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GIS rendering and precise, automated data collection are becoming increasingly powerful 
and sophisticated.  This benefits engineers and cultural resources professionals, like 
myself, who are interested not only in typical geospatial representations, but also in 
highly detailed documentation and visualization of properties, objects, and excavations.  
Unfortunately, many common scenes still tend to be highly challenging in mainstream 
GIS applications, such as ESRI, because of constraints in GIS surface modeling.  
Regardless, it is important for professionals such as archaeologists to be able to 
incorporate models such as buildings, caves, viewsheds, and various man-made objects 
into their greater GIS environment.  This paper presents two alternatives to 3D modeling 
in the GIS, which facilitate the use of these types of models. 
 
 

Introduction 
 
The advent of rapid automated survey equipment and laser scanners has stimulated 
important growth in terrestrial mapping.  Laser scanning and LIDAR are quickly 
becoming popular and widely-used spatial data collection methods.  Because of the 
quick, precise, and flexible nature of these devices, the spatial data collected can be 
infinitely dense, thorough, and complex- mapping not only the surface of the terrain, but 
also complicated features such as trees, structures, bridges, and caves.  These types of 
features are exactly what cultural resources professionals and engineers want to 
incorporate into their GIS data. 
 
Not surprisingly, these types of features create new challenges for solid modeling in 
traditional mapping applications and CAD.  The sheer volume of points, often millions, 
can stall and crash mainstream mapping and CAD software packages.  Additionally, GIS 
software cannot triangulate or surface point data with multiple elevation values at the 
same horizontal coordinate.  In other words, GIS software cannot interpolate surfaces 
underneath other surfaces.  In the past, mappers have attempted to avoid this shortcoming 
by flipping the axes of the point data, which works well for cliff faces and geologic 
outcrops, but cannot accommodate more complex shapes such as buildings and caves.   
 
With this research I hope to demonstrate two approaches for processing the point data 
generated by laser scanners and LIDAR devices for use in leading GIS and CAD 
software packages such as the ESRI product suite, AutoCAD, or Microstation.  First, 
processing and surfacing point clouds using 3D modeling/rapid prototyping software 
developed specifically for this purpose, then importing the data into the GIS environment.  
Second, converting and intelligently decimating point clouds by the user’s criteria to 
decrease file size for direct import into the GIS environment. 
 



 

 

Background 
 
Inevitably, visualization and mapping experts must address issues of 3D rendering and 
data interpolation in GIS software.  The current constraints of GIS software, which allow 
so-called 2.5D modeling and analysis, but no true 3D modeling, are frequently mentioned 
in passing by researchers exploring the feasibility of true 3D and even 4D modeling.  
However, tools for manipulating complex 3D data in the GIS environment are very 
scarse.  As summed up by Swanson (1996), 

“In comparison to the advancements in 3D visualization, relatively little has been accomplished 
in the realization of a practical 3D GIS. The obvious reason remains: the transition to 3D means 
an even greater diversity of object types and spatial relationships as well as very large data 
volumes.. More problematic, however, is the initial task of acquiring 3D data… this can be an 
exercise in interpolation and spatial adjacency.” 

Several enterprising researchers have developed prototypes for truly 3D-capable GIS 
systems, including a patented pseudo-GIS application developed at UT Dallas by Aiken 
and Xiu.  Realistically, however, the development of true 3d capabilities within market 
leader ESRI’s GIS software would be much more useful to most GIS users.  Many GIS 
specialists have attempted to augment ESRI’s 3D capabilities with specialized workflows 
and work-arounds.  The example below shows “trees” modeled by Dutch researchers 
using ESRI (Bader, Van-Dunne, Stuiver, 2002).  While an interesting exercise, the model 
is basically a visual trick, without truly 3D surfaces. 
 

 
Figure 1.  Recent attempts at 3d modeling of complex features (trees) in ESRI GIS (from Bader, Van-
Dunee, and Stuiver, 2002). 
 



 

 

The potential for importing 3D models into ESRI GIS after modeling in other software 
has not been widely addressed in the current literature, except by myself (Burson, 2003).  
Essentially, CAD file formats can act as a bridge between sophisticated 3D modeling 
software applications and GIS, because they are readable by both.  This allows very 
complex 3D surfaces to be imported into 3D viewers in GIS, such as ArcScene and 3D 
Analyst. 
 
