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The airborne remote sens- 
ing industry is character- 
ized by strict deadlines, 
tight budget constraints 
and an unrelenting de- 
mand for higher data 
densities with increased 
accuracy at lower cost. 
End-users, including 
everyone from urban GIs 
administrators to engi- 
neering firms doing tra- 
ditional route planning, 
are demanding faster turn- 
around times and more 
accurate data. Therefore, 
aerial survey operators 
must look to more ad- 
vanced technologies to 
reduce data processing 
times and field work ex- 
penses. Not limited by 
the environmental con- 
ditions restricting aerial 
photography, airborne 
laser scanning technology 
is emerging as an attrac- 
tive alternative to the 
traditional techniques 
for large-scale geospatial 
data capture. 

The recent develop- 
ment of commercial laser- 
based topographic terrain 
mapping systems is 
driven by the availability 
of compact ruggedized 
solid state lasers, high 

precision airborne iner- 
tial navigation systems, 
and rugged precise high- 
speed scanners which 
combine to make high 
accuracy airborne scan- 
ning laser rangefinders 
practical. With the 
completion of the GPS 
and the availability of 
low-cost multichannel 
GPS receivers, these 
technologies enable the 
creation of affordable 
laser-based topographic 
terrain mapping systems. 
The purchase price of 
these commercial instru- 
ments has been reduced 
so that cost is no longer 
a barrier to companies 
capable of investing in 
standard aerial photo- 
grammetry equipment. 
Also, the operational 
costs of these systems 
are generally comparable 
to or better than existing 
remote sensing tech- 
nologies. 

Laser-based svstems 
offer distinct advantages 
over existing survey in- 
struments i n  areas such 
as forestry surveys or 
coastal zone monitoring, 
while offering compli- 
mentary data collection 

in other areas such as 
airborne spectrometry. 
A unique advantage of 
these instruments is that 
they are capable of pen- 
etrating vegetation allow- 
ing the ground beneath a 
tree canopy to be mapped 
directly from the air. 
Another advantage of 
laser-based data capture 
is that during post-pro- 
cessing it is possible to 
classify each data point 
as ground, vegetation, a 
building or other object 
of interest such as a 
power line. Once classi- 
fied, removing the over- 
lying layers is simple 
and allows the straight 
forward generation of, 
for example, a digital 
terrain model (DTM) of 
the ground beneath the 
tree canopy. Because it 
is an active illumination 
sensor, a laser system 
can collect data at night 
and can be operated in 
weather and at low sun 
angles that prohibit aerial 
photography. While 
prototypes for these in- 
struments have been op- 
erating for several years, 
only recently have com- 
mercial systems been 

available. Table 1 com- 
pares the features of 
several commercial laser- 
based terrain mapping 
systems with information 
compiled from the 
literature.' 

Operating Principles 
Airborne lidar systems 
are based on the principle 
of laser ranging and de- 
tection similar in func- 
tion to radar. A detailed 
discussion of the techni- 
cal aspects of lidar sys- 
tems would be inappro- 
priate to include here; 
more complete informa- 
tion can be found in  the 
literature2 (Ackermann, 
1996). However, there 
are basic characteristics 
of a laser terrain map- 
ping system that are rel- 
evant in  a general intro- 
duction to provide a 
basic understanding of 
the techniques involved. 

Lasers have been a 
valuable survey tool since 
the 1970s; however, re- 
cent technological ad- 
vances make it possible 
to transform any aircraft 
into the equivalent of an 
airborne Total Station by 
combining laser range- 

System Operating Laser Pulse Rate Scanner Swath Width Platform* Speed Weight 
Altitude (m) Wave length (Hz) Frequency (m) (mls) (kg) 

@m) (Hz) 
AIMS 300 1.064 4000 Variable 3 0 FW 4 5 90 

ALTM 1020 330-1000 1.047 5000 Variable 680@1000m FW/H 25-70 57 
DATIS ? ? 4000 ? ? FW ? ? 
FLI-Map 12-300 visible 5000 ? 1008100m H 23 90 
TopEye 500 1.064 7000 ? 368100m H 10-25 300 
TopoSys <I000 1.540 300 300 250m81000m FWIH 18 100 
*FW/f~xed-wlng aircraft, Hlhelicopter 
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Figure 1. Depiction of scanning airborne laser terrain mapper in 
operation. 

finder technology with 
the GPS (Figure 1). While 
technologically advanced 
in design and function, 
airborne laser mapping 
systems are based on 
simple concepts. 

