheelevationat thegrid locationin-
dexedby o andp .

3. Becausesmalllocal imperfectionsmaybiasthetotalsquared
curvature, an averageabsolutecurvature of the surface is
computedaswell:a�q-r4st* 7%(_�/�,!) 3 eKf

Ng h i 3 eKf
Ng j i 3vu %(k

hwl N G j 5xk h f N G
j 5

k h G j�l N 5xk h G j f N / n k
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4. DEM elevationsfalling on the original contour lines must
have valuesequalto (interpolation)or almostequalto (ap-
proximation) the contour labels [4], measureby the root
meansquareerror(RMSE) [21]:

?;y{z}|{* ~��� 7^ �g h i N %(k
h /�� h ) 3 (6)

where
k h *

theinterpolatedDEM elevationof testpoint o� h *
thetrueelevationof testpoint o

In thispaper, theRMSErefersto theerrorof thesurfacecom-
paredto theoriginal contourmap.Following [4], anaccept-
able differencebetweena computedpoint and the contour
elevation is five percentof thecontourinterval. An RMSE
of zeroindicatesa trueinterpolatedsurface.

5. Within an areaboundedby a contourpair, the DEM eleva-
tionsshouldvaryalmostlinearly. Althoughthis is not truein
all cases,in generala linearfit betweencontoursindicatesa
constantslopeandthustheabsenceof terracingartifacts.El-
evationsaregroupedinto integerintervalsbetweentwo con-
tours, and then reclassifiedinto relative elevations[4][20].
For example,if a contourpair were100-120,then the rel-
ative elevations,or heightclasses,would be 0, 1, 2, ..., 19
correspondingto the actualelevationsof 100, 101, 102, ...,
119.Theheightclassesarecomputedfor eachelevationpair
andthendisplayedasahistogram.A flat histogramindicates
a smoothsurfaceanda goodlinearity betweenthecontours,
while otherpatternsshow variousartifactsresultingfrom the
particularinterpolationor approximationmethod.

5. RESULTS
TheMIC methodwastestedwith an � WHWM� � WHW grid of contours

taken from a USGSDLG of Mt. Washington,NH, shown in Fig-
ure 4. The elevationsarein metersandthe contourinterval is 20



Figure 4: �<�!�A���<�!� contours fr om a DLG of Mt. Washington,
NH.

Figure5: One iteration of intermediate contours.

meters.For comparisonpurposes,a DEM wasalsocomputedus-
ing ArcInfo’s TOPOGRID.Thesurfacecomputedby eachmethod
is shown usinga shadedrelief map.Quantitative resultsareshown
in Table1.

Figure5 shows the resultof oneiterationof intermediatecon-
toursappliedto thedatain Figure4. Thesecontoursarethenused
asdatafor subsequentiterationsthatproduceall of theMIC results.
Figure6 shows theDEM createdby theMIC methodwith five iter-
ationsof interpolationsmoothing.Although this is a true interpo-
lation, onecanseetheghostingof the intermediatecontours.The
curvatureis alsoratherhigh, ascanbeseenin the table. Figure7
showstheapproximatedDEM createdby theMIC methodwith one
iterationof Gaussiansmoothing.Thesurfaceis muchsmoother, as
borneout by the curvaturevalues,andhasan acceptableRMSE,
but thereis still somecontourghosting.TheDEM computedwith
five iterationsof smoothing,shown in Figure8 is very smooth,but
the surfacehasa higherRMSE, which resultsin seven percentof
thecontourinterval, slightly higherthansuggestedin [4]. Finally,
Figure 9 shows the result from the TOPOGRIDprocedure.The
surfaceis notverysmooth,exhibits thehighestRMSE, andthereis
a ratherlargeartifactvisible in thenorth-eastcorner.

Figure6: MIC interpolation with five iterations of smoothing.

Figure10 shows a plot of theprofile nearthepeakproducedby
theMIC interpolationandapproximationmethodsaswell asTO-
POGRID;the vertical lines representthe contourelevations. The
TOPOGRIDproducesa smoothsurfacethroughthe contours,but
becauseof thethin plateprocessing,thepeakis ratherflat andthe
surfacebulgesoutsomewhatoneitherside.Both theMIC interpo-
lation andapproximationcreatea roundedpeakthatseemsto fol-
low the slop trendbetter, with the approximationbeingsmoother
becausethesurfaceis allowedto deviateslightly from theoriginal
contours.This illustratesthe commontrade-off betweenabsolute
accuracy andsmoothness.

Finally, Figure11shows theheightclassesfor themethods.TO-
POGRIDexhibits smoothness,but hasahighnumberof elevations
very close to the contours. This accountsfor the rather severe
ghostingin theTOPOGRIDDEM. Furthermore,the frequency of
the height classesdropsthe farthera point is from the contours.
Thismayindicateanundulatingsurfacebetweencontours,another
probleminherentin thin plateprocedures.Both MIC methodsim-



Table1: Resultsof applying methodsto Mt. Washingtondata.
Method ����� ���-�4� RMSE % of contour

interval
MIC interpolation,5 smoothingiterations 392616 0.26 0.0 0.0
MIC approximation,1 smoothingiteration 106478 0.28 0.92 4.6
MIC approximation,5 smoothingiterations 12170 0.08 1.40 7.0
TOPOGRID 134142 0.22 3.40 17.0

Figure 7: MIC approximation with one iteration of Gaussian
smoothing.

prove onthefrequency of elevationsneartheoriginalcontours,but
the intermediatecontoursare apparentin the frequency pattern.
More smoothinglessensthis phenomenon,but at the expenseof
accuracy.

6. CONCLUSIONS
The maximum intermediatecontoursmethodscreatevisually

goodDEMs, exhibiting minimal artifacts. The surfacesalsoper-
form well in quantitative tests,asmeasuredby bothcurvatureand
RMSE. To keeptheRMSEwithin thetoleranceof five percentof
thecontourinterval asrecommendedin [4], thenumberof smooth-
ing iterationsmustbe kept to a minimum in the MIC approxima-
tion, unlessa smoothersurfaceis desired.A trueinterpolationcan
bedoneat theexpenseof smoothnessnearthecontours.TheMIC
DEMswereshown to besuperiorto theDEM producedby thepop-
ular TOPOGRIDprocedure,qualitatively by shadedrelief maps
anda profile plot of the peak,andquantitatively by superiorcur-
vatureandRMSEmeasures.Futurework includesfine tuning the
intermediatecontoursconstructionto eliminateartifactsandmin-
imizing thestratificationof thesurfaces,perhapsby incorporating
thin platealgorithmsor by computingsplinesin the directionor-
thogonalto theoriginal contours.
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