Laser point data decimation, on the other hand, has been widely addressed in recent 
literature.  Decimation, or intelligent data thinning, is very useful to 3D modelers, 
because it aids in reducing file size by reducing the number of redundant and surplus 
points.  Nearly all high-end 3D modeling applications, such as rapid prototyping 
software, have highly sophisticated and elegant decimation algorithms built in, which 
thin unnecessary data based on user criteria, while maintaining complexity in high relief 
regions.  Most current decimation research discusses no point data, but rather meshes and 
surfaces (Dey, Tamal, and James Hudson, 2002).  However, point data can be approached 
from a similar, but simpler perspective. 
 
 

Goals and Intent 
 
The goal of this research is, first and foremost, to make point cloud data usable and 
practical in the ESRI GIS environment.  Initially I hoped to determine a method for 
actually triangulating and surfacing complex laser scanning data within the GIS 
application.  Laser scan data consists basically of simple point entities called unordered 
points.  Unordered point data are arrays (“clouds”) of recorded points, each with an x, y, 
and z value representing the point’s spatial coordinates.  Unordered point clouds differ 
from ordered points in that they lack topology- there is no intelligent relationship 
between points that defines how a network or surface might connect them.  Because 
unordered points lack topology, their arrangement is described as a “cloud”.  Point clouds 
can be imported into GIS and CAD applications as text files, and plotted as an event 
theme based on their provided coordinates. 
 



 

 

 
Figure 2.  A typical point cloud, looking downward.  Street, fence, and archaeological excavation shown, 
with trees and equipment. 
 
 
Unfortunately, early experimentation and research quickly determined that fundamental 
design limitations within the GIS software would not allow adequate surfacing of 
unordered point data within the GIS application.  I therefore shifted my focus to two 
slightly less appealing solutions- triangulation and modeling using a 3rd party 3D 
modeling software package, and a simple but intelligent curvature-based pointset 
decimation tool to facilitate import into the GIS. 
 
My priorities in the research were as follows, in order of importance: 
 

•  Make files formats readable by GIS 
•  True 3D surfacing (as opposed to 2.5D) 
•  Georeference model 
•  Integrate with other GIS layers in ESRI GIS 
•  For point data, remove outliers 
•  For point data, thin points by 50% for import 

  
 



 

 

 
Figure 3.  Two workflows for bringing a point cloud into the GIS in a useable format. 
 
 

Methods and Approach 
 
The first task, Surfacing Complex Scenes, was conducted through a series of experiments 
using RapidForm, a reverse modeling software application designed specifically for 
processing scan data including point clouds.  Several datasets were utilized, ranging from 
very simple (a statue), to complex (a large viewshed).  Ultimately, processing of the 
simple dataset proved to be most successful; the viewshed was simply too time-
consuming to process, with some automated tasks taking over 8 hours to run. 
 
The second task, Intelligent Decimation, was conducted through research and coding of a 
custom application using Visual Basic and SQL.  As a beginner programmer, I was not 
able to design the application for maximum speed and elegance, but rather focused on the 
basic goal of file selection, conversion, and decimation based on user input. 

import clean 

thin 

triangulate 

Fix normals 

Fill holes 

Restore detail Export model 

clean 

decimate 

import 

import 

3D Modeling
Software 

Decimation 
Tool 

Point  
cloud 

Interpolate 
import

GIS 

Export cloud 



 

 

Part I.  Surfacing Complex Scenes 
 
 
 
One option for processing LIDAR or 3D scan data, in the form of unordered point data, is 
to triangulate and surface the data in an expensive, specialized reverse modeling software 
application.  This is absolutely the simplest and most robust solution to the challenge of 
utilizing massive point cloud data sets.  However, it is also extremely expensive and 
requires a significant user learning curve.  Nevertheless, research and experimentation 
demonstrate that reverse modeling applications can triangulate and surface remarkably 
complex scenes both rapidly and accurately. 
 