Two GPS receivers are 
used to locate the air- 
craft flight path to within 
10 cm. One GPS receiver 
is installed in the air- 
craft, while the other is 
situated at a known 
ground location. The 
ground receiver identifies 
and corrects errors in the 
aircraft's position. A 
high accuracy laser range- 
finder scans beneath the 
aircraft to produce a 
wide swath over which 
the distance from the 
aircraft to the ground is 
precisely measured for 
every laser pulse. The 
scanner angles also are 
measured simultaneously 
with each laser pulse. 
To correct for the air- 
craft's movements, either 
the laser is installed on a 
stabilized platform or the 
motions of the aircraft 
are recorded by an iner- 
tial navigation system. 

By accurately recording 
the roll, pitch and head- 
ing of the aircraft at the 
moment of each laser 
pulse the motion of the 
aircraft can be corrected 
by computer software. 
Once gathered, the angles 
and distances determine 
the position of a point 
on the Earth's surface 
providing data similar to 
that of a Total Station. 
Combining the high reso- 
lution, high accuracy el- 
evation data with exist- 
ing processing software 
enables mapping prod- 
ucts to be produced eco- 
nomically. Large areas 
can be surveyed for a 
fraction of the cost of 
traditional methods. 

The result of this 
combination of technol- 
ogy is a scanning laser 
terrain mapping instru- 
ments which is an all 
digital system that can 
quickly and economically 
collect terrain data at 
very high sample densi- 
ties. Commercial systems 
are available with typical 
data capture rates equiva- 
lent to 100 kmz/hr. 

Operational 
considerations 
Some early prototypes of 
laser-based terrain map- 
ping systems were flown 
in large fixed-wing air- 
craft such as NASA's P3-B 
Orion (Vaughn et al, 
1996). However, for 
practical commercial ap- 
olications an airborne 
instrument needs to be 
mounted in either a small 
single or twin engine 
fixed-wing aircraft or a 
helicopter. Mounting 
can be either external in 
a sensor pod or internal 
in a commercial camera 
mount. Commercial sys- 
tems now are available 
with either mounting, 
and systems have been 
installed and flown in a 
variety of platforms in- 
cluding Cessna 337s and 
310s, Twin Bonanzas, 
Piper Aztecs, Piper 
Navajos, Piper Chief- 
tains, AeroCommanders, 
Partenavia P68s and 
AS350 helicopters. This 
installation flexibility is 
important when rapid 
removal and reinstalla- 
tion is required for the 
instrument and it reduces 
operational costs when 
dedicated aircraft are not 
an option for the survey 
company. No additional 
airborne support equip- 
ment is required except 
what is normally used 
during aerial surveying, 
although a GPS-based 
pilot guidance system is 
highly desirable. How- 
ever, since each laser 
range to terrain is indi- 
vidually georeferenced, 
crab angles and precise 
overlap are not critical 
issues as in photogram- 
metry. The most efficient 
systems currently avail- 
able offer a high degree 
of automation and the 
capability for pre-flight 
planning of all survey 

parameters. In addition 
to the pilot, an airborne 
operator is still required. 

The ground support 
equipment required for 
these instruments usu- 
ally consists of one or 
more GPS reference sta- 
tions. These are oper- 
ated by ground crews at 
known locations, such as 
benchmarks or monu- 
ments, near or within 
the survey boundaries 
during the airborne op- 
erations. To accurately 
establish the aircraft 
position during the flight, 
GPS data is logged and 
post-processed together 
with the airborne GPS 
data providing a differ- 
ential GPS solution for 
the aircraft position. 