 

Overhangs and recurring horizontal coordinates 
 
GIS software cannot interpolate networks or surfaces for points that have different z, or 
elevation, values at the same horizontal coordinate.  More precisely, GIS software cannot 
interpolate networks or surfaces with faces above or below other faces.  These situations 
are common with complex scenes including vegetation and structures.  A very simple 
example is shown below.  A relatively simple, but very expensive, solution to the GIS 
modeling shortcoming is to conduct triangulation and surfacing with specialized 3D 
modeling software. 
 
 

           
Figure 4.  A simple example of overhang in point cloud data.  The statue’s face, arm, chest and wings are 
all overhangs. 
 



 

 

Using 3D modeling software for surfacing 
 
3D modeling software packages are specially designed to accommodate massive point 
clouds, both ordered and unordered.  They are capable of triangulating and surfacing 
fairly complex point clouds in a largely automated process, and have elegant methods for 
smoothing and error reduction in models.  There are, however, three major concerns that 
must be addressed during the surfacing process.  The first issue, dataset size and 
resolution, determines the feasibility and correctness of the resulting surface.  This issue 
is a pan-application concern and relates to good practice in dataset processing.  The 
second concern, the so-called “normals” of the surface faces, addresses whether a surface 
is outward or inwardly-facing.  Normals are particular to 3D modeling applications, 
whereas in the GIS environment, all faces are outwardly facing (i.e. there is no 
“underneath” in a 2.5D environment).  The third concern, solving for holes and detail, is 
also an issue specific to 3D modeling applications. 
 

Preparing point clouds for triangulation 
 
Triangulation and surfacing is a sophisticated and resource-intensive process, even for 
specialized 3D modeling software applications.  Thus, it is always prudent to carefully 
examine the point cloud before beginning the triangulation process.  Often a substantial 
proportion of the data can be deleted if it is outside of the desired mapping extent.  
Additionally, while seemingly counter-intuitive, reducing the number of points in the 
cloud is critical to triangulation.  Thinning the point cloud greatly decreases both detail 
and complexity, while increasing the likelihood that triangulation will be successful. 
 

 
Figure 5.  The desired model extent (shown within the red bounding box), and excess point data to be 
deleted outside of it. 



 

 

The user specifies the radius in the point cloud for thinning.  The search radius must be at 
least as large as the minimum distance between points, but not so large as to wipe out the 
edges between meaningful features.  For this reason the best practice is to thin the points 
once using a conservative search radius, then again at a slightly larger radius, repeating 
until the dataset is reduced by at least 50%. 
 

The problem with normals and cloud complexity 
 
In surface modeling, a “normal” is a representation of the direction a surface “faces”, that 
is, the outer orientation of the surface.  The normal is a vector projecting from the surface 
face at 90 degrees, as shown below. 
 

 
Figure 6.  A surface normal of a single face. 
 

 
Figure 7.  Reversed normals in a surfaced point cloud, indicated by darker gray, make the cross portion of 
the statue a hollow box instead of a solid form. 
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With scan data, normals should generally point back toward the scanning device, more or 
less.  In the dataset shown above, most of the scene is correctly defined.  The scene 
lighting reflects off of the correctly-facing surfaces.  The cross, however, has been 
reversed, as though the scene was scanned from the opposite direction.  The user must 
apply some method of reversing these faces to correctly face the scanning device. 
 
 

Rectifying “broken” normals 
 
The exact process for solving reversed surface normals varies from application to 
application.  If every normal is reversed, most 3D modeling applications have the option 
to flip all normals in the dataset.  Alternatively, some modeling applications offer a “fix 
bad normals” function that automatically attempts to identify and reverse suspicious 
faces; however, in practice, this tool is unreliable and may reverse correct faces.  One 
tedious but foolproof method to solve reversed normals is to manually select the reversed 
faces and flip them, as shown below. 
 

 
Figure 8. Manually selection faces and reversing their normals to make them point the right direction. 
 
By setting the select mode of the program to select only “facing” surfaces, the user can 
maneuver to the back of the dataset, select the erroneous “fronts”, and reverse them, 
without selecting the correct data as well. 



 

 

Filling holes 
 
Once all surface normals have been corrected, the next step is to repair any gaps in the 
triangulation process.  Gaps, holes, slivers, and overlaps are extremely common in 3D 
modeling, and there are numerous methods for filling them. 
 