After the field opera- 
tions are completed the 
data requires additional 
post-processing to achieve 
the required end-product. 
Most commercial systems 
provide PC-based post- 
processing solutions 
based on proprietary 
software developed by 
each company. In addi- 
tion, modules for the 
automatic analysis and 
classification of various 
features such as the tree 
canopy currently are 
available. Additional 
classification algorithms 
are being developed for 
such applications as 
automatic power wire 
detection and classifica- 
tion. The processing 
computes the laser point 
coordinates from the in- 
dependent data param- 
eters: aircraft position, 
aircraft attitude, scanner 
angular deflection, and 
laser pulse time of flight 
or slant range. A geo- 
detic transformation of 
the computed points 
into the local reference 
coordinate system is 
done, and the points are 
sorted in a well-defined 
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database structure for 
retrieval later. Due to 
the variety of end-user 
applications, the flex- ,a 

ibfiity of this data format 
is important to ensure 
maximum usage. Typical 
post-processing times 
are two or three hours 
for every hour of re- 
corded flight data with 
additional processing 
time required for more 
sophisticated analysis 
such as target classifica- 
tion or vegetation re- 
moval. During post-pro- W 
cessing, systematic Figure 2. Landfill area before vegetation removal. 

errors can be determined 
and reduced by analyz- 
ing the data and the ap- 
plication of proper qual- 
ity control procedures. 
If ground control points 
exist, they can be intro- 
duced into the process to 
confirm the validitv of 
the data. As an example 
of the end products that 
can be generated, Figure 
2 is a DTM showing a 
landfill and Figure 3 is 
the same landfill after a 
"tree removal" algorithm - 
was applied to the data. 

Figure 3. Landfill area from Figure 2 after vegetation removal software is applied. 

Applications 
The practical applications and reliable, these tech- GIS/DTM Generation by derivation from aerial 
for scanning laser-based niques should see appli- GISs are increasing in photogrammetry, scan- 
topographic terrain map- cations in conventional complexity, sophistica- ning pre-existing maps, 
ping systems are diverse survey areas as well as tion, and detail. But or by a field survey us- 
and survey companies Open UP areas which un- despite the increasing ing standard terrestrial 
only now are starting to ti1 now were regarded as sophistication of these techniques. These meth- 
aggressively apply this In tools, at the heart of ods, though mature and 
technology. To date, these cases, these systems will every is a "base layern often highly advanced, 
instruments were used act as complimentary that contains and dis- require substantial effort 
to map the forest floor data collection instru- plays the rudimentary and long processing 
through the tree canopy, ments; in others, they spatial information on times following data 
to determine the sag of will replace existing in- which all other GIS "lay- acquisition. 
power lines and location struments due to the cost e r s ~ ~  are built. ~f elevation A laser-based mapping 
of trees encroaching on effectiveness of their data data is available, then a system is ideal for gath- 
the wires, to generate 3- capture, fast turn-around, DTM can be created as ering the topographical 
D urban models, to study and reduced operational the base layer. H ~ ~ ~ ~ ~ ~ ,  data for input to a GIs. 
ice-flow, to measure ice costs. Two notable collecting accurate eleva- Because the 
pack elevation, and even emerging application tion data to describe the sensor relies on active 
in simulation studies areas are GISIDTM gen- can be difficult and rather than passive illu- 
for a satellite laser altim- eration and as an alter- is often costly and time mination, shadow effects 
eter system. As commer- native to traditional sur- consuming. ~ ~ ~ d i ~ i ~ ~ -  from buildings and trees 
cially available systems vey techniques in ally, generating elevation are a 
become more affordable difficult areas. data was accomplished Continued on page 363. 
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- 

sion, forest clear cutting, and the contour map in 
flood plains) (Allewijn, Figure 6. 
1996). 

Available commercial Replacing Tradinal 
airborne laser terrain Suwey Techniques in 
mapping systems already vficuk hs 
are being used for many In some areas, traditional 
of the above applications survey techniques such 
with demonstrations and as aerial photogrammetry 
proof of concept studies and field surveys, are 
being completed to de- impractical or impossible. 
termine other potential 
applications. Since the 

With traditional aerial 
photogrammetry it is 

final output of the post- difficult, if not impos- 
processing software is sible, to achieve satisfac- 

it can tory results when there 

111 
be used any is limited contrast, such 
off-the-shelf CAD or as is found along beaches 
surface modeling pack- and coastal zones and 
age and the end-~roducts also where vegetation 

r '  from a sing1e survey are proves too thick for 
numerous, including estimation of the ground 