 
Figure 9.  The original (ideal) surface, and three methods for filling holes. 
 
Depending upon the nature of the surface, either flat, smooth, or curved hole-filling may 
result in the most realistic interpolation.  In general, however, smooth filling usually 
gives the best results.  Gaps between faces of opposing normals cannot be filled, meaning 
that inadvertently reversed normals must be rectified before proceeding to the hole filling 
step. 
 

     
Figure 10.  The original point cloud, and the triangulated, corrected, and filled model. 
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Smoothing, detail, and data loss 
 
After the steps of triangulation, normal correction, and filling, it is common for the model 
to look much less detailed than the original point cloud.  This is primarily due to the 
previous necessary point thinning.  In order to regain the detail of the original scan, the 
user can fit the model to the original, unthinned point cloud.  This process is very similar 
to rubbersheeting, and draws much of the lost detail back out.  First, each face must be 
subdivided (increased in resolution by 3 or 4 times), as shown below.  This permits more 
flexibility in the models surface to match the point cloud. 
 
 

   
a.      b. 

   
c.      d. 
Figure 11.  A crude surface (a), showing the outlines of each face (b), compared to the resolution of the 
original point cloud (c), and subdivided (d). 
 
 
After fitting, the model looks spikey, or “noisy”.  Noise is a by-product of all 3D 
scanning, and consists of points that do not accurately reflect the true object surface, 



 

 

either because of the natural range of accuracy and precision of the instrument, or due to 
environmental variables such as refraction, water, or light pollution.  Addressing noise is 
an art in 3D modeling; each user may use a different combination of methods.  All 
methods, however, utilize curvature-dependent smoothing.  Smoothing inevitably 
simplifies surfaces, and thus is actually a form of data loss.  Fortunately, 3D modeling 
software has extremely sophisticated algorithms designed to reduce noise without 
generalizing true features. 
 
 

    
Figure 12.  Four steps in restoring detail:  fitting to the point cloud, subdivision and smoothing, repeated 
smoothing, spike cleaning and smoothing. 
 
 
The above figure illustrates the subjective and open-ended process of restoring detail to 
the surfaced model.  The process includes multiple cycles of subdivision, automated 
smoothing, and thinning.  After numerous experiments, results indicate that no hard and 
fast rule for smoothing can be applied to any surface.  The repetition, smoothing weight, 
and other techniques will vary according to the quality of the scan and the preferences of 
the user.   
 
The final step in the process, however, must always be model decimation.  Decimation is 
element reduction- both points (vectors) and faces- designed to reduce model file size.  
Decimation differs from strict thinning because it uses homogeneity and heterogeneity as 
criteria when deleting elements from the model.  While decimation also reduces detail, 
elements are preferentially removed from smooth regions and left in high-curvature 
regions, so simplification is less evident.  Through trial and error, it was determined that 
decimation of up to 75% (a 75% reduction in the number of points and faces making up 
the model) results in imperceptible model degradation. 
 



 

 

   
Figure 13.  Model decimation has little perceptible effect on curvature detail because element density is 
preserved in regions of high relief, as shown. 
 
 

Enhancement 
 
An added benefit of using 3D modeling software for the triangulation and surfacing of 
point clouds is access to powerful measurement and analysis tools that can enhance 
surfaces.  The software can apply color maps illustrating degree of curvature, angle 
aspects, and contour maps, as well as performing change analysis and analysis of 
deformation.  As shown in the figure below, curvature mapping and face angle (similar to 
aspect, in GIS) mapping, enhance some details and can augment visualization. 
 

   
Figure 14.  Curvature mapping (left), and face angle, or aspect, mapping (right). 



 

 

Exporting models for use in the GIS 
 
Preparing the completed 3D model for export from RapidFrom, and importing it into the 
GIS for integration with other GIS data layers is probably the most difficult and 
unpredictable step in the modeling process.  Very few 3D model file formats can be read 
by the ESRI GIS application.  Of the dozens of possible export formats, only one- 
AutoCAD .dxf- can be opened in the ESRI GIS environment.  The .dxf file format is 
always much larger than other comparable model files, and because of this, the model 
must be very greatly decimated before export.  Decimation levels may exceed 75% and 
even near 95% in order to produce a manageable .dxf file size.  An overly large .dxf file, 
over roughly 40Mb, causes a strange model error, shown below. 
 

     
Figure 15.  File conversion errors resulting from excessive file size (excessive polygons), and an unknown 
but predictable normal reversal. 
 
As illustrated, the large file size, which reflects the quantity and density of polygons, 
causes the exported file to generate large bounding faces around the terminal edges.  
Additionally, even when model complexity and file size are reduced, all model normals 
are reversed, as shown above (right).  This problem is less critical at this stage in the 
process, because the model has already been decimated, smoothed, and filled.  However, 
it does make viewing frustrating; the user must specify “2-sided shading” in order to view 
the model correctly. 
 
Another glitch in the export process appears when the model is moved from it’s origin 
near 0,0,0 to the appropriate geospatial coordinates.  While only a very simple x, y, z 
shift, the process causes the model to become blocky and poorly rendered.  If the model 
is exported at this stage, the exported .dxf will also be faulty, as illustrated below. 



 

 

 
Figure 16.  A surface rendering bug, which becomes apparent after a large x, y, z model shift. 
 
Since most geographic coordinate shifts involve 6 and 7-digit number coordinates, the 
rendering problem is unavoidable in 3D modeling software.  Transforming the point 
cloud as the first step in the 3D scanning application unfortunately yields the same 
problematic results as later transformation.  One alternative method is to export the model 
untransformed, then apply a coordinate shift in the GIS.  Another possibility would be to 
import the raw point cloud file into a database and manually edit the coordinate values in 
the columns before bringing the data into the 3d modeling software. 
 
An idiosyncrasy of the 3D modeling- ESRI GIS relationship which must be considered 
during the export process is scale.  It is important that the exported model coordinates are 
in the same measurement units as the other GIS data layers to which the 3d model will be 
added.  For instance, if the larger dataset is in UTM, meters, the model units must also be 
meters, which is very rare naturally.  The user can however specify a scale transformation 
before export, such as scaling each dimension (x, y, and z) down by 1000 to make 
millimeters meters. 
 
Technically, a 3D .dxf model can be opened directly and manipulated in ESRI ArcScene.  
By applying the appropriate x, y, z shift using the Properties dialog box for the layer, the 
model should be positioned correctly geospatially.  In practice, however, ArcScene 
cannot adequately render the model in the scene, making it blocky and unusable. 
 



 

 

  
Figure 17.  A georeferenced .dxf and orthophoto in ArcScene, showing rendering problems. 
 
 
Through trial and error, a work-around was discovered that improves the usability of the 
model.  The .dxf is opened in ArcMap, where it is horizontally transformed using the 
Properties ! Transformations tab, then immediately exported to shapefile format.  The 
transformation must be done before exporting to shapefile, as ESRI’s standard spatial 
adjustment tools do not work on 3D shapefiles.  This simple conversion creates an ESRI-
friendly complex 3D polygon theme, as shown below. 
 

 
Figure 18.  A 3D shapefile created from .dxf format renders well and responds quickly. 



 

 

Combined with other 3D GIS layers such as DEMs, the 3D shapefile displays correctly and 
increases detail phenomenally.  
 

 
Figure 19.  The modeled, converted, and georeferenced 3D shapefile, on an orthophoto in ArcScene. 
 

Summary 
 
While cultural resources such as archaeological sites, caves, and historic structures are important 
in archaeologists’ GIS, current limitations in mainstream GIS applications prevent true 3D 
modeling necessary to surface complex point clouds.  One alternative, triangulation and surfacing 
using sophisticated reverse modeling applications, has some drawbacks.  For instance, reverse 
modeling software is very expensive, thus making it impractical for many GIS users (but not for 
scanners).  Also, software bugs and gotchas in both ESRI and RapidForm force the user’s 
decisions about geographic transformation and file format.  Ultimately, however, the approach 
serves as a workable alternative to 2.5D modeling in the GIS.  The result of this method is a 
detailed, quickly-rendered, and truly 3D model, rendered among other GIS data layers.  The 
process of preparing, triangulating, cleaning, and enhancing 3D models in an application such as 
RapidForm can be rather subjective; however the flowchart below illustrates the general process. 
 