' DTMs and contour maps. surface below the canopy. 
However, due to the 

Figure 4. DTM compiled from laser-based survey (OptechIALTM density of data points 
Field surveys using 

1020) data. Image is of an industrial building north of the City of established terrestrial 
Toronto. that are generated, ser- techniques are often too 

vice providers need to time-consuming or too 
verify that the software is expensive to use for 

and remote areas can be following catastrophic 

surveyed easily, even 
robust enough to large areas or areas with events (and critical area the large data sets. A 

when forested. Because determination prior to commercially available limited access. However, 

each XYZ point is indi- events such as flood these areas can be sur- 

vidually georegistered, plain assessment); was used TERRAMODEL' veyed economically and 
aerial triangulation or natural resource moni- generate the practically by a scanning 

orthorectification of the toring (e.g. beach era- 
DTMs in "gures and laser system. ~t is such 

data is not required. 
Some of the specific ap- 
plications to GIs of laser- 
based surveys include 
establishing building 
footprints and locations 
(see this issue's cover 
image for an example of 
a DTM of the Seattle 
Kingdome generated 
from an airborne laser 
survey); determining 
building densities (being 
done in Germany, see 
Kilian, 1996); delineat- 
ing ecozones (Allewijn, 
1996); mapping road 
routes; monitoring utili- 
ties and utility corridors; 
establishing electromag- 
netic wave propagation 
paths when siting com- 
munications and trans- 
mission towers (see 
Kilian, 1996); infrastruc- 
ture damage assessment Figure 5. Alternative view of DTM in Figure 4. 
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Figure 6. 
Contour map of 
building shown in 
Figures 4 and 5. 

300-m intervals along 
the beach. Each profile 
had a few hundred points 
beginning at the water, 
continuing to the edge of 
dunelvegetation region. 
The same region, of 
slightly less than 250 kmz, 
was flown in just over 
two hours using the laser 
system, which provided 
continuous point cover- 
age of the desired grid 
from beginning to end. 
After post-processing of 
the data, the total number 

areas-where laser-based 
systems do not have to 
compete directly with 
established photogram- 
metry-which are seeing 
the most commercial 
activity and will see the 
largest growth initially. 
Examples of such areas 
include- 
w Coastlines (where 

strip adjustments 
along the waters edge 
are not possible and 
dune surfaces provide 
insufficient relief for 
effective photogram- 
metric methods of ter- 
rain extraction); 

w Wetland areas (where 
no ground control 
points can be installed 
due to restricted ac- 
cess, or where damage 
to a fragile environ- 
ment could result]; 

w Forest areas (where 
vegetation prevents 
visibility of the ground 

in aerial photographs 
and ground cover in- 
hibits field crews); 
Road, pipeline, or 
power line-planning 
(where the objective 
is a narrow corridor of 
dense data points); 

w Openpit mining op- 
erations (where the 
final data is needed 
within a few hours of 
collection). 

w Providing a DEM for 
orthorectification of 
aerial photographs 
A specific example 

from a recent field sur- 
vey is the use of an air- 
borne scanning laser sys- 
tem to map coastal zones 
as part of a feasibility 
test conducted on behalf 
of the University of 
Florida, Florida Depart- 
ment of ~ rans~or t a t ion  
(DOT) and the Depart- 
ment of Environmental 
Protection (DEP) in the 

Florida Panhandle dur- 
ing October 1996 
(Bolivar, 1996). A com- 
mercially available air- 
borne laser terrain map- 
ping system (Optechl 
ALTM 1020) was used to 
map several hundred 
kilometers of coastline. 
Traditional methods in- 
cluding a land survey 
and aerial photogramme- 
try were employed pre- 
viously to measure the 
changes in shoreline fea- 
tures. However, a faster, 
more accurate method to 
determine coastal alter- 
ations due to storm 
surges and other severe 
weather events, as well 
as long-term, continuous 
feature changes was 
required. 

A previous terrestrial 
survey took a team of 
surveyors six months, to 
measure profiles of the 
beach and dunes at 

of elevation points, indi- 
vidually georeferenced, 
was approximately 27 
million. This translates 
to a point density of 
greater than 100,000/km2. 
Figure 7 is an example of 
a DTM generated from 
this data. Since this 
survey was done as a 
feasibility study, no 
specific cost breakdown 
information is available; 
however, based on the 
duration of the flights, 
the rapid turn-around 
time for the data pro- 
cessing, and large vol- 
ume of data generated, it 
is probable that a com- 
mercial company using a 
laser-based system could 
have bid on and won the 
job at a significantly 
reduced cost compared 
to companies using tra- 
ditional survey tech- 
niques, while still keep- 
ing operational cost at a 
reasonable level to pro- 
vide a respectable 
margin. 

Another specific ex- 
ample of an area where 
these systems represent 
a viable economic alter- 
native to traditional 
survey techniques comes 
from the forestry indus- 
try. Several forestry 
companies have realized 
significant time and cost 
savings by employing 
companies operating 
laser-based airborne 
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Figure 7. DTM of complex coastal terrain in Florida's Panhandle 
area. Imagery courtesy of University of Florida. 

I Commercial Implications of ... 1 

panies operat- 
ing these systems. 

Feedback from the end- 
users to the survey com- 

to tra- panies and the hardware 
manufacturers will help 
further define the desir- 

These companies able features of these sys- 
are winning addi- tems. Within the next 

tional contracts and few years well-defined, 
fully expect demand for mature products will 

the their services to continue emerge. Advances in the 
Pa- to grow as they investi- underlying technologies 

cific North- gate other applications of will drive the systems to 
west conducted laser-based aerial sur- even higher data collec- 

by ALM using a com- veying. ments. For tion rates and higher 
mercially available sys- forestry com- accuracies while a con- 
tern (OptechJALTM 1020) ~,,t,,,,~ ~ ~ ~ ~ ~ ~ ~ i ~ l  panies, accurate informa- tinued emphasis on 
demonstrated a minimum tion on the terrain and sophisticated post-pro- 

topography below the 20-30% penetration of cessing of the data will 
coniferous canopies. As the mapping world 

tree canopy is extremely open up additional appli- 
Surveys in Northern becomes increasingly important; however, de- cation areas and provide 

termining the terrain el- Europe by TopScan dem- digital, and mapping enhanced information to 

evation below tree cano- onstrated similar decidu- budgets are tightened, the end-users. As more 
pies always had proved 011s canopy penetration using more cost effective systems are delivered to 
difficult for photogram- (varying with tree-type) technologies is necessary survey companies, manu- 

metrists, while extensive in and up to for survey companies facturers will have to ad- 
ground-huthing is usually 70% in winter. It is this Compete. Scanning air- dress issues of reliability, 
too expensive. The prac- unique to mea- borne laser radar sys- practical installation, 

tical application of laser Sure ground terns represent an emerg- and service and mainte- 

surveying to this prob- directly through the tree ing technology that is nance, but it is clear 

lem was demonstrated by canopy that is one of the making the transition from current field work 
major advantages these from the proof-of-con- companies such as Air- results that those compa- 

borne Laser Mapping instruments offer over cept, prototype stage to a nies which have already 

(ALM) of Seattle, Wash- photogram- readily available, afford- or are willing to invest 
ington, or TopScan metry when operated in able, reliable commercial in this emerging technol- 
G ~ ~ H  of M ~ ~ ~ ~ ~ ~ ,  G ~ ~ -  heavily forested areas. survey instrument. Due ogy will have a distinct 
many which routinely Companies already to the unique nature of advantage over their 
map heavily forested exploiting this technology the instruments, the competitors for the next 
areas and use the unique comment that the use of various application areas few years. 
features of the instrument an scanning where these instruments 

to generate accurate laser terrain mapper was provide competing or su- NOfeS 
DTMs of the forest floor crucial to completing perior operational per- For an excellent intro- 
despite the heavy tree projects at a significantly formance and cost-effec- duction to the subject 
cover. ~~~~~t surveys in reduced cost compared tiveness still are being of laser radar refer to 
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-Laser Remote Sensing" 
by Raymond Mea- 
sures, Kreiger Pub- 
lishing Company, 
Malabar, Florida 
(ISBN 0-89464-619-2). 
